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Kurzbeschreibung

Kleiner, flexibler, effizienter! In der Entwicklung elektronischer Bauteile ist dieser Trend
klar erkennbar. Ubergangsmetall-Dichalkogenide (TMDCs) werden hierbei als vielver-
sprechende Kandidaten gehandelt, um dieses Ziel auf die Spitze zu treiben. Diese Ma-
terialien gehoren zur Klasse der sogenannten van-der-Waals-Materialien. Diese Materi-
alklasse zeichnet aus, dass die Materialien aus einzelnen Lagen aufgebaut sind, die nur
schwach miteinander verbunden sind. Es ist daher moglich einzelne Lagen voneinan-
der zu separieren. Diese Monolagen sind nur wenige Angstrém dick, weisen aber eine
starke Kopplung an Lichtfelder auf, wobei aufgrund der reduzierten Symmetrie des Sys-
tems eine polarisationsabhéingige selektive Anregung von Elektronen unterschiedlichen
Spins moglich ist. Durch die geringe Dicke sind die optischen Eigenschaften der Mate-
rialien dariiber hinaus empfindlich gegeniiber &uflerer Einwirkungen, was einerseits das
Spektrum potentieller Anwendungen, beispielsweise in der Sensorik, erweitert und an-
dererseits eine gezielte Anpassung an die Anwendungsvoraussetzung erlaubt.

Im Rahmen dieser Dissertation wurden in mehreren Studien ausgewihlte Aspekte der
opto-elektronischen Eigenschaften halbleitender TMDC-Monolagen untersucht. Grofle
Teile dieser Studien sind bereits verdffentlicht worden und werden in dieser Arbeit ein-
geleitet und zusammengefasst.

Die Materialien wurden mithilfe eines hybriden Ansatzes untersucht, der Methoden der
Dichtefunktional-Theorie (DFT) mit Methoden der Dichtematrix-Theorie kombiniert,
um ein effektives und prézises Werkzeug zur parameterfreien Beschreibung der unter-
suchten Systeme zu erhalten. Ergebnisse von DFT-Rechnungen wurden hierbei als Aus-
gangspunkt genommen, um eine modellhafte Beschreibung des nicht-wechselwirkenden
Grundzustands des Systems zu entwickeln, auf dessen Basis die optischen und dynami-
schen Eigenschaften mit Hilfe eines Dirac-/Halbleiter-Bloch-Ansatzes (DBE/SBE) ana-
lysiert werden konnten. Hierbei bildete insbesondere die Modellbildung zur Beschrei-
bung der Coulomb-Wechselwirkung ein fundamentales Bindeglied zwischen den beiden
Ansétzen.

Den Schwerpunkt einer ersten Studie bildete folgerichtig die Erweiterung und Analyse
eines Modells dieser Wechselwirkung, sowie weiterfithrende Untersuchungen der Modi-
fikation der Wechselwirkung durch angeregte Ladungstrager und die dielektrische Um-
gebung, und schliefSlich deren Implikation fiir die elektronischen und optischen Ener-

giespektren. Auf Basis des Coulombpotentials eines Schichtsystems und der aus DFT-



Rechnungen resultierenden Wellenfunktionen wurde ein isotropes Modell fiir die Cou-
lombmatrixelemente in der Umgebung der direkten Bandliicken gefunden. Eine direkte
experimentelle Beobachtung der Wechselwirkung ist nicht méglich, doch die gute Uber-
einstimmung der Ergebnisse fiir die ladungstriger- und umgebungsinduzierte Reduktion
der Bandliicke und der Exzitonen-Bindungsenergien mit experimentellen Werten und
etablierten theoretischen Modellen deuten darauf hin, dass das erarbeitete Modell ei-
ne sinnvolle und effiziente Ndherung zur Beschreibung der Wechselwirkung darstellt. In
allen nachfolgenden Untersuchungen wurde dieses Modell materialspezifisch angepasst
und fiir die Wechselwirkungsbeschreibung im Bereich der Haupttéiler (K /K’) und der
Nebentiler (X/A) verwendet.

In einer zweiten Studie wurde die Magnetfeldabhéngigkeit des exzitonischen Spektrums
untersucht. Die diamagnetische Verschiebung der s-artigen Zusténde mit einem g-Faktor
von gns & 2 wurde in Aquivalenz zu experimentellen Studien gesehen. Dariiber hinaus
wurde auch die nicht direkt optisch adressierbare — das heifit nicht iiber Ein-Photon-
Prozesse anregbare — p-artige Exzitonenreihe untersucht, die aufgrund ihrer Drehmo-
mentquantenzahl eine zuséitzliche lineare magnetische Abhéingigkeit aufweist, welche zu
einer Zeeman-Aufspaltung der Zustéinde fithrt. Eine indirekte optische Untersuchung die-
ser p-artigen Zustinde ist bei geeigneten Anregungsbedingungen moglich, da Uberginge
zwischen s- und p-artigen Zusténden optisch induziert werden konnen. Aufgrund der
energetischen Ordnung der Exzitonen ist insbesondere der Fall einer anfianglichen Be-
setzung des 2s-Zustands interessant, da hier der Ubergang zu den energetisch niedriger
gelegenen 2p-Zusténden eine Verstiarkung des Signals im Terahertz-Bereich (THz) impli-
ziert. Aufgrund der unterschiedlichen Magnetfeldabhéingigkeit ist diese Verstiarkung, die
teilweise durch Absorption durch 2s-3p-Ubergéinge abgeschwiicht wird, dariiber hinaus
durch das magnetische Feld verstimmbar. Weiterhin kann die Lage des Gain-Maximums
durch die Wahl der dielektrischen Umgebung verschoben werden.

Wihrend exzitonische Eigenschaften im Regime niedriger Anregungsdichten die opti-
sche Antwort des Materials dominieren, fithrt eine starke Anregung zu einer starken
Renormierung der Bandliicke, die die Bandliicke um mehrere 100 meV verringert, zu
einem Ausbleichen der exzitonischen Resonanzen, und schliellich zu einer Verstarkung
des optischen Probe-Signals im Bereich unterhalb der niedrigsten Exzitonen-Resonanz.
Unsere Analyse der Ladungstrigerdynamik am Beispiel von MoTes hat gezeigt, dass die
Ladungstrager nach einer optischen Anregung, bedingt durch die starke Coulombwech-
selwirkung, bereits auf Zeitskalen von wenigen Femtosekunden in heifle, Fermi-dhnliche
Verteilungen relaxieren. In einer ersten Studie wurde der Fokus auf die Dynamik in der
niaheren Umgebung der direkten Bandliicke (Haupttals) gelegt, wobei eine Abschétzung
des Beitrags der Seitentéler zeigte, dass dieser eine Zunahme der optischen Verstarkung
bewirkt. Eine zweite Studie, in der die Analyse auf die gesamte Brillouin Zone (BZ)

ausgedehnt wurde, zeigte, dass Streuzeiten in die Seitenminima (Nebentéler) sensibel



von den Anregungsbedingungen abhingen. Allerdings konnte hier fiir keines der unter-
suchten molybdénbasierten Materialien gezeigt werden, dass durch optische Anregung
erzeugte Ladungstrager, die in das Seitental streuen, dazu fithren, dass sich das Seitental
energetisch unter das Haupttal schiebt — fiir alle untersuchten Konstellationen blieb die
Bandliicke der Monolage direkt.

Abschlieflend wurde untersucht, wie sich die 1s-Exzitonenresonanz im linearen optischen
Spektrum verdndert, wenn sich ein Elektron-Loch-Plasma im Material ausgebildet hat.
Es wurde eine lineare Verbreiterung der Resonanz beobachtet, die sich in einem schnelle-
ren Abfall des integrierten Vier-Wellen-Mischsignals, separiert von Beitragen moglicher
inhomogener Verbreiterungen, messen lisst. Auflerdem wurde gezeigt, dass beide Rela-
xierungsprozesse, das heifit sowohl das Abkiihlen der Ladungstrigerverteilung, als auch
die Neugruppierung der Ladungstridger in den unterschiedlichen Télern, zu einer Ver-

schmélerung der Resonanz fiihren.






Abstract

Smaller, more flexible, more efficient! This trend is clearly visible in the development
of electronic devices. Transition metal dichalcogenides (TMDCs) are considered promi-
sing candidates to push this goal to the extreme. These materials belong to the class
of so-called van der Waals materials. This class of materials is characterised by the fact
that the materials are made up of layers that are only weakly connected to each other.
It is therefore possible to separate individual layers from each other. These monolayers
are only a few Angstréms thick, but exhibit strong coupling to light fields, whereby
polarisation-dependent selective excitation of electrons with different spins is possible
due to the reduced symmetry of the system. Due to the small thickness, the optical
properties of the materials are also sensitive to external influences, which on the one
hand expands the spectrum of possible applications, for example in sensor technology,
and on the other hand enables targeted adaptation to the application requirements.

In this dissertation, selected aspects of the opto-electronic properties of semiconducting
TMDC monolayers were investigated in several studies. Large parts of these studies have
already been published and are introduced and summarised in this thesis.

The materials were studied using a hybrid approach that combines density functional
theory (DFT) methods with density matrix theory methods to produce an effective and
accurate tool for a parameter-free description of the investigated systems. Results of
DFT calculations were taken as a starting point to develop a model description of the
non-interacting ground state of the system, on the basis of which the optical and dynami-
cal properties could be analysed using a Dirac/semiconductor Bloch equation approach
(DBE/SBE). Here, in particular, the modelling to describe the Coulomb interaction for-
med a fundamental link between the two approaches.

The focus of a first study was consequently the extension and analysis of a model of this
interaction, as well as further investigations of the modification of the interaction by
excited charge carriers and the dielectric environment, and finally its implication for the
electronic and optical energy spectra. Based on the Coulomb potential of a layer system
and the wave functions resulting from DFT calculations, an isotropic model was found for
the Coulomb matrix elements in the vicinity of the direct band gap. Direct experimen-
tal observation of the interaction is not possible, but the good agreement of the results
for the charge carrier- and environment-induced reduction of the band gap and exciton

binding energies with experimental values and established theoretical models indicates
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that the elaborated model is a reasonable and efficient approximation to describe the in-
teraction. In all subsequent investigations, this model was adapted material-specifically
and used for the interaction description in the area of the main valleys (K /K') and the
side valleys (X/A).

In a second study, the magnetic field dependence of the excitonic spectrum was inves-
tigated. The predicted diamagnetic shift of the s-like states with a g-factor of gns < 2
was found to be equivalent to experimental studies. In addition, the p-like exciton se-
ries, which is not directly optically addressable — i.e. cannot be excited via one-photon-
processes —, was investigated. Due to its angular momentum quantum number, this series
exhibits an additional linear magnetic dependence, which leads to a Zeeman splitting
of the states. An indirect optical investigation of these p-like states is possible under
suitable excitation conditions, since transitions between s- and p-like excitonic states
can be optically induced. Due to the energetic order of the excitons, the case of an in-
itial occupation of the 2s state is particularly interesting, since here the transition to
the energetically lower 2p states implies an amplification of the signal in the terahertz
(THz) range. Due to the different magnetic field dependence, this amplification, which is
partly superimposed by absorptive features of 2s-3p-transitions, is tunable by a magnetic
field. Furthermore, the position of the gain maximum can be shifted by the choice of the
dielectric environment.

While excitonic properties dominate the optical response of the material in the regime
of low excitation densities, strong excitation leads to a strong renormalisation of the
band gap, reducing the band gap by several 100meV, to a bleaching of the excitonic
resonances, and finally to an amplification of the optical probe-signal in the region be-
low the lowest exciton resonance. Our analysis of the charge carrier dynamics using the
example of MoTes has shown that in this material system the charge carriers relax into
hot Fermi-like distributions after optical excitation due to the strong Coulomb interac-
tion already on time scales of a few femtoseconds. In a first study, the focus was placed
on the dynamics in the immediate vicinity of the direct band gap (K/ K’), whereby an
estimation of the contribution of the side valleys showed that this causes an increase in
optical amplification. A second study, in which the analysis was extended to the entire
Brillouin zone (BZ), showed that scattering times into the side minima (side valleys)
depend sensitively on the excitation conditions. However, for none of the investigated
molybdenum-based materials could be shown that the scattering of optically induced
charge carriers into the side valley the side valley to push energetically under the main
valley — for all constellations studied, the band gap of the monolayer remained direct.
Finally, it was investigated how the 1s exciton resonance in the linear optical spectrum
changes when an electron-hole plasma has formed in the material. A linear broadening
of the resonance was observed, which can be measured in a faster decay of the integra-

ted four-wave mixed signal, separated from contributions of a possible inhomogeneous
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broadening. Furthermore, it was shown that both relaxation processes, i.e. both the coo-
ling of the charge distribution and the regrouping of the charge carriers in the different

valleys, lead to a narrowing of the resonance.
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1.1 Introduction

THE BUMBLEBEE CAN’T ACTUALLY FLY.
BUT SHE DOES NOT KNOW THAT AND JUST
FLIES ANYWAY!

Sometimes it pays to try something, even if people are sceptical about what to expect,
or even convinced of its failure. Sometimes only curiosity and trying even at the risk of
failure gets one to see flying frogs or to lay the corner stone for a new branch of science.
In fact, it was curious experimentation that led to the Nobel prize in physics, 2010, for
“groundbreaking experiments regarding the two-dimensional material graphene” [1].

Theoretical studies on the differing physical properties between bulk materials and their
corresponding monolayers' and the expectation of being able to study astonishing new
physics reaches back to the 1940s. It was already 1947 that P. Wallace published one of
the first studies in this context on ‘graphite monolayers’ — by now, we call them ‘graphe-
ne’ —, where he derived their surprising band structure on the basis of a tight-binding
model. This band structure shows a vanishing band gap and linear dispersion around
this gap, resulting in a resistance equally low or even lower as in copper [2]. Even though
this early work demonstrated promising material features, consecutive experimental stu-
dies are hardly found. Even later on, the focus of most studies was on different graphene
alloys such as fullerenes [3, 4] — balls formed out of different numbers of carbon atoms
— or nanotubes [5]. One of the reasons for this lack of experimental research on planar
monolayer materials was the prediction that these materials are, in contrast to their
curved counterparts, thermodynamically unstable. Unimpressed by this forecast, A. Ge-
im and K. Novoselov tried hard at the preparation of graphene and, finally, proved the
doubters wrong — the bumblebee can fly indeed [6, 7]. Even more surprisingly, they de-
monstrated that the preparation of a monolayer from a van-der-Waals bound material
— a class of materials where the atoms are covalently bound in a plane but interact only

weakly, via van-der-Waals interaction, in the perpendicular direction — is fairly simple.

In the context of this thesis the term “monolayer” is not only used for monoatomic planar layers but
also for materials that intrinsically consist of few atomic layers.



2 1. Introduction

It only requires a certain dexterity and adhesive tape to separate single layers from bulk
material. This success of Geim and Novoselov set off an avalanche of new research on
planar, low-dimensional materials — often called two-dimensional even though, as we will
elucidate later on, all materials have a finite extension in all three spatial directions.
Nowadays, the preparation methods are developed further, which is essential for possible
large scale applications and allows to go beyond naturally occurring material and prepa-
re artificial material compositions [8, 9, 10]. The zoo of quasi-two-dimensional materials
is no longer limited to graphene alone but consists of a variety of materials, which only
have their low dimensionality in common [11, 12, 13]. One species of this zoo are tran-
sition metal dichalcogenides (TMDCs), that are, as the name suggests, characterised by
its composition; the materials are composed of transition metal and chalcogen atoms in
a ration 1:2. The optical, magnetic and electronic properties of these materials are diver-
se, ranging from superconducting to isolating. There is one subspecies, where transition
metals of the VIth group are incorporated — therefore they are called group-VI TMDCs
—, that exhibits semiconducting behaviour. The bulk-parents of these group VI-TMDCs
were already in the focus of researchers in the 1960s/70s, but as the reduction of di-
mensionality revealed new promising possibilities for their application, the monolayers
received incomparably much more attention in the past decade [14, 15, 16, 17].

In 2010, a drastic increase of a resonance in the photoluminescence spectrum of MoSs by
several orders of magnitude was reported when the sample thickness was reduced to a
monolayer [18, 19]. A transition of the material from an indirect to a direct semiconduc-
tor was found responsible for this enhancement of the signal [18]. In the following years,
comparable results were found for further materials. Nowadays, the typical representa-
tives of the semiconducting TMDCs, that are also discussed, with different weighting,
in the studies summarised in this thesis, are Mo{S/Se/Te}s and W{S/Se}2? [22, 23].
Regarding the application in an opto-electronic device, a material with a direct band
gap is advantageous, because the excitation or relaxation of an electron in the material,
which is accompanied by an absorption or emission of light, respectively, can take place
‘directly’ without any momentum transfer. Therefore, no further quasiparticles, i.e. pho-
nons, need to be involved in the process in order to fulfil conservation laws, which makes
the transition more probable.

Interestingly, similar to graphene and unlike to many conventional semiconducting struc-
tures, the band gap in TMDC monolayers is not located at the center of the Brillouin
zone (BZ), but at its corners. To comprehend the importance of this finding, let us take
a step back and look more closely at the material structure as displayed in Fig. 1.1.

Comparing the top view, TMDCs are — at least in their predominant phase — similar to

2There is an ongoing discussion regarding the directness of the band gap in WSes. Several studies
indicate that the material remains indirect even in the monolayer, but no final conclusions were
drawn other than the insight of a high sensitivity e.g. to strain and doping [20, 21].
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Abbildung 1.1: Lattice structure of the analysed TMDCs. Left: Top-view, right: Side-
view.

graphene. Both structures are reminiscent of a honeycomb from the top, but in graphene
carbon atoms build the honeycombs corners and in TMDCs neighboured corners are al-
ternately occupied by atoms of different kinds. From the side view, the TMDC structure
is three-layered, the metal layer is enclosed by two chalcogen layers. The structure is
classified as trigonal prismatic.

This lattice structure of a monolayer is important for the energetic spectrum as it is
not inversion symmetric. Since in the same way as the lattice structure is not inversi-
on symmetric, the band structure is not inversion symmetric and the energetic states
electrons of opposite spin may occupy are degenerate — at the same energy level — only
at few special points of high symmetry. Especially at the corners of the BZ the lack
of inversion symmetry leads to a splitting of the energetic states occupied by particles
of opposite spin. Neighbouring corners of the BZ are consequently similar but unequal,
therefore they are named K and K’. Whereas the splitting for the lowest unoccupied
states (= conduction band) is only in the order of a few meV, the splitting is in the
order of several hundred meV for the highest occupied states (= valence band). The
exact energy splitting depends on the material and is approximately twice as large in
tungsten- as in molybdenum-based materials, because of the larger mass of tungsten.
Additionally, the ordering of the spin states differ in tungsten- and molybdenum-based
materials: in tungsten-based materials, the states that are energetically closest have dif-
ferent spin character, in contrast, in molybdenum-based materials, they have the same
spin character. Thus, in tungsten-based materials the energetically lowest transition is
spin-forbidden. This difference between tungsten- and molybdenum-based materials has
implications for the optical properties of these materials, to which we will refer again at
a later point.

Furthermore, the states at the different corners of the BZ couple to differently circular
polarised light. Thus, excitations can be induced separately at the different valleys at the
K /K’ point. This difference in coupling behaviour, in combination with the large spin-
splitting of the bands, has the potential to use the spin or the valley index as a degree
of freedom, e.g. to store and process information via the spin or the crystal momentum.

These possible areas of application are traded under the terms spin- and valleytronics.
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Moreover, the material thinness in combination with the large coupling to light in the
visible to near-infrared (IR) regime is attractive for many different optical and opto-
electronic applications. From a practical point of view, their thinness promises further
miniaturisation and flexibility of possible devices. Furthermore, the thinness goes along
with strong many-body interactions that are accompanied by a high sensitivity of the
optical properties to internal and external conditions. On the one hand, this sensitivity
yields the possibility to tune the devices in a certain range and tailor them for specific
application purposes. On the other hand, it enables an application in the context of
sensing. Indeed, several studies on the implementation of TMDC monolayers in different
device applications like photovoltaic solar cells [24], LEDs [25], field effect transistors
[26], lasers [27, 28], sensing devices for heavy-metals and biomolecules [29] showed the
variety of application, but also its challenges. Despite this promising spectrum of po-
tential applications and the immeasurable number of studies on TMDC materials, a lot
of these challenges are still to be solved and there are still open questions that require
further research.

In this thesis, selected aspects of the complex interrelationships and interdependencies
of the linear and non-linear optical properties of group VI-TMDCs are investigated on
the basis of a combined approach of density-functional theory (DFT) and a microscopic
density matrix approach based on the massive Dirac fermion (MDF) model. In particu-
lar, we aim to understand the tunability of electronic and optical properties by external
parameters like the dielectric environment or a magnetic field, and we aim for a de-
scription of the dynamics of excited carriers and their influence on the energetic and
optical spectra. Different aspects of this large topic were focused on in different studies
that led to the publications listed above. In the following, the structure of this thesis
and the motivation for and connections between the different subprojects will be further
explained.

Ch. 2 gives an introduction into the general theoretical framework of this thesis. Here,
fundamental theoretical concepts are explained and their application to the material sys-
tem is presented. Some of the concepts introduced in this chapter are further elaborated
and adapted to specific settings in later chapters.

In the first subproject, summarised in Ch. 3, we took a closer look at the modelling
of the Coulomb interaction in TMDC materials. As introduced above, due to the con-
finement of the carriers within the layer, the thinness of the material is accompanied
by large Coulomb effects that manifest themselves in large exciton binding energies in
the range of several hundred meV, fast electronic scattering processes on the femtose-
cond timescale and large renormalisations of the band gap [18, 30, 31]. When describing
the Coulomb interaction theoretically, the finite thickness makes it necessary to consi-
der two aspects in particular: First, even though the electrons are confined within the

layers, the electromagnetic field which mediates their interaction reaches out of the layer.
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Consequently, the material properties are sensitive to the environment, which shows the
necessity to take the dielectric surrounding of the material into account in the theoreti-
cal description. Whereas the inclusion of further layers surrounding the target material
is numerically challenging in standard DFT calculations, different analytical approa-
ches have been formulated to effectively include environmental effects [32, 33, 34, 35].
Second, as mentioned above, even though these monolayer materials are often called
‘two-dimensional materials’, they are part of the three-dimensional world. Due to the
confined but finite extension of the carrier wave functions, the Coulomb potential neit-
her corresponds to the potential of a three-dimensional material nor to the potential of
a strictly two-dimensional material, but is somewhere in between these two limits. We
propose to include these finite thickness effects by introducing an effective form factor
based on an approximation of the Coulomb-matrix elements which are calculated using
the DFT wave functions. The analysis of the Coulomb interaction is rounded off by an
investigation of the complex interplay of finite thickness and environment- and carrier-
induced screening effects. In particular, we analyse their influence on the band gap and
the excitonic resonance energies.

Because of the strong Coulomb interaction, the optical absorption spectrum in the low
excitation regime is dominated by sharp peaks that can be traced back to bound electron-
hole pairs — excitons — with binding energies in the order of several hundred meV. Besides
the excitonic resonances that are seen in the linear optical spectrum there is a broad
spectrum of excitonic states, comparable to the stationary states of a hydrogen atom.
Due to the optical selection rules, only s-type excitonic states couple directly to light, but
these states then couple to p-type excitonic states upon excitation by light in the mid-IR
to terahertz (THz) range. In Ch. 4, we analyse this extended excitonic spectrum and
its observability in the material linear response in the presence of excitonic occupations.
Furthermore, we analyse the changes of the excitonic spectrum when applying a magne-
tic field perpendicular to the sample plane and the resulting tunability of intraexcitonic
transitions. Again, the effects of the interplay of varying external parameters — namely
dielectric surrounding and magnetic field — on the excitonic spectrum is investigated.
In the high-excitation regime, the formation of bound excitons is energetically unfavou-
rable, but the excited charge carriers can be described as an electron-hole plasma. Upon
exposing a TMDC monolayer to a high-intensity laser pulse with a suitable wavelength,
electrons are excited and interact with one another and with phonons. Both processes
lead to a relaxation of the carriers within the bands. To describe these processes of ex-
citation and relaxation in more detail, we analyse the dynamics of carriers upon above
band gap excitation in Ch. 5. In a first part, we focus on the dynamics in proximity
to the direct band gap and analyse the build-up of optical gain. In a second part, we
expand our model to describe the relaxation dynamics in the full BZ.

Finally, even in the low density regime, the presence of excited carriers has an influence
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on the optical spectrum. Before gain becomes measurable, the interaction of carriers
manifests in a broadening of the excitonic resonances in the linear absorption spectrum.
The influence of excited carriers on the linewidth of the lowest excitonic resonance and
its changes upon relaxation of the carriers within the bands is analysed in Ch. 6. The
broadening of the excitonic resonances is a result of different contributions, which expe-
rimentally cannot be separated when analysing the linear absorption spectrum only. But
higher-order non-linearities allow for some separation: the homogeneous broadening can
explicitly be extracted from four-wave mixing (FWM) experiments. Thence, I conclude
our study with a simulation of the impact of electron-hole plasma on the FWM signal.
With these manifold insights into the opto-electronic properties of TMDC monolayers,

I hope to help the mountain of knowledge grow by another one or two monolayers.
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2. Theory

Describing the physical properties of a solid on a microscopic scale is a non-trivial task,
as the complexity increases exponentially with the number of particles that needs to be
treated. Each particle interacts with all other particles, which makes the problem that
complicated that only a system as small as two particles can be solved exactly. But, al-
ready a single molybdenum atom for example contains 42 electrons and protons, and we
strive to gain insights on the material containing not only one but a multitude of these
and further atoms. Thus, in order to investigate the electronic and optical properties of
solid state materials, one is interested in a precise and versatile theoretical model that is
as simple as possible but as complex as necessary in order to capture the main physical
effects. Our approach to the systems complexity is twofold.

First, we employ a density functional theory (DFT) approach, for which in its basic for-
malism only ground state properties are accessible. Here, the interactions of the particles
are treated implicitly by hiding all interaction contributions in an artificial background
landscape that each particle feels individually. In this way, the many-body problem is
transformed into many coupled effective single-particle problems. We employ this ap-
proach in particular to gain insight on fundamental material properties such as the
single-particle dispersion or the materials macroscopic dielectric properties.

Second, our approach is based on an evaluation of the temporal evolution of a micros-
copic density matrix on the footing of a model Hamiltonian employing a Heisenberg
equation of motion (eom) approach. The microscopic density matrix yields insights into
both the underlying fundamental processes taking place and macroscopic observables.
This approach enables us to explicitly study the influence of chosen settings on the ma-
croscopic observables by selectively switching interaction paths in the system on or off.
In the following, the basic concepts of this combined approach are elucidated and notes
on their application on the investigated materials are given. Here, we start with an in-
troduction into the basic concepts of DFT (Ch. 2.1). In the following subsections, the
matrix density approach is explained, where the fundamental model Hamiltonian is sket-
ched (Ch. 2.2), before the deduction of the microscopic dynamics based on this model is
described (Ch. 2.3). Finally, the connection between the microscopic density matrix and

the macroscopically observable optical response is outlined.
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Further analysis and developments of theoretical concepts necessary for the adaptation

to specific experimental settings are also contained in the following chapters.

Density Functional Theory

As stated above, the analytically oriented approach based on a model Hamiltonian requi-
res some input information on material parameters, including for example the electronic
band structure or the dielectric properties. One way of getting insights into these and
many other basic material properties is given by the so-called density function theory
(DFT). DFT is a so-called ab initio approach meaning that in principal no input para-
meters are required, but calculations can be executed from scratch — at least in theory,
in practice it is common to employ, for example, information on the lattice structure
from experiments.

While several approaches on dealing with the many-body Schrédinger equation have
been made earlier, the cornerstone for modern DFT was laid by Hohenberg, Kohn and
Sham in the 1970s by developing its basic theorems [36, 37]. Here, the fundamental idea
consists of reducing the complexity of the problem by transforming the many-particle
problem into an effective single-particle problem and expressing the most fundamental
formulas in terms of the density — depending on three spatial coordinates — instead of the
wave functions — depending on all particles three spatial coordinates. This basic concept
was developed further in the following years and has become a fundamental and versatile
tool for material scientific, chemistry and physics problems, and it is still today subject
to further development and change.

In the following, only the basic foundations of this concept are elucidated, for in-depth
explanations the reader is referred to more detailed reviews as e.g. [38, 39]. Furthermore,
as most calculations summarised in the context of this thesis were performed using the
Vienna ab-initio simulation package (VASP) [40, 41, 42, 43] the focus is on underlying

concepts implemented in this code.

Hohenberg-Kohn theorems

In general, the ground state of a system containing N interacting electrons in an external
potential V' is fully described by its wave function (71, 73, ..., ¥\ ), where 7; are the spatial
coordinates. The wave function, in real space representation, in turn is defined as solution

of the many-body Schrédinger equation

HU(i, 7oy ..y TN) = EW(7, T2, ..., TN), (2.1)
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where H denotes the system Hamiltonian and F the total energy of the system. In

particular, the system Hamiltonian is given in terms of

H=T+V+U (2.2)

_ 2 —*
_ szZv +Z 7) 47“02'”_”'. (2.3)

Here, T describes the kinetic energy of the particles, V the external potential and U the
Coulomb interaction between the particles. It is interesting to note that the wave function
intrinsically depends on the spatial coordinates of all particles, as the description of a
single particle in the system is by means of the Coulomb interaction coupled to all other
particles, which makes the problem numerically demanding already for small systems.
Instead of solving the problem for the wave function, Hohenberg and Kohn proved 1964
[36] in two theorems, that the ground state problem can be reformulated in dependence
of the electron density n(7); this way, the complexity of the problem is drastically reduced
as the later only depends on the three spatial coordinates instead of N times three as

the wave function:

First theorem: v(7), being an external potential, is a unique functio-

nal of n(7) apart from a trivial additive constant.

As a consequence, the expectation value of the full many-body Hamiltonian can be
interpreted as a functional of the density, £ = (V|H|¥) = (¥|T +U + V|V¥) = E[n|.

Second theorem: Under the constraint of N[n] fd?’rn =N
for a system of N particles, the correct density ng minimises the energy

yielding the systems ground state E[ng] = FEy

According to the second theorem, the task is to minimise the functional E[n] = (U|H|¥).

However, while the external potential is easily rewritten in this way, as

Vin(d)] = / & V() (), (2.4)

this problem is non-trivial neither with respect to the kinetic energy nor the Coulomb
interaction. Nevertheless, with their fundamental work on proving the existence of a
general functional, Hohenberg and Kohn laid the foundation for further development of
DFT.

Kohn-Sham equation

Even though it is practically impossible to reformulate the full Hamiltonian as an exact

functional of the density, we can approach this quest on a formal level by separating the
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parts we know how to rewrite from those which we do not. Let us start with the kinetic
part of the Hamiltonian. This part can be separated into a single-particle (Ts) and a

correlation (77) term

9 N
Tn()) =~ Y [ dr61(IV0u(7) + Tl 25)

with the single-particle wave functions ¢;(7). In a similar way, the Coulomb interaction

can be split into a Hartree (Uy) and an exchange (U,) term

e? n(7) n(v#
Uln(7)] = / / & dr |(:)(*) +Usln). (2.6)

8meg 7 —r!|

This way, the terms that can be expressed explicitly are separated from the unknown
remainder which in summary is called exchange correlation energy E,. = T.+ U,. Thus,

the expression for the systems total energy
E[n| = Tg[n] + Ug[n] + V[n] + Exc[n] (2.7)

remains formally exact.

Minimising the energy with respect to the density yields the condition

dE[n]  6Ts[n]  oUnn] 6Vin] n dEqyc[n]

on(7) on(r) on(r) on(r) on(r)
= 5525(%] + 0(7) + ug (7) 4+ V(7). (2.8)

If we compare this condition to the minimisation condition for a system of non-interacting
particles in an external potential Vg,
dE[n] 0Tg[n]

0= 50 = onim T (29)

it becomes evident that the above expressions are equivalent if we interpret v.ry =
v(F) + up (7) + ve(7) as an effective potential. Consequently, by introducing Lagrange
multipliers €; to solve the minimisation problem, the full many-body problem is refor-
mulated in N single-particle problems. Thus, as illustrated in Fig. 2.1, one has to solve
N single-particle Schrodinger equations where all interactions are hidden in an effective

potential veyy,

h?
<—2mov2 + Ueff> Vi () = €9 (7). (2.10)
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Abbildung 2.1: Illustration of the basic idea of DFT: Instead of calculating the full
interactions between particles, one minimises the energy for N particles
in an approximated effective potential to find the ground state.

This equation in turn yields the electron density
n(®) =Y filvi(®), (2.11)
i

with the wave functions v¢; and the occupation of the ith orbital f;. This combination
of equations is known as Kohn-Sham equations and its solutions ¢; are interpreted as
approximation of the systems energy levels [37].

As the Kohn-Sham equations are interdependent, an iterative scheme is applied to solve
them, starting from an initial approximation for v;(7) that is employed to calculate the
electron density and the Hamiltonian. Subsequently solving the Kohn-Sham equations
yields new wave functions as input for the Hamiltonian. This scheme is aborted after a

pre-set condition for the energy convergence is met.

Computational details

While the Kohn-Sham equations are formally exact, approximations are inevitable as
we simply concealed all unknown parts on a formal level. As a consequence, we can not
give an exact expression for the effective exchange energy term. A lot of effort was put
in searching appropriate formulations that approximate this term and a great variety of
functionals were and are still proposed. Generally, the functionals are classified according
to their degree of complexity and the interplay of physical constraints and experimen-
tal findings they are based on. The lowest order approximation is called local density
approach (LDA) and sets the functional to the known expression of a constant electron
gas where the respective local density is inserted. The next degree of approximation is
called general gradient approximations in which additionally to the local density also its
gradient is taken into account. Here, numerous parametrisations exist. In all publicati-
ons that are included in this thesis, the parametrisation of Perdew-Burke-Erzerhof as
implemented in VASP was applied [44].

Furthermore, different correction terms to include further effects were developed. In our

calculations, we include correction terms for the van-der-Waals interactions as proposed
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by Grimme et al. [45]. It was seen that the lattice constants are underestimated without
this correction terms. As the Kohn-Sham energy dispersion of the TMDC monolayer
structures sensitively depends on the exact lattice constants, these corrections were seen
inevitable for a consistent calculation.

Furthermore, in VASP periodic boundary conditions are applied. This is advantageous
for modelling bulk solid-state systems due to their — approximately infinite — translatio-
nal invariance, but causes difficulties in systems with a finite extension in one or more
directions. We treat the finite extension of monolayer materials by an artificial expansi-
on of the real space unit cell, where we include a large area of vacuum to decouple the
periodically repeated layers. An analysis of the lattice- and band structure-dependence
revealed that an interlayer distances in the order of 15 — 20 A is sufficient for the mate-
rials investigated.

For more explicit details on the exact parameters used in the different calculation we

refer to the respective publications.

Model Hamiltonian

In the interplay with the DFT calculations, we employ a many-particle density matrix
approach based on a model Hamiltonian. In the remainder of this chapter, the model
Hamiltonian and its connection to the DFT calculations is explained. First, the non-
interacting part of the Hamiltonian is analysed, where it is explained in which way
results from DFT calculations can be exploited to derive a model description of the
ground state energetic structure. Thereafter, the different contributions arising from
intrinsic interactions within the material and from interactions with external sources are
reconsidered. The full model Hamiltonian is obtained as a sum of these contributions. In
our studies not all contributions are included equally, as will be noted in the following,

where appropriate.

Single-particle dispersion — Massive Dirac Fermion model

Our model of the materials energy dispersion is in several ways connected to findings ob-
tained by DFT. Therefore, we start with a description and analysis of DFT calculations,
before its implications on the model are worked out. The DFT results are introduced ex-
emplary for MoSs and notes regarding deviations in the other materials are given where
appropriate.

In the previous chapter, we introduced DFT as an efficient method to derive a materials
ground state. Even though this method is treated as an ab initio-method, it is common
to exploit experimental knowledge of the material lattice structure. As already expressed
in the introduction, we only discuss the trigonal prismatic phase of the materials in our
studies, where the atoms are covalently bound in the layer via s-p hybridisation.

As the sketch of the lattice structure in Fig. 1.1 shows, the atoms form a hexagonal
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structure from the top view, where neighbouring corners are occupied by different species,
and a three-layered structure from the side view, where two layers of chalcogen atoms
(here: S/Se/Te) surround a layer of metal atoms (here: Mo/W). Based on this lattice
structure, we compute the material band structure.

In the left panel of Fig. 2.2, the band structure along a straight path through the BZ is
shown exemplary for MoSs. Here, the most important features of the band structure are
captured: In the monolayer, we see for all materials investigated direct band gaps at the
K and K’ points, which are located at the BZ corners.! The energetic structure at these
two valley is equivalent but due to the lack of an inversion center, they are not equal
but connected via time-reversal symmetry. This implies that the bands are of opposite
spin character at the different valleys. Thus, spin and valley index are coupled. While
the smallest gap is spin-allowed in molybdenum-based materials, it is spin forbidden in
tungsten-based materials, which has noticeable consequences for the physical properties
and in particular for dynamical properties in the different materials. Furthermore, spin-
orbit coupling results in a splitting of both valence and conduction band. The splitting of
the conduction band is relatively small, for molybdenum-based materials it is only in the
range of few meV. But the valence band splitting is considerably larger, for molybdenum-
based the splitting at the K /K’ valley reaches about 150 — 200 meV, the larger mass of
tungsten causes an even larger splitting in the order of 400 meV in those materials. As is
seen in Fig. 2.2, the conduction band has another local minimum along the |KT|-path,
which is often referred to as A/X valley, where the valleys differ in the ordering of the
spin.? Due to the hexagonal symmetry, each main valley (K-point) is surrounded by
three side valleys. The energetic offset between side and main valley is often discussed,
as it is not directly measurable for the ground state and theoretical predictions from
DFT calculations are very sensitive e.g. on the exact choice of the lattice constant.
The opto-electronic properties in the regimes of interest in this thesis are dominated by
the contributions of the highest valence and lowest conduction band. Furthermore, while
the full DFT band structure is included when studying the relaxation dynamics through
the whole BZ (Ref. [IV] and Ch. 5), most our studies focus on an analysis of processes
that take place at the different band structure extrema. In the following, we therefore
limit ourselves to a closer look at these specific bands and regions.

Let us start with the main valleys. DFT studies show that the bands at these valleys
are mainly composed of the different transition metals d-orbitals. In Fig. 2.3, the contri-
butions of the different orbitals is presented, where the overlap between wave function
and the specific Mo d-orbitals is shown. Based on these observations, at the K /K’

point and in their proximity the valence band wave function can be approximated as

!Concerning the material WSes, it is frequently discussed, whether the material exhibits a direct or
indirect band gap [21, 20]. In our calculations, we only found an indirect band gap if the lattice
constant was predicted to large compared to experimental values.

2There is no unified nomenclature for these valleys, one also finds e.g. the labels P or Q.
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Abbildung 2.2: Left: Kohn-Sham eigenvalues for monolayer MoS, along a straight path
through the BZ. Right: Valence and conduction band for monolayer
MoS,. The sorted DFT bands are shown together with the analytic fits
of the band structure at the K/K’- and ¥/A-point. The different spin
characters are reflected by color.
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Abbildung 2.3: Atomic orbital weights of the energy band wave functions exemplary
shown for the most relevant molybdenum d-orbitals in MoS,. The marker
size resembles the overlap of wave function and orbital.

|®7,) = % (|dy2_y2) +i7 |dgy)), with the valley index 7, and the conduction band wa-
ve function as |®y) = |d,2). These approximated wave functions at the K-point are
eigenfunctions of the rotation operator Cs with C5®;,, = exp (ZTmQ’TT") Dy, — with
my —me = F2, where the exact values m,, m. depend on the rotational center but their
difference remains invariant. As the action of this symmetry operation on the momentum
operators py is C’gﬁicg = exp (ZFi%W)ﬁi with momentum operators py, the resulting
Hamilton operator in proximity to the K /K'-point in first order k - p theory including
spin-orbit coupling effects reads [46, 47, 48|

Sk
0,sT

5.. (2.12)

A
e = 7V (ThkeOy + kyoy) + 562 — AT

Here, 7 is the valley index, &; are the Pauli matrices and 5, is the Pauli matrix for the
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spin. A denotes the energy gap and 2\ the spin-orbit coupling-induced valence band
splitting. Furthermore, in analogy to the description of gapped graphene, the parameter
~ can be identified as v = hAvp with the Fermi velocity vp, and the model is called
massive Dirac fermion (MDF) model. Summarizing the gap and the spin-splitting in a
spin- and valley-dependent band gap A,,, diagonalisation yields eigenstates with the

relativistic dispersion €4, and the eigenfunctions wlc{/ Y

€ork = \/<A2”)2 + (hopk)? (2.13)

wa-( ke ) w = (”“expw’“)>, (214)
vk exp(—iT0) —ux

ESTkI+ASTk/2 6STI€7ASTIC/2
2€s7k 2€srk

multilayer structures by additionally including a layer-dependent Fermi energy Fpg,, in

with w, = and v = . This dispersion may be generalized to
order to display the correct energy alignment. In the remainder, the bands at K /K’ are
referred to as A bands if s7 = +1 and B band, otherwise.

Furthermore, we estimate the influence of the side minima on different physical pro-
perties of the materials. Here, we use an effective mass approximation to describe the
dispersion.

Finally, we again combine the model and the DFT calculations. In order to gain the
material specific parameters such as non-interacting band gap, Fermi velocity and ef-
fective mass, we fit the model function for the dispersion to the DFT band structure,
where we assumed a rotational symmetry of the dispersion in proximity to the points
of interest. The DFT band structure and the resulting model dispersion are illustrated
in the right panel of Fig. 2.2. It becomes evident that the approximation is valid in the

close proximity of the extrema but differs further away.

Interactions

So far, we examined how to combine DFT results with group theory considerations
and physical concepts to derive a model for the single-particle energies. But the charge
carriers do not move independently through the materials background potential but
are subject to interactions with one another, with quasiparticles like phonons and are
influenced by external settings. In the following, we strive for formulations to include

these interactions into our model Hamiltonian.

Coulomb interaction

As introduced previously, Coulomb interaction plays a crucial role in monolayer materi-
als. The monolayer structure requires that two particular aspects need to be taken care
of in a model description. Namely, the effect of the material finite thickness and the

influence of the dielectric environment. But, let us start with the most general form of
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Abbildung 2.4: Sketch of the modelled sample geometry: TMDC monolayer embedded
in a dielectric environment with dielectric constants er (top) and ep
(bottom).

the two-particle Coulomb interaction, which reads

1
=) v VUl T (2.15)
k7k/7q

where Uy denote pseudospinors and Vg the Coulomb potential. Expanding the pseudo-
spinors in terms of the eigenstates of Hy and explicitly reducing the expression to the

in-plane crystal momenta hkj, the Coulomb interaction is represented by

06,6,6/ / T
Z Z q” k”,k“ O‘k\l q| ,Bk _|_qH ,B/k“ ak” (216)
? ot ke ke #0

with the Coulomb-matrix element VO“lﬁlf, O‘k” = Vg, (ak| — qylo’ky) (ﬁkf| + q|||ﬂ’k1|> and
I’
", 60 e {¢,v}. In order to include finite thickness as well as groundstate and environ-

mental screening effects, a closer look at the potential Vq‘| is required.

Dielectric environment and stacking

In contrast to a bulk material, where the interaction between charges is screened by the
material itself and the induced polarisation, in the monolayer the interaction becomes less
weakened by the material itself and instead the interchangeable dielectric environment
becomes more important. To obtain an expression for the Coulomb potential for a TMDC
layer embedded in an environment characterized by the dielectric constants er (top)
and ep (bottom), as depicted in Fig. 2.4, we strive for a solution of the first Maxwell’s
equation V - D = 47 peyt for this anisotropic system. To account for the anisotropy,
following the derivation in Ref. [49], we explicitly split the dielectric displacement field
into contributions perpendicular and parallel to the field:

D = €||E|| +e E.é, + 4nP. (2.17)
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While P contains the non-local, time- and frequency-dependent resonant contributions,
the non-resonant contributions are contained in the explicitly z-dependent background
dielectric constants. Assuming a lateral homogeneity as well as a constant dielectric value

within the layer, we approximate the dielectric structure as

eﬁp z < —L/2, el z<-—LJ2,
€||<Z) = eH ‘Z| < L/27 EJ_(Z) = €1 ’Z‘ < L/2, , (2.18)
eff L/2<z ! L/2<z

and assume the thickness of the layer, L, to equal the interlayer distance in a correspon-
ding bulk structure. In the following, we express the electric field in terms of vector and
scalar potentials, A and ¢ and apply the generalized Coulomb gauge ¢ V|- A+€, 0.4, =
0. Exploiting the in-plane homogeneity, which allows for a Fourier transformation accor-
ding to the in-plane components and consequently to express the potential in terms of
the in-plane q)-vector, the Poisson equation determining the anisotropic scalar potential

reads

(—q&? + €||qﬁ> o(q), z,w) = 4r (pemt(q, zZ,w) —iq - Pﬁ(q, zZ,w) — asz) . (2.19)

Let us first analyse the non-resonant part of this equation and neglect the resonant
contributions (Pﬁ (q,z,w) and P,). For a charge localized at the center of the layer
Pext = 0(2), solving Eq. 2.19 under the constraint of the boundary conditions at z =
+L/2 yields for the potential within the layer

27'(' ~ /
n o 2% —qlz—2|
0q(z,2") p” [e
+ ¢t iLtate) | mte—d(L—z—2)
+ ¢~ <e—4<2L—Z+2') + e—‘m”z‘z')ﬂ (2.20)
with § = %‘q,
/

' (k+ner)(k+17KB) (2.21)

(k+ k) (k+ KB) — (K — k1) (kK — KpB)e 24k

and k; = /€] ;€L ;. While the first line in Eq. 2.20 can be understood as direct interaction
between charges located at z and 2’ and is referred to as @?‘D in the following, the next li-
nes describe interactions via image charges, A®4. This lengthy expression is often simpli-
fied in the limiting case of small momenta or in the two-dimensional case, ¢ d — 0, to the
so-called Rytova-Keldysh potential V;]RK = 3 n [50, 51, 52].

((kr+kB)/2+d(2r2—K2—K%) /4e 1)
Similar, but in details differing, approaches are derived in [35, 52].

The material parameters for the dielectric constants €| and €, were taken from DFT
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calculations. In DFT, the determination of the dielectric properties includes averaging
over the whole unit cell. In numerical codes that are based on the assumption of periodic
boundary conditions, where monolayer properties are calculated by artificially including
large areas of vacuum, this implies an averaging over those. Consequently, the dielectric
properties of monolayer structures are not directly accessible by these DFT codes. Ne-
vertheless, they can be inferred from calculations of the corresponding bulk structures.
While €, can be set equal to the bulk value, a comparison of the two-dimensional and

three-dimensional solution of the Poisson equation suggests the identification

€| = Ef - quir_r>1047r62XL(q”,w)/d, (2.22)
with the linear susceptibility xr(q),w) [49].
In the next step, the influence of resonant contributions is to be considered. As the studies
summarised in this thesis are only concerned with in-plane interactions, we neglect the
out-of-plane contributions P,, which are studied in detail for example in [53]. The parallel
resonant contributions can be treated approximately in linear response theory, thus,

again assuming a charge localized at the layers center, we rewrite it as

P = —ic’qyxL(ay, @)o(ay, z0,w)d(z = 20) (2.23)

with the longitudinal susceptibility x1(q),w). This approximation is easily generalized
to a multilayer structure by considering charges at the individual layer centres and
summing on the right hand side over the layer-dependent susceptibility and potential.
Solving equation 2.19 in this linear approximation yields for the non-locally screened

Coulomb potential in the layer

¢0(QH X2 Z,)
1+ eaixL(q), w)do(ay, 2, 2')

dolqy, 2,2, w) = (2.24)
Thus, the resonant contributions induced by point charges result in a screening of the
Coulomb potential with e.es(qy, 2,2',w) = 1+ quﬁXL(qH,w)qbo(q”,z,z’). In our cal-
culations, we include the ground state polarisation function Il(q),w) = ezqﬁXL(qH,w)
in the long wavelength and static limit. It was derived in [54] that in this limit in
random phase approximation, the ground state polarisation function is calculated as
[(q),0) = —G%Aq—i for the different spin and valley combinations. The full systems

polarisation is gained by summing over all spin- and valley-indices.

Form factor
Besides the intrinsic and environmental screening effects, it is necessary to include effects
due to the material finite thickness. The intrinsic three-layer structure and the finite

extension of the carrier wave functions perpendicular to the plane causes that neither
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the exact two-dimensional nor the exact three-dimensional Coulomb potential yields a
proper description of the potential. To model this anisotropic structure, we start out

with the real-space representation of the Coulomb Hamiltonian in second quantization

_1 3y 3T/ATrATr’ I'I'/Ar/Ar
_z/v/vd ST ()T () V (r, 1) W () ¥ (r), (2.25)

with the normalization volume V. To achieve a description of this quasi-two-dimensional
structure, we employ the in-plane periodicity and expand the field operators in the

resulting Bloch states

Z ™1™ Uk, Ca (2.26)
Oé k”

that depend on the in-plane crystal momenta k|, but 3D spatial coordinates. Here, A
is the normalization area, o the band index and Ua K & lattice periodic function. Fou-
rier transforming the Coulomb potential according to the in-plane components, taking
advantage of the periodicity again by rewriting the integration into a sum of integrals
over a unit cell only, [ dB3r — > f d3r, and making use of the completeness relation

+3e ik =k ) Ri = 0k, K the Coulomb potential can be rewritten as

OL,BB o AT T
Z Z 4 aku —q| €8k T ,8 kH ol k| (2.27)
a7al767ﬁ/ kH 7k1‘ q|

with the matrix elements
e /uc /uc dr %! Uaig —qy (1) U Ek/\ﬁqu (r') Vay (2, 2) Uk () o (). (2.28)

Inserting for the Coulomb potential the expression we derived above for a slab geometry,
Eq. 2.20, we can separate the matrix elements as a product of the Coulomb potential

and a form factor term

a,B.p'.a 2D 04/35 a 2D a,ﬁﬁ o

Here, we introduced the form factor

Fguﬁf () = /uc /ucdgrdgrluzkhq (r)uzkﬂmu (r') e_qlz_zluﬁ’kﬁ () uari (r).
(2.30)
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and its correlated part

’/5’18/7 ! —_ 7/37/8/7 ! bl ! ﬂ76/
AFS\wkh “(qy) _Flfu’kh “lay) = S () £ / (q) (2.31)

124”704 (qp) = /uc d3r qu“—q“ (r) e?* Ui (T)- (2.32)

This shows that the Coulomb interaction in the quasi-two-dimensional structure can be
described by a simple modification of the exact two-dimensional Coulomb interaction.
Considering the limiting case of an exact two-dimensional material, the orthonormality
of the wave functions and the vanishing argument in the exponential terms result in a
recovery of the exact two-dimensional Coulomb potential. Further analysis of the expres-
sion shows that for no momentum interchange, q; = 0, the form factor and correlated
parts are F;l’if/’a/(q” =0) = flfﬂ’al (qp =0) = flfl’lﬁl (q = 0) = da,adpp- In the
opposite limit of large scattering vectors, the form factor approaches 0.

The exact modelling of the interaction and of the form factor in particular formed an
essential part of the studies that underlie this thesis. Therefore, a more extensive elabo-

ration of these topics is contained in Ch. 3.

Light-matter interaction

The interaction between a material and an electromagnetic field can be described on the
semiclassical level within the concept of minimal coupling by replacing the momentum
operator p = hk by the canonical momentum p — p — £A(t) with A(t) being the time-
dependent classical vector potential. Employing this procedure for the above introduced

MDF Hamiltonian, the resulting light-matter interaction Hamiltonian reads

N e N N
H = -~ GO (T A6, + Ayi,) Uy 2.
T p g VFsr YV (TALO, + Ayoy) Wi (2.33)

Expanding the pseudospinors Uy in terms of the eigenfunctions of the single-particle

Hamiltonian Hy, \ff/k” = >, loky) Gak, the Hamiltonian reads
~ e R “ R R
H[ = _E Z VF st (akH |TA;,;O'J; + Aydy’,@k”> CLLk” agk” (2.34)
Oé,ﬂ,k”
e R At A
= _E Z VE,sT <O¢k|| ’A(t) . JT|Bk”> alk” agk (2.35)
a»ﬁakn
with 6, = (764,6,). Here, the so-called circular dichroism, which states that the dif-

ferent K /K’-valleys can be addressed by light with different circular polarisation, is
implied.
A comparison to the more general formulation of the light-matter interaction — in Cou-

lomb gauge (V- A = 0) and neglecting contributions quadratic in A —, which is used in
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publication [IV],

~ [ " R
Hr = ——— 3 A(t) - pag (ky) aly s (2.36)

with the momentum operator p.s (kH)7 allows in the vicinity of the K /K’-point the

identification
A - Pap (k” ~ K/K’) = MovVfr <OékH‘A(t) . &T’,Bk||> . (237)

Besides an interband transition, the coupling with an electromagnetic field may induce
an intraband current as charge carriers in the bands get accelerated. The interaction can

be described via

ﬁ[,intra = —A(t)- Z ja(k\\)alk” dak“a (238)
a’kH
with the intraband current matrix elements j, (k) = %Vk” eﬁH. While this contribution

to the total induced current is negligible in scenarios with resonant and above-band gap
excitations, it becomes dominant for the interaction with low-frequency fields. There-
fore, we include this term when studying the interaction with a THz field and omit it

otherwise.

Magnetic field interaction

As introduced in the previous chapter, the interaction of a material to an electromagnetic

field can be dealt with employing the concept of minimal coupling. To study the influence

W2
i 2m, Pi -

of a magnetic field, we hereby start with Hy in first quantization Hy = )
Substituting the momentum in this expression by the canonical momentum as stated
above, applying the Coulomb gauge, V - A = 0, and working in the symmetric gauge
Ar) = %B x r, we find for the interaction with a magnetic field

212

e e‘B
Ei: Smec i+ 8mecrz sin” 0; (2.39)

with L = r x p being the orbital angular momentum and 6 denoting the angle between
B and r [55]. For a magnetic field perpendicular to the plane, B = Bé | , we find for the

interaction in second quantization in effective mass approximation

R B . 2B2
Hp =Y ( ey A2) AN (2.40)

7
2mac - 8mgc?
ak
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This shows that the magnetic field contributes within two terms to the Hamiltonian.
The first term induces a linear shift depending on the states angular momentum and is
called Zeeman-shift. The second term gives rise to a diamagnetic shift that is quadratic
in B.

Phonon interaction

The interaction of the particles with distortions and vibrations of the lattice structure
is summarised as electron-phonon interaction. Considering the vibrations of the lattice
as perturbation and introducing phonon operators bgr”), describing the absorption or
emission of a phonon with momentum q, the intraband interaction of electrons and

phonons is described in linear approximation by the so-called Frohlich Hamiltonian

g N
Heopn =D D 9kyia Gocy ay ok (bqu +b7qu>- (2.41)
amkyq)#0

Here, the phonon matrix element ngu q describes the probability amplitude that an elec-
tron of momentum k|| + q is scattered into a state of momentum k; under absorption
(emission) of a phonon with momentum (—)qy and branch index m. As the unit cell of a
monolayer TMDC contains three atoms, there are nine phonon branches, three acoustic
and six optical. In publication [III] we only include longitudinal optical (LO)-phonons
that were shown to have the most important contributions at the K /K'-point [56]. Fur-
thermore, we adapt the model Sohier et al. developed to describe the interaction matrix
in vicinity to the high-symmetry point and in an anisotropic dielectric environment by
gﬁHO: K/K'haqy = wf(#ul) with the bare interaction Cz and the effective screening appro-
ximated in first order Taylor expansion e.ss(|q)|) =~ egf 5+ Teslayl with the effective
screening parameter 7.y. For both parameters, we employ ab initio based approximati-
on as derived in [56].

For the analysis of the relaxation dynamics within the whole Brillouin zone (publication
[IV]), in contrast, we include all nine phonon branches and the full k- and g-dependence
of their matrix elements. Here, the phonon dispersions and coupling matrix elements
were calculated by means of density function perturbation theory (DFPT) using the
Quantum Espresso code [57, 58]. While the previous model only allowed to study the
intervalley interaction in proximity of the main valleys at the high-symmetry points, this

expansion additionally allows to study phenomena like intervalley-scattering.

Summary

In summary, against the background of DFT calculations, we have derived a model for the
energetic ground state and introduced formalisms and approximations to model different
intrinsic material interactions — between the carriers and with phonon — as well as with

external parameters — such as electromagnetic fields and dielectric environments. With
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these different components, we are able to describe the many-body system restricted to

the valence and conduction band. Based on the full model Hamiltonian

H= ﬁo+ﬁc+ﬁ1+ﬂ3+ﬁe —ph

_ AT s 045/5" al
- Zeku“ak”aaku Z > Vay k) ik, ak“ a Vi) +a) 187k Lok
ak” aa’ﬁ,@’ k”kHClH #0
. T
e 2 AP (k) il G — A D Ja ()il ok,
#ﬁk Oé,kH
eB . e?B? A
* Z <2maclz * 8mac? ) Dol Gek
O(kH
m ~T A ~ i
2 2 sy Yok +q Yok (bfhl +b*qn) (2.42)
amk)q)#0

we now want to deduce the systems dynamical properties. As already stated in the
different subsection, in our studies, we do not always include the full Hamiltonian, but
focus on specific aspects and only include those parts that contribute in the chosen

settings.

Equation of motion approach

To describe the dynamics of the many-body system determined by the previously intro-
duced Hamiltonian, we employ the Heisenberg equation of motion approach (eom). Here,
the observables are treated as time-dependent quantities, and their temporal evolution
is derived by the expectation value of the commutation of the corresponding operator
O = O(t) with the system Hamiltonian

_ind oy = <[ﬁ,@}>. (2.43)

ot

Formally, this equation looks simple, but the interaction terms that are contained within
the Hamiltonian induce an infinite series when the commutation is evaluated. We can
picture the problem in the following way: If we select just one single particle, e.g. an
electron, of the system, then we have to evaluate how this electron pairwise influences
and is influenced by every other individual particle — holes, electrons and phonons —
in the system. But, then the question arises how these pairs of particles interact with
one another and with further particles. Any time we try to evaluate the interaction of
a subsystem of IV particles with the remaining particles in the system, we experience,
that the subsets we have to take into account grows. Formally spoken, the interaction
between charge carriers as well as with phonons and, if treated in a quantised way, with
photons causes that the dynamics of an N-particle operator couples to the dynamics of

an (N + 1)-particle operator. The latter in turn couples to the dynamics of an (N + 2)-



24 2. Theory

full correlation singlets doublets triplets

Abbildung 2.5: Tlustration of the basic idea of the cluster expansion: The full correlated
system of N interacting particles is systematically split up in correlated
subsystems — called clusters.

particle operator. This pattern can be described by

0

5 W) = TN+ VN +1)], (2.44)
where (V) symbolises an N-particle operator consisting of N creation and annihilation
operators and in the functionals 7" and V the non-interacting and interacting parts of the
equation are formally summarised. This pattern does not end but discloses an infinite

series of dependencies.

This infinite hierarchy can not be treated exactly, but requires a reasonable truncation
of the occuring series. An effective way of truncation is proposed by the concept of a
cluster expansion (CE) that finally yields a closed set of equations [59, 60]. Its basic idea
is sketched in Fig. 2.5. The idea is to systematically split up larger groups of particles
into contributions of smaller groups of particles — called clusters. At the lowest level of
approximation, which is equivalent to the so-called Hartree-Fock approximation (HF),
one factorises all groups into its contributions of single particles, called singlets, according
to the scheme
N
(N)g = D=V ]] (ol axrs) - (2.45)

s =1

where 7 refers to the permutation of the k;. Regarding a single particle, we only have
singlet contributions, but already for a two-particle state, in this approximation one

neglects the correlated part A (2). Formally, the full particle state can be written as
(2) = (2 +A(2). (2.46)

The cluster expansion approach now yields a recursive scheme describing the systematic
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splitting of an N-particle state into its lower clusters and correlated parts:

1

1) = (g

(2) = 2 +AQ2)

3) = Mg+ (MHAR)+A3)

(N) = (N)s + (N =2)A2) + (N -4)A(4)
+...+(N=3)AB)+..+A(N). (2.47)

Here, in analogy to the Hartree-Fock factorisation, the terms include sums over all per-
mutations of the N coordinates with a corresponding sign.

This expansion is formally exact, but still only reformulates the problem. The advantage
of this reformulation is that it allows for a systematic truncation of the scheme at a
certain level of correlation. Often, higher order terms are then approximated as additio-
nal screening and by phenomenological approximations. The actual level of truncation
needs to be chosen in accordance to the physical system and situation as for studying
an effect that involves m particles, at least all terms up to Am need to be included. In
this way, the cluster expansion approach allows to find a closed set of equations that

approximately describes the system.

Ground state renormalisation

In quasi-two-dimensional materials, the strong Coulomb interaction causes a difference
between the non-interacting and the interacting ground state, as the interaction e.g.
results in an unphysical finite expectation value for the interband polarisation in the
ground state [61, 62, 63]. In [61] an expression for the interacting ground state is derived
that is explained in detail in [62], in the following only the main concept is sketched.

The starting point is a Hamiltonian including only the groundstate Hamiltonian and

Coulomb interaction, H = Hy + He. For the ground state to be stationary, the variables

Al _ b A T
HS’Tk” - <b57—kH aSTk” > and FSTk” - fSTkH - s‘rkH - <b57—kH bSTkH > - <a57—kH aSTk” >7 where
ag_)kn and bg')ku refer to operators that annihilate (create) a particle with pseudospin up

(down), need to be stationary. The variable dynamics can be determined by the above

introduced equation of motion and are in Hartree-Fock approximation given by

.0 —i76),
ZhiHSTkH - <ASTkH + V[FSTk”]) HSTk” + (Th'Uer k” - V[HSTkH]) PSTk”

ot
0 0 —4T
’Lh& ngH = —’l/ha STkH = 2% {HSTk” Th’Uer ek” } 9 (248)

where the abbreviation V[f] = Zkﬂ 4k V‘kl\*kﬂ' fk/H was introduced. Under the cons-

traint FngH =1- 4|HSTkH |2, which holds for any coherent state, the demand of sta-

tionary variables yields a closed set of integral equations for the renormalised band gap
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and Fermi velocity. The so-called gap equations (GE) read

- As7’k’“
Ay = Dr + S (T — (2.49)
K Ak s7k)
UpK
UFk, = UFsr + Z Ik — kH|k 3 L cos (B, — ), (2.50)
K 4k || “€s7k|
17
where the abbreviation Zi‘i\ sk = Zk/\\ 4K, 0s,¢/0r - was introduced. Furthermore, we
introduced the renormalised gap and Fermi velocity as
ASTkH == A87’ + V[FSTkH]
Thipsriq ke = thupske” I — V[ - (2.51)

This explicit determination of the renormalised ground state by solving the GE itera-
tively was applied when magnetic field contributions were included.

In the remaining publications, we account for the interacting ground state by inclu-
ding the so-called Coulomb-hole contribution, that enters the Dirac-Bloch equations
discussed below upon traversing from the conduction-valence-band to the electron-hole

picture. Here, the complete valence band was shifted by a constant shift Aevb’k” =

_ Z e ( ﬁ)ﬂvmlf{w Kk Vk””cvfi{w K ;kl)' Thus, the interaction between the particles
in the valence band results in an increase of the electronic band gap. The Fermi velocity
was renormalised equivalently. These two formulations of renormalising the band struc-
ture were numerically verified to yield the same results.

The Hamiltonian correctly describing this interacting system is achieved by substituting
the band gap A, and the Fermi velocity vp g, by their renormalised correspondents in

the above expressions ASTkH and 17Fk”.

Dirac-Bloch equation

Having found the systems interacting ground state, our aim is to describe the dynamics
of electrons in a material on the microscopic level under varying external conditions.
Precisely, we are interested in the dynamics of the carrier occupations in the different
bands fﬁ‘” = pﬁ“i‘ = <aLkH aLkH> and the transition amplitudes between different bands,
namely the microscopic polarisation, Py, = (aLkH aL,kH> with a # o/. The application of

the eom approach reveals the temporal evolution of these quantities to be described by
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the coupled set of integral equations [59]

) d ¢ v v c . d

zhapku = ( k — Zku)pku - (ka - ka) O, + lhapku . (2.52)

hg c/v _ 23 {Q i }+ hgfc/v (2 53)
de’ ki k) Pk dt’ K cowa .

with k| and k’H summarising spin, valley index and crystal momentum. These equations
are formally equivalent to the widely used semiconductor Bloch equations (SBE), but
due to their derivation based on the MDF Hamiltonian, they are often named Dirac-
c/v
k

Bloch equations (DBE). Here, the renormalised energies ¥ | and the renormalised Rabi

energy Qk\l contain the Hartree-Fock contributions and explicitly read

c/v _ cfv / ceee/vvvv cvev [veve c/v
Ek“ - ek” - Z (Vl_gll_c’l;f(/;f{ _VR|1_<'|;1_</31_<|> fkﬂ (2.54)
K/ #k
7=
e / .
Qk“ - mOCA ) pC’Uk” - Z (chrzcl(/l;k/ﬂqpkh + Vf{cﬂ:'ivf{ﬁ ,f(h ;k|pk/) . (255)
K, £k
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Here, non-resonant Auger and pair-creation contributions are already neglected as they
were shown to have minor impact on the renormalisation for wide gap materials [64]. In
the renormalised Rabi frequency, the term oc py, , which couples the temporal evolution
of the microscopic polarisation to its complex conjugate, makes the problem non-trivial.
As approaches of treating this term perturbatively have shown its negligible influence
on the results, we drop this contribution in the following. Moreover, Ef‘/l IU denote the
unrenormalised single-particle energies, as the ground state renormalisation due to the
Coulomb-hole introduced above is included implicitly and seen explicitly, when trans-
forming into the electron-hole picture, where fﬁH =1- f{{‘” = 1 holds. All contributions
due to many-body correlations, thus contributions beyond the HF approximation, are
subsumed in ih%pk“ o and h% fliﬁ v .
Instead of expressing the DBE for electrons in valence and conduction band respectively,
they are often transformed into the electron-hole picture, in which instead of analysing
the behaviour of electrons in the valence band, the lack of electrons — named holes — are

considered. The transformation between the two pictures is given via

G, = b, =~y (2.56)

fio, = I, iy = (L= fhe)- (2.57)

Coulomb-induced particle interaction

In the DBE as written above, only singlet terms are included explicitly and all many-

particle correlations arising from Coulomb- and phonon-mediated interactions are hidden
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in the equations last terms. On the simplest level of approximation, namely the singlet or
Hartree-Fock level, we assume that relaxation and dephasing processes are independent
of exact excitation conditions and can be treated by constant decay/dephasing rates .

Thus, we include correlation contributions by setting e.g.

d , oo
ih dtp o= Yoo Pl -
At this level, the constant treatment of decay and dephasing conceals insights on relaxa-
tion processes due to scattering processes, density-dependent changes in the dephasing
or plasma screening effects. In order to gain insights into these processes, we have to
analyse the correlation term in more detail. The following elaboration follows the pre-
sentation in publication [III]. The Coulomb interaction couples the singlet terms pﬁﬁ‘/ to

oo '8

the doublet correlation A( T, Lku —q MK OBk~ —qp) = k) k| according to

el *
a '8 ACTY 6 Vaw’ﬁ AC(X’W’B
Z Z { —qysky kg —aq T gk K —ayskky—a T kgl | [
q) k| 67y

(2.58)

Neglecting, again, Auger contributions (y # ') and the orbital- as well as k| /kh—
dependence of the Coulomb potential, the eom resulting from the system Hamiltonian

for the doublet correlations reads

d ’ ’ ’ /
h—ACYPe = AR ACHOEe 0 , seoee
M q k| k| q) k) k) T g kK + fern fk ql\k\l * aj kK

d Acaﬁﬁa
'

+ remaining doublets + zhd al ||kH

(2.59)

BB’ _ s B B
where AEO‘ Ho‘k” = Eﬁ”_q”%—Z /H Ekﬂ _q
its singlet and doublet contributions and kept the remaining fully correlated term [60].

Ek” Here, we factorised the triplet terms in

In the following, we truncate the expansion at this level and approximate the triplet

el.
correlations by a constant dephasing i ; d AC’ZHﬂ s CI(” = zh'yTAC’aﬁ Ba’ Kk , marking the
H

I
singlet-doublet approximation. Furthermore, we separated the plasma screening contri-

ol apBBa’ . s
butions summarised in I ak; = = Vg, > Bk, quukH from the remaining contributions. In
S99 " the terms resulting from the singlet factorisation are subsumed, that explicitly

q) k| k.’
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read

afBa’ _ B

 Vig -k Pl Zpk\ —q (pkn —q 57“')
Vig - kupkﬁ Zpkn —q| <pk —q _5”5>
ﬁ S oy ’7/3

Assuming plasma screening to be the dominant correlation effect and the single-particle
distributions to be quasistatic, we neglect the remaining doublet contributions, which
makes it possible to solve the dynamics of the doublet correlations by Fourier transfor-
mation. Finally, within these approximations, we find a frequency-dependent expression

for the Coulomb-mediated transition/occupation probabilities, including the full doublet

contributions CZHﬁ lfl ‘Ol‘(H
Iaa _ Iaa —q B fk Iaa
aykj Ky (W) = qukukn ‘ Ve Z _ Zaﬂlf’ak N Zh,y anukn( w)
qa) =X
aBpa’
a k| k|
+ VqH Z «
_ yappa’ .
/3ku q) k| k| +ihyr
_ aa’ : affa’
= Weiie) (@ +ihyr) 3 C‘ln“u“u
Ak
Saﬂﬁa’
oo . q) k| k|
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Here, the screened Coulomb-matrix element including the Lindhard polarisation functi-
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was introduced. The first term of the second line of Eq. 2.61, which describes the re-
normalisation of the single-particle and Rabi energies, shows that one consequence of
the doublet correlations is the screening of the Coulomb interaction at the singlet le-
vel. Consequently, this advises to replace the Coulomb-matrix even in the Hartree-Fock
approximation by its screened counterpart to include an important part of the doublet
correlations. Taking the CE approach further, it can be seen, that next order correlations
among others result in a screening of the energies entering the denominator of the Lind-
hard polarisation function and the scattering integral [60]. Hence, these contributions

should be included by replacing these energies by their screened counterparts.

Phonon scattering

To determine phonon-mediated scattering processes, we analyse the eom resulting from

the electron-phonon Hamiltonian (Eq. 2.41), following the description in [59],

e Yo _ m aa'm¢  ~aa'm(
thpig, ph Z Jicjq (qulkn qulvku—%)’ (2.63)
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where ¢ = +1 and Gzi‘kT = <aa’k“+q” ok, b:l”H> and GgﬁkT = <aa,k”+q” ok, bm_q”>

are the phonon-mediated density matrices describing the in- and out-scattering into/from
state pﬁ“l’" under absorption (—) respectively emission (+) of a photon. As the factorisa-
tion of these matrices would vanish at this level of approximation, an analysis of their
dynamics is mandatory to gain insights into phonon-induced scattering and dephasing
processes. As the matrices describing emission and absorption can be deduced from each
other by reversing the momentum and phonon frequency, it is sufficient to evaluate
the dynamics for one of them. Similar to the Coulomb-induced scattering, we trunca-
te the infinite hierarchy and factorise the occurring expectation values into its singlet

contributions, where we approximate the phonon number <bJ;H bqw R ng, ) ' to follow

q.9
a Bose-Einstein distribution. The resulting eom, neglecting corrections to the energy
spectrum and approximating higher order correlations by a constant phenomenological

damping 7, reads
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(2.64)

Proceeding with these scattering terms in a comparable way as for the electronic scatte-

ring terms, thus, assuming quasistatic single-particle occupations, this equation can be
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solved by Fourier transformation, which yields the frequency-dependent expression
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Again, on this level of approximation, the unrenormalised energies and interaction matrix
elements enter the equation. In order to treat Coulomb- and phonon-induced scattering
terms on the same level of approximation, we replace the unscreened quantities by their

screened counterparts.

Macroscopic optical response

In the previous sections, the fundamental microscopic approach that was applied within
this thesis was elucidated, but the question how the described relationships are expres-
sed on a macroscopically measurable level has not yet been addressed. Macroscopically,
optical phenomena are captured with the Maxwell equations that determine the wave

equation for the optical vector potential A(r,t) = —%E(r, t)

2
o0 _ _4m,
(V 3 (%) A(r,t) = ] (2.66)

linking the incoming field E(r, t) and the induced current j. The induced current in turn
can be related to the microscopic quantities. In terms of the microscopic polarisation
and occupations, it is given by

. oH e
e Y Pawky (@b dari) - (2.67)
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Here, the off-diagonal parts result from interband contributions, while the diagonal parts
result from intraband contributions. The relative weight between these two contributions
depends on the intensity and frequency of the incoming fields. The intraband contributi-
ons vanish for equilibrium occupations due to the different parity of density distribution
and intraband current. Consequently, they mainly contribute for low-frequency fields,
which induce an oscillation of carriers in the bands, and can be neglected for near-
resonant and above-band gap excitation.

Important physical insights on a materials optical properties are gained by probing their
linear response to an external field. For low-intensity fields, the response can be model-
led in its linear approximation: j(w) = ew?x(w)A(w), where we introduced the linear
optical susceptibility x(w). It can be shown that its imaginary part is directly connected

to the damping through the sample of the field and thus yields first insights on the qua-
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litative features of monolayer absorption. Further evaluation of the above wave equation
and an evaluation of reflected and transmitted signal for an incoming field perpendicular
to the plane yields, that the true absorption coefficient of a monolayer, embedded in an

environment with refractive index of ny,p, is given by

dmnr 2 I{x(w)}

| mrgne — omix(w)[*

a(w) = (2.68)

In the low density regime, the optical response is, due to the large Coulomb interaction
in TMDC monolayers, even at room temperature dominated by excitonic features. To
gain further insights on this behaviour, we take one step back and take again the mi-
croscopic equation into account. For (quasi-)static density distributions, the coupled set

of equations simplifies to a single equation for the microscopic polarisation:
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Here, a phenomenological dephasing v was introduced, that summarises phononic, elec-
tronic, radiative and intrinsic dephasing contributions. Its electronic dependence on the
amount and distribution of excited carriers in the material is discussed in Ch. 6. Further-
more, the Auger term was neglected. In order to gain further insights, we first analyse

the homogeneous part of the equation, the so-called (Dirac-) Wannier equation (WE)

( IC(H - i\l) cbg(kH) - <1 - fliu - flf(LH> Z <Vl_<c|1|)v%<’ & R@?(kh)) = éx@g(k“),
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(2.70)

which can be solved numerically by matrix inversion.® This equation is similar to the
two-particle Schrodinger equation, and its eigenstates and -energies define excitons: qua-
siparticles that are formed due to the Coulomb-mediated attraction between opposi-
tely charged carriers. Upon expanding the polarisation in terms of these eigenstates,

Pk, = > pxéf(ku), the DBE can be solved in frequency space yielding

B Qx
m(w) = Rpp— (2.711)

3In this formulation, we find different right- and left-handed eigenfunctions, which are connected via

R
oL (k) = %. The equation may be symmetrised by division through , /1 — fﬁH — fﬁH, yiel-
Kk

ding equivalent right- and left-handed eigenfunctions.
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where Q) = mLOCA-pcvk|| is the linear source term. Based on this result, the susceptibility

is given in the exciton basis by the so-called Elliott formula [65]

’2k Peuk ® (ku)
I I
w) = E . 2.72

As the system absorption depends on the susceptibilities imaginary part, several features
of the linear optical spectrum can be directly deduced from this expression. First of
all, this shows that resonances occur at frequencies, that equal the excitonic eigenstate
frequencies, whereat the resonances width is determined by the dephasing constant ~.

Furthermore, the nominator correlates to the oscillator strength of the transition.
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3.| Interaction in low dimensions -
Coulomb interaction revisited

Coulomb interaction plays an important role in monolayer TMDC materials. This can
for example be seen in their linear absorption spectra that exhibit clear resonances
below the continuum absorption indicating excitons — bound electron-hole pairs — with
large binding energies. Analyses of the differences between optical and electronic band
gap show that the strong Coulomb interactions in these materials causes these excitons
to have binding energies in the order of few hundred meV [18, 66, 67]. From this, the
necessity of a proper description of the Coulomb interaction to model the opto-electronic
properties of monolayer materials becomes evident. As introduced in section 2.2.2, two
challenges arise due to density distributions that are confined within the layer on the
one hand, but have a finite out-of-plane extension on the other hand. Different ansatzes
have been pursued to address these challenges. Regarding the treatment of the material
finite thickness the ansatzes reach from neglecting the finite extension in close proximity
to the K-point and assuming point charges to introducing an effective finite thickness,
e.g. via the Ohno potential, or approximating the density distribution by a step function
of the layers thickness, thus, assuming line charges [32, 49]. We developed an ansatz
that explicitly takes into account finite extension of the wave functions: Our ansatz
is based on a derivation of the Coulomb potential of a layered structure — including
environmental effects — by solving the Poisson equation for point charges, as sketched in
section 2.2.2. In a next step, we consider the full three-dimensionality and q)-dependence
of the wave functions when calculating the Coulomb-matrix elements using the Kohn-
Sham eigenfunctions. Finally, an analytical approximation is established by formulating
a form factor that captures the main features of the DFT based results and successfully
yields an effective approximation which can easily be included in further calculations.
This ansatz is outlined in the first section of this chapter. Here, the results are elaborated
for the example of MoSs and deviations for other material systems are pointed out where
appropriate.

Thereafter, different aspects of screening effects on the Coulomb interaction, namely

the influence of the dielectric environment and excited carriers and their interplay, are
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discussed.

As an extensive analysis of the importance of the Coulomb interaction, its modelling and
consequences for the opto-electronic properties, are already contained in our publication
“Microscopic Coulomb interaction in transition-metal dichalcogenides” (Ref. [I]), here, 1
focus on a summary of key insights on a more qualitative level. For further explanations

and more quantitative descriptions, the reader is referred to the original publication.

Finite thickness effects

As Fig. 2.3 illustrates, the global extrema of valence and conduction band are mainly
formed by the transition metals d-orbitals and only very small contributions arise from
the chalcogen atoms. Consequently, the probability density distribution is mainly locali-
sed around the transition metal atoms which includes that it is mainly localised within
the monolayer, in between the chalcogen layers surrounding the transition metal sheet.
As a result, even in a multilayer structure, the density distributions forming the relevant
bands are only marginally affected by neighbouring layers, resulting in a relatively large
independence of the band gap at the K-point. Still, the d-orbitals are not planar but the
resulting wave functions have a finite extension perpendicular to the layer. To account
for this finite extension, we strive for an approximation of the Coulomb-matrix elements,
Eq. 2.29, on basis of the DFT wave functions in the limit of [k — k’H| = |qq|, that is
most relevant for optical excitations. The matrix elements are

7675,7 ! — 2D 765 o 2D CYBIB o
vessal = vab R (ay) - AVEP AFERT (@), (3.1)

where we introduced F&%7 (q)) as a form factor and AF o:8,6', a/(q”) subsuming its

ky k] K X,
’6 B of (q)) becomes zero due to the
H

correlated parts. Whereas the correlated part AF

wave functions orthonormality in the long wavelength limit, the contribution due to
image charges AVqZ”D is especially relevant in this limit. In the different limits always
one of the factors of the second term in the equation is negligible, which results in an
overall small contribution of their product. Thus, the overall contribution of the second
term is small in comparison to the first term and the Coulomb-matrix elements of the
quasi-two-dimensional structures are captured in good approximation by the exact two-

dimensional term modified with the form factor Fk o, k’,B o (qp)-
I

Let us first take a look on an approximate calculatlon where we evaluate this term on
the basis of the MDF Hamiltonians eigenfunctions and assume that the wave functions
k-dependence is fully captured by the MDF prefactors. We find that the inter- and

intraband matrix elements in proximity to the K-point can be equally approximated by

znte'r/zntra QH ~Uu / / d37‘ d3 (r)UEK(r/)eiqlzfzquZ)/K(r/)uZlK(r)’ (32)
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Abbildung 3.1: Form factor matrix elements around the K-point shown exemplary for
MoS,, with the K point at the center. One of the M points — 0.66 A1
apart — is given for orientation.

as <Uk1| |UkH> <1)kH |Uk1l> = <Ck1l |Ck||> (Ck”‘ckh) = uiuz, +2ukuk/vkvk/ COS(gk_k/>+v]%Ul%, ~
u? for [k —k1|| = |q)| and similarly for the interband matrix, where we used that ux = 1
and vg = 0. The resulting graph for MoSs is shown in grey in Fig. 3.2 together with
the exact calculations, where the full kj-dependence of the wave functions is taken into
account, that are shown in blueish colors and discussed later on. This MDF based ap-
proximation correctly captures the limiting case Flfl |B kf[f e (q” =0) = ba,008,p and the
decrease with larger momenta, as we would expect from theoretical considerations, but
a comparison to the blueish graphs — more exact calculations — shows that the decrease
is underestimated. Thus, this MDF model based approximation shows to overestimate
the Coulomb interaction for larger scattering vectors and indicated the necessity of an
inclusion of the full wave functions g-dependence.

The exact calculation of the form factor depends on the path in reciprocal space along
which we move away from the direct band gap. In order to analyse this path-dependency,
we calculated the form factor matrix elements along different paths through the BZ star-
ting at the K point. These results for the inter- and the two intraband-matrix elements
are depicted in Fig. 3.1 exemplary for MoSy, where a circular area with a radius of
k) — k’H| ~ 0.66 A" around the K point is shown. Similar results were obtained for
all investigated materials. For the intraband contributions, the form factor shows to be
isotropic up to a range of |k|| — k’H\ ~ 0.15 A1, for the interband contributions, this
holds up to a range of |k — km ~ 0.45 A~ for molybdenum- and [k — k’H\ ~ 0.30 A1
for tungsten-based materials. But even for larger scattering vectors, the angular depen-
dence is small. This observation legitimises to employ an isotropic approximation of the
form factor. As a consequence, we have used a weighted average of the calculations for
different paths for further analysis.

Averaged results for the inter- and intraband matrix elements are illustrated in blueish

colors in Fig. 3.2. In proximity to the high symmetry point and up to [k —kh |~ 0.22A°1,
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these matrix elements are of comparable slope. For larger distances the intraconduction
band form factor decreases faster than the inter- and intravalence band terms. This be-
haviour holds for all material systems investigated in the course of this thesis, but the
general slope of the form factor steepens with the mass of the incorporated atoms. Thus,
the slope is slightly steeper for tungsten- than for molybdenum-based materials and stee-
pens for materials containing tellurium in comparison to those containing selenium. As
the form factor was introduced as a measure of the deviation of the exact two-dimensional
Coulomb potential, this trend resembles the expectation as larger incorporated atoms
lead to larger deviations — the material is for larger atoms ‘less two-dimensional’.

In order to describe the slope of the decrease properly and to simplify the expressions
for consecutive calculations it is useful to find an analytical formulation to approxima-
te the form factor. Here, we started with the approach of including a finite thickness

~914 | that was established in

(d) by means of the so-called Ohno potential, F'(q) ~ e
the description of molecules and nanotubes but also successfully applied in the descrip-
tion of graphene [61, 68, 69]. As we found that the Ohno potential can not be fitted
properly to the form factor, we extended the formula and described the form factor by
F(q) ~ e_(JZq\Ql/ 2 d), Furthermore, we additionally included the prefactors arising from
the overlap matrix elements in the MDF model in this fit function in the cases where we
applied the MDF model in subsequent calculations.

Further insights on the physical interpretation of this form factor can be gained by taking

a look at its real space representation that is given by V(r|) = un e TIF(q)) V‘12\|D
_ - 2
= 1 fd27"|’| e Iru—ryl/2e ﬁ and illustrated in Fig. 3.2. While the exact two-di-
T
\

|
mensional potential and the quasi-two-dimensional potential are equal for distances

v > 7A|, for small distances the exact potential diverges whereas the modified one
reaches a finite value. The comparison shows that the exponent linear in q results in a
regularisation of the Coulomb potential for r = 0 A by introducing an effective thick-
ness d and thereby suppressing the divergence. Due to the effective thickness term, the
denominator , / r|'|2 + d? that enters the Coulomb potential and that is responsible for the

divergence does not approximate 0 A any more but approximates this finite thickness,
0 A+d, through which the potential remains finite even at the origin. This linear ex-
pression resembles the previously mentioned Ohno potential. Additionally, the exponent
quadratic in qj leads to a convolution of this linear expression with a Gaussian of width
o.

In conclusion, we found that the modifications of the Coulomb interaction resulting
from finite extension of the wave functions perpendicular to the sample can be captu-
red in good approximation by an isotropic model. This modification can be analytically

modelled and taken into account in subsequent calculations by means of a form factor.
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Abbildung 3.2: Form factor and resulting real-space Coulomb potential. Left panel: Form
factor for inter- and intraband Coulomb-matrix elements for MoSs (blu-
eish) as calculated based on full wave functions and comparison to quasi-
MDF approximation, where g-dependencies are only included in the ex-
ponential and the main contribution of the MDF prefactor (grey). In
red, the analytic approximation of the form factor is shown. Right pa-
nel: Comparison of two-dimensional real-space Coulomb potential with
(green) and without (grey) including a form factor.

Screening of the Coulomb interaction — Influence of surrounding and increased
carrier density

Besides the regularisation of the Coulomb potential for small distances due to the ma-
terial finite extension perpendicular to the layer, this also causes high sensitivity to
screening effects i.e. due to the environment or carrier populations. Here, we study how
these environment- and carrier-induced effects on the screening reveal themselves in a
renormalisation of the band gap and changes of the excitonic resonance energies. Here,
we discuss the dependencies only with respect to the A-bands, similar results can be
obtained for the B-bands.

The renormalised band gap in presence of excited carriers is given by

AN ecee hehe __th _ re
17

This shows that the band gap is influenced by two contributions. On the one hand, there
is the Coulomb interaction that is changed depending on the dielectric environment and
screened by excited charge carriers — as included in the interaction with image char-
ges AW and through the Lindhard polarisation function respectively. Comparing the
excitation-induced band gap shrinkage (see publication [I] for a detailed comparison) to
experimental data we found that treating the Lindhard polarisation in the static limit

hw — 0, successfully applied for many semiconducting systems, overestimates the scree-
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Abbildung 3.3: Influences of dielectric environment and excited carriers on the screening
of the Coulomb energy as it indirectly manifests in the changes of band
gap. The excitation-induced band gap renormalisation is shown for MoSs
in two different dielectric environments and for different processes of car-
rier creation: Solid lines resemble optical excitation with equal number
of electrons and hole, dashed lines resemble electron doping. In the dy-
namical screening a triplet dephasing of vz = 150meV is included.

ning for small carrier densities. Similarly, in another project the simulation of a probe
experiment showed that calculating the dynamics of the microscopic polarisation in this
static limit results in unphysical absorption behaviour (see publication [III]). These two
observations emphasise the necessity to reconsider the application of this static limit and
the treatment of the frequency-dependence. While the band gap properties are captured
to a (good za;pg)roximation assuming the dominant time contribution being proportional
to o kK

dependence of the Lindhard polarisation had to be taken into account. Additionally, a

t
, for the description of the systems optical behaviour the full frequency-

large triplet dephasing in the order of few 100 meV had to be included to match experi-
mental observations on the excitation-induced band gap shrinkage. The role and impact
of the triplet dephasing will be discussed in more detail in Ch. 6.

Furthermore, phase space filling effects contribute to the shrinkage of the band gap with
increasing carrier density via <1 — f{(‘” - fﬁu) . Whereas screening can be seen as a global
phenomenon in the sense that excited carriers with certain crystal momenta affect the
Coulomb interaction for all carriers, phase space filling effects can be considered to act
more locally as they only affect the bands and valleys, the carriers are located at.

To analyse the complex interplay of these different contributions, in Fig. 3.3 we com-
pare the carrier density-dependent band gap shrinkage for MoSs in different dielectric
environments. Furthermore, we analyse how the distribution of the carriers in the dif-
ferent bands affects the band gap renormalisation. Therefore, we compare a scenario of

optically excited carriers, where equal amounts of carriers occupy the electron and hole
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band, and a scenario of electron doping. In both scenarios, we assume that the carriers
are Fermi distributed at a temperature of 300 K and occupations of the A and B band

are equal. Thus,

-1
il (Mf/h’T — 300 K) - <e5 (Baqemni™) 1) : with 8 = kpT,
with temperature T and ,uf/ h denoting the band-dependent chemical potential — with
1 = o, 7 summarising band and valley index. The chemical potentials are assumed to be
decoupled and determined by the condition that the total number of carriers equals the
k-space integration of the distribution.

For the unexcited samples, we find band gaps (A-band) of 2.279eV and 2.16 eV for MoSs
on a Si0y substrate and encapsulated in hBN, respectively. Thus, through the increase
of the dielectric screening by changing the substrate, band gap changes in the range of
more than 100 meV can be expected. Both values are in good agreement with experimen-
tal findings deduced from photoluminescence (PL) and scanning tunnelling spectroscopy
(STS) measurements [70, 71]. Similar good agreements both concerning absolute ener-
gy values and relative band gap changes due to the environment-induced changes in
screening were found for all material systems including molybdenum-based materials.
A detailed table comparing our results to experimental and theoretical findings can be
found in publication [I]. For tungsten-based material systems, the relative changes were
captured in good agreement with experimental deductions. Concerning the absolute va-
lues our calculations predict values that are about 100 — 200 meV below experimentally
predicted values — even though these experimental values spread over a wide range of
up to 600 meV demonstrating the sensitivity of the deduction of the quasiparticle band
gap from experiments on the underlying theoretical model and the sample quality. As it
is well known that DFT underestimates the band gap, we assume that these discrepan-
cies between our results and the experimental findings may be a consequence from this
uncertainty. Despite the discrepancies in absolute values, our model for the Coulomb
interaction can successfully describe the influence of the dielectric environment on the
band gap. Thus, in contrast to standard DFT and GW calculations, where the dielectric
environment needs to be included explicitly, which results in numerically very costly
calculation, our model of the Coulomb interaction enables us to predict the influence of
any dielectric environment in a computationally efficient and parameter-free way.
Besides the environmental screening, screening due to an enhancement of the carrier
densities induces a reduction of the band gap. While for small carrier densities scree-
ning effects dominate the band gap behaviour, where contributions of environment- and
density-induced screening contribute, the increased splitting between the dashed and
the solid line in Fig. 3.3 manifest the complex interplay of screening and phase space

filling effects for larger carrier densities. For medium to large carrier densities, the envi-
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Abbildung 3.4: Influence of dielectric environment on the excitonic spectrum. In the top
row, the structure of the different environmental settings is sketched.
Calculated exciton resonance energies and band gap together with expe-
rimental findings (light colors) for MoSy (middle) and WSy (bottom) for
different environmental setting. For a better comparability, the band gap
is shifted by 149meV for WSs-based systems, as discussed in the text.
Experimental findings are taken from [30, 31, 66, 70, 72, 73, 74, 75, 76].
(According to publication [I].)

ronmental screening fade into the background. Here, the effects occurring from different
distributions of the carriers dominate the effects of the dielectric environments. For a
symmetric excitation of electrons and holes — as by optical excitation —, phase space
filling contributes both to valence and conduction band renormalisation. In contrast, in
the case of electron doping, phase space filling only contributes to a conduction band re-
normalisation and the valence band is shifted only due to screening of the Coulomb-hole
contribution. The former leads to a steeper slope for the band gap renormalisation than
the latter. For larger densities, the overall slope of the band gap reduction becomes flat-
ter and the environmental contributions get negligible in comparison to the differences

in density distribution.

The comparably large Coulomb interaction in quasi-two-dimensional materials does not
only result in large band gap renormalisation effects as described above, but also in large
excitonic binding energies in the range of several hundred meV. To analyse the effects
of dielectric screening on the excitonic resonance and binding energies, we analyse the
excitonic spectra for different materials. In Fig. 3.4 the resonance energies and band gap

calculated by solving the Dirac-Wannier equation, Eq. 2.70, for four different material
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systems are depicted. With the applied model for the Coulomb interaction, the known
non-hydrogenic exciton series can be reproduced and is in good agreement with experi-
mental findings marked by differently shaped light coloured symbols. Note that due to
the previously discussed systematic underestimation of the non-interacting band gap for
tungsten-based materials, we shifted the gap by 149 meV prior to renormalisation and
calculation of the excitonic resonances. Furthermore, it can be seen in Fig. 3.4 that for
all material systems, the influence of the dielectric environment mainly affects higher
excitonic resonances and the band gap, whereas the lowest exciton resonance is more
or less unaffected by a change of the dielectric environment. Both, the higher resonance
energies and the band gap experience a pronounced red shift with an increase of the
dielectric screening. In contrast, for the lowest exciton resonance, the renormalisation of
the band gap and of the binding energy nearly cancel out resulting in a very small red
shift of the resonance. Consequently, comparing the samples embedded on a SiOy sub-
strate and encapsulated in hBN, the 1s exciton binding energy reduces, for both TMDC
samples, by 90 — 100 meV, whereas the binding energy of the higher states is reduced
only by about a third of this amount.
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4.| Excitons in a magnetic field -
tunable gain and absorption spec-
tra

As discussed in the previous chapter, the strong Coulomb interaction causes large exci-
ton binding energies. So far, we only analysed the s-type excitonic resonances. Due to
the optical selection rules, only these excitonic states can be formed upon single-photon
processes and are therefore referred to as ’bright’ excitons. But, comparable to atomic
states, there are further excitonic states which are called optically ’dark’ as they can
not be addressed by single-photon processes. Nevertheless, for example p-type excitonic
states are accessible via two-photon processes processes or can be addressed in proper-
ly pre-excited samples, by inducing transitions between optically bright s- to optically
dark p-type excitonic states by means of a second light pulse. In TMDC materials, these
intraexcitonic transitions take place energetically in the mid-IR- to THz-range, thus,
they can be studied by optical pump-THz probe-experiments (OPTP) [77, 78, 79]. Here,
s-type excitonic populations build up after excitation by an optical pulse and intraexci-
tonic transitions are mediated by a second pulse in the THz-regime. Depending on the
initial conditions after excitation, intraexcitonic transitions can lead to an absorption or
amplification of the probing THz light.

Additionally, the energetic spectra of a material can be manipulated by external mo-
difications of the setup, for example by changing the samples dielectric environment or
applying an external magnetic field.

In our publication “Magnetic-field tuning of the intraexcitonic absorption and gain in
transition metal dichalcogenides” (Ref. [II]), we investigated the influences of a magnetic
field — applied perpendicular to the sample — on the energetic spectrum of the excitons
and its manifestation in absorption spectra when an initial occupation of s-type exci-
tonic states is assumed. Here, main insights of this study are summarised. Note, that
in contrast to the published data, the encapsulating hBN was modelled by an effective
dielectric screening of k = 4.5 to be consistent within the scope of this thesis. The con-

sequences of the exact choice of the effective dielectric constant will be discussed in Sec.
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4.2.3. Moreover, in addition to the published data, the interplay of the magnetic field-
induced and the screening induced energetic shifts as well as the material-dependence of

the observed tunability of the intraexcitonic spectra will be discussed.

Influence of a magnetic field on the excitonic spectrum

The application of a magnetic field perpendicular to the sample results in a change of
its electronic structure. As introduced in Sec. 2.2.2, the magnetic field induces a Zee-
man shift linear to the angular momentum as well as a diamagnetic shift. Concerning
a materials optical properties, both the influence on the ground state band structure
and on the excitonic energy states needs to be considered. In the following, the different
contributions resulting from a Zeeman and diamagnetic shift are separated and analysed
independently.

For TMDC materials, the optically interesting bands at the main valleys are prima-
rily composed of the transition metals d-orbitals. While the d,2-orbitals forming the
conduction bands display an angular momentum quantum number of m, = 0, the an-
gular momentum of the orbitals forming the valence band is m, = +2. Due to the
different character of the valence bands at the different valleys, the difference in their
angular momentum quantum number |Am,| = 4 induces a Zeeman splitting between
the different main valleys non-interacting groundstate which is further increased by the
gap renormalisation. Theoretical results show g-factors slightly larger than 4 and are
in good agreement with experimental findings [76, 80, 81]. At each valley, the Zeeman
shift influences the excitonic states. The optically bright s-type excitons have an angular
momentum quantum number of zero and therefore no Zeeman shift would be expected
for these states. Nevertheless, a small linear shift in the range of few meV is seen that
can be referred to the magnetic field dependent modification of the ground state. Thus,
the s-type states experience an indirect Zeeman shift. For the optically dark p-states on
the other hand, the term o [, results in a splitting of the excitons with positive and
negative angular momentum and an enhancement, respective reduction, of the magnetic
g-factor proportional to the inverse reduced mass, as can be expected from the Wannier
equation.

The diamagnetic shift, in contrast, directly leads to a shift for all excitonic states. Nume-
rically, we employ the relation 7 = ¢V and approximate the resulting second derivative
by a first order central finite difference method — at the boundaries of our grid, we employ
the forward/ backward finite difference method — to include this diamagnetic contributi-
on in the Wannier equation. The diamagnetic shift increases with the radial extension of
the eigenstate that in turn increases with its main quantum number. Consequently, the
shift is more pronounced for higher excitonic states. Furthermore, we find that the dia-
magnetic shift is more pronounced for the s- than for the corresponding p-states which

again can be referred to the radial extension and is in correspondence with the larger
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Abbildung 4.1: Magnetic field-dependent exciton spectrum at the K-valley for s-(solid
lines) and p*-excitons (dashed, dotted lines) in hBN encapsulated MoSs.
p-type excitons are below s excitons of equal quantum number n.

binding energy.

The resulting magnetic field dependent excitonic resonances are shown in Fig. 4.1, both
for the s- and p-type excitons at the K valley. The corresponding spectrum at the
K’ valley is obtained by reversing the sign of the magnetic field and, concerning the
p-states, interchanging p™ and p~. Here, the differing influence of the magnetic field
on the various excitonic states as described above can be seen. The s-state resonances
lie energetically below the p-state resonances of equal main quantum number, but due
to the different behaviour under application of a magnetic field, these differences are
strongly field-dependent. This tunability opens up possibilities for optical applications,

as intraexcitonic transitions are in the technologically interesting mid-IR to THz range.

Optical Pump — Terahertz Probe Experiments

Terahertz-Elliott Formula

To gain further insights into the consequences of the above described intraexcitonic
transitions on the interaction with an optical field, we want to analyse the systems
linear absorption spectrum. As introduced above, interesting intraexcitonic transition

are energetically in the range below 150 meV. Consequently, they can be probed by low
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intensity radiation in the mid-IR to THz regime. In this regime, the electromagnetic field
primarily induces an intraband current and the induced interband current contributions
are negligible. In effective mass approximation, the intraband current, Eq. 2.38, can be

written as

jintra = _62 hk” <771af1?> . (41)

OékH

Taking its derivative, we can insert the equations of motion for the density distributions

yielding
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with the reduced mass m, and momenta Qﬁ/ b= m?i/;; . Q- In the following, we omit

the term proportional to the interband dipole matrix as this term has insignificant con-
tributions for low-frequency fields and is thus negligible even in an OPTP scenario, if
the different pulses are temporally separated.

As we are interested in intra-excitonic absorption, it is intuitive to make a basis transfor-
mation and express the intraband current in terms of excitonic creation and annihilation

operators. For the symmetrised WE, the operator annihilating an exciton in state A reads

Bl =Y Ak (12)

K —Q dek+Qj-
k \/1*fﬁu7f1’<lu e ”

Inserting this expression in the equation of motion for the intraband current and using
that 1) (k||) are eigenstates of the DWE with eigenvalues €, we find for the intraband

current in the exciton basis

o d, . % R
Zh&Jintra = Z JaN (6)\’ - 6)\)”/\/\’ - Zhr.]intra- (43)
AN
Here, we introduced the excitonic current matrix jyy = mLTZkH V3 (k) ko (k)

and the excitonic density operator nyy = ZQH <BI\(QH)B,\/(Q||)>, where the diagonal
elements describe populations of true excitons and off-diagonal elements a correlated
electron-hole plasma. Additionally, a phenomenological dephasing rate I' for the ma-
croscopic THz-induced intraband current is included. Note, that the well known optical

selection rules for intraexcitonic transitions follow directly from the formulation of the
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excitonic current matrix. Based on symmetry, an excitonic current matrix element is
non-zero only for excitonic states of opposite parity. In particular, it vanishes for tran-
sitions between excitons of equal angular momentum, but has a finite contribution for
transitions between s- and pT-states. The optical selection rules are thus comparable to
the atomic dipole transition rules. The excitonic density operator is determined by its

equation of motion reading

. d 1 . .
Zh&nA)\/(Q”) = (6>\/ — 6)\) TLA)\/(QH) -+ E ; (J)\)\//TL)\//A/ — n/\)\//J)\//A/) . ATHZ

+ Zhd n)\)\/(Q”) . (4.4)

corr

Treating the scattering contributions by a phenomenological dephasing, %n AN (Q”) ‘COM =

—YTAN (Q”), the above equations of motion can be solved by Fourier transformation. This
results in the THz-Elliott formula for the susceptibility [60]:
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The optical absorption is proportional to the susceptibilities imaginary part. Consequent-
ly, resonances in the absorption spectra arise for optical frequencies matching energetic
differences between excitonic states, hw = R{ey — €3 }. Their amplitude depends on the
initial excitation state of the sample as well as the energy difference between the states.
Furthermore, in contrast to optical absorption arising from interband currents, the am-
plitude may involve all and not only initial and final state. In the following, the optical
absorption spectra for specific initial conditions and their tunability by application of
a magnetic field and changes in the dielectric environment are discussed. Finally, the

material-dependence of the optical spectra is analysed.

%4 Tuning the absorption via a magnetic field

To analyse varying dependencies of the absorption spectrum, we restrict ourselves to
two particular scenarios, namely an initial occupation of the 1s- and 2s- excitonic states,
respectively, without microscopically studying the exciton formation processes [79]. In
these cases, the susceptibility is linear proportional to the initial exciton density. Fur-
thermore, we restrict our analyses to the K valley, as the respective spectra at the K’
can be deduced from these.

In Fig. 4.2, the upper row shows the absorption spectra for an initial occupation of the
1s state and circular polarised light. Here, the dominant contribution arises from the

1s — 2p* transition, where the absorption of o* photons induces transitions to 2p*,



50 | 4. Excitons in a magnetic field — tunable gain and absorption spectra

Abbildung 4.2: Magnetic field dependent absorption spectra for different initial exciton
populations and polarisation sequences. Upper row: Initial 1s-population.
Absorption due to transition from 1s to np states. Lower row: Initial 2s-
population. Positive and negative absorption separate upon application
of magnetic field. Left panels: Co-polarised light, Right panels: Cross-
polarised light. Phenomenological decay rates of v = 10meV/h and T' =
2.5meV /h are assumed.
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respectively. It can be seen, that the transition oscillator strength increases with incre-
asing field strength, making transitions to higher excitonic states visible at higher field
strengths.

When assuming that not the ground state but an excited state is populated initially,
absorptive and gain features compete, as transitions to lower p* states correspond to an
emission of photons, while the transition to higher states occurs upon the absorption of
photons. In the lower row of Fig. 4.2, the absorption spectra for an initial occupation of
the 2s state is shown. At low magnetic fields, the competing processes result in a partly
superposition of absorptive and gain features resulting in a low net gain, but by applying
a magnetic field these features can be shifted with respect to each other resulting in more
pronounced gain.

As discussed in the previous section, the pT states behave differently under application of
a magnetic field as the Zeeman shift explicitly depends on the angular momentum quan-
tum number. As a consequence, the absorptive and gain features separate in opposite

directions depending on the polarisation direction of the light.

Tuning the gain via the dielectric surrounding

As discussed in Sec. 3.2, the energetic position of the excitonic states can additionally be
changed by the dielectric environment. Here, we want to examine, how this additional
screening influences the intraexcitonic absorption, when an external magnetic field is
applied.

The excitonic binding energies reduce for enhanced screening, which only partly compen-
sates with the decrease of the band gap but overall results in a red-shift of the resonances.
The spectral shift is not equivalent for all excitonic states but it is more pronounced for
higher excitonic states, thus, for states that are extended further in real space, the chan-
ges in screening are more influential. In particular, this affects the energetic separation
between the 2s- and the p-states and allows a tuning of the THz-probe spectra by chan-
ging the dielectric environment. In Fig. 4.3, the spectra of a MoSy sample encapsulated
in materials with dielectricity — modelled by changing the effective dielectric constant
Kk = /€|€L — is shown for a magnetic field with B = 20T and co-polarised pulses. Both
the gain-region (2s — 2p™ transition) and the absorption-region (2s — 3p™ transition)
are red-shifted upon increasing the dielectric constant and their energetic separation
decreases. Hereby, the relative shift with enhanced screening decreases with increasing
dielectric screening and the energetic difference between the 2s — 2p and 2s — 3p transi-
tion reduces. While the total shift of the peaks is in the order of 40 meV, their difference
energy reduces by 5meV only. Furthermore, the intensity of the signals varies, namely,

the peak gain and absorption are reduced with increasing dielectric screening.
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Abbildung 4.3: Absorption spectrum for MoSs in dependence on the environmental
screening (encapsulated sample) for an initial 2s-exciton population. The
magnetic field is kept fixed with B = 20T and the pump and probe pulse
are co-polarised.

Material-dependence

All previous analyses were executed exemplary for the widely studied material MoSs.
Naturally, the question arises, in which way the observations alter when interchanging
not the dielectric surrounding but the basic material itself. Therefore, in Fig. 4.4, we
exemplary compare the magnetic field dependent absorption spectra for MoSs and its
tungsten-based correspondent WSs, both encapsulated by hBN layers, for an initial
occupation of the nyy = nas at the K point for o-polarised light.

Besides the smaller absolute intraexcitonic transition energies, in this juxtaposition, two
aspects stand out. First, the oscillator strength for the optical transitions in the tungsten-
based material is larger than in the molybdenum base material such that even transition
to the 5pT-state are clearly visible, especially when a magnetic field is applied. Second,
also the magnetic field induced changes are more pronounced in the tungsten- than in
the molybdenum-based material. While the absorption and gain peak shift about 25 meV
for MoSa, the shifts are 10/15 meV larger for WSa.

Both observations are in accordance with the smaller reduced mass in WSa (m,(WS2) =
0.161m.) than in MoSs (m,(MoS2) = 0.161m.), as both the current matrix element
Jan determining the oscillator strength and the magnetic field-induced changes in the
Wannier equation depend on the inverse of the reduced mass.

Consequently, a smaller reduced mass results in an enhancement of oscillator strength

and magnetic field-induced changes.
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Abbildung 4.4: Magnetic field dependent absorption spectrum for initial 2s-exciton po-
pulation and different materials embedded in hBN. Left panel: MoSs;
Right panel: WSs.
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O.| Relaxation on a higher level -
scattering through the full Bril-
louin zone

In order to analyse the carrier dynamics in TMDC materials, we investigated the tempo-
ral evolution of the material properties upon optical excitation above the quasiparticle
band gap. When exciting the sample close to the direct quasiparticle band gap, it is legi-
timate to assume that the interaction with the optical pump pulse mainly results in the
creation of carriers close to the main gap. Thereafter, different scattering processes cause
a reordering of the carriers within the bands. In bulk materials, intervalley scattering
processes were seen to take place on 10! — 102 fs timescales [82, 83], but in contrast to
bulk materials, monolayers exhibit a direct band gap and MoTey exhibits a large offset
between global and local conduction band minimum. Both of these aspects reinforce the
assumption of larger intervalley scattering times in monolayer materials. Hence, in a first
study, that led to publication “Ultrafast band-gap renormalization and build-up of optical
gain in monolayer MoTey” (Ref. [III]), we focused on this area in reciprocal space and
employed the MDF model that only captures the behaviour in this area. Nevertheless,
to gain first insights on the changes due to carrier relaxations into the side valley, in a
next step, we analysed the linear response upon an ultrashort, low-intensity pulse and
changes in the gain spectra when comparing the scenario before and after intervalley
relaxation processes and an equilibration of the carriers in the bands took place. In a
consecutive study, summarised in “On the importance of electron-electron and electron-
phonon scatterings and energy renormalizations during carrier relazation in monolayer
transition-metal dichalcogenides” (Ref. [IV]), we extended our model and explicitly took
into account the full two-dimensional band structure enabling the detailed analysis of
different relaxation processes including intra- as well as intervalley scattering.

The carrier dynamics were analysed exemplary for MoTes.
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Analysis of excitation and relaxation dynamics at the K -point

To analyse the carrier dynamics in proximity to the K-point, we simulate the interaction
of MoTes with a pump pulse of central frequency slightly above the interacting B-band
gap (hw A p) with aid of the DBE, Eq. 2.52. Considering the excitation and relaxation
dynamics it was seen that the exact dephasing of the microscopic polarisation is of minor
importance such that it is sufficient to include higher order scattering contributions on
the screened Hartree-Fock level. Thus, we replaced in Eq. 2.52 the Coulomb-matrix
elements by their respective screened counterparts, including plasma screening in the
static limit. The carrier scattering terms were treated within Markov approximation and
the explicit quantum-Boltzmann-like scattering rates due to carrier-carrier and carrier-

phonon interaction read
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Here, o # & denote the band indices and m the phonon branch. When concentrating on
the intravalley scattering processes, we only included LO-phonons, that were reported to

have major contributions, with an approximately constant energy of hwguo = 27.72meV

[56]. In this case, the sum over m vanishes in the above equation. The energy conserva-

tion was treated numerically via 7D(x) = 7 where a phenomenological broadening

2

1 was included. It was numerically tested th;rt the exact value n was of minor influence
for the final results. Furthermore, in these energy conservation terms, energy conser-
vation is required with respect to the renormalised energies. But, as all these energy
difference terms pairwise belong to energies of the same band, thus, they are of the form
i~ Eﬁu —q’
the bands, it is a reasonable approximation to replace the renormalised energies by their

and as excitation-induced renormalisation mainly yield constant shifts of

unrenormalised equivalents.



57/

Regarding the carrier-carrier scattering processes, the first two lines of the equation de-
scribe scattering of particles in the same band, whereas scattering processes between
electrons and holes are contained in the last two lines. For all processes, the initial state
has to be occupied with a probability f{é‘u > 0, whereas the final state needs to be empty
fﬁ“,u =1- f‘?h > 1. Concerning the phonon scattering, in- and out-scattering processes
due to phonon absorption (o< ng‘u) and emission (o< (1 + n:lnu)) are described.

The coupled set of equations was solved applying a forth-order Runge-Kutta method
[84]. The resulting carrier dynamics for excitation with a high-intensity Gaussian sha-
ped pulse (Ey = 1.25 %, o = 300 ps) is depicted exemplary for the electron distribution
in the A band in Fig. 5.1. The dynamics of the corresponding hole distribution is equi-
valent and the carrier dynamics in the B band is similar but even more efficient as the
excitation energy was chosen nearly resonant with this band. Further details on the nu-
merical implementation are provided in [85].

During excitation, no accumulation of carriers at the excitation energy is seen. It was
seen that ultrafast carrier-carrier scattering relaxations in combination with the renor-
malisation of the states — both processes enhanced by the strong Coulomb interactions
— drives the carriers away from the excitation energy and enables an efficient absorp-
tion of incoming photons. Already within a few femtoseconds the carriers have relaxed
into a hot quasi-equilibrium distribution due to carrier-carrier relaxation. The efficient
absorption is accompanied by a large renormalisation of the band gap in the order of
390 meV, when the maximum of optically induced charge carriers is reached. Thereaf-
ter, carrier-phonon interaction results in a thermalisation of the distributions, as is seen
in a narrowing of the distribution in Fig. 5.1. The hot carriers are predicted to have
relaxed into room temperature Fermi-like distributions, and thus reached the phonon
bath temperature, within 2.5 ps. As the screening wave vector is approximately given by
the value of the carrier distributions at k| =K, which increases through cooling of the
carriers, this thermalisation leads to further screening of the Coulomb interaction and

consequently in a further reduction of the band gap in the order of 20 meV.

Experimentally, the carrier dynamics is not observable directly, but changes in the ma-
terial response upon an additional second low-intensity pulse can be seen. To model this
scenario, we assume that the pump and probe pulse can be decoupled in the simulation
and the density distributions obtained by evaluating the carrier dynamics can be trea-
ted as quasistatic with respect to the ultrashort probe pulse. In this limit, the equation

determining the microscopic polarisation can be solved in frequency space
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Abbildung 5.1: Dynamics of the electron distribution in the A-band after excitation with
a linear polarised Gaussian shaped pulse with Ejy oc 1.25 MV /cm, FWHM
of 0 = 300 ps slightly above Ap.

Here, the plasma screening effects are fully contained in the dephasing parameter Fﬁi (w),
in which carrier- and phonon-induced scattering contributions are subsumed. Thus, the
unscreened Coulomb interaction needs to be included in the remaining parts of the equa-

tion. Formally the dephasing can be separated into carrier- and phonon-contributions
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Neglecting exchange contributions and only considering contributions that are linear in
the microscopic polarisation, based on Eq. 2.61 and 2.65, the different contributions can
be explicitly written as
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Abbildung 5.2: Absorption spectra for various time differences in the thermalisation re-
gime after exciting a MoTe, sample. The inset depicts the corresponding
carrier distribution of the electrons in the A-band. (According to publi-
cation [III].)

where the shorthand notations

{finals = filng + f(1 4 nq),
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were introduced. Furthermore, we introduced the function

Ag(w) =Y f‘?‘"q“f‘?” — (5.8)
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To reduce the numerical complexity, both this function and the Lindhard polarisation
function were pre-calculated on a dense frequency grid and in subsequent calculations
the desired energy value is mapped to the closest grid point. In this approximation, the
microscopic polarisation can be calculated numerically efficient via matrix inversion.

In Fig. 5.2 the changes in the absorption spectra during the thermalisation process are
depicted together with the corresponding electron distribution in the A-band. Due to
the narrowing of the carrier distribution, the phase space filling factor decreases and
results after 0.5ps in inversion (1 — fﬁ” — fllz’” < 0) and optical gain slightly below the
resonance of the lowest A-exciton in the low density regime. Our calculations predict
that the continuum absorption of the A band overcompensates the negative absorption

of the B band and no netto gain is expected in this energy region.

To gain first insight on the impact of the intervalley scattering processes, we estimate

their influence by comparing the absorption spectra for different carrier densities before
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and after equilibration within the bands. In particular, we compare the cases of an equal
distribution of carriers in the different bands and valleys to the case where the carriers
in different valleys have an equal chemical potential. In the latter, the distribution of

the carriers is determined by solving

1
0 =n—— > dan(C)fru (1" T)

s.k),Cs

1
s,k|,Cs

for a given temperature T and carrier density n¢/". Due to the hexagonal symmetry,
the degeneracy of the side valleys is dgn((s = A/X) = 3. Regarding the holes, only the
two main valleys K and K’ are included. Due to the large spin-splitting of the valence
bands at the K- and K’-valley of about 230 meV, less than 1% of the holes is located at
the energetically unfavourable valley, even in the high density regime of n = 104 cm™2.
Regarding the excited electrons, both the main and the side valleys need to be considered.
Even though the side valley is energetically above the main minimum, up to 25% of
the electrons occupy the different side valleys in this high density regime. These two
aspects of carrier equilibration have counteracting effects on the gain spectrum. While
the decrease in electron population at the main valley reduces the amount of carriers
that can recombine optically, the hole drain to the A band increases the inversion. In Fig.
5.3, the spectra before and after equilibration of the carriers in the bands are depicted.
Here, it is seen that the mentioned counteracting processes lead to an overall increase
in peak optical gain. Normalised to the layer thickness, the peak optical gain reaches
105 cm™! for the largest carrier density analysed here. According to our simulations, the
optical gain per material thickness in MoTey is an order of magnitude larger than in

typical III/V semiconductors, where the optical gain is in the order of 5000 cm™!.

Analysis of a pump scenario in two dimensions

This first estimation of the contribution of the side valleys already showed their con-
siderable influence on the optical properties of MoTey for the examined high carrier
densities. Additionally to this observed influence on the optical spectra, it is frequently
discussed whether TMDCs become indirect semiconductors upon optical excitation, as
the side gap renormalisation overruns the renormalisation of the main valley [86, 87].
To address this question on the renormalisation dynamics and get deepened insights on
the relaxation dynamics of the carriers in the full BZ, we expanded our model beyond
the MDF approach. Instead of approximating the band structure and absolute dipole
matrix elements, the full k-dependent energy dispersion and dipole matrix elements

for the conduction and valence bands, as well as all nine phonon branches were taken
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Abbildung 5.3: Comparison of absorption spectra for different amounts of excited car-
riers from 2 x 103 em™2 (yellow) to 12 x 10 cm=2 (black) with (solid
lines) and without (dotted lines) inclusion of carrier drain to side valley
and between K-valleys. Equilibration results in an enhancement of peak
optical gain. (According to publication [III].)

into account as derived by DF(P)T calculations. Here, the eigenvalue problem determi-
ning the energetic states is solved independently for every k-point and the eigenvalues
are sorted according to their energetic value only, neglecting any correlation of the va-
lues of neighbouring points. Thus, a post-processing of the data in which the data is
sorted according to their energetic bands is needed prior to consecutive calculations.
Unfortunately, an automated sorting according to the overlap and the gradient between
neighbouring k-points did not work out, and this sorting was executed manually. Both
DFT and SBE calculations were performed on the irreducible BZ, thus, the basis points
for the numerical evaluations where distributed equidistantly on an equilateral triangle.
To include scattering processes through the whole BZ, the symmetries of the system
were made use of.

Regarding the various interactions, we applied similar approximations as before. Na-
mely, we treated the microscopic polarisation on the screened HF level and included
the Boltzmann-like scattering terms concerning the carrier occupation probabilities (Eq.
5.1), where screening was included in the static limit. The Coulomb interaction was
modelled on the basis of the previously introduced form factor. The form factor was cal-
culated explicitly only with respect to the main and side valley and was approximated
for all other points with the form factor of the closest valley respectively.

To study the influence of the different relaxation processes and their respective time

scales separately from the excitation processes, we set an artificial initial carrier distri-
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approximating the excitation by a laser pulse at energy hwy and of width A = 66 meV.
In order to analyse the relaxation dynamics of carriers excited high above the band gap,
the central frequency of the pulses was chosen to be 800 meV above the non-interacting
band gap. Furthermore, the occupation probabilities is weighted by the dipole matrix
elements, Pka; that are normalised by the maximum dipole matrix element between
any states, Pmaz-

In Fig. 5.4, the relaxation dynamics after such an artificial excitation is shown for the
excited electrons (fop = 1.28) in the A band at different times after excitation. The
contributions to the electron dynamics arising from carrier-carrier and carrier-phonon
interaction are shown separately. In accordance with the observations in our first study, it
is seen that the dynamics is dominated by carrier-scattering during the first few fs. These
carrier-scatterings result in an initial broadening of the distribution. Here, it is seen that
these contributions are up to two orders of magnitude larger than contributions arising
due to phonon-scattering. To analyse the carrier dynamics even more closely, in Fig. 5.5
the contributions arising from the different phonon branches are compared by depicting
the full phononic contributions and the contributions arising from optical phonons side
by side. Here, a lower excitation density (fp = 0.16) was used in the simulation, as the
relative importance of phononic contributions is larger decreases with increasing carrier
density. It can be seen that both optical and acoustic phonons are of equal importan-
ce in the first few femtoseconds but affect the distribution in different ways. Changes
due to optical phonons are found in the proximity of the regions of initial excitation, in
contrast, acoustic phonons induce changes that are spread larger in momentum space.
This shows, as expected, that optical phonons are efficient for small scattering vectors,
while acoustic phonons are of importance for larger scattering vectors, and thus are of
key importance to model intervalley scattering processes.

Similar to previous observations in the isotropic model, already within the first few fem-
toseconds, the carriers have relaxed into hot Fermi like distributions. This undermines
the previously seen ultrafast relaxation times resulting from efficient carrier-carrier scat-
tering due to the enhanced Coulomb interaction. Thereafter, the scattering dynamics
slow down by 2-3 orders of magnitude and contributions due to phonons and electrons
become of equal importance (see Fig. 5.4). The closer look on the different phonon branch
contributions (Fig. 5.5) reveals, that in this time domain, where mainly a process of coo-
ling takes place, the phonon contributions are mostly due to optical phonons. 0.5 ps after

excitation, the carrier dynamics further slow down by an order of magnitude, but the
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carriers still have a temperature of about 1900 K. Nevertheless, the in- and out-scattering
contributions due to phononic and electronic interaction respectively become more alike
demonstrating the evolution of the carrier distribution towards a quasi-equilibrium si-
tuation.

As these analyses show, under conditions of an artificial distribution approximating the
scenario of excitation high in the band, scattering takes place over the whole BZ with a
non-negligible amount of carriers being scattered into the side valley already within a few
femtoseconds. In contrast, when assuming resonant excitation conditions, as analysed in
more depth in publication [IV], the intervalley transfer was seen to be strongly slowed
down and takes place on a picosecond time scale. This justifies our previous assumption
regarding the different time scales of intra- and intervalley scattering processes for nearly

resonant excitation conditions.

Finally, the strong Coulomb interaction in TMDC materials gives rise to large excitation-
induced band gap renormalisations. The exact renormalisation of the bands depends
on their occupation as well as the Coulomb-matrix elements and their screening. The
Coulomb-matrix elements depend on the overlap of the respective wave functions of
the states. As the orbital contributions to the wave functions differ, slight differences
of the matrix elements at the main and side valley are experienced. Furthermore, the
screening depends both on plasma screening and phase space filling effects. Plasma
screening is a global effect in the sense that the screening equally affects electronic
interactions all over the BZ. In contrast, phase space filling can be seen as a more local
effect in reciprocal space. It depends on the local occupation that in turn is connected
to the local dispersion, as the excitation-dependent occupation changes are enhanced in
valleys with lower effective mass. Thus, resulting from the local dispersion, the excitation-
induced band gap renormalisation at the side valley is stronger than at the main valley.
But, despite the larger renormalisation per occupation effects, the initial energy offset
between the valleys results in a higher occupation of the main valley. Even if we assume
that the carriers are in a global thermal equilibrium, the difference in occupation of
the different valleys is so large that we do not observe a transition from a direct to an
indirect band gap. Our study thus indicates that the question whether such a transition
takes place in TMDC structures highly depends on the ground-state band structure
that in turn is highly sensitive e.g. to the exact lattice structure. As has been shown in
different studies — both experimentally and theoretically—, the energy offset between the
valleys is in particular sensitive to strain. Theoretical studies e.g. indicate that changes
of the lattice constant below 1% lead to a shift of the conduction band side valley
below the main valley [88, 89, 90]. Consequently, the carrier dynamics in the bands and
the material lattice structure are interrelated and the energetic structure of monolayer

materials are highly sensitive to changes in both parameters. Clarifying this interplay of
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Abbildung 5.4: Comparison of the influence of different scattering contributions on the
dynamics of the electron distributions in the A-band at different times.
Left panel: Contributions from electron-electron scattering. Right panel:
Contributions from electron-phonon scattering. Mind that changes are
shown for different time scales for topmost ([1/fs]) and bottom ([1/ps]).
(According to publication [IV].)
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Abbildung 5.5: Comparison of the influence of different phonon scattering contributions
on the dynamics of the electron distribution in the A-band at different
times. Left panel: Scattering contributions from all phonon branches.
Right panel: Scattering contributions from optical phonon branches only.
(According to publication [IV].)

lattice structure, carrier dynamics and excitation-induced renormalisation effects would

be an interesting extension of our study.
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©.| Increase destructive interference —
Electron-hole plasma induced de-
phasing

The absorption spectra of TMDC monolayers are in the low excitation regime, even
at room temperature, dominated by excitonic resonances. The exact shape of the reso-
nances is influenced by many different aspects that were partially discussed in previous
studies [91]. For example, it was observed that the dielectric environment goes along
with a change of the pulse shape. Experimentally it was seen that an encapsulation with
hBN dramatically reduces the linewidth, yielding linewidths of down to 2meV in the
low energy regime, compared to the fivefold value for samples on quartz substrates. This
narrowing is usually attributed to a higher stability of and a suppression of impurities
in the sample. Due to the narrowing, the encapsulation with hBN enables further dis-
crimination of the signals and the observation of higher excitonic states [92, 93, 94].
Furthermore, due to the temperature-dependence of exciton-phonon-interactions, the
linewidth was shown to increase superlinear with temperature, whereas different excito-
nic contributions dominate the increase for tungsten- and molybdenum-based materials
[95, 96]. Additionally, the dephasing increases when excited carriers are generated in the
material. Here, previous studies focused on changes due to enhanced occupations of ex-
citonic states. In particular, the different contributions of inter- and intravalley excitons
to the homogeneous linewidth were analysed. Here, different relative contributions we-
re observed for molybdenum- and tungsten-based materials. While intervalley excitonic
contributions are marginal in molybdenum-based materials, they contribute significantly
in tungsten-based materials. This different behaviour can be attributed to the different
energetic ordering in these materials, as the intervalley excitons were seen to be energe-
tically favourable in these materials [95, 97, 98, 99, 100, 101]. Because optical excitation
high in the bands leads to an electron-hole plasma prior to the population of bound exci-
tonic states, we extended these studies by focussing on the excitation-induced dephasing
due to an electron-hole plasma. In our study, which led to publication “FElectron-hole

plasma-induced dephasing in transition metal dichalcogenides” (Ref. [V]), we neglected
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Abbildung 6.1: Frequency-dependent eigenvalues of ’Hk”kzu (w) for a Fermi distributed

carrier density located around the K point of ny = ng = 1.5x 102 cm™2.

In the representation of the real values (left) the black line indicates whe-
re R(€) = hw, which allows to identify the resonance positions. The ima-
ginary part correlates to the linewidth. An additional intrinsic dephasing
of iy = 2meV and a triplet dephasing of hyr = 300meV are included.

phononic contributions — which would only yield a lattice-temperature-dependent con-
stant shift — but focused on the influence of electronic interactions.

Let us first examine the results of the homogeneous part of the polarisation equation,
Eq. 2.52, including the dephasing in form of the previously deduced excitation- and
frequency-dependent carrier-scattering contributions, Eq. 5.4. The right hand side of

the equation can be reformulated in a matrix representation, where upon substituting
ﬁk” = 1_fe%pk‘| the matrix excluding scattering contributions becomes hermitian,
V "7k 7y

yielding

Ld o
P =
i)
Hig i = h“ Kk
I f i|) 1%
e = (6.1

In Fig. 6.1, the frequency-dependent matrix eigenvalue spectrum for a MoSs monolayer
embedded in hBN is shown exemplary for a carrier density of ny = np = 1.5x 102 cm ™2
following a Fermi distribution at room temperature. Real and imaginary part are shown
separately. Here, an intrinsic dephasing of v = 2meV and a triplet dephasing of vp =
300 meV were inserted. In the real part of the eigenvalue spectrum the lowest eigen-

value is clearly recognisable, whereas the higher eigenvalues are overshadowed in the
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Abbildung 6.2: Frequency-dependent lowest eigenvalue of ’Hk”k/H (w) for a Fermi dis-

tributed carrier density located around the K point of ng = np =
1.5 x 102 cm™2 for different triplet dephasings 7. Furthermore, the re-
spective band gap is indicated along the z-axis.

lower frequency range by continuum states, which shift spectrally below them, and are
visible as distinct states in the high frequency range only. Thus, instead of sorting the
eigenvalues according to their real part eigenvalue, it proves to be more appropriate to
sort them according to their oscillator strength. This insight becomes even more obvious
when taking into account the imaginary part of the eigenvalue spectrum expressing the
frequency-dependent dephasing of the states. Here, the continuum states show immense
dephasing constants of more than 25 meV in the whole analysed frequency range. Con-
cerning the linear absorption spectrum, according to the Elliott formula, which implies
that x(w) o< (fiw — ex + ily) ', resonances are observed when hw = R{ex(w)}, which in
the figure corresponds to a crossing with the black curve. Thus, in the relevant regime,
the dephasing of the continuum states reaches values exceeding 100 meV. In general, it
is seen that the frequency-dependence of the states increases with its resonance energy
(hw = R{ex(w)}). Consequently, for the higher states, the electron-hole plasma-induced
dephasing is more pronounced than for the lowest state indicating a bleaching out of
these states already for lower excitation densities.

In our model, in the unexcited case, both real and imaginary part would be frequency-
independent, whereby the imaginary part only reflects intrinsic dephasing. The above
analysis reveals a significant frequency-dependence of the resonances and, even more
pronounced, of their dephasing for an excited sample. This observation highlights the
importance of including screening effects dynamically when evaluating the polarisation

dynamics and consecutive absorption spectra.

In the applied treatment of the carrier-polarisation scattering, we explicitly include terms
up to the doublet level only and include higher order correlations by means of screening.
We summarise further contributions in a constant dephasing 7. In general, this term

is density- and frequency-dependent. To determine the influence of the size of vp on
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Abbildung 6.3: Dependence of EID on carrier distribution and carrier temperature. Up-
per left: EID before and after equilibration of carriers in the different
valleys. Carriers are either distributed equally in the different bands
and valleys (light blue) or assumed to have relaxed towards a common
chemical potential (dark blue). Exemplary, the carrier distributions for
no = 2.0 x 10'2cm~2 in the conduction (lower left) and valence (lower
right) band are shown. Right: Temperature-dependence of the excitation-
induced dephasing for various fixed carrier densities distributed equally
in the bands and valleys. (Adapted from publication [V].)

the EID of the lowest exciton resonance, the real and imaginary part of the lowest
eigenvalue of H is shown in Fig. 6.2 for various triplet dephasings. Additionally, the
respective quasiparticle band gap is indicated. As already discussed in Sec. 3.2, the
density-dependent band gap is underestimated for small triplet dephasings but depends
only little on its exact value, if the triplet dephasing is chosen to be large enough. In
contrast, the real part of the eigenvalue is affected only marginally already for small
triplet dephasings. In particular, in the relevant frequency range — in proximity to the
resonance energy —, changes are in the sub-meV range. Regarding the imaginary part of
the eigenvalues, the differences for increasing triplet dephasings become smaller and are
moderate for Ayr > 100meV. In conclusion it is seen that an exact treatment of higher
correlation contributions would be desirable to gain further insights in the relaxation
dynamics and to justify more profoundly the short dephasing times. But, for the present
analysis that is focused on the EID of the lowest exciton resonance, the approximation
of the dephasing by a constant value seems to be appropriate to gain first insights. The
value (Ayr = 300meV) is chosen to yield density-dependent band gap changes that are

consistent with experimental observations.

The relaxation studies in the previous chapters revealed, that the excitation of carriers
is followed by their ultrafast relaxation towards hot Fermi like distributions and a con-

secutive redistribution of the carriers in the BZ. Therefore, we analysed the influence
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of these two effects on the homogeneous linewidth of the lowest exciton resonance and
found that both processes result in a sharpening of the resonance as displayed in Fig.
6.3. Here, only the imaginary part of the eigenvalues of H are shown excluding further
phenomenological dephasing to illustrate the different dependencies. In (a) we depict
the influence of hole drain to the energetically favourable valence band for a constant
carrier temperature of 300 K. The large conduction band offset between side and main
valley of 133 meV causes that for the analysed low carrier densities only a small amount
of electrons moves to the side valley. Unlike to observations in tungsten-based materials,
where the smaller energetic distances between the valleys and the different spin ordering
at the main valley was shown to result in large contributions of the side valley, those
contributions are negligible in the MoSy [95, 100]. In contrast, the large valence band
offset between the main valleys leads to a more pronounced reorganisation of carriers.
After the reorganisation of carriers in the materials, nearly all holes occupy the energe-
tically favourable valley. Even though this reorganisation is similar for all investigated
carrier densities, it has only marginal influence for low densities, but becomes somewhat
more pronounced with increasing densities.

The cooling results in a reorganisation of the carriers within the valleys and bands as
with decreasing temperature the distribution becomes narrower in k-space. This in turn
results in an enhanced screening of the Coulomb interaction — that is approximately
proportional to the occupation at kK = K — and an increase of phase space filling effects.
For small carrier densities, the occupation is below 0.5 x 1072 cm™2 for all tempera-
tures and thus the influence on the EID is small. In contrast, for the largest density
analysed, the occupation at K decreases from 0.22 at 200 K to 0.04 at 800 K and con-
sequently the influence of the cooling process is much larger resulting in an additional
temperature-dependent broadening of 1.6 meV. For high temperatures the broadening of
the distribution results in the analysed excitation regime in low occupations all over the
whole BZ. Therefore, the EID does not increase further but reaches for high temperatures

a density-dependent plateau.

Experimentally, in the linear spectrum, the linewidth of a resonance is determined by
a combination of homogeneous and inhomogeneous broadening effects. A possibility to
separate these two contributions are e.g. four-wave mixing (FWM) experiments, where
the response of a sample upon interaction with two (degenerate FWM) or three low
intensity ,temporally sharp pulses for which the temporal delay is varied is investigated.
The homogeneous linewidth can be deduced from the delay-dependent integrated signal.
Explicitly, in a DFWM experiment, we are interested in the signal resulting from the
interaction of the second pulse with the grating induced by the interaction of the po-
larisation of the first and the second pulse, that can be detected in direction 2ky — k1,
where k; denote the respective wave vectors. To gain insight on the electron-hole plasma-

induced dephasing, the sample additionally needs to be excited by a prior high intensity
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Abbildung 6.4: Excitation-induced dephasing as observed in DFWM spectra. The blu-
eish lines show the integrated DFWM signal for different carrier den-
sities that are assumed to be Fermi distribute equally in the different
bands/valleys. The corresponding densities are indicated in the inset.
The gray area marks the self-correlated signal of the pulses of temporal
width ¢y, = 150fs and central frequency w; = ws = wis. (Adapted
from publication [V].)

pulse. To model such a scenario, we separate the polarisation (pku) and occupations
( fﬁﬁ h) into contributions arising from a pre-pulse (2°) and those arising from further

pulses (Ax):

Pr, = pﬂu + Apy,
h h O h
R = 5 ARt (6.2)
Inserting these expressions in the DBE, Eq. 2.52, one can derive, for the case of tem-

porally separated pulses, where the pre-pulse induced polarisation already has decayed

before further pulses arrive, the relation

| Ay, |?

fkn fku >
(6.3)

Afli(lh: ( fku fkn) \/<1_fk|| fk>_4mpkl‘2%(

where the approximation is valid if the polarisation induced by further pulses is small
compared to ( ka fk” )
Making the ansatz px, = Don plf‘ I]’ where n denotes the order in the optical field, and

expanding the polarisation in terms of the eigenfunctions gf))\ (kj) of HO including pre-

pulse generated carrier distributions, pk = >\ p/\ qﬁ/\ (kH), we can solve the problem
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[n]

iteratively, as the temporal evolution of py " is given by
[n] i iesJhin) (=t ] 1
py () = —7 dt’ e " Q, (t). (6.4)

Here, QE\n] (t) denotes the source term in nt" order of the optical field. As discussed
above, in general, the eigenvalues and -functions are frequency-dependent, but as we are
interested in the homogeneous dephasing of the lowest excitonic state and the system
response upon pulses resonant to this state, we reduce our calculations in the following
to the dominant frequency w = wys = 5*. Furthermore, for the numerical calculations,
the eigenvalues were sorted according to their oscillator strength and it was tested to be

sufficient to include the 50 lowest states. The linear source term hereby reads

Q) mocz\/ (1= 52— 1) kb AD GGl (65)

While experimentally, the signal need to be measured in the correct scattering direction,
mathematically, we are able to separate the relevant and irrelevant contributions to the
cubic source term. Keeping only terms proportional to ATA%, the relevant cubic source

term reads
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with the left-/righthanded eigenstates qﬁf/ R(k” ), that are unequal due to the non-Hermitian

(5, (k)] W,

scattering contributions. The resulting time-integrated signal for pulses of width t,,;q:n =
150fs and central frequency wi; = ws = wys is shown in Fig. 6.4 for different pre-pulse
generated Fermi distributed (I" = 300K) carrier densities. In the inset, the respec-
tive carrier density and the corresponding homogeneous linewidth 7., are depicted.
The integrated signal decreases for positive delay times exponentially with an exponent
proportional to 2vp4m. Due to the electron-hole plasma-induced dephasing, the slope
steepens with increasing carrier density approaching the self-correlated signal, that is

illustrated as gray area.
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/.| Summary and outlook

The physical properties of TMDC materials are promising, their potential applications in
opto-electronic devices are versatile. To further advance the understanding of these ma-
terials, in this thesis we aimed to elaborate computational efficient and comprehensible
but precise theoretical models to describe monolayer TMDC materials, namely MoSa,,
MoSes, MoTey, WSs, WSes, under varying external conditions and utilize these models
to investigate the impact of the varying conditions on the material response to external
optical fields. Here, the complex interplay of initial excitation, dielectric environment
and magnetic field and its influence on the interaction of electrons and phonons and
the energetic spectrum was analysed. In the different studies summarised in this thesis,
different physical phenomena were focused on and the theoretical models were adapted
to the respective research question.

In general, we applied a combined approach based on DFT and SBE/DBE formalisms
to model the material systems. Here, DFT was employed to find fundamental material
properties like the single-particle band structure, dielectric properties and phononic di-
spersions. These findings were then used to set up a model Hamiltonian to describe the
energetic structure and interactions of electrons, phonons and electromagnetic fields.
Different models regarding the interactions were applied to describe the behaviour in
proximity to the K/K’-points (MDF model) and the remaining BZ. The dynamics of
the density matrix, as described by their equation of motion based on the model Hamil-
tonian, was evaluated in different approximations and yielded, with the time-dependent
microscopic density matrix, all informations to derive the macroscopic optical properties.
The material thinness causes enhanced many-body interactions and a high sensitivity on
environmental conditions resulting in large exciton binding energies, large renormalisa-
tion effects, versatile tools to tune the opto-electronic properties and ultrafast dynamics
within the sample. Hence, a proper model for describing the Coulomb interaction in these
materials is essential for further investigations. In our model, we explicitly included finite
thickness and environmental screening effects by deriving an expression for the Coulomb
potential based on a solution of the Poisson equation for a slab geometry and by deriving
an analytical approximation of the Coulomb-matrix elements which were evaluated ba-

sed on the DF'T wave functions. Here, the Coulomb potential differs from both the exact
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two-dimensional and the exact three-dimensional case. Our study has shown that the
effective thickness of a material increases with the size of the incorporated atoms, in line
with the expectation. The precise incorporation of the Coulomb interaction into the SBE
enables the prediction of the electronic and optical energy spectrum. Comparisons to ex-
perimental studies have shown that our model is able to successfully describe the ground
state optical and electronic band gap and its dependence on the dielectric environment.
The Coulomb interaction is screened by the dielectric environment and consequently,
the electronic band gap and the exciton binding energy are reduced for materials with
enhanced dielectric constants. Furthermore, the Coulomb interaction is screened by the
presence of excited carriers due to higher order correlations. Here, two aspects were ob-
served in different studies: First, it was seen that a static approximation of the screening
results in an overestimation of screening effects for small carrier densities. In contrast, for
larger densities, differences between a static and a dynamical treatment become smaller
and are in the range of 10meV only. This legitimises this static approximation when
studying relaxation dynamics after excitation with high-intensity laser pulses. Second,
further analyses of the frequency-dependence have shown that approximations are ju-
stified when restricting to the analysis of particular properties. Here, it is sufficient to
take into account only the dominant frequency. But, in contrast, this does not hold for
an analysis of the density-dependent linear optical response. It was seen that regarding
the optical response, the full frequency-dependence needs to be considered. Moreover,
we included higher order correlations exceeding the singlet-doublet approximation by a
phenomenological dephasing that also enter the equations via the plasma screening. Our
studies have shown that a large triplet dephasing constant of several hundred meV needs
to be assumed to achieve proper descriptions of the density-dependent band gap shrinka-
ge and optical spectra. Here, a deepened understanding of the dephasing processes due
to higher correlations is desirable — to test the assumption of this large triplet depha-
sing and to investigate e.g. its density-dependence. To analyse the dephasing processes
in more detail requires the explicit treatment of next order correlations and is thus a
challenging task. Nevertheless, the present model is already effective and its predictions
for the excitonic spectrum and the density-dependent band gap renormalisation are in
good agreement with experimental data.

Based on this efficient description of the Coulombic interactions between carriers, in
further studies, we investigated the carrier dynamics in the materials after strong above-
band gap excitation. Here, we focused on molybdenum-based materials that display an
optically bright (spin-allowed) direct band gap. The strong Coulomb interaction was
shown to lead to large renormalisations of the band gap in the order of several 100 meV
already during the first femtoseconds and ultrafast carrier-relaxation dynamics. In a first
study, the numerical analysis of a pump-probe scenario showed an efficient absorption

of the incident light as the carriers were effectively driven away from the excitation
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energy due to carrier-carrier-scattering and large renormalisation effects. Thereafter, the
phonon-mediated thermalisation of the carriers led to the build-up of optical gain below
the lowest A-exciton which was predicted to be enhanced due to equilibration of the
carriers in the different valleys of the BZ.

Because the model applied in this first study was restricted to the dynamics at the main
valley, and the equilibration of the carriers was shown to have an impact on the material
optical response, we expanded and modified our model for a consecutive study. Here,
we took into account the full DFT band structure and absolute dipole matrix elements
of conduction and valence bands, as well as all phonons. Again, it was seen that exci-
ted carriers were driven into hot, Fermi-like distributions on a femtosecond timescale,
where carrier-carrier scattering processes were seen to dominate the dynamics. Further-
more, the timescales for intravalley scattering processes mediated by acoustic phonons
were shown to depend crucially on the initial excitation conditions — we experienced
intravalley-scattering on the femtosecond timescale for excitation high in the bands and
on picosecond timescales for resonant excitation. After the first few femtoseconds, pho-
nonic contributions of optical phonons dominate the dynamics and result in a cooling of
the hot distributions. In contrast to previous theoretical predictions, we did not find a
transition of the material to an indirect semiconductor upon optical excitation for any
of the investigated molybdenum-based materials [86, 87].

Furthermore, in the low-density regime, the strong Coulomb interaction gives rise to
pronounced excitonic resonances. In two studies, we investigated different aspects of
these quasiparticles under varying initial conditions. First, we focused on the influence
of the interplay of material properties, magnetic field and dielectric environment on the
excitonic spectrum and changes in the optical spectrum upon occupations of the dif-
ferent excitonic states. Within our model we could predict the magnetic field-induced
shifts for the excitonic resonance energies. Our findings regarding the magnetic field-
induced shift of the s-exciton series are in good agreement with experimental findings
[76]. Furthermore, our studies predict an optical gain in the THz-regime upon proper
excitation conditions, namely in the presence of a 2s-excitonic occupation. This gain is
tunable by applying a magnetic field — due to the different dependencies of s- and p-type
excitonic states on the magnetic field — and by changing the dielectric environment. This
tunability was seen to be even more pronounced in tungsten than in molybdenum-based
materials. Second, we analysed the homogeneous broadening of the lowest excitonic re-
sonance in the presence on an electron-hole plasma. We have seen a density-dependent
linear increase of the broadening, which in a simulation of a FWM measurement results
in a faster decay of the signal for higher densities, as the signal decreases exponentially
with twice the dephasing constant. Additionally, both processes taking place after an
initial excitation — the cooling and the redistribution of carriers in the different valleys

due to equilibration — result in a sharpening of the exciton resonance.
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In these two case studies, we assumed idealised density distributions: Whereas we ass-
umed excitonic occupations in the former, we assumed an electron-hole plasma in the
latter. In a realistic scenario, a conglomeration of bound and unbound states is present
after excitation, and their ratio depends on the excitation conditions [78, 79, 102]. Hence,
in an experimental study slightly different results can be expected. To include more rea-
listic density distributions, expansions of our model in two ways would be interesting.
First, a combination of the numerical simulation of the relaxation dynamics in the full
BZ and their influence on the optical spectra. Second, a detailed analysis of the exciton
formation processes and its dependence on the excitation conditions. However, this pos-
sibility of choosing the initial conditions enables the theoretical study to discriminate
influences of different contributions on the optical spectrum. Thus, in first approxima-
tions, the influence of excitonic occupations on the dephasing of the exciton resonances
and an estimation of the OPTP-spectrum upon mixed occupation conditions of bound
and unbound states could be investigated.

In the course of this thesis, we blazed a trail from the linear optical properties in the low-
density regime to the high-density regime and took a step back again to the low-density
regime where we analysed the non-linear FWM signal. Continuing on this path, a next
intermediate goal shows up: the study of the highly non-linear high-harmonic generation
(HHG). In conventional semiconducting structures, the research on high-harmonic ge-
neration is well advanced, but the origin of even order harmonics in particular has been
questioned again in the last years. A discussion arose around the importance of the wa-
ve functions phase, which is expressed in phase-dependent dipole- and Coulomb-matrix
elements [103, 104, 105]. In previous studies, the phase-dependency was neglected in
favour of an exclusive consideration of absolute values. In contrast, in recent studies of
the HHG signals parallel and perpendicular to the incident field, differing importances
of even and odd order harmonics in these spectra were explicitly explained in a semiclas-
sical approach by a finite Berry curvature [106]. Regarding the microscopic evaluation of
the dynamics, several difficulties occur when one aims to include the phase. In general,
the derivation of the ground state by diagonalising the system Hamiltonian, is executed
independently for the different crystal momenta. Therefore, a random k-point-dependent
phase of the wave functions is introduced, whereas the microscopic analysis requires a
continuous phase. Thus, a post-processing of the DFT output data, regarding the wave
functions and dipole-matrix elements, is needed in order to smooth the phase along the
chosen path in reciprocal space. Different procedures based on parallel-transport theory
and executed using either the real or the momentum space representation of the wa-
ve functions have been established [103, 107, 108]. Here, especially if a Berry phase is
accumulated along a path which results in a finite Berry connection (= ‘intraband di-
pole’), and if a periodicity of the dipoles is desired, a reconsideration of the assignment
of different HHG contributions to inter- and intraband terms is required [108]. Additio-
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nally to these challenges arising with a proper treatment of the complex dipole matrix
elements, in TMDC materials the Coulomb interaction is important, other than in con-
ventional semiconductors, where the Coulomb interactions are of minor importance and
consequently neglected in many theoretical studies [109, 110]. In previous experimental
studies, enhanced HHG signals per layer for a monolayer compared to the bulk material
were attributed to Coulomb interactions [106]. Despite the slightly increasing number
of experimental studies that were mostly interpreted on a semiclassical basis, a model
describing the observations on a microscopic level is lacking [111, 112, 113]. Such a model
would require to go beyond the MDF and the effective two-band model as well as an in-
clusion of phase information. Studying the interplay of quantum interference, geometric
phase and Coulombic contributions as observed in HHG spectra of TMDC monolayers

promises to be an interesting new task in the context of low-dimensional materials.






81

| iteraturverzeichnis

1]
2]

[10]

https://www.nobelprize.org/prizes/physics/2010/press-release/ (06/07/2022).

P. R. Wallace. ,, The Band Theory of Graphite“. Phys. Rev., 71(9):622-634, May
1947.

H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. E. Smalley. ,,C60:
Buckminsterfullerene®. Nature, 318(6042):162-163, November 1985.

https://www.nobelprize.org/prizes/chemistry /1996 /summary/ (06/07/2022).

A. Krishnan, E. Dujardin, M. M. J. Treacy, J. Hugdahl, S. Lynum, and T. W.
Ebbesen. ,,Graphitic cones and the nucleation of curved carbon surfaces“. Nature,
388(6641):451-454, July 1997.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V. Grigorieva, and A. A. Firsov. ,Flectric Field Effect in Atomically Thin
Carbon Films“. Science, 306(5696):666-669, October 2004.

J. Young, S. M. Walker, R. J. Bomphrey, G. K. Taylor, and A. L. R. Thomas.
»Details of Insect Wing Design and Deformation Enhance Aerodynamic Function
and Flight Efficiency“. Science, 325(5947):1549-1552, September 2009.

A. L. Elias, N. Perea-Lopez, A. Castro-Beltran, A. Berkdemir, R. Lv, S. Feng,
A. D. Long, T. Hayashi, Y. A. Kim, M. Endo, H. R. Gutiérrez, N. R. Pradhan, L.
Balicas, T. E. Mallouk, F. Lépez-Urias, H. Terrones, and M. Terrones. ,,Controlled
Synthesis and Transfer of Large-Area WS o Sheets: From Single Layer to Few
Layers“. ACS Nano, 7(6):5235-5242, June 2013.

J.-K. Huang, J. Pu, C.-L. Hsu, M.-H. Chiu, Z.-Y. Juang, Y.-H. Chang, W.-H.
Chang, Y. Iwasa, T. Takenobu, and L.-J. Li. ,Large-Area Synthesis of Highly
Crystalline WSey Monolayers and Device Applications“. ACS Nano, 8(1):923—
930, January 2014.

S. M. Eichfeld, L. Hossain, Y.-C. Lin, A. F. Piasecki, B. Kupp, A. G. Birdwell,
R. A. Burke, N. Lu, X. Peng, J. Li, A. Azcatl, S. McDonnell, R. M. Wallace,
M. J. Kim, T. S. Mayer, J. M. Redwing, and J. A. Robinson. ,,Highly Scalable,



82

[11]

[12]

[13]

[14]

[16]

[20]

Literaturverzeichnis

Atomically Thin WSey Grown via Metal-Organic Chemical Vapor Deposition®.
ACS Nano, 9(2):2080-2087, February 2015.

S. Z. Butler, S. M. Hollen, L. Cao, Y. Cui, J. A. Gupta, H. R. Gutiérrez, T. F.
Heinz, S. S. Hong, J. Huang, A. F. Ismach, E. Johnston-Halperin, M. Kuno, V. V.
Plashnitsa, R. D. Robinson, R. S. Ruoff, S.Salahuddin, J. Shan, L. S., M. G.
Spencer, M. Terrones, W. Windl, and J E. Goldberger. ,Progress, Challenges,
and Opportunities in Two-Dimensional Materials Beyond Graphene®“. ACS Nano,
7(4):2898-2926, April 2013.

M. Xu, T. Liang, M. Shi, and H. Chen. , Graphene-Like Two-Dimensional Mate-
rials“. Chem. Rev., 113(5):3766-3798, May 2013.

P. Miro, M. Audiffred, and T. Heine. ,,An atlas of two-dimensional materials®.
Chem. Soc. Rev., 43(18):6537-6554, 2014.

J. A. Wilson and A. D. Yoffe. ,, The transition metal dichalcogenides discussion
and interpretation of the observed optical, electrical and structural properties®.
Advances in Physics, 18(73):193-335, May 1969.

A. J. Grant, J. A. Wilson, and A. D. Yoffe. ,,Optical studies of transition metal
dichalcogenide layer crystals at high pressures“. The Philosophical Magazine: A
Journal of Theoretical Experimental and Applied Physics, 25(3):625-636, March
1972.

A. R. Beal, J. C. Knights, and W. Y. Liang. , Transmission spectra of some
transition metal dichalcogenides. II. Group VIA: trigonal prismatic coordination®.
J. Phys. C: Solid State Phys., 5(24):3540-3551, December 1972.

C. N. R. Rao and K. P. R. Pisharody. , Transition metal sulfides“. Progress in
Solid State Chemistry, 10:207-270, January 1976.

K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz. , Atomically Thin MoS,:
A New Direct-Gap Semiconductor”. Phys. Rev. Lett., 105(13):136805, September
2010.

A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G. Galli, and F. Wang.
,Emerging Photoluminescence in Monolayer MoSy“. Nano Letters, 10(4):1271—
1275, 2010.

W.-T. Hsu, L.-S. Lu, D. Wang, J.-K. Huang, M.-Y. Li, T.-R. Chang, Y.-C. Chou,
7Z.-Y. Juang, H.-T. Jeng, L.-J. Li, and W.-H. Chang. ,,Evidence of indirect gap in
monolayer WSex“. Nat Commun, 8(1):929, October 2017.



[21]

[24]

[27]

28]

Literaturverzeichnis 83

C. Zhang, Y. Chen, A. Johnson, M.-Y. Li, L.-J. Li, P. C. Mende, R. M. Feenstra,
and C.-K. Shih. ,,Probing Critical Point Energies of Transition Metal Dichalcogeni-
des: Surprising Indirect Gap of Single Layer WSey“. Nano Lett., 15(10):6494-6500,
October 2015.

K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H. Castro Neto. ,,2D mate-
rials and van der Waals heterostructures“. Science, 353(6298):aac9439, July 2016.

C. Zhang, H. Wang, W. Chan, C. Manolatou, and F. Rana. , Absorption of light
by excitons and trions in monolayers of metal dichalcogenide MoSs : Experiments
and theory“. Phys. Rev. B, 89(20):205436, May 2014.

D. Jariwala, A. R. Davoyan, J. Wong, and H. A. Atwater. ,,Van der Waals Mate-
rials for Atomically-Thin Photovoltaics: Promise and Outlook“. ACS Photonics,
4(12):2962-2970, December 2017.

O. Lopez-Sanchez, E. Alarcon Llado, V. Koman, A. F. i Morral, A. Radenovic, and
A. Kis. ,Light Generation and Harvesting in a van der Waals Heterostructure®.
ACS Nano, 8(3):3042-3048, March 2014.

B. Radisavljevic, M. B. Whitwick, and A. Kis. ,Integrated Circuits and Logic
Operations Based on Single-Layer MoSy“. ACS Nano, 5(12):9934-9938, December
2011.

B. Radisavljevic, M. B. Whitwick, and A. Kis. ,Small-signal amplifier based on
single-layer MoS2¢“. Appl. Phys. Lett., 101(4):043103, July 2012.

Y. Ye, Z. J. Wong, X. Lu, X. Ni, H. Zhu, X. Chen, Y. Wang, and X. Zhang.
»Monolayer excitonic laser*. Nature Photon, 9(11):733-737, November 2015.

Md T. Rahman, R. Kumar, M. Kumar, and Q. Qiao. ,,Two-dimensional transition
metal dichalcogenides and their composites for lab-based sensing applications: Re-
cent progress and future outlook®. Sensors and Actuators A: Physical, 318:112517,
February 2021.

F. Liu, M. E. Ziffer, K. R. Hansen, J. Wang, and X. Zhu. ,,Direct Determination
of Band-Gap Renormalization in the Photoexcited Monolayer MoSs“. Phys. Rev.
Lett., 122(24):246803, June 2019.

M. M. Ugeda, A. J.Bradley, S.-F. Shi, H. Felipe, Y. Zhang, D. Y. Qiu, W. Ruan,
S.-K. Mo, Z. Hussain, Z.-X. Shen, and others. ,,Giant bandgap renormalization and
excitonic effects in a monolayer transition metal dichalcogenide semiconductor®.
Nature materials, 13(12):1091-1095, 2014.



84 |

32]

[33]

[34]

[37]
[38]

[39]

[42]

[43]

[44]

Literaturverzeichnis

S. Latini, T. Olsen, and K. S. Thygesen. ,,Excitons in van der Waals heterostruc-
tures: The important role of dielectric screening®. Phys. Rev. B, 92(24):245123,
December 2015.

M. Driippel, T. Deilmann, P. Kriiger, and M. Rohlfing. ,,Diversity of trion states
and substrate effects in the optical properties of an MoSy, monolayer®. Nat Com-
mun, 8(1):2117, December 2017.

M. Florian, M. Hartmann, A. Steinhoff, J. Klein, A. W. Holleitner, J. J. Finley,
T. O. Wehling, M. Kaniber, and C. Gies. ,,The Dielectric Impact of Layer Distances
on Exciton and Trion Binding Energies in van der Waals Heterostructures®. Nano
Lett., 18(4):2725-2732, April 2018.

D. Van Tuan, M. Yang, and H. Dery. ,,Coulomb interaction in monolayer transition-
metal dichalcogenides“. Phys. Rev. B, 98(12):125308, September 2018.

P. Hohenberg and W. Kohn. ,Inhomogeneous Electron Gas“. Phys. Rev.,
136(3B):B864-B871, November 1964.

W. Kohn and L. J. Sham. ,,Self-Consistent Equations Including Exchange and
Correlation Effects“. Phys. Rev., 140(4A):A1133-A1138, November 1965.

D. S. Sholl and J. A. Steckel. Density Functional Theory: A Practical Introduction.
John Wiley & Sons, September 2011.

Rb. O. Jones. ,Density functional theory: Its origins, rise to prominence, and
future“. Rev. Mod. Phys., 87(3):897-923, August 2015.

G. Kresse and J. Hafner. ,Ab initio molecular dynamics for liquid metals“. Phys.
Rev. B, 47(1):558-561, January 1993.

G. Kresse and J. Hafner. ,Ab initio molecular-dynamics simulation of the
liquid-metal-amorphous-semiconductor transition in germanium®. Phys. Rev. B,
49(20):14251-14269, May 1994.

G. Kresse and J. Furthmiiller. ,,Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set“. Computational Materials
Science, 6(1):15-50, July 1996.

G. Kresse and J. Furthmiiller. , Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set“. Phys. Rev. B, 54(16):11169-11186,
October 1996.

J. P. Perdew, K. Burke, and M. Ernzerhof. ,, Generalized Gradient Approximation
Made Simple“. Phys. Rev. Lett., 77(18):3865-3868, October 1996.



[45]

[47]

[48]

[49]

[50]

[51]

[52]

[55]

[56]

Literaturverzeichnis | 85

S. Grimme, J. Antony, S. Ehrlich, and H. Krieg. ,,A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D) for the
94 elements H-Pu“. The Journal of Chemical Physics, 132(15):154104, April 2010.

D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao. ,,Coupled Spin and Valley
Physics in Monolayers of MoSy and Other Group-VI Dichalcogenides®. Phys. Rev.
Lett., 108(19):196802, May 2012.

G.-B. Liu, Di Xiao, Y. Yao, X. Xu, and W. Yao. ,Electronic structures and theo-
retical modelling of two-dimensional group-VIB transition metal dichalcogenides®.
Chem. Soc. Rev., 44(9):2643-2663, April 2015.

A. Kormanyos, G. Burkard, M. Gmitra, J. Fabian, V. Zélyomi, N. D. Drummond,
and V. Fal’ko. ,k-p theory for two-dimensional transition metal dichalcogenide
semiconductors“. 2D Materials, 2(2):022001, April 2015.

L. Meckbach, T. Stroucken, and S. W. Koch. ,Influence of the effective layer
thickness on the ground-state and excitonic properties of transition-metal dichal-
cogenide systems“. Phys. Rev. B, 97(3):035425, January 2018.

L. V. Keldysh. ,,Coulomb interaction in thin semiconductor and semimetal films*.
Soviet Journal of Experimental and Theoretical Physics Letters, 29:658, June 1979.
ADS Bibcode: 1979JETPL..29..658K.

S. Schmitt-Rink and C. Ell. ,Excitons and electron-hole plasma in quasi-two-

dimensional systems“. Journal of Luminescence, 30(1):585-596, February 1985.

P. Cudazzo, 1. V. Tokatly, and A. Rubio. ,,Dielectric screening in two-dimensional
insulators: Implications for excitonic and impurity states in graphane“. Phys. Rev.
B, 84(8):085406, August 2011.

C. E. Stevens, T. Stroucken, A. V. Stier, J. Paul, H. Zhang, P. Dey, S. A. Crooker,
S. W. Koch, and D. Karaiskaj. ,,Superradiant coupling effects in transition-metal
dichalcogenides“. Optica, 5(6):749, June 2018.

A. S. Rodin and A. H. Castro Neto. ,Excitonic collapse in semiconducting
transition-metal dichalcogenides®. Phys. Rev. B, 88(19):195437, November 2013.

W. Nolting. Grundkurs Theoretische Physik 5/2. Springer-Lehrbuch. Springer,
Berlin, Heidelberg, 2015.

T. Sohier, M. Calandra, and F. Mauri. ,, Two-dimensional Frohlich interaction
in transition-metal dichalcogenide monolayers: Theoretical modeling and first-
principles calculations“. Phys. Rev. B, 94(8):085415, August 2016.



86|

[57]

[58]

[60]

[61]

Literaturverzeichnis

P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli,
G. L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris,
G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L.
Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L.
Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P.
Umari, and R. M. Wentzcovitch. ,,QUANTUM ESPRESSO: a modular and open-
source software project for quantum simulations of materials®. J. Phys.: Condens.
Matter, 21(39):395502, September 2009.

P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli,
M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna,
I. Carnimeo, A. Dal Corso, S. de Gironcoli, P. Delugas, R. A. DiStasio, A. Ferretti,
A. Floris, G. Fratesi, G. Fugallo, R. Gebauer, U. Gerstmann, F. Giustino, T. Gorni,
J. Jia, M. Kawamura, H.-Y. Ko, A. Kokalj, E. Kiigiikbenli, M. Lazzeri, M. Marsili,
N. Marzari, F. Mauri, N. L. Nguyen, H.-V. Nguyen, A. Otero-de-la Roza, L. Pau-
latto, S. Ponc’e, D. Rocca, R. Sabatini, B. Santra, M. Schlipf, A. P. Seitsonen,
A. Smogunov, I. Timrov, T. Thonhauser, P. Umari, N. Vast, X. Wu, and S. Ba-
roni. ,,Advanced capabilities for materials modelling with Quantum ESPRESSO*.
J. Phys.: Condens. Matter, 29(46):465901, October 2017.

H. Haug and S. W. Koch. Quantum Theory Of The Optical And Electronic Pro-
perties Of Semiconductors (5th Edition). World Scientific Publishing Company,
January 2009.

M. Kira and S. Koch. ,Many-body correlations and excitonic effects in semicon-

ductor spectroscopy“. Prog. Quantum. Electron., 30, 2006.

T. Stroucken, J. H. Gronqvist, and S. W. Koch. ,Optical response and ground
state of graphene“. Phys. Rev. B, 84(20):205445, November 2011.

T. Stroucken and S. W Koch. ,,Microscopic Theory for the Groundstate and Linear
Optical Response of Novel Two-Dimensional Materials with Hexagonal Symme-
try“. In Rolf Binder, editor, Optical Properties of Graphene, pages 43 — 84. World
Scientific Publishing, Singapur, 2017. Section: 2.

J. Sabio, F. Sols, and F. Guinea. , Variational approach to the excitonic phase
transition in graphene“. Phys. Rev. B, 82(12):121413, September 2010.

L. Meckbach. ,Exzitonische Eigenschaften von TMDCs®, 2017. Master thesis
(Fachbereich Physik, Philipps-Universitit Marburg).

C. G. Kuper and G. D. Whitfield, editors. Polarons and excitons. Plenum Press,
New York, 1963. Meeting Name: Scottish Universities Summer School in Physics.



[66]

[67]

[71]

[72]

[73]

[75]

Literaturverzeichnis 87

A. Chernikov, T. C. Berkelbach, H. M. Hill, A. Rigosi, Y. Li, O. B. Aslan, D. R.
Reichman, M. S. Hybertsen, and T. F. Heinz. ,,Exciton Binding Energy and Non-
hydrogenic Rydberg Series in Monolayer WSo“. Phys. Rev. Lett., 113(7):076802,
August 2014.

A. Chernikov, A. M. van der Zande, H. M. Hill, A. F. Rigosi, A. Velauthapillai,
J. Hone, and T. F. Heinz. ,Electrical Tuning of Exciton Binding Energies in
Monolayer WSq“. Phys. Rev. Lett., 115(12):126802, September 2015.

W. Barford, I. Boczarow, and T. Wharram. ,,Ultrafast Dynamical Localization of
Photoexcited States in Conformationally Disordered Poly(p-phenylenevinylene).
The Journal of Physical Chemistry A, 115(33):9111-9119, 2011.

S. K. Ignatov, A. G. Razuvaev, V. N. Kokorev, and Yu. A. Aleksandrov. ,,Semiem-
pirical calculation of two-electron integrals using bipolar expansion of the Ohno
potential“. Journal of Structural Chemistry, 36(4):538-543, July 1995.

A. F. Rigosi, H. M. Hill, K. T. Rim, G. W. Flynn, and T. F. Heinz. ,Electronic
band gaps and exciton binding energies in monolayer Mo, W1_,So transition me-
tal dichalcogenide alloys probed by scanning tunneling and optical spectroscopy“.
Phys. Rev. B, 94(7):075440, August 2016.

M. Goryca, J. Li, A. V. Stier, T. Taniguchi, K. Watanabe, E. Courtade, S. Shree,
C. Robert, B. Urbaszek, X. Marie, and others. ,,Revealing exciton masses and diel-
ectric properties of monolayer semiconductors with high magnetic fields“. Nature
communications, 10(1):1-12, 2019.

K. S. Thygesen. ,Calculating excitons, plasmons, and quasiparticles in 2D mate-
rials and van der Waals heterostructures“. 2D Materials, 4(2):022004, June 2017.

I. C. Gerber and X. Marie. ,,Dependence of band structure and exciton properties
of encapsulated WSes monolayers on the hBN-layer thickness“. Phys. Rev. B,
98(24):245126, December 2018.

G. Wang, X. Marie, I. Gerber, T. Amand, D. Lagarde, L. Bouet, M. Vidal, A. Ba-
locchi, and B. Urbaszek. ,,Giant Enhancement of the Optical Second-Harmonic
Emission of WSes Monolayers by Laser Excitation at Exciton Resonances“. Phys.
Rev. Lett., 114(9):097403, March 2015.

E. Liu, J. van Baren, T. Taniguchi, K. Watanabe, Y.-C. Chang, and C. H. Lui.
»Magnetophotoluminescence of exciton Rydberg states in monolayer WSes“. Phys.
Rev. B, 99(20):205420, May 2019.



88|

[76]

[79]

[80]

[81]

[82]

[84]

Literaturverzeichnis

A. V. Stier, N. P. Wilson, K. A. Velizhanin, J. Kono, X. Xu, and S. A. Crooker.
»Magnetooptics of Exciton Rydberg States in a Monolayer Semiconductor®. Phys.
Rev. Lett., page 6, 2018.

C. Poellmann, P. Steinleitner, U. Leierseder, P. Nagler, G. Plechinger, M. Porer,
R. Bratschitsch, C. Schiiller, T. Korn, and R. Huber. , Resonant internal quan-
tum transitions and femtosecond radiative decay of excitons in monolayer WSes“.
Nature Mater, 14(9):889-893, September 2015.

P. Steinleitner, P. Merkl, P. Nagler, J. Mornhinweg, C. SchAzl;ller, T. Korn, A.
Chernikov, and R. Huber. ,,Direct Observation of Ultrafast Exciton Formation in
a Monolayer of WSey“. Nano Lett., 17(3):1455-1460, March 2017.

S. Brem, M. Selig, G. Berghaeuser, and E. Malic. ,,Exciton Relaxation Cascade in
two-dimensional Transition Metal Dichalcogenides®. Sci Rep, 8(1):8238, December
2018.

J. Zipfel, J. Holler, A. A. Mitioglu, M. V. Ballottin, P. Nagler, A. V. Stier, T.
Taniguchi, K. Watanabe, S. A. Crooker, P. C. M. Christianen, T. Korn, and A.
Chernikov. ,, Spatial extent of the excited exciton states in WS, monolayers from
diamagnetic shifts“. Phys. Rev. B, 98(7):075438, August 2018.

Y. Li, J. Ludwig, T. Low, A. Chernikov, X. Cui, G. Arefe, Y. D. Kim, A. M.
van der Zande, A. Rigosi, H. M. Hill, S. H. Kim, J. Hone, Z. Li, D. Smirnov, and
T. F. Heinz. ,, Valley Splitting and Polarization by the Zeeman Effect in Monolayer
MoSes“. Phys. Rev. Lett., 113(26):266804, December 2014.

R. Wallauer, J. Reimann, N. Armbrust, J. Giidde, and U. Hofer. ,Intervalley
scattering in MoSy imaged by two-photon photoemission with a high-harmonic
probe“. Appl. Phys. Lett., 109(16):162102, October 2016.

R. Bertoni, C. W. Nicholson, L. Waldecker, H. Hiibener, C. Monney, U. De Giovan-
nini, M. Puppin, M. Hoesch, E. Springate, R. T. Chapman, C. Cacho, M. Wolf,
A. Rubio, and R. Ernstorfer. ,,Generation and Evolution of Spin-, Valley-, and

Layer-Polarized Excited Carriers in Inversion-Symmetric WSes“. Phys. Rev. Lett.,
117(27):277201, December 2016.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. Numerical
Recipes 3rd Edition: The Art of Scientific Computing. Cambridge University Press,
September 2007.

L. Meckbach. ,,Microscopic theory of the linear and nonlinear optical properties
of TMDCs“, 2020. Philipps-Universitdt Marburg.



[36]

[87]

[33]

[90]

[92]

[93]

Literaturverzeichnis 89

F. Lohof, A. Steinhoff, M. Florian, M. Lorke, D. Erben, F. Jahnke, and C. Gies.
,Prospects and Limitations of Transition Metal Dichalcogenide Laser Gain Mate-
rials“. Nano Lett., 19(1):210-217, January 2019.

D. Erben, A. Steinhoff, C. Gies, G. Schonhoff, T. O. Wehling, and F. Jahnke.
,Excitation-induced transition to indirect band gaps in atomically thin transition-
metal dichalcogenide semiconductors®. Phys. Rev. B, 98(3):035434, July 2018.

F. A. Rasmussen and K. S. Thygesen. ,,Computational 2D Materials Database:
Electronic Structure of Transition-Metal Dichalcogenides and Oxides®“. J. Phys.
Chem. C, 119(23):13169-13183, June 2015.

E. Blundo, M. Felici, T. Yildirim, G. Pettinari, D. Tedeschi, A. Miriametro, B. Liu,
W. Ma, Y. Lu, and A. Polimeni. ,,Evidence of the direct-to-indirect band gap tran-
sition in strained two-dimensional WSs, MoSs, and WSes“. Phys. Rev. Research,
2(1):012024, January 2020.

Y. Aksu Korkmaz, C. Bulutay, and C. Sevik. ,k - p Parametrization and Linear
and Circular Dichroism in Strained Monolayer (Janus) Transition Metal Dichalco-
genides from First-Principles“. J. Phys. Chem. C, 125(13):7439-7450, April 2021.

L. Ren, C. Robert, B. Urbaszek, X. Marie, M. Semina, and M. M. Glazov. ,,Tuning
absorption and emission in monolayer semiconductors: a brief survey“. Comptes
Rendus. Physique, 22(54):43-52, 2021.

F. Cadiz, E. Courtade, C. Robert, G. Wang, Y. Shen, H. Cai, T. Taniguchi, K. Wa-
tanabe, H. Carrere, D. Lagarde, M. Manca, T. Amand, P. Renucci, S. Tongay,
X. Marie, and B. Urbaszek. ,, Excitonic Linewidth Approaching the Homogeneous
Limit in MoSy -Based van der Waals Heterostructures“. Phys. Rev. X, 7(2):021026,
May 2017.

C. Robert, M. A. Semina, F. Cadiz, M. Manca, E. Courtade, T. Taniguchi, K. Wa-
tanabe, H. Cai, S. Tongay, B. Lassagne, P. Renucci, T. Amand, X. Marie, M. M.
Glazov, and B. Urbaszek. ,,Optical spectroscopy of excited exciton states in MoSq
monolayers in van der Waals heterostructures“. Phys. Rev. Materials, 2(1):011001,
January 2018.

E. W. Martin, J. Horng, H. G. Ruth, E. Paik, M.-H. Wentzel, H. Deng, and S. T.
Cundiff. ,,Encapsulation Narrows and Preserves the Excitonic Homogeneous Line-
width of Exfoliated Monolayer MoSes“. Phys. Rev. Applied, 14(2):021002, August
2020.

M. Selig, G. Berghduser, A. Raja, P. Nagler, C. Schiiller, T. F. Heinz, T. Korn, A.

Chernikov, E. Malic, and A. Knorr. ,,Excitonic linewidth and coherence lifetime in



90

[96]

[100]

[101]

[102]

[103]

[104]

Literaturverzeichnis

monolayer transition metal dichalcogenides“. Nat Commun, 7(1):13279, November
2016.

J. C. G. Henriques, N. A. Mortensen, and N. M. R. Peres. ,, Analytical description
of the 1 s exciton linewidth temperature dependence in transition metal dichalco-
genides“. Phys. Rev. B, 103(23):235402, June 2021.

T. Jakubczyk, M. Bartos, L. Scarpelli, K. Nogajewski, W. Langbein, M. Potemski,
and J. Kasprzak. ,,Coherent dynamics of resonantly excited excitons in monolayers
of transition metal dichalcogenides®. In Ultrafast Phenomena and Nanophotonics
XXIV, volume 11278, page 112781C. International Society for Optics and Photo-
nics, February 2020.

T. Jakubczyk, G. Nayak, L. Scarpelli, W.-L. Liu, S. Dubey, N. Bendiab, L. Marty,
T. Taniguchi, K. Watanabe, F. Masia, G. Nogues, J. Coraux, W. Langbein, J.
Renard, V. Bouchiat, and J. Kasprzak. ,,Coherence and Density Dynamics of
Excitons in a Single-Layer MoS2 Reaching the Homogeneous Limit“. ACS Nano,
13(3):3500-3511, March 2019.

G. Moody, C. K. Dass, K. Hao, C.-H. Chen, L.-J. Li, A. Singh, K. Tran, G. Clark,
X. Xu, G. Berghiuser, E. Malic, A. Knorr, and X. Li. ,Intrinsic homogeneous
linewidth and broadening mechanisms of excitons in monolayer transition metal
dichalcogenides®. Nat Commun, 6(1):8315, November 2015.

D. Erkensten, S. Brem, and E. Malic. , Exciton-exciton interaction in transition
metal dichalcogenide monolayers and van der Waals heterostructures“. Phys. Reuv.
B, 103(4):045426, January 2021.

M. R. Carbone, M. Z. Mayers, and D. R. Reichman. ,Microscopic model of the
doping dependence of linewidths in monolayer transition metal dichalcogenides®.
J. Chem. Phys., 152(19):194705, May 2020.

F. Katsch, M. Selig, and A. Knorr. , Exciton-Scattering-Induced Dephasing in
Two-Dimensional Semiconductors“. Phys. Rev. Lett., 124(25):257402, June 2020.

L. H. Thong, C. Ngo, H. T. Duc, X. Song, and T. Meier. ,,Microscopic analysis of
high harmonic generation in semiconductors with degenerate bands“. Phys. Rewv.
B, 103(8):085201, February 2021.

R. E. F. Silva, F. Martin, and M. Ivanov. ,High harmonic generation in crystals
using maximally localized Wannier functions“. Phys. Rev. B, 100(19):195201, No-
vember 2019.



[105]

[106]

[107]

[108]

[109)]

[110]

[111]

[112]

[113]

Literaturverzeichnis 91

J. Li, X. Zhang, S. Fu, Y. Feng, B. Hu, and H. Du. ,Phase invariance of the
semiconductor Bloch equations®. Phys. Rev. A, 100(4):043404, October 2019.

H. Liu, Y. Li, Y. S. You, S. Ghimire, T. F. Heinz, and D. A. Reis. ,,High-harmonic
generation from an atomically thin semiconductor®. Nature Phys, 13(3):262-265,
March 2017.

D. Vanderbilt. Berry Phases in Electronic Structure Theory: Electric Polarization,
Orbital Magnetization and Topological Insulators. Cambridge University Press,
Cambridge, 2018.

L. Yue and M. B. Gaarde. , Introduction to theory of high-harmonic generation in
solids: tutorial“. J. Opt. Soc. Am. B, 39(2):535, 2022.

D. Golde, T. Meier, and S. W. Koch. , High harmonics generated in semicon-
ductor nanostructures by the coupled dynamics of optical inter- and intraband
excitations“. Phys. Rev. B, 77(7):075330, February 2008.

U. Huttner, M. Kira, and S. W. Koch. ,Ultrahigh Off-Resonant Field Effects in
Semiconductors®. Laser & Photonics Reviews, 11(4):1700049, 2017.

N. Yoshikawa, K. Nagai, K. Uchida, Y. Takaguchi, S. Sasaki, Y. Miyata, and
K. Tanaka. ,Interband resonant high-harmonic generation by valley polarized
electron-bhole pairs“. Nat Commaun, 10(1):3709, August 2019.

H. K. Avetissian and G. F. Mkrtchian. ,,High laser harmonics induced by the Berry
curvature in time-reversal invariant materials“. Phys. Rev. B, 102(24):245422,
December 2020.

J. M. Iglesias, E. Pascual, M. J. Martin, and R. Rengel. ,,High-order harmonic
generation in 2D transition metal disulphides“. Appl. Phys. Lett., 119(1):012101,
July 2021.






| 93

Publications






Literaturverzeichnis 95

Paper 1

J. Neuhaus, S. C. Liebscher, L. Meckbach, T. Stroucken, and S. W. Koch:

Microscopic Coulomb interaction in transition-metal
dichalcogenides

J. Phys.: Condens. Matter 33 035301 (2021)
DOI: 10.1088/1361-648X /abb681
Reproduced with permission from IOP Publishing

Abstract: The quasi-two dimensional Coulomb interaction potential in transition metal
dichalcogenides is determined using the Kohn-Sham wave functions obtained from ab in-
itio calculations. An effective form factor is derived that accounts for the finite extension
of the wave function in the direction perpendicular to the material layer. The resulting
Coulomb matrix elements are used in microscopic calculations based on the Dirac Bloch
equations yielding an efficient method to calculate the band gap and the opto-electronic

material properties in different environments and under various excitation conditions.



10P Publishing

Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 33 (2021) 035301 (12pp)

https://doi.org/10.1088/1361-648X/abb681

Microscopic Coulomb interaction in
transition-metal dichalcogenides

J Neuhaus, S C Liebscher, L Meckbach, T Stroucken*

and S W Koch

Department of Physics and Material Sciences Center, Philipps University Marburg, Renthof 5, D-35032

Marburg, Germany

E-mail: tineke.stroucken@t-online.de

Received 23 June 2020, revised 26 August 2020
Accepted for publication 9 September 2020
Published 19 October 2020

Abstract

CrossMark
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1. Introduction

With a thickness of just one unit cell, TMDC (transition metal
dichalcogenide) monolayer materials can be viewed as the
realization of effectively two-dimensional (2D) system. As
revealed by density functional theory (DFT) calculations, the
resulting 2D quasi-particle dispersions differ not only quan-
titatively, but also qualitatively from the three dimensional
(3D) bandstructure of the corresponding bulk materials, mak-
ing these systems interesting both for fundamental material
science as well as technological applications. In particular,
monolayers of TMDCs and TMDC-based heterostuctures are
currently investigated with regards to their application poten-
tial in opto-electronic devices. Unlike the bulk TMDC materi-
als, the monolayers display a direct gap in the visible range
with strong light matter interaction and many-body effects
due to carrier confinement and weak intrinsic screening of the
Coulomb interaction [1-5].

A central challenge for the predictive modeling of the
TMDC opto-electronic properties is the analysis of the many-
body effects and their influence on the optical spectra.
Although state of the art, full ab initio GW-BSE calculations
have been employed to calculate the linear optical spectra of

* Author to whom any correspondence should be addressed.

1361-648X/20/035301+12$33.00

freely suspended TMDC monolayers, these are numerically
extremely challenging and practically intractable for the gen-
eral nonlinear response. Furthermore, numerical implemen-
tations of GW-BSE calculations for quasi-2D TMDCs are
artificially 3D and require the insertion of large vacuum
regions or truncations of the Coulomb interaction to avoid
spurious inter-layer interactions. This not only increases the
numerical effort despite decreasing the material’s dimension-
ality, but also limits the applicability to situations where a
monolayer is embedded into a more complex heterostucture
or photonic crystal cavity. Hence, there is a need for ab initio
based theoretical descriptions that are both accurate and flexi-
ble to describe the linear and nonlinear optical response under
various excitation conditions and different geometries, and at
the same allow for the identification and intuitive interpretation
of the relevant physical processes.

A powerful tool to compute the optical response of semi-
conductors for a wide variety of excitation conditions is
provided by the semiconductor Bloch equations (SBE),
respectively the Dirac Bloch equations (DBE) for TMDCs.
Based on the observation that only few bands contribute
to the optical response, one derives the equation of motion
(eom) for the relevant material parameters from an effective
system Hamiltonian including only the relevant valence and

© 2020 IOP Publishing Ltd  Printed in the UK
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conduction bands, thus reducing the numerical complexity
enormously. Due to its non-perturbative nature, this approach
is particularly well suited to describe the linear and nonlin-
ear optical response in the presence of strong many-body
interactions.

As an essential input, the SBE/DBE approach needs the
single-particle band structure and the interaction matrix ele-
ments. Whereas band dispersions and dipole matrix elements
can be either accessed directly from ab initio DFT calculations
or from a DFT based model Hamiltonian, the determination
of the quasi-2D Coulomb potential and its matrix elements is
a nontrivial task. For this purpose, we develop in this paper
a parameter-free approach that allows us to efficiently deter-
mine the Coulombic input for the SBE from the Kohn—Sham
wavefunctions without the need of additional approximations.

The paper is organized as follows: in the following
section 2, we briefly summarize the microscopic SBE/DBE
approach and introduce an orbital dependent form factor that
accounts for the quasi-2D nature of Coulomb interaction
potential in TMDCs. We show how this form factor can be
computed from the Kohn—Sham wave functions. In section 3,
we then provide details of the needed DFT calculations and
present a detailed analysis of the form factor. In section 5,
we develop an analytic approximation for the form factors
that allows us to efficiently calculate the density dependent
band-gap renormalization and exciton resonances for differ-
ent material systems. We discuss and compare our results to
available experimental and GW—-BSE based ab initio results in
section 5.1.

2. Preliminaries

2.1. 2D semiconductor Bloch equations

For a strictly 2D semiconductor, the basic system Hamiltonian
is given by
H=Hy+ H; + Hc

where

_ t
Hy = Zeaku Cak Cak
akH

describes the single-particle part,

he LY

au’kH

‘Pao’ kH akH Co/kH

contains the light—matter interaction, and

HC:% >

ad 83!

kg #0

affa’ 1‘ 1 ¢ c
/|
ay k) Cok—a Cpky gy Ok Ca'k -

represents the Coulomb interaction, respectively. Here, 1k is
the in-plane crystal momentum, o combines spin and band
index, €ak, contains the effective single-particle band disper-

B4
and V‘(lyu kuaku = Vg lok| — q)|o'k)) (Bk)" +

q;|A’k|’) denote the momentum and Coulomb matrix ele-

sion, and Pook

ments, respectively. Furthermore, VqH is the Fourier transform
of the 2D Coulomb potential. In the presence of a dielec-
tric environment, the environmental screening of the Coulomb
potential can be included into the definition of the ‘bare’
Coulomb potential.

The optical response is then given by j=
e aa’ky Paa’k, <C]leHC“/kH> and can be computed from
the Heisenberg equations of motion for the transition
amplitudes P‘m <C’T“‘H Carky):

o/ _ aa
1h — PkH = (€ak = €akj — kH

dt +Qku <Qku )
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contains the sources and the renormalizations of the single par-
ticle energies and internal field. For the interband polarization

Ve
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and a similar expression for Q,’Q"’ . Here, NR refers to non-
resonant Auger and pair-creation contributions. As can be
recognized, Coulomb renormalizations of the single particle
energies are contained in ~f(] and ~|‘;;" whereas the attrac-
tive electron—hole interaction responsible for the formation of
bound excitons is contained in Qﬁ Correlation effects beyond

the mean field approximation are contained in

M d QOC/
in <P )

corr

It can be shown that the dominant correlation effect
is the replacement of the ‘bare’ Coulomb potential in
equation (3) by its dynamically screened counterpart, yield-
ing the screened Hartree—Fock approximation [6], whereas
if correlation effects are neglected, the renormalizations of
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the single particle energies correspond to the Hartree—Fock
approximation.

If the system is excited with an optical pulse of central
frequency wy, the induced optical current is dominated by

transition amplitudes Pﬁ“"/ corresponding to dipole allowed

transitions with transition energies €a'ky — €aky X hwy that are
resonant or nearly resonant with the optical frequency. If the
relevant bands are sufficiently isolated, one can restrict the
microscopic analysis to the resonant transition amplitudes and
occupation numbers fl?H = ﬁ‘(“ of those bands and the only
coupling to remote bands is via screening of the Coulomb
potential. Treating screening within the RPA approximation,
we can make the separation

Iy, (w) = HqGHS(w) + Allg (W) (5)
Wy @) = —— 0 M (©)
I 1= Vo Iy @) 1~ WESATly (w)

Here, ng includes all ground state and environmental screen-

ing contributions,

Afo _ Af]?/

kj—q
ATl (w) = 1~ I
qH( ) L;’ku hw + 17T + E(.vkuqu - Ea’kH

2
x ok — qila’k))[",

contains the optically induced deviations from the ground state
polarization function only, and ~ is the triplet dephasing rate,
respectively. Hence, if the single particle dispersions, optical
dipole and Coulomb matrix elements as well as the ground
state screening of the Coulomb potential are known from ab
initio calculations, the SBE provide a very efficient scheme to
compute the optical response since they only need to be solved
for a few bands and that part of k| space in which populations
and/or polarizations are optically induced.

Specifically, for TMDCs it is often sufficient to include
the two spin—split valence and conduction bands near the K-
points where the single particle dispersion displays a direct
gap. Here, the single particle dispersion can be approximated
by the relativistic dispersion

oo 1
€k = Bri £ 5\ AF + Qhoe k), @)

that results from the widely used massive Dirac—Fermion
(MDF) model Hamiltonian’. Here, i = s7 combines the spin
and valley index, A;, vg; and EF; are the spin and valley depen-
dent gap, Fermi velocity and Fermi level, respectively. The
occurring parameters can be adjusted to reproduce the DFT
bandstructure near the K-points. The overlap matrix elements
resulting from the MDF Hamiltonian are

R

= gt T Ui U €

—if, —i
(K + kK + k') = (”"Hvku’ e N —ugug e 9k”>

free standing | substrate | __encapsulated

el=ef=1 || ef=¢=1 | el €]
AL (AL | DL LA L

ef=ef=1 | €8, €8 | el f

Figure 1. Illustration of the different dielectric settings considered
in the calculations presented in this paper.

\/ A2 +Qhvp )2+ A
2/ A2+ QRop k2

2.2. Coulomb potential and screening in quasi-2D materials

B

Although the material excitations in quasi-2D materials are
confined to aregion |z| < d/2 < L/2,the Coulomb potential is
long ranged and the interaction among particles confined in the
layer is sensitive to the dielectric environment. Furthermore,
for the evaluation of the opto-electronic system response, one
needs the screened Coulomb potential that not only contains
screening contributions from the dielectric environment but
also all ground state contributions from the material itself.

Within DFT, the macroscopic (3D) dielectric constant is
obtained as

(Vqm)o

V() = 6601 (q)7

M (@) =
where V(r) is a lattice periodic function and (. ..)o denotes
a spatial average over the elementary unit cell. If applied to
an artificial 3D crystal consisting of parallel monolayers sep-
arated by large vacuum regions, the averaging over a region
much larger than the extension of the electron density yields
a dielectric function that decreases with the size of the arti-
ficial unit cell and hence, cannot be used to construct the
screened 2D Coulomb potential [7]. To avoid this complica-
tion, we developed in a previous publication [6] an electrostatic
model that is based on the bulk dielectric functions which can
be directly computed from 3D DFT calculations, thus avoid-
ing any difficulties related to the artificial insertion of large
vacuum layers.

Whereas we refer to reference [6] for a detailed deriva-
tion of our electrostatic model, we briefly summarize the most
important steps with respect to the screened interaction for fur-
ther use in this paper (figure 1). As visualized in figure 1, we
considered TMDCs embedded in different dielectric surround-
ings, such as in vacuum, on a substrate and embedded in two
different dielectric media.

To account for the environmental and ground state screen-
ing, we consider a slab geometry with

€ z2<-L/2, € z<—LJ2,
€@ =€ |zl <L/2, e(@= e 2| <L/2,
eﬁ L/2 <z &LL<z

and determine the interaction potential as solution of Poisson’s
equation. The resulting interaction potential within the slab is
given by
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Figure 2. Probability density p = |¢(r)|* for (a) the conduction and
(b) the valence band of MoS, at the K-point plotted for cuts through
the unit cell along the x-, y- and z-axis centered around the
molybdenum atom. The black lines indicate the atomic z-position
and illustrate the wave function localization in between the
chalcogen layers.

il (effi\zfz/\
q
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¢qH( ) K
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= = e T4 Agy (,7) ®)
with g = :—‘L‘q, k = ,/¢j€L and similar for r1/g and
Cvm/ — (K/ + nHT)(K; + T],K/B)

(K + k1) (K + k) — (K — k1) (K — k) e A"

from which the 2D Coulomb potential is obtained as ¢‘1H =
quH (0, 0). In the last line of equation (8), the first term describes
the direct interaction of two electrons located at z and z/
whereas the second term describes the interaction with image
charges From equation (8), the ‘bare’ Coulomb interaction

‘1H (z, 7)), containing environmental screening only, is obtained
by setting €| = €, = 1 within the slab, whereas the true vac-

uum Coulomb interaction VV“‘lc(z, Z') is obtained by addition-

ally setting kT = kg = 1. Hence, equation (8) suggests that
the Coulomb potential without intrinsic screening can be
expressed as Vg (z,7) = V[{i‘“(z, )+ AVy, (z,2), where the
last term describes the interaction via image charges. Simi-
larly, one obtains the screened Coulomb interaction in bulk,

W;ﬁllk(z’ Z), by inserting the bulk parameters for the in- and

out-of-plane dielectric constants ¢’ and €' both within the slab
and for the top and bottom environment.

Whereas both V“C(z, 7)) and W}l"“ﬂk(z, 7') are independent of
the slab thickness L the interaction with image charges in
the presence of environmental screening introduces a depen-
dence on the slab thickness L both for the ‘bare’ and screened
monolayer interaction potential. To model the monolayer
potential, we shall assume a slab thickness L = D where
D = c¢/2 is the natural layer-to-layer distance in the nat-
urally stacked bulk crystal. In the long wavelength limit

gD — 0 one obtains W%SJD = 2n correspond-

ing to the widely used Rytova—Keldysh potential with a
screening length ry = DQ2K? — .‘i% — KZB) /4e, that depends on
the dielectric contrast between the TMDC material and dielec-
tric environment. In particular, if the dielectric environment is
the bulk TMDC crystal itself, the screening length vanishes.

For the short wavelengths qHL/ 2 — o0, the screened poten-

tial approaches 27/kq e ~4=%'I independently of the dielec-
tric environment. Comparison w1th the bulk Coulomb potential
allows us to identify ¢ = eﬁ and ¢, = €8 for the ground state
screening even in the case of a monolayer. Hence, we can write
for the Coulomb potential including environmental and ground
state screening

WGS (

o @) = Walt(2.2) + AWy (2.2). )

q

where AWq‘ (z,7') describes the screened interaction via image
charges. Equation (9) should be compared with the division
W = WML 1 AW that has been used in the GAW approach
where AW contains the changes in the screened potential as
compared to the suspended monolayer [7].

2.3. Form factor to quantify the impact of
three-dimensionality

Even monolayer TMDC:s have an intrinsic thickness since they
consist of three atomic layers and their atomic orbitals have a
finite extension perpendicular to the layer plane. Consequently,
the Coulomb interaction in these materials differs both from
the exact 2D and the three-dimensional cases. Taking the in-
plane periodicity and the finite out-of-plane extension into
account, a 2D ansatz gives the Bloch states,
1 ik -r
Dt () = 7 M T (1) (10)
with strictly 2D crystal momenta but 3D spatial coordinates
r. Hence, the Coulomb Hamiltonian contains the quasi-2D

matrix elements
3
/d /d 7 u(}k‘ qH(r)u%ij +C1H(r

X Vo, @ Dt (it (1),

0 B8 o
qu k) "k

and a similar expression holds for the matrix elements of the
screened Coulomb potential.

According to equation (8), the Coulomb interaction differs
from the exact two-dimensional potential only in the expo-
nential terms. Hence, we can write for the screened Coulomb
potential

aBfa’

_ y2bpaBsd
iy~ Way Figrag (@) (1D
- AW&FAFEF;Q (qp)- (12)
Here,
ajd of o d3 d3 /% " ,
kH kH (qH) o r v r Makuqu (r)M‘BkH/+qH(r)
X e*ZIH ‘Z*Z/‘uﬁ/ku/(r’)ua/ku(r) (13)
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is a form factor and

AR = Fyiyt @) = i @pfl @) (14)

RCTE / Eruy g @ Fug @ (15)

is its correlated part, respectively. In the 2D limit, the expo-
nential term in the form factor approaches unity and the 2D
Coulomb matrix element is recovered due to the wavefunctions

Apl Al
orthonormality. Furthermore, F;iiﬁ (q = 0) = doardsp =

flfual(qu =0) fkgu,j /(qH = 0), while for large scattering vectors
q; — oo the form factor approaches 0. Since the potential of
the image charges is particularly important in the long wave-
length limit where the correlated part of the form factor is neg-
ligible, the Coulomb matrix elements of the quasi-2D TMDC
structures can be expressed in a good approximation by the
exact 2D term modified by the form factor.

2.4. Combined SBE/DFT approach

In the following, we will assume that the single-particle band
dispersion and wave functions can reliably be computed from
DFT and use the DFT parameters as input for the SBE/DBE
evaluations. From a fundamental point, this is in fact a non-
trivial assumption. As is well known, DFT is based on the
assumption that the two-particle interaction in any given sys-
tem is a universal functional of the electron density while all
system specific contributions to the many-body Hamiltonian
are contained in the external potential. Using the dielectric
model presented in section 2.2, it becomes clear that the sub-
strate not only changes the screened Coulomb potential but
also modifies the ‘vacuum’ potential that now contains inter-
actions with image charges. Thus, in the presence of exter-
nal screening, all particles (electrons and ions) interact via a
modified Coulomb potential and hence, the electron—electron
interaction can no longer be considered as universal.

However, analytical estimates based on the expression for
the ‘bare’ Coulomb potential presented in section 2.2 show
that the influence of the dielectric screening on the DFT sin-
gle particle energies should be small for particles confined to a
region |z| < d/2 < D/2.1Indeed, rigorous treatments of mono-
layer TMDCs embedded in different dielectric environments
have shown that the single-particle bandstructure in the prox-
imity of the direct band gap at the K point remains unchanged
for different environments [10]. Therefore, the single-particle
bandstructure near the K-point can be obtained from an artifi-
cial 3D supercell calculation even in the presence of external
screening.

3. Details of DFT computations

For our DFT calculations, we use the plane-wave based code
Vienna ab intio Simulation Package (VASP) [11-14] includ-
ing the core electrons contribution by precalculated projec-
tor augmented-wave pseudopotentials [15]. All calculations
were performed using the non-empirical generalized gradi-
ent Perdew—Burke—Ernzerhof (PBE) functional [16], with

0.0

Figure 3. Form factor for inter- and intraband interaction of MoS,
in a range of [KM| = |k — k’H\ ~ 0.62 A~! around the K-point. As
path dependent changes of the form factor are only small, they are
approximated as isotropic around the K-point and subsequent
calculations are performed using path-averaged form factors.

additionally including spin—orbit coupling and van-der-Waals
interactions by the dispersion correction as proposed by
Grimme (DFT-D3) [17].

In a first step, the materials structure was relaxed
until remaining forces acting on the atoms were less than
1 meV A" The number of plane waves was hereby restricted
by a cutoff energy of 750 eV and convergence was checked
with respect to the discretization of the Brillouin zone and the
vacuum region that was added in z-direction to prevent inter-
actions between the monolayers despite periodic boundary
conditions. For further calculations of electronic properties,
the Brillouin zone was discretized by a 12 x 12 x 1, I' cen-
tered k-point Monkhorst—Pack [18] grid and the energy cutoff
was set consistently with the precalculated pseudopotentials.
In practice, approximately 15 A of vacuum were included in
z-direction.

Using the relaxed structures, the electronic properties were
calculated for different paths in the Brillouin zone originating
in one of the K points where the direct TMDC band gap is
found. The paths were chosen along KM in addition to paths
of the same length but rotated by 30° and 60° which, due to
the hexagonal symmetry, is sufficient to describe the behavior
around each K point in steps of 30°.

As the Kohn—Sham wave functions are determined up to
an arbitrary phase that can be chosen at each k| -point inde-
pendently, we pick the phases such that the intra- and inter-
band matrix elements are given by P, = %ﬁkueﬂku and

Pook, = H(€ak, — eakH)(akuﬁk‘ |o'K|) respectively, corre-
sponding to the p - A gauge. The remaining free global phase
is chosen such that bright excitons are predominantly s-type.

3.1. Ab initio wave functions

The finite extension of the electron density in the direction per-
pendicular to the TMDC plane is illustrated in figure 2(a) for
the example of MoS,. Here, the normalized density distribu-
tion for both valence and conduction band at the K-point is
plotted for different cuts through the unit cell.

For MoS,, the wave functions are linear combinations of
the transition metal’s d-orbitals that are strongly localized in
between the chalcogenite layers. While the conduction-band
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wave function is dominated by the d -orbital, the wave func-
tion of the valence band is a linear combination of the in-plane
d,y- and d > >-orbitals [19]. This is different in tungsten based
materials where the transition metal’s s-orbital and the chalco-
gen atom’s p,-orbital both have a finite contribution to the
conduction or valence band respectively. These features result
in a relatively higher density distribution in the tungsten layer
for the conduction band whereas for the valence band the den-
sity distribution extends farther in the direction towards the
chalcogen atoms, respectively.

4. Analysis of the form factor

4.1. Path-dependency

For the optical response, the properties of the form factor are
of interest especially close to the direct band. Therefore, we
compute the form factor for scattering vectors [k — km with
k fixed at the K-point and k'H modified along different paths
through the first Brillouin zone. The band structure is simi-
lar for all paths close to the K-point but changes significantly
farther away, particularly for the conduction band where in
the K + 60° direction a secondary minimum can be seen that
forms the indirect band gap in the reference bulk structure.

In Figure 3, we show a density plot of the form factor
for inter- and intraband interaction in the region around the
K-points for the example of MoS,. Despite the anisotropy of
the band structure, the MoS, form factor of the interband inter-
actions F,, decreases isotropically around the K-point up to
a range of |k — ki|| ~ 0.45 A~!. The same is true for tung-

sten based materials, but only up to |k — k'H\ ~ 030 A",
Thereafter, the gradient in K-direction is smaller than in I'-
direction, whereby the absolute differences are less than 0.06.
Path dependent differences are larger with regard to the intra-
band interactions. Here, the gradient is smaller in the direction
towards the I'-point for the valence and towards the M-points
for the conduction band, respectively. However, but even here,
the form factor is isotropic in a range of |k — km ~0.15A"!
and absolute differences are always less than 0.12. Thus, the
differences occurring for the intraband form factor depending
on different orbital compositions of the states seem to balance
out in the integration over both valence and conduction band
states in the interband form factor. In the following, averages
over calculations along different paths are shown and used in
subsequent calculations.

4.2. Supercell dependency

In order to be useful, the introduced form factor should be
insensitive to the periodic boundary conditions applied in the
DFT code and it should be applicable not only to model the
Coulomb interaction in monolayers but also in bulk struc-
tures. To check these properties, we calculated the form factor
for different extensions of the vacuum region included in the
supercell.

Our results show that as long as we properly relax the struc-
ture before calculating the form factor we obtain similar results
independent of the used super cell size. The same is true even
if we consider the transition to a quasi-bulk structure differing

T T

Vap(r))
VMOSQ(T") ]

T'” [A]

Figure 4. Comparison of the exact 2D Coulomb potential and the
quasi-2D Coulomb potential in real space for the example of MoS,.
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Figure 5. Comparison of the interband (subscript vc) and intraband
(subscripts cc and vv) form factors together with the analytical
approximation (red curve). The grey curve shows
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from the common crystalline structure of MoS; in stacking
order (usually 2H-/3R-phases) and in the interlayer distance
by about 0.6 A. On this basis, we conclude that we can use the
determined form factors to model a wide range of mono- and
multi-layer systems in different dielectric environments.

4.3. Analytical description

To illustrate the effect of the form factor in real space, we
compare in figure 4 the exact 2D and the quasi-2D Coulomb
potentials for MoS,. As we can see, the form factor effectively
removes the Coulomb singularity at the origin but leaves the
potential unchanged for larger distances, i.e., for r 2 7 A. the
slope of the quasi-2D potential approaches that of the original
2D potential.

In figure 5, we show examples of the momentum depen-
dent form factors for inter- and intraband transitions that were
numerically evaluated using the full wavefunctions. To sim-
plify detailed calculations on the SBE/DBE level, it is useful
to develop analytical approximations for the form factor. For
this purpose, we replace the full wavefunctions by their respec-
tive values at the K-point and incorporate the orbital dependent
overlap matrix elements that occur within the MDF model.
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As shown by the green curve in figure 5, this procedure
captures the main features of the full form factors for small
scattering vectors. However, for scattering vectors larger than
0.1 A=" or 0.2 A~! clear deviations are seen such that addi-
tional corrections are needed.

In some of our previous works (see e.g. references [6, 20]),
we adopted a semi-empirical Ohno potential to account for the
finite thickness of the TMDC layers. This approximation has
also been used to describe the Coulomb potential of molecules
and nanotubes (see references [21, 22]) and was successfully
applied in calculations of optical properties of graphene and
monolayer TMDCs.

By using the Ohno potential, one regularizes the singularity
of the Coulomb potential by introducing an effective thickness
parameter d, which in reciprocal space occurs in an additional
prefactor e U9 of the Coulomb potential. Even though this
ansatz reduces the Coulomb scattering for larger scattering
vectors, the detailed analysis shows that it underestimates the
form factor for small scattering vectors. Therefore, we addi-
tionally introduce an orbital independent exponential function
of the form F(q) = e @41°/2+99) while the orbital depen-
dency is given by the MDF overlap matrix elements. With help
of this function, the form factor can be described properly and
physically correctly as it approximates O for large scattering
vectors. Since the orbital dependence is contained in the MDF
overlap matrix elements, the orbital independent part can be
combined with the strictly 2D Coulomb potential to define the
quasi-2D Coulomb potential Vq‘ =F (qH)Vé‘]‘) .

A physical interpretation of the quadratic contribution can
be obtained by considering the real space representation of the
quasi-2D Coulomb potential:

Vi =) eIF(g)VeP

q

= 2n02 /r‘/‘z + 2

(16)

Hence, the linear term in the exponent of the form factor
changes the pure 2D Coulomb potential into the Ohno poten-
tial with thickness d, whereas the quadratic term lead to an
additional convolution with a Gaussian of with o.

4.4. Material dependence of the form factor

In figure 6, we show a comparison of the interband form fac-
tor for five commonly discussed examples of semiconducting
TMDCs. We notice that for tungsten based materials the form
factor decreases slightly faster than for molybdenum based
materials. Even more significant modifications occur for dif-
ferent chalcogen atoms. The comparison in figure 6 reveals a
more rapid form factor decay when changing from S to Se
to Te demonstrating that the gradient becomes steeper with
increasing atom size. Since the microscopic distance between
the chalcogenide sheets increases with the size of the involved
atoms, the systems become slightly more 3D which is reflected
in the form factor being a measure for the influence of the finite
thickness.
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Figure 6. Interband form factors for different (a) Mo based and

(b) We based TMDC monolayers. While the general slope is similar
for all materials, the decay steepens with increasing size of the
respective chalcogenide atoms.
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5. Applications

5.1. Environmental dependent band gap renormalization

As a first application, we calculate the renormalization of the
direct K point band gap for different dielectric environments.
For the unexcited monolayer, the renormalized band gap is
given by

AK:ADFT+Z(

q

122%2%

q:K:K+q )]

ccrvyY
q:K:K+q

In figure 7, we show the dependency of the gap on the envi-
ronmental screening for five widely studied semiconducting
monolayers (upper part). Since we plot the gap against the
inverse value of the substrate dielectric constant, the figure
covers the whole range of {1,00} and {—o0,—10}. For
all materials investigated, we find a similar gap reduction
for increased environmental screening. In the lower part of
figure 7, we compare the gap shift of the different materials
relative to the respective suspended monolayer with and with-
out the form factor included. We note that the shift is almost
independent of the form factor. To understand this behavior,
we write the equation for the renormalized gap as

Eg = AP 4+ (Wi(r) = 0) — W () = 0)) (1)
and make use of equation (16).

Thus, for a strictly 2D system, the gap renormalization
is determined by the screened Coulomb matrix elements at
r) =0 and z =7 = 0. However, the form factor replaces
z=27 =d in the value of the screened Coulomb potential
and additionally averages the Coulomb potential over a region
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Figure 7. Dependence of the band gap on dielectric substrate
screening of the five canonical TMDCs. Here, the limit e — —o0
represents the case of a conducting metallic substrate. The upper
part (a) shows the absolute value of the gap, the lower part (b) the
shift of the gap relative to the gap of a suspended monolayer with
(full lines) and without (dashed lines) inclusion of the form factor.

around the origin using a Gaussian weight function. Both
effects have a significant impact on the direct interaction con-
tained in WZDb““‘(r”) = 1/xr) that varies strongly in the region
around the origin. In contrast, changes contained in AW
1/4/r? + L? vary only weakly within the region around the
origin and hence are less affected by the form factor.

Furthermore, a comparison of the relative changes for the
different materials in the regime of positive dielectric constants
shows that these are slightly smaller for Mo rather than for
W based materials with maximum differences in the range
of few meV. Again, the influence of the incorporated chalco-
genide atoms is more significant. Here, the maximum relative
differences increase from Te to Se to S based compounds by
approximately 80 meV and 45 meV, respectively.

In table 1, we give an overview of the computed band gaps
for a variety of TMDCs and different dielectric environments.
Comparison with available experimental data shows excellent
agreement for all three Mo-based material systems. E.g. for
MoS; we find Eg = 2.025 eV for the direct gap at the K-points
in bulk, whereas we find Eg = 2.473 eV for the freely sus-
pended, Eg = 2.279 eV on top of a fused silicon substrate,
and Eg = 2.160 eV for an hBN encapsulated monolayer. The
gap on a metal substrate (e.g. gold) can be estimated from
the limit 1/es — 07, yielding Eg = 1.944 eV. These values
are in excellent agreement with available experimental data,
listed also in table 1. In contrast, the gaps for the W-based

materials appear to be 130—150 meV below reported exper-
imental values. Comparison with the MoX, systems shows
that the predicted gaps for the corresponding WX, and MoXj,
are very similar, whereas the experimentally reported WX,
gaps are always above those of the corresponding MoX; sys-
tems under comparable conditions. Since the environmentally
induced band gap changes are captured very well by our anal-
ysis, we speculate that the origin for the systematic underesti-
mation of the gap in the W-based systems is most likely at the
DFT level.

For the suspended monolayers, we can also compare our
results with other ab initio methods. Reported quasi-particle
gaps based on the GW/GdW approach vary over a wide range
of up to 400 meV and we find our results at the lower end of
this spectrum. Regarding the relative differences in the gaps
of the W- and Mo-based monolayers, the LDA and PBE based
GW results show the same trend as our results, namely almost
equal gaps for the sulfides and the selenides, thus supporting
the assumption that the systematic discrepancy for the WX,
originates at the DFT level. Regarding the shifts of the band
gap with increased dielectric screening, our results agree well
with the available GW-based predictions.

5.2. Density dependent band gap renormalization

As a second application, we calculate the band gap renor-
malization resulting from finite carrier densities in different
TMDC:s. In the presence of excited carriers, the renormalized
band gap

AK:ADFT+Z(

q
x <fkyu*‘lu _f'fu*'lu> ’

contains the dynamically screened Coulomb matrix ele-
ments WqH (hw — g”K*'kH‘qH + €UK+k‘), that, in turn, con-
tain the renormalized single particle dispersions 66/,,1(”.
These equations are solved self consistently together with
equation (6), assuming thermal carrier distributions at 300 K
within the renormalized bands. Here, we distinguish between
optically excited carrier densities (equal numbers of electrons
and holes) and carrier densities due to doping, where we
restrict the analysis to electron doping only. In the presence
of excited carriers, both, screening of the Coulomb potential
by the excited carriers and phase space filling contribute to
the conduction and valence band renormalization. In contrast,
for the case of electron doping, the valence band renormal-
ization is solely due to screening effects corresponding to the
Coulomb hole, whereas the phase space filling effects addi-
tionally contribute to the conduction band renormalization.
The interplay between phase space filling and screening
contributions sensitively depends on the employed screening
model. In particular, the approximation of static screening
leads to an overestimation of screening effects. To show the
importance of dynamical screening, we compare the band gap
of a SiO, supported MoS, monolayer in figure 8 for differ-
ent carrier excitation conditions. Using the static approxima-
tion for the screened Coulomb interaction, the gap decreases

(2244

_ yweevv
q:K:K+q q:K:K+q

(19)
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Table 1. Substrate dependent quasiparticle band gap of five semiconducting TMDC systems. The band gap is given for freely suspended, a
substrate supported (fused silicon and metal), and hBN encapsulated monolayers. Additionally, literature values based on experimental
and/or theoretical investigations are listed for comparison. Here, we distinguish between theoretical GW/GdW calculations building on DFT
calculations employing different functionals, namely a local density approach (LDA), the generalized gradient approximation parametrized
as by PBE or the hybrid functional Heyd—Scuseria—Ernzerhof (HSE). Additionally, results based on the GVJ-2e approach are summarized.
Furthermore, concerning experimental results, we distinguish between photoluminescence (excitation) [PL(E)] measurements yielding the
optical band gap from which the quasiparticle gap is extrapolated on the basis of a model for the exciton resonance energies, and scanning
tunneling spectroscopy (STS) and angle-resolved photoemission spectroscopy (ARPES) measurements.

Material Substrate Eg (eV) Theor. Exp.
LDA + GW/GdW  PBE/HSE + GW/GdW GVJ-2e PL/PLE + model STS/ARPES
MoS, 2.473 2.8 [10], 2.9 [23], 2.55 (@300 K), 2.38 [25]
2.63 (@0 K) [24],
2.53[26], 2.62 [27],
2.54/2.65 [28]
Si0, 2.279 2.17(4) [29]
hBN encaps. 2.16 2.16 [30],
2.146 [29]
Au 1.945 2.3110] 1.95(5) [32],
1.90 [33]
MoSe, 2,111 2.6 [23],2.26 [34], 2.12 [26], 2.24 [35] 2.03 [25]
SiO, 1.941
hBN encaps. 1.835 1.874 [30]
Au 1.628
MoTe, 1.57 1.72 [35], 1.72 [36]
SiO, 1.444
hBN encaps.  1.356 1.352 [30]
Au 1.166
WS, 2.41 2.81 [23] 2.53 [26], 2.83 [35] 2.51[25]
SiO, 2.206 2.73 [37], 3.01 [38],
2.37 [3], 2.40 [39]
hBN encaps.  2.084 2.238 [30]
Au 1.877
WSe, 2.063 2.4 23] 2.35 [40] 2.11 [25]
SiO, 1.885 2.63 [38], 2.35(20) 2.38(6) [29]
[41], 2.02 [5]
hBN encaps.  1.777 2.22 [40] 1.884 [42], 1.890 [43]
Au 1.573 1.75 [33]

very rapidly with increasing carrier density. Here, the decrease
depends only little on the fact whether the carriers are gen-
erated by optical excitation or doping, indicating that the
gap renormalization is completely dominated by the Coulomb
hole. In contrast, for the case of dynamic screening, the gap
decreases more slowly with increasing carrier density and is
larger for the symmetrical, optically induced electron—hole
densities than for electron densities alone.

Using the dynamical screening calculations, we compare
in figure 9 the density dependent gap for the five investi-
gated monolayer materials assuming optically induced elec-
tron—hole densities (solid lines) and electron densities only
(dashed lines). Whereas the overall behavior is similar in all
materials, the effects are somewhat more pronounced in Mo
than in based systems, also increasing from S to Te. Further-
more, the renormalization depends on the distribution of car-
rier densities, thus the band gap changes are weaker due to
doping densities than due to optically excited carriers. This
effect is more pronounced in than in Mo based materials.

Finally, we compare the influence of excited carriers on
the band gap of MoS; for different dielectric environments in

figure 10. As we can see, the environmentally induced band
gap offset vanishes rapidly with increasing carrier density,
showing that density dependent screening effects dominate the
band gap over dielectric screening effects for moderate to large
carrier densities.

5.3. Exciton resonances and binding energies

As third and final application, we calculate the resonance ener-
gies of the A exciton series for different TMDCs in various
dielectric environments. Similar to the band gap renormaliza-
tion, we find that the exciton binding energy decreases due to
enhanced screening of the Coulomb interaction in media with
increased dielectric constant. For the 1s exciton, the decrease
in the band gap renormalization and binding energy nearly can-
cel. As a net result, the 1s exciton shows only a small red shift
with increased dielectric screening. In contrast, for the higher
exciton states, the band gap renormalization dominates over
the decreased binding, yielding a pronounced red shift of the
excited states with enhanced dielectric screening.

As representative examples, we show in figure 11 the exci-
tonic resonances generated by solving the Dirac—Wannier
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Figure 8. Comparison of the band gap renormalization in
dependence of the carrier density n for static and dynamic screening
for the example of a quartz supported MoS, monolayer. Here,

no = 0 indicates the absence of doping and 7/, = 0 denotes the
absence of optically excited carriers, respectively.
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Figure 9. Dependence of the band gap renormalization on the
carrier density for dynamical screening with v+ = 100 meV for
different transition metal dichalcogenides. Solid lines mark
calculations with ny = 0 cm™2, dashed lines belong to calculations
with n,/, = Ocm2.

equation for MoS, and WS, on a quartz substrate and for an
hBN encapsulated configuration. Here, the four energetically
lowest resonances are shown together with the quasiparticle
band gap. As mentioned earlier, the gap of the W-based sys-
tems is systematically underestimated such that we have to
shift the DFT gap by 149 meV for WS, while keeping the
dipole matrix elements constant BEFORE we compute the
renormalizations and exciton binding energies. While the band
gap decreases from the SiO, to the hBN encapsulated sam-
ple by about 110 meV, the 1s resonance energy decreases only
by less than a fourth of this amount. Thus, the binding energy
is reduced by about 90-100 meV for WS, and MoS; respec-
tively. In contrast, the binding energies of the 2s, 3s, 45 excitons
are reduced by 40 — 20 meV only.
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Figure 10. Dependence of the band gap renormalization on the
carrier density for dynamical screening with v = 100 meV for
different MoS, in different dielectric environment, namely SiO,
supported or hBN encapsulated.
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Figure 11. Resonance energies of the A exciton series and
quasiparticle band gap for MoS, and WSe; at a SiO, substrate (left)
and hBN encapsulated (right) as illustrated in the above sketch.
Colored symbols mark our results. Experimental values were taken
from 28, 29, 34, 39—-44 and are shown for comparison (grey
symbols). As for WS, the band gap is underestimated in DFT
calculations, we shifted the DFT gap for WS, by 149 meV while
keeping the dipole matrix elements constant. For both materials, the
exciton resonances are in acceptable agreement with experimentally
derived values.

6. Summary and conclusions

In summary, we investigated the effectively quasi-2D nature
of the Coulomb interaction potential in TMDC monolayers.
We compute the matrix elements at the K-points of the Bril-
lioun zone and introduce a form factor that effectively captures
the deviations from the corresponding ideally 2D case. We
apply this concept to efficiently compute fundamental proper-
ties such as excitonic resonances and density-dependent band
gap renormalizations for a range of TMDC monolayers in
different dielectric environments and under various excitation
conditions.
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Table 2. MDF model parameters for different TMDCs based on DFT calculations using the
PBE functional, namely the spin- and valley dependent band gap A, the spin splitting
2\, the dielectric constants for bulk materials ef, ¢, and the bulk interlayer distance d
resulting directly from the calculations. Fermi velocity hvg and in-plane dielectric constants
€| are derived from the band structure and the bulk value, respectively.

Material s-7 Ay (eV) Fop(eVA) )\, (eV) fﬁ €| €l d(A)

MoS, + 1.682 3.532 0.146 15.19 11.65 6.38 6.18
— 1.831 3.467

MoSe, + 1.41 3.027 0.183 16.72 12.81 7.81 6.52
— 1.614 3.001

MoTe, + 1.017 2.526 0.214 20.30 15.43 109  6.99
- 1.266 2.574

WS, + 1.626 4.433 0.428 13.98 10.56 5.93 6.22
— 2.022 4.208

WSe, + 1.385 3.941 0.46 15.58 11.81 7.65 6.51
— 1.801 3.757

Comparing our results both to current experimental data
and theoretical approaches based on GW/GdW-BSE calcu-
lations, we obtain good quantitative agreement as summarized
in table 1. In particular, our computed dependence of the band
gap dependence on the dielectric surrounding is qualitatively
in good agreement with the GAW based study of Riis-Jensen
et al [47]. Also the comparison with experimental data yields
excellent agreement for the quasiparticle band gap of all Mo
based materials.

For the W based systems, the experimentally obtained val-
ues vary in a wide range with differences up to 600 meV. Using
the DFT results as an input, our computed band gaps are about
100-200 meV below most experimental values. Interestingly,
it can be observed that results based on the PBE functional
tend to be below results using an LDA functional. Thus, the
choice of the XC-functional has an impact on the absolute band
gap value and absolute differences may result from an under-
estimation of the band gap in the DFT calculations. Fitting
the underestimated DFT gap for subsequent calculations for
WS,-systems but maintaining the gap unchanged for MoS,;-
systems, we find an acceptable agreement of the A exciton
series with experimental data, see figure 11. Furthermore, our
approach reproduces the experimentally observed influence of
the dielectric environment.

To illustrate the usefulness of our approach for the exci-
tation dependent system properties, we compute the mod-
ifications induced by charge carriers on the dynamic band
gap renormalization. In experimental studies, this effect has
been analyzed by employing electrical gating, examining the
influence of doping to the band gap [39, 48], or by pump-
probe experiments, using laser pulses to modify the excited
electron—hole density in the material [44, 49]. In agree-
ment with experimental observations, our analysis shows that
smaller band-gap modifications are obtained in the configura-
tion where additional electrons are introduced by doping rela-
tive to the case where symmetrical electron—hole populations
are generated by optical excitation.
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Appendix. Material parameters

In table 2 we summarize the DFT based parameters used to
model the dielectric and optical material properties near the
respective K-points. While the bulk dielectric constants €,
e]f and interlayer distance are direct results of DFT calcu-
lations, the band gap A, the valence band splitting 2,
and der Fermi velocity hvg are determined by fitting the
DFT band structure. The back ground dielectric constant €|
is derived in dependence of the bulk value as eﬁ =¢q +
limg o 47re2XL(qH, w)/D [6] where x,(q|,w) is the contribu-
tion of upper spin—split valence and lowest conduction bands
to the total longitudinal susceptibility.
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A systematic microscopic approach combining ab-initio density functional theory with the Dirac-Bloch
equations is applied to investigate the intra-excitonic transitions of magneto-excitons in transition metal dichalco-
genide monolayers. For the example of hBN-encapsulated MoS,, the linear optical response and mid-infrared
spectra of the pre-excited system are numerically evaluated. It is shown that the transition probability between a
subset of the magneto-excitons can be inverted under suitable conditions to display negative absorption, i.e., gain.
With the help of an applied magnetic field, the absorption and gain spectra can be tuned over a wide spectral
range. Evaluating the Zeeman shift of the excitonic states, effective g factors are deduced that depend on the

dielectric environment of the sample under consideration.
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Monolayers of transition metal dichalcogenides (TMDCs)
have attracted considerable interest in the past decade. The
systematic thickness reduction leads to physical properties
that differ qualitatively and quantitatively from the respective
bulk counterparts and opens new perspectives regarding the
study of fundamental physical processes as well as innovative
technological applications. As has been demonstrated both ex-
perimentally and theoretically, the fundamental gap changes
from indirect to direct [ 1-7] and the lack of an inversion center
in the monolayer crystal lead to valley-selective optical se-
lection rules [8-10]. Due to their reduced dimensionality and
weak intrinsic screening, the optical spectra of TMDC mono-
layers are dominated by strong many-body effects, manifest-
ing themselves as a huge renormalization of the single-particle
band gap [11-16] and the existence of strongly bound excitons
with binding energies of hundreds of meV [17-20]. Many
of the unusual TMDC exciton properties have been vividly
discussed in the literature [17-22] and optical spectroscopy
under various excitation conditions in conjunction with so-
phisticated microscopic many-body theory has provided key
insights into their energetic spectra, ultrafast dynamics, and
many-body interactions [22-27]. In a properly pre-excited
system, it is possible to study intra-excitonic transitions that
couple optically bright s excitons to dark p-type excitons.
These transitions require the absorption or emission of light
with much lower energy, ranging from the THz to the mid-
infrared frequency range, depending on the material system
under investigation. For the typical semiconducting TMDCs,
the transition energies from the 1s-exciton ground state to the
np-excited exciton states range between 100 and 500 meV
and are thus in the mid-infrared regime, whereas transitions
between excited ns- and n’ p-exciton states with n, n’ > 1 are
typically in the THz range [26,28-30]. Hence, intra-excitonic
transitions can be studied by means of optical pump-THz-
probe (OPTP) spectroscopy, where the exciton is created by an
optical pump-pulse and subsequently probed by a THz probe-
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pulse. In conventional semiconductors, OPTP spectroscopy
has been proven to be the method of choice to study the
formation dynamics of incoherent excitons after nonresonant
excitation above the fundamental gap [31-34]. Similar studies
have been performed for TMDC monolayers yielding exciton
formation times on the picosecond time scale [26,28-30].

In this article, we theoretically investigate the possibility
to magnetically control intra-excitonic transitions and their
fingerprints in THz and mid-infrared optical spectra, for the
example of hBN-encapsulated MoS,. Under the influence of
a perpendicular magnetic field, magneto-excitons exhibit a
state-dependent Zeeman and diamagnetic shift. For the opti-
cally bright s excitons, these have been investigated both ex-
perimentally and theoretically [35-49]. Here we compute the
field-induced shifts not only for the s-type states but also for
the p-type states. We show that the peculiar level alignment
in TMDCs with the p-type excitons energetically below the
s-type excitons of equal main quantum number not only leads
to THz absorption, but also, for proper initial conditions, en-
ables THz amplification. Furthermore, we show that both the
strength and the resonance energy of the THz absorption and
gain can be tuned by an external perpendicular magnetic field,
covering the technological interesting range from 1 to 10 THz.

The paper is organized as follows: In Sec. I, we briefly
review the microscopic theory to describe the optical and
THz response of magneto-excitons in TMDCs. In Sec. II, we
present results for the linear optical response for the magneto-
excitons for the example of hBN-encapsulated MoS, and we
extract effective g factors for the different excitonic states.
The THz response of an optically excited sample is evaluated
in Sec. III and we discuss the magnetic field-induced tuning
properties of the absorption and gain spectra. A short sum-
mary and conclusions are presented in Sec. IV.

I. THEORY

The wave equation for the vector potential

VxVxA —A=—
><><—f_czal‘z c"

©2021 American Physical Society
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couples to the optically induced material current

Ji= _C< > = Zpaak akca/k (D

Here, e(r) is the anisotropic dielectric tensor, including
screening contributions from the dielectric environment, as
well as nonresonant static background contributions from the
TMDC monolayer; a = {s, 7, ¢/v} combines the spin, val-
ley, and band index, and k is a two-dimensional (2D) wave
number; and pyx = (@k|pla’k) is the matrix element of the
momentum operator between the Bloch states.

The material current induced by the externally applied
vector potential can be divided into its inter- and intraband
contributions according to

j = jintra + jinterv (2)
with
: ¢ c v
Jintra = ——— Z (pcckfk + pvkak)
mg
:—eth( fk+— ) 3)
and
. e
Jinter = ——— Z (pvckPk + H.c.). (4)
moy X

Here, ff = (c akcak) denote the populations in the respective

bands and P = (cvkcck) is the coherent interband polariza-
tion. The populations and interband polarization are computed
from their respective equations of motion, which, in the pres-
ence of a perpendicular static magnetic field B = Be,, are

given by
B . 2p?
kA4 ]+~ )R
mc 2m.c °  8m,c 2"

(te3)” ]+fA Peo (f — i)

d
ih—P = (Gck — €k +

dr
+ ) Vo[l -
q#0

(&)

d .
hifi =2Im [Zv

q#0

d v Vv
h fi="2Im [Z Val iy —

q#0

“k + A Puka:| (6)

e
moyc

Here, m, is the reduced mass of the electron-hole pair, [, is
the angular momentum operator, £ = iV is the position op-
erator, Vg is the quasi-two-dimensional Coulomb interaction
that contains screening from the dielectric environment and

eB . &2B?
ECB] + EMBl + ——1.
(k[ 1+ &I ]-Fzmrck.-i—8

background contributions of the remote bands,
I:;;‘lx(, = (C;ki’qca/k—@ ®)

are two-particle correlations, and

bq = Z Coak—qCak
is the density operator, respectlvely For an optical pump-THz-
probe scenario with

A= Aopl + ATHz,

the optical field resonantly excites a coherent interband po-
larization, whereas the THz-field couples resonantly to the
intraband current.

In the following, the TMDC monolayer is treated within
the massive Dirac-Fermion (MDF) model [8] with a noninter-
acting single-particle dispersion €y = +1/AZ +4K%vZk?
with a spin- and valley-dependent gap A,;, the effective
mass m, = —m, = Ay /2v%, and a valley-dependent inter-
band momentum matrix element p.,x= = 2mgvpe*. The
valley dependence of the dipole matrix elements leads to the
well-known valley-specific optical selection rules, addressing
the K* valley with o circular polarized light. As all physical
properties at the K* valleys are related by parity or time-
reversal symmetry, we will restrict the analysis to the K+
valley. Furthermore, we refer to the spin-valley combination
st = %1 as A and B bands.

The necessary input material parameters for the Dirac-
Bloch equations (5 — 7) are obtained from density functional
theory (DFT) [50] calculations utilizing the Vienna ab ini-
tio simulation package (VASP) [51-53]. In our calculations,
we used the Perdew-Burke-Ernzerhof functional [54] includ-
ing spin-orbit interaction [55]. The noninteracting gap and
Fermi velocity are subsequently extracted by fitting the DFT
band structure in proximity of the K points by the MDF
dispersion. Coulomb-related properties are inferred by em-
ploying additional analytical approaches that combine the
dielectric properties of the parent bulk material with Poisson’s
equation to calculate the screening under various environ-
mental conditions as described in Ref. [21], and the DFT
wave functions are exploited to obtain expressions for the
Coulomb matrix elements [56]. Altogether, this provides a
fully ab-initio description for the optical response of the
monolayer/environment material system.

II. LINEAR OPTICAL RESPONSE

In the linear optical regime, the two-particle correlations
Iy can be treated on the screened Hartree-Fock level [16]
where the Coulomb interaction leads to a renormalization of
the free-particle dispersion and the emergence of bound exci-
ton resonances. In the presence of a magnetic field B = Be_,
the linearly induced optical interband polarization displays
resonances at the eigenvalues of the exciton equation [37],

B )wﬂ(k) — ZW“.Z”‘i(,l[f]mL(k/) = e ¥u(K). ©)
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Here, W\ "WIf]= /A = fEWE /Ry — f& with WEUes
denote the quasi-two-dimensional screened electron-hole
Coulomb matrix element and f|:/ ¥ describe static incoherent
populations that may be induced, e.g., by doping or pumping
by an optical prepulse. Furthermore, SE/ h [B] is the Coulomb-
renormalized single-particle dispersion that can be computed

with the aid of the gap equations [21,57],

1
Ap=Mm+§%;mhm

Ap
:w-m,<m

E

1 k' U
g = - Wik—x| ——= cos(6x — Ok
Uk UF+2%: e Ok — Ok)

x (= £): (an

Ek = /AL + 4R* k2. (12)

As a consequence of the magnetic field, the unrenormal-
ized single-particle dispersion contains a Zeeman shift of the
atomic orbitals contributing to the valence and conduction
band. As the valence band of TMDCs in proximity to the
K points is composed of d-type orbitals exhibiting an orbital
angular momentum of m, = %2, the application of a perpen-
dicular magnetic field leads to a Zeeman shift of +2ugB of
the valence band maxima, where up = efi/2mgc is the Bohr
magneton. Hence, the Zeeman shifts in the different valleys
are related by Ag+[B] = Ag-[—B]. The respective shifts re-
sult in a splitting Ag+[B] — Ax-[B] = —4upB between the
K=* valleys [40,42,43]. Due to the gap renormalization, the
Zeeman shift is slightly enhanced, without changing the sym-
metry relation between the distinct valleys under a change in
the sign of B. This leads to g factors for the splitting with
an absolute value slightly larger than 4, in good agreement
with experimental findings [36,37,40,42,58] on similar ma-
terial systems. Additionally, the term o I in Eq. (9) leads
to a Zeeman shift of the exciton states. Although this term
does not contribute to optically bright s-type resonances in the
linear optical spectra, it does affect p-type excitons that can
be addressed by a subsequent THz-field. For free particles,
i.e., if Coulombic effects are neglected, the term o B? leads
to the formation of Landau levels. Within the effective mass
approximation, these are given by E, = fiw.(n 4+ 1/2) with a
cyclotron frequency hw, = ehB/2m,c. If Coulombic effects
dominate, i.e., the exciton binding is large compared to the
Landau energy, the terms quadratic in B lead to a diamagnetic
shift of the exciton resonances that is approximately quadratic
in B.

Numerically evaluating our microscopic theory allows us
to compute the linear and nonlinear response to a wide range
of excitation conditions. As an example, we show in Fig. 1 the
computed linear optical susceptibility of an hBN-encapsulated
MoS; monolayer at zero magnetic field. Here, the hBN en-
capsulation is modeled by a thin anisotropic dielectric with
in-plane and out-of-plane dielectric constants ) = 4.91 and
€, = 2.79, respectively, which is valid at the optical frequency
range. Here and in the following, we used a phenomenolog-
ical dephasing of y = 2.5meV/h for the A-exciton series
and y = 20meV /h for the B excitons, respectively, yielding
linewidths in the order of experimentally observed values on

0.8

0.6

0.4}

4n —Im[y]

0.2}

0.0k L J&%
195 200 205 210 215 220 225
Energy (eV)

FIG. 1. Imaginary part of the calculated linear optical suscepti-
bility at B = 0T of a hBN-encapsulated MoS, monolayer on a fused
silicon substrate. Blue parts show the contribution of the A-exciton
series and red parts of the B-exciton. Spectra have been calculated us-
ing a phenomenological decay rate y = 2.5meV/h for the A-exciton
series and y = 20meV/h for the B exciton.

hBN-encapsulated samples. Using ab-initio parameters only,
we find the renormalized band gap at Eg = 2.22eV and
the lowest 1s-exciton resonance at Ej; = 2.00eV, yielding a
binding energy of 220 meV. The calculated 1s-exciton energy
is in good agreement with other ab-initio values reported in
the literature but approximately 50 meV above experimen-
tally reported values. However, the calculated binding energy
is in very good agreement with experimental observations
[25]. Since our theoretical prediction for the renormalized
single-particle gap seems to be slightly too large, we shift
the computed spectra in the following by 50 meV for a better
quantitative comparison with experiment.

In Fig. 2, we show the magnetic field dependence of the
linear transmission spectrum on excitation with o *-polarized
light for the hBN-encapsulated MoS, monolayer on a fused
silicon substrate. Propagation of the optical field through the
sample and the supporting substrate is included into the cal-
culations using the refractive index nsio, = 1.46. One clearly
recognizes the A|; and Bj,—partially overlapped by the A,;—
excitons with an extinction of about 10% of the incoming
light and a nearly linear B dependency. For stronger magnetic
fields, the oscillator strength of the excited states increases, in
good agreement with experimental findings [25].

To analyze the dependency on the magnetic field strength,
we show the calculated even (E,;[B] + E,s[—B])/2 and odd
parts (E,s[B] — E,s[—B])/2 in Fig. 3. The even part results
from the term o< B#? in the exciton Hamiltonian and contains
the diamagnetic shift. As it does not couple to the spin or
orbital angular momentum, the diamagnetic shift is equal for
both valleys. The odd part results from the Zeeman shift of
the underlying atomic orbitals and is of opposite sign in the
nonequivalent valleys, leading to a Zeeman valley-splitting
twice as large as the shift shown here. Since excitation with
circular polarized light of opposite handedness addresses the
different valleys, the linear optical spectra under excitation
with right- and left-handed circular polarized light are re-
lated by changing the direction of the magnetic field, i.e.,
Tlo™",B] = T[o~, —B]. As can be recognized, the quadratic
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FIG. 2. Calculated transmission spectrum 7'/7; for a hBN-
encapsulated MoS, monolayer on a fused silicon substrate. Spectra
have been calculated using a phenomenological decay rate y =
2.5meV /h for the A-exciton series and y = 20 meV /F for the B ex-
citons and have been shifted by 50 meV to match the experimentally
observed gap. Calculations are performed for the K* valley that is
addressed with right-handed circular polarized light. Results for the
K~ valley (o7) are obtained by reversing the sign of the magnetic
field.

approximation for the diamagnetic is valid only for a pretty
small range of the magnetic field strength. In particular,
the shifts of the excited states change their slopes toward
a linear dependency in the intermediate field range without

d, 2e

—Jintra = III1|:
dr him, A ey

with Qs = “2Q. The last term on the R.H.S. of Eq. (13)
contributes significantly only during the optical pulse and
can be neglected for a scenario where a short optical pulse
is followed by a THz pulse with a time delay significantly
exceeding the pulse duration.

Defining the exciton annihilation operator as

B, (Q) = (14)

Vvrk)
Z ﬁ Uy Qi Ck+Qe
K

where ¥, (K) is the solution of the Wannier equation (9), one
finds for the THz current

L d, . N -
lha.]imra = ;JM’(GA’ — €y — ihiljma,.  (15)

Here, juw = - >k Vi (K)EKy,, (K) is the intra-excitonic cur-

rent matrix element and n;; = i ZQ(BI(Q)B,V(Q)) is the
exciton density matrix, respectively. We included a phe-
nomenological dephasing rate I'.

approaching the Landau levels expected in the high field
limit. The dots in the left part of Fig. 3 denote experimen-
tally observed values [25]. Although small deviations in the
range of few meV exist for the lowest exciton states, the
theory/experiment agreement is pretty good in view of the
fact that we use only ab-initio parameters.

For the Zeeman shift, we find g factors slightly smaller
than expected from the atomic orbitals alone. Deviations
from the strictly atomic contribution result from the in-
terplay between the gap renormalization and the binding
energy. Within a linear approximation in the range —80T <
B < 80T, one finds the g factors g, = —2.05, gp; = —2.10,
g3s = —2.10, and ggap = —2.17, which are all smaller than
—2. These results are in good agreement with most exper-
imental findings on similar material systems which observe
state-dependent valley g factors gyaey = 2¢ slightly smaller
than —4 [36,37,40,42,58]. However, it should be mentioned
that the Zeeman shift is not strictly linear in B; thus, the
g factors obtained within a linear approximation depend
on the B range used in the fit. Considering —30T < B <
30T, one finds the values gi; = —2.06, g2y = —2.12, g3, =
—2.13, and gg,p = —2.17, respectively. Furthermore, we note
that via Coulomb renormalization effects, the exciton g
factors depend on the dielectric environment that screens
the monolayer Coulomb potential, though this effect is
smaller than the dependency on the considered magnetic field
range.

III. LINEAR THZ RESPONSE

To calculate the intra-excitonic absorption, we insert
Eqgs. (6) and (7) into Eq. (3), yielding

2¢% 1 "
> AkValel, o, Uk-0, Vg, k- q+Q(>} + mohclm|:A¥hkA-pkai| (13)

The equation of motion for the exciton density matrix is

d
ihg”u'(Q) = (e — €, — ihy)In;(Q)
1 . .
+ - Z Gowmary — masrjarnr) - Athz,  (16)
I

where we again included a phenomenological dephasing rate
y for the exciton populations. Given an initial exciton density
n;,., linearization with respect to the THz field yields

1 Z € — €}
c € — €y — il

AN

Jintra(@) =

1 1
x [hw—!—ih(f'—l—y) " o —e +6;‘+ihyi|
X Jo Ganrmaray — masrjarar) + ATz, 17
from which the THz-susceptibility can be obtained via
< Sintra
?

XTHz (@) = 75ATHZ (@)
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FIG. 3. Even part of the exciton energies containing the diamag-
netic shift (left) and Zeeman shift (right) of the optically bright
s-type states at the Kt valley. For the K~ valley, the Zeeman shift
is in opposite direction, leading to a g factor for the valley-splitting
twice as large as the g factor here. Dots in the left panel denote
experimental values extracted from Ref. [25].

As the intra-excitonic dipole matrix elements are nonvan-
ishing only for m’ = m £ 1, the THz-susceptibility displays
resonances at the transition energies between s- and p-type
states only. In the left panel of Fig. 4, we show the computed
spectral position of the dark p* states at the K+ valley with
m, = *£1 together with those of the bright s-type states. Re-
sults for the K~ valley are obtained by the relations EX "Bl =

npt
E’f;:[—B], E,{;t [B] = Er{;;[—B]. As can be recognized, the
pE-type states are nondegenerate and energetically below the
s-type states with equal main quantum number. In the middle
and right panels, we also show the diamagnetic and Zeeman
shift of the optically dark p-type states. The p-type states
exhibit a diamagnetic shift that is of comparable magnitude

for p*- and p~-type states, but significantly smaller than that

of the s-type excitons. As the diamagnetic shift is a measure
for the extension of the exciton wave functions, this is in
agreement with the differences in the binding energy. The
Zeeman shifts of the p states differ from the Zeeman shift of
the s states by £72upB = +3.83 upB.

Given an initial exciton density n;,» = n,6,,/, transitions
to energetically higher excitonic states require the absorption
of a THz-photon, where the absorption of a o*-polarized
THz-photon induces the transition s — p* with m’' = £1.
Correspondingly, the transitions to energetically lower p*
states correspond to the emission of a oF-polarized THz-
photon, as indicated by the arrows in Figure 4. Hence, a
population of the exciton ground state leads to absorptive
features in the THz/mid-infrared spectrum only, as shown
in the first row of Fig. 5, where we show the mid-infrared
absorption «o(w) = 4w %Im[XTHZ(a))] of a MoS; monolayer
after resonant optical excitation of the 1s-exciton at the Kt
valley as function of the externally applied magnetic field for
different polarizations of the IR/THz-photons. In the low-
density regime, the THz absorption increases linearly with
the exciton density, and the calculations have been performed
for an initial 1s-exciton density of n;; = 10" cm™2. The
dominant absorption features around 150 meV result from the
s — 2p* transition. Clearly observable are also transitions
to the 3p and 4p states. With increasing field strength, the os-
cillator strength to the higher excited states increases, making
them more clearly visible. Due to the lifting of the degeneracy
of the p* states at B = 0, the absorption spectra on o+ and
o~ THz probe on the o™ pre-excited sample are not related
by a sign reversal of the magnetic field. Instead, reversing
the sign of the magnetic field B yields the spectra at the K~
valley. Explicitly, we have the relations for the optical pump-
THz-probe spectra OPTPloc"o™t, Bl = OPTPloc 0, —B),
OPTP[oc*0~,B] = OPTPloc~ 0™, —B].

An even more interesting situation arises if an optical
pulse predominantly generates excited-state populations. In
this case, a population inversion with respect to the energeti-
cally lower p states allows the amplification of a subsequent
THz probe-pulse as shown in the second row of Fig. 5 for

2.30 —
2.25 . 10}~ =173
> —~
2.20 g S
E 2.15 % L‘::/
> 7 2
& 2.10 E c o
g 2 z
5 2.05 & 2
: &
2.00 g
A -20
1.95
1. 3
20 -50 0 50 300 20 40 60 80
Magnetic Field (T) Magnetic Field (T) B (T)

FIG. 4. Left: Spectral position of the bright s-type excitons (solid lines) at the K* valley together with those of the dark p* (dashed lines)
and p~ (dotted-dashed lines) states as function of the magnetic field. The red arrows denote dipole-allowed transitions with right-handed
circular polarized light and the blue arrows those for left-handed light. The middle panel shows the diamagnetic shift of the respective states
and in the right panel, the Zeeman shift of the optically dark p-type states is visualized.
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FIG. 5. Mid-IR-absorption as function of a perpendicular magnetic field after resonant optical excitation of the ls-exciton resonance
(upper part) and THz-gain after resonant optical excitation of the 2s-exciton resonance (lower part). The left figures show the gain on oo -
polarization of the optical and THz-pulses, the middle figures after oo ~-polarized excitation, and the right figures on o "o, -excitation. The
corresponding spectra on o ~o ~- and o~ o *-excitation are obtained by reversing the sign of the magnetic field. The absorption spectra scale
linearly with the initial 1s-exciton density and are shown for ny,, = 10'°/cm? using a phenomenological decay rate y = 2.5meV//i and
I' = 1lmeV /. The white dashed lines separate the regions with positive and negative gain (absorption).

the example of an initial population of the 2s-exciton after
resonant optical excitation and different combination of the
pulse polarization. Here, the transition to the 2p states induces
gain, whereas the transitions to p-type states with n > 2 are
absorptive. At small magnetic fields, these competing pro-
cesses lead to a very small net gain of the THz pulse as the
absolute energetic distance from the 2p and 3p states to the
2s state are of comparable magnitude. However, as can be
recognized from Fig. 5, the Zeeman shift of the p* states leads
to a clear separation of absorptive and gain features, leading to
clearly recognizable gain in the THz spectra at high magnetic
fields. As the Zeemann shift of the p-type states is of opposite
sign, the region of gain depends on the polarization sequence
of the pulses. For linear polarized light, the net gain even for
larger fields is smaller as the processes due to the different
p-type states cancel partially.

IV. DISCUSSION

In summary, we investigated the linear optical and the THz
response and their dependence on a perpendicular magnetic
field of a monolayer TMDC for the example of hBN-
encapsulated MoS, and varying polarization of the pulses.
The THz response couples directly to intra-excitonic tran-
sitions and thus provides access to otherwise dark p-type

exciton states. Depending on the excitation conditions, we
have shown that counteracting processes of absorption and
amplification take place. In particular, a net gain in the range
of several 10 meV due to the transition from the A, exciton
to the energetically lower 2p states is seen. Furthermore, the
resonance energies of the intra-excitonic transitions can be
tuned with the aid of a perpendicularly applied magnetic field,
utilizing the different g factors of the s- and p-type states.
The application of a perpendicular magnetic field enables an
energetic separation of absorptive and gain features on the one
hand, enhancing the THz-amplification, and on the other hand
a tuning of the resonance energy that is roughly between 10
and 20 meV for the investigated sample.
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APPENDIX A: COMPUTATIONAL DETAILS

For the MDF model Hamiltonian, we use as input spin- and
valley-dependent gaps obtained from our DFT calculations.
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TABLE I. DFT-based MDF model parameters based used in the
calculations.

MoS; A[eVl m,[m] ¢ e DAl d[A] o?/2[A%]
A 1.682 0261 1519 638 6.18 1.06  3.067
B 1.831  0.284

The Fermi-velocity v is related to the gap and effective exci-
ton reduced mass via Ay, = 4m, v% and is obtained by fitting
the DFT band structure. Resulting parameters are summarized
in Table I. For the Coulomb interaction potential, we use the
solution of Poisson’s equation within an anisotropic, inhomo-
geneous dielectric environment as described in Refs. [21,56].
In the strict 2D limit, this yields the screened interaction
potential

2
Wy= —(+c+ct+c+c) (Al
kq

where k = , /€€ contains the in- and out-of-plane dielectric
constants of bulk MoS,, «7,p are defined accordingly for the
top and bottom dielectric environment,

o - (k + nicr)(k + n'kp)
(kc + k7 )k + k) — (kK — k7 )k — k) 20D’

and D is the interlayer distance in a bulk MoS, crystal. The
required in- and out-of-plane dielectric constants for bulk
MoS, and interlayer distance are also obtained from the DFT
calculations. In the strict 2D limit, the electron-hole Coulomb

matrix element W 'L¢ in the exciton equation is given by

Cvve 2.2 i (O —6)
WK = Wik (i, + 2w v v e O 00

I P D)

1.0f

0.9

—— renormalized

0.8

—— unrenormalized

w 0.7

A

0.6

0.5

0.4

0.0 0.1 02 03 04 05 06
kA™

where u,% =(exr +A)2¢,=1— v,f, Ok is the angle of the
k-vector and the =+ sign holds for the K* valley, respec-
tively. To account for the finite extension of the Bloch waves
in the z-direction, the strictly 2D Coulomb matrixelements

are modified by a form-factor e~ 19=417"/2 5 described in
Ref. [56].

Exploiting the rotational symmetry of the gap and Fermi
velocity, the gap Eqgs. (10) and (11) were integrated inserting
the noninteracting values of the gap and Fermi velocity in the
integrands. Integrals were performed on an equidistant grid
of 200 points spaced by Ak = .025%ivy /A, = 3.125- 1073 A
with mathematica [59] using standard in-build integration
routines. A single shot already yields convergent results, as

can be recognized from Fig. 6 showing the ratio ?—f after 1
iteration of solving the gap equation. If this ratio is unchanged,
convergence of the gap equations is achieved.

As the exciton Hamiltonian commutes with the orbital
angular momentum L., Eq. (9) was solved for each value
m of the angular momentum separately by matrix inver-
sion. To this end, the k sums in the Coulombic part were

converted into integrals according to y_,, — (2‘%2 J d*k =
@Af)z [ déwk'dk’ that were subsequently discretized accord-
ing to [dbk'dk’ — [db Ak >k In order to obtain
a Hermitian equation, we substituted (k) = \/1;1// (k) and
multiplied Eq. (9) with k. Subsequently, the Coulomb inter-
action for the m states W, = [ d6y [ dfye™ O IW e
was evaluated on a 200 x 200 grid with Ak = 3.125 - 1073 A,
Due to the angular dependence of the Coulomb matrix el-

ement, states with different angular momentum quantum

numbers m are nondegenerate. For the position operator we
& 7 2 _ 1 (2 1—4m?\ .7
used £ = iV and Vv (k) = (5 + “5=) Y (k). The
a2
second-order derivative was discretized according to (8"7),] =
8it1,j =28 j+8i j+1
AK? :

5.0

—— renomalized

45F —— unrenormalized

4.0
=
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FIG. 6. Left: Ratio of the gap and dispersion before and after renormalization. Right: Quasi-particle dipersion in the vicinity of the K-points

before and after renormalization.
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The dynamics of band-gap renormalization and gain build-up in monolayer MoTe,-H is investigated by
evaluating the nonequilibrium Dirac-Bloch equations with the incoherent carrier-carrier and carrier-phonon
scattering treated via quantum-Boltzmann type scattering equations. For the case where an approximately
300-fs-long high-intensity optical pulse generates charge-carrier densities in the gain regime, the strong Coulomb
coupling leads to a relaxation of excited carriers on a few-femtosecond timescale. The pump-pulse generation
of excited carriers induces a large band-gap renormalization during the timescale of the pulse. Efficient phonon
coupling leads to a subsequent carrier thermalization within a few picoseconds, which defines the timescale for
the optical gain build-up energetically close to the low-density exciton resonance.

DOI: 10.1103/PhysRevB.101.075401

I. INTRODUCTION

Monolayers (MLs) of transition-metal dichalcogenides
(TMDCs) hold great promise as active material in next-
generation optoelectronic devices. Unlike their bulk counter-
parts, MLs of many semiconducting TMDCs exhibit a direct
gap with transition energies in the visible to near-infrared
regime [1-7]. As compared to conventional semiconductors,
they provide strong light-matter coupling and many-body
effects due to carrier confinement and weak intrinsic screening
of the Coulomb interaction. At low excitation levels, the
electron-hole attraction leads to the formation of excitons
with large binding energies that absorb as much as 10-20%
of the incoming light for a single layer [8§-11]. Because of
this strong light-matter interaction, TMDC-based photonic
devices promise high efficiency and have the potential for sat-
urable absorbers, nanoemitters or nanolasers with the smallest
possible amount of optically active material. Indeed, room
temperature lasing has been reported for different TMDC
materials for comparatively low pump intensities and emis-
sion frequencies centering around the respective A exciton
resonances [12-14].

One of the key properties for operation and design of
nanophotonic devices is the quasiparticle or optical band gap.
Due to Coulombic renormalizations, the quasiparticle gap is
modified by the presence of excited carriers and depends on
the precise excitation conditions. In a conventional semicon-
ductor where screening is strong, these band-gap renormaliza-
tions are typically in the meV range. In contrast, in TMDCs
excitation-induced band-gap shrinkages of several hundred
meV have been reported in experimental [15,16] and theo-
retical [17,18] investigations. The injection of external charge
carriers has been proposed as a possibility to dynamically con-
trol the optical gap on a femtosecond timescale [15,16]. Fur-
thermore, carrier-carrier and carrier-phonon scattering lead to

“tineke.stroucken @physik.uni-marburg.de

2469-9950/2020/101(7)/075401(11)

075401-1

excitation-induced dephasing and the build-up of screening,
thus dynamically modifying the exciton binding and peak
gain positions. In particular, for laser applications precise
predictions for the peak gain are desirable to design optical
cavities correspondingly.

In this paper, we use the example of MoTe,-H to per-
form a microscopic calculation of the carrier dynamics and
optical gain development after nonresonant optical excitation.
Among semiconducting TMDC materials, MoTe,-H provides
the most favourable conditions to achieve optical plasma gain.
Whereas in W-based TMDCs the fundamental gap corre-
sponds to spin-forbidden, dark transitions, in MoTe,-H, for
each spin component, the fundamental gap is undoubtedly
direct with a relatively large spin splitting and offset between
the side and global minima in the conduction band. With-
out such an offset substantial amounts of electrons can leak
quickly from the K/K’'-points to the side valley. This reduces
the carrier inversion at the global band minima and reduces or
even prevents optical gain.

A well-established scheme to deduce the carrier dynamics
and its influence on the optical spectra is to probe the optical
response of the system at different delay times after excitation
with a strong optical pump pulse. To simulate such a sce-
nario, we extend our recently developed Dirac-Bloch equation
(DBE) scheme [18-21] beyond the linear low-excitation and
quasiequilibrium regime. In particular, we include incoher-
ent interactions due to electron-electron and electron-phonon
scattering to study the carrier dynamics and to determine
the dephasing of the optical polarizations and the resulting
broadening of optical spectra self-consistently.

II. METHODS

To compute the carrier dynamics and its influence on the
optical spectra, we use a hybrid density functional theory
(DFT) and equation of motion (EOM) approach. In a first
step, we determine the relevant material parameters, i.e.,

©2020 American Physical Society
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TABLE I. Material parameters for MoTe,-H, i.e., the conduction-band (valence-band) valley minima (maxima) € and €3, (ey), effective
masses my and m3;, dipole-matrix elements d, as well as the dielectric constants ef , €, and out-of-plane lattice constant D (c¢/2), based on
our DFT calculations. For the K’ and A valleys, the spin components are interchanged.

Spin € [eV] € [eV] €< [eV] m [mo] m [mo) dZ [eA] el € D(c/2)[A]
4 1.017 0.0 1.114 0.607 0.407 351

20.30 10.90 6.99
¢ 1.052 0214 1.099 0.728 0.428 2.88

the band structure, dipole-matrix elements, as well as the
dielectric constants of bulk MoTe,-H, via density functional
theory. To compute the carrier dynamics and evolution of
the optical spectra on a dense k-grid, we use an effective
four-band Hamiltonian that is based on the single-particle
band structure and dipole-matrix elements derived from our
DFT calculations to describe the regions of the Brillioun
zone that are actually populated. Subsequently, we derive the
EOM for interband polarizations that couple directly to the
optical field, and the respective occupation probabilities of
the involved bands. Since DFT-based band structure calcula-
tions usually underestimate the quasiparticle gap, we compute
the ground-state band-gap renormalization self-consistently
from the gap equations.

A. DFT calculations

The relevant material parameters are calculated via den-
sity functional theory (DFT) [22] using the Vienna ab initio
simulation package (VASP) [23-26] and listed in Table 1. All
computations employ the generalized-gradient-approximation
via the Perdew-Burke-Ernzerhof (PBE) functional [27], in-
cluding the spin-orbit interaction [28]. The unit cell describing
a MoTe,-H ML contains three atoms in total, while a vac-
uum region of 20 A around the ML is sufficient to prevent
unphysical interactions with its periodic copies. The unit
cell of bulk MoTe,-H in the common 2H form, used in the
computations of the bulk dielectric constant, consists of two
MLs and contains six atoms. The Van-der-Waals interaction
between neighboring layers is modeled via Grimme’s disper-
sion correction method (PBE-D3) [29,30]. In both cases, bulk
and ML, a full relaxation of atomic positions and the unit
cell shape and size is performed until all inter-atomic forces
are smaller than 2.5 x 10~ eV/A. The reciprocal space is
sampled by a 15 x 15 x 3 Monkhorst-Pack [31] k-mesh in the
case of the ML and 10 x 10 x 10 in the bulk case. The cutoff
energy of the plane wave expansion is set to 750 eV for the
structural relaxations and the MLs properties, while a value of
500 eV is used in the bulk case. The self-consistency cycle
of the electronic minimization is repeated until an energy
convergence criterion of 1078 eV is reached.

The resulting ML band structure is shown in Fig. 1 and
exhibits direct gaps at the K and K’ points of the Brillioun
zone with a noninteracting gap of Ay = 1.017 eV and Ag =
1.266 eV for the A (KT/Ki) and B (IQ/K%) bands. As in
other TMDC materials, the atomic orbitals predominantly
contributing to the valence and conduction bands at the K
and K’ point are the d-type Mo-orbitals with equal parity.
Furthermore, the conduction bands display a spin splitting
of —35 meV and side valleys at the X /A points, that are

97 meV (X4/A ) and 82 meV (A4/X,) above the respective
K/K’-valley minima. These values are on the lower end of
the range of published values that have been obtained using
different functionals for the exchange correlation potential or
GW corrections [32-34] and sufficiently large to prevent an
excitation-induced transition from a direct to indirect band
gap [35,36].

The interband dipole-matrix elements are accessed via
the linear optics routine in VASP as described in Ref. [37]
and include contributions associated with a geometric phase.
Furthermore, we compute the macroscopic static dielectric
tensor of bulk MoTe,-H using density functional perturbation
theory as described in Refs. [37,38], following Ref. [39].

B. DFT-based model Hamiltonian

To model the DFT band structure presented in the previous
section, we include the two spin-split valence and conduction
bands to obtain an effective four-band Hamiltonian. As the
different valleys are separated by large barriers, intervalley
scattering is expected to be significantly slower than intraval-
ley scattering and, on the ultrashort timescale, the valley index
can be considered to be approximately conserved. Hence, we

Energy [eV]

FIG. 1. DFT band structure of a MoTe,-H ML. Bands with spin-
up are depicted in red, bands with spin-down in blue.
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TABLE II. Resulting MDF model parameters for MoTe,-H.

Band A [eV] fivp [eVA] Er [eV]
A 1.017 2526 0.509
B 1.266 2.574 0.419

write the single particle part of the Hamiltonian as

Hy = Z EakC;kcakv
ak
where o combines the spin, valley, and band index. Using the
P - A gauge, the light matter interaction is given by
Him = i Z A paa’kczkca’k’
Moc¢ aa’k
where the interband momentum matrix elements are related
to the DFT dipole matrix elements via %pwrk = (€yk —
€uk ) yo. Whereas the side valleys at X /A are modeled
within the effective mass approximation, we treat the K and
K’ valleys utilizing the widely used massive Dirac-Fermion
(MDF) model Hamiltonian [40] to account for the geometric
phase contained in the dipole matrix elements. The MDF
Hamiltonian has the relativistic dispersion

e’ = Er; & 33/ A + 2hvpik)?, (1)

where i = st combines the spin and valley index, A;, v,
and Ep; are the spin- and valley-dependent gap, Fermi ve-
locity and Fermi level, respectively. Whereas the spin- and
valley-dependent band gaps are directly taken from our DFT
calculations, the Fermi-velocities of the A and B bands are
determined to reproduce the DFT band structure around the
K/K’ points and listed in Table II. Within the MDF model, the
nonvanishing dipole moments at the Dirac points are solely
associated with the geometric phase or pseudospin. They are
related to the Fermi velocity via dii = e«/ihvp,,- /A; and agree
within less than 5% with the DFT dipole matrix elements. The
approximated band structure is shown together with the DFT
bands and the equilibrium carrier distributions at the delay
time v = 2.5 ps in Fig. 2.
The Coulomb interaction Hamiltonian

1 wppol & i
He =3 Do D Vakk Cuk-qChiraCrKCak
420 aa BBk’

contains the quasi-2D Coulomb matrix elements
o 3 3
V(;’f/?k“ =/ d r/ A& o (O o (1)
ec ec

x Vq(z = 2Dugne (£ g (r)

that are computed using the DFT wave functions. The
Coulomb interaction potential V(z — z) for the unexcited ML
is determined from Poisson’s equation according to Ref. [20].
Here, we use the parameters € and € for the in- and out-of-
plane dielectric constants based on bulk DFT calculations of
MoTe,-H. From the previously stated bulk in-plane dielectric
constant ef we obtained the nonresonant 2D contribution € =
15.32 as described in Ref. [20]. The so determined “bare”
Coulomb interaction potential contains screening contribu-
tions from the dielectric environment and all remote bands,

0.5F -

Energy [eV]

k [1/nm]

FIG. 2. Comparison of the relevant DFT bands (dotted) with
the approximated unrenormalized relativistic band dispersion (solid).
Arrows indicate the spin of the correspondingly colored bands.
The dashed-dotted lines show the equilibrium carrier distributions
(2.5 ps after excitation) for the excitation conditions discussed in
the text. For the distributions the baseline is taken to be the edge
of the corresponding band and the maximum values are set to be the
corresponding chemical potentials.

as well as the ground-state screening contributions from the
valence and conduction bands.

The interaction with longitudinal optical (LO) phonons,
which has been shown to be the most effective phonon-
coupling contribution in monolayer MoTe,-H [41], is con-
tained in the Frohlich Hamiltonian

Heto =Y &3¢k 1pqCak(bg +by).
ak,q

For the “bare” Frohlich-interaction matrix element g?l, we use
the explicit expression based on the analytical model of Sohier
et al. [41] that, similarly to the “bare” Coulomb interaction,
already contains background screening contributions from the
remote bands and dielectric environment.

C. Dirac-Bloch Equations

To evaluate the material response after optical excitation,
we compute the microscopic interband polarizations Py =
(cjvkcick) and occupation probabilities ﬁ = (C,Txkcikk> A=
¢, v) from the Dirac Bloch equations (DBE)

o d c v v <
1h$Pik = (i = TP+ (fix — fis) Qe

d
ih—Px| 2
+1 dl g corr. ( )
od e -~ wr i d ey
ih— 1 = £2Puy] + i 1 3)
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Here,

[ cece
ik = €ick E [ K’k k

- chii(\{;k’;k] fzi(/

m
Z Vi aacPi +c.c.], €]
TY = €ivk — Z Vi ax — Visv ) fi
-
+ ) W aaPr + ), o)
= A s S - )
Z acaPic + VilaeaPic] ©

contain the Hartree-Fock contributions to the single particle
energy renormalizations ZC/ ¥ and the renormalization to the
Rabi energy Qx, while all many—body correlations that arise
from the two-particle Coulomb interaction and carrier-phonon
scattering are contained within %P,HCO" and C/ Y
respectively.

The DBE are formally equivalent to the semiconductor
Bloch equations (SBE), but the expression for the renormal-
ized Rabi and single particle energies differ by the Coulomb
matrix elements of the type ViV\Vy o and Vi referring
to Auger- and pair creation/annihilation processes, where at
least one of the particles changes its band index. Within the
MDF model Hamiltonian, these Coulomb matrix elements
contain the geometric phase and induce a coupling between a
dark static interband polarization and the carrier populations.
Consequently, the initial condition fy =1— fy =Pk =0
does not correspond to a stationary solution of the DBE in
the absence of an external field and hence, does not specify
the system’s ground state.

To determine the ground-state band renormalization, which
is the initial state before the pump pulse arrives, we require
a stationary solution of the Dirac-Bloch equations in the
absence of an external field as described in Refs. [19,20,42].
This leads to the gap equations

dt corr.”

~ 1 A
Ak = A+ = Vik—k/ s 7
ik Z+ZZ ek 2 (7

:im@—@> ®)

1 k'
~i = i - V =
Uik = VF, +2 Ek/ k| 77

from which the ground state quasiparticle dispersion is ob-

tained via € ”/ V Alzk + (2hv,kk) Similar to the Coulomb

matrix elements V“{f,ﬁk“, the “bare” quasi-2D Coulomb in-

teraction entering Eqs. (7) and (8) already contains the pre-
viously mentioned background and ground-state screening
contributions. The solution of the gap equations yields a
rigid shift of the single-particle dispersion with an interacting
gap Ay that depends on the dielectric environment. For a
suspended ML, we find a ground-state band renormalization
of 549 meV for the A band, that shrinks by 70 meV for a
SiO,-supported MoTe,-H ML.

In the low density limit, where correlation effects can be
neglected, we find the transition energies for the lowest 1s-

T T T

16 |
suspended

on SiO,

-
N
T

Absorption [%]
oo
T

1 1 1 1 1 1

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Energy [eV]

FIG. 3. Linear absorption spectra of a suspended (black) and
SiO;-supported (red) ML MoTe,-H. Here, we used a phenomeno-
logical dephasing rate of iy = 10 meV. To match the experimentally
observed data, the spectra have been shifted by —0.044 eV.

exciton resonance at 1.230 and 1.225 eV, for the suspended
and SiO; supported MoTe,-H ML, respectively, which is
slightly above the experimentally observed low-temperature
resonance energy of about 1.18 eV for the SiO,-supported
ML [43]. To allow for a direct comparison between the pre-
dicted excitation-induced modifications of the optical spectra
with the experiment, we correct the bare DFT computed band
gap and shift all spectra by —0.044 eV. The resulting linear ab-
sorption spectra for a freely suspended and quartz-supported
MoTe,-H ML are shown in Fig. 3 using a phenomenological
dephasing rate of /iy = 10 meV.

D. Many-body correlations

Incoherent processes that lead to the dephasing of the mi-
croscopic polarizations and to the carrier relaxation dynamics
are contained within < ar zk|c0rr and & ff/ “|on > TESPECtively.

Using the notation Pl‘(w = {c i Cak) fii = P2 for the single-
particle expectation values, the Coulomb interaction leads to

a contribution
el.

zﬁW“ = [Aargg - (Aarg)"] ©)
CoIT. q#o
where
qk - Z ZvaqylZlf qqﬁ{’y 4

Byy' K

are the density-assisted transition/occupation probabilities
that contain the two-particle expectation values C oy ’9 =
<Cakc;tk/—qcy’k’?ﬂlf—q>' ‘In general, the two- particle expectation
values can be divided into a Hartree-Fock (singlet) part and a
correlated part according to

ayy'p _ ~ayy'B ayy'p
Cq;k/;k - Cq k":k + AC q:kk ?
and it is easily verified that the Hartree-Fock contributions
to the renormalized single particle energies and Rabi-energy

given in Egs. (4)—(6) correspond to the singlet part / O“"/l

Physically, I"“’ describes Coulomb mediated transrtions
from all initial states Bk — q to the final state ok via the
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intermediate states Yk’ — q, 'k’ with the Coulomb matrix

elements V qylf i o As mentioned above, the Coulomb ma-
trix elements with B # o’ and/or y # y’ correspond to
Auger recombinations and pair creation/annihilation pro-
cesses. Whereas these processes give a small contribution to
the static ground-state renormalization of the valence bands
contained in the singlet parts, they are strongly nonresonant
for the optically induced density dependent modifications
contained in the correlated part. As verified numerically,
the timescales for Auger recombinations and pair cre-
ation/annihilation processes are four to five orders of magni-
tude longer than those of intraband scattering processes and
will be neglected in the following. Additionally neglecting
the weak orbital and k, k’-dependence of the Coulomb ma-
trix elements, the expression for the density-assisted transi-
tion/occupation probabilities simplifies to

ok = VQ<C¢1kqua’k—‘I>’

where Vq is a quasi-2D Coulomb matrix element that again
contains ground-state and background screening contributions
only and pg = ) K c;k_qc,gkr is the density operator.

To derive an approximation for the correlated part of the
density-assisted transition amplitudes, we employ a second-
order cluster expansion where we derive the EOM for the
relevant two-particle correlations and factorize the occurring
three-particle expectation values into singlet and doublet con-
tributions [44]. Within this approximation, the singlet factor-
izations act as source terms for the two-particle correlations,
whereas the doublet contributions lead to a renormalization of
the single-particle energies, excitonic correlations, biexcitons,
and screening of the Coulomb interaction in the Hartree-
Fock contributions. Assuming screening to be the dominant
correlation effect at elevated densities, we write the EOM for
the relevant two-particle correlations as

ind acesse _ (Azer —

: BB
77 8Cacx = @K'k iyr) ACghow o

@Kk

+ (fl_q = RO + Sl

+ remaining doublets, (10)
where we explicitly quoted only the doublet correlations
that lead to the build-up of screening, AE:’ffi = Zok—q +
Yk — Xgk—q — Zak, and included a phenomenological de-
phasing of the triplets yr. Note that in Eq. (10), the density
assisted transition probabilities I"“i‘{ contain both the singlet
and correlated part and the remaining singlet sources are con-
tained in So"3 ﬁ + . Using the shorthand notation fk =1- fk,
the singlet sources are explicitly given by

Sﬂtﬂﬂo‘, —

~ ! ﬁ ﬂ
qkk — Vq (Plga fk’*qfk' PW fk' fk/)

+ Vi P ZP’SV PW —8,)

—Viewh Z PG (B = by)
Y

+ View (PEY —Pﬁ"‘ ZP“VPV“ (1D

and treated on the level of a second Born appr0x1mation.

w@:w@+
:WO-I_MOVVQ +

FIG. 4. Diagrammatic representation of the density assisted
transition/occupation probabilities. The full density assisted tran-
sition amplitudes are represented by twofold contoured circles
whereas the singlet and correlated parts are represented by sim-
ple and threefold contoured circles, respectively. Similarly, simple
and doubly contoured wiggles represent the “bare” and screened
Coulomb interaction, respectively. The upper line corresponds to
the division into the singlet (Hartree-Fock) and correlated part and
the second and third lines represent the first and second line of
Eq. (12).

If one assumes quasistatic single-particle distributions ff
and neglects the remaining doublet contributions, then one can
analytically solve Eq. (10) in frequency space [44]. A subse-
quent summation over 8 and k' yields the closed expression

2 () = I35 ()| + VT2 (@ + iypISE (@)
+ VT ()
= W(ﬁﬁ’(w + iyr)z Cgi{gﬁ (w )‘S
BK'
W (0 + iy TS (o), (12)

where the screened Coulomb matrix element Wtffﬁ' is given by
Dyson’s equation

W (@) = Vg + Vo125 (@)W (o)

and
Mg (@) = Mg(@ + (Zak — Zak-q)/M),
=1
My(w) = 4
q ; ﬁa) =+ Eﬁkf_q — Eﬁk/

is the standard Lindhard polarization function. Furthermore,
we define

‘Yﬁﬁa (w)
oo’ qk/ k
ik @)= BB | oz
Bk’ how — AEgk,ﬁ =+ lFl]/T

Hence, the doublet contributions explicitly written in Eq. (10)
lead to screening of the Coulomb potential both in the Hartree-
Fock and scattering contributions, as shown schematically in
Fig. 4. Note that at this level of approximation, the energy
denominators in the scattering integrals and Lindhard po-
larization function still contain the unscreened Hartree-Fock
renormalizations. However, it can be shown that screening in
these contributions is introduced by the inclusion of the next
level cluster expansion [44] and we will replace all unscreened
energy renormalizations Xy by their screened counterparts
X7 in the following.
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If one would neglect the remaining scattering integrals
contained in Z W‘m T”l‘f , then one would thus arrive at the
level of the screened Hartree Fock approximation where all
the Coulomb matrix elements in Eqs. (4)—(6) are replaced
by their screened counterparts. The remaining scattering
contributions predominantly lead to carrier relaxation and
excitation-induced dephasing of the coherent interband polar-
ization. They contain only small additional renormalizations
of the single-particle dispersion. Hence, the screened Hartree-
Fock renormalizations of the single-particle energies provide
a useful measure for the band-gap renormalization in the
presence of excited carriers. In particular, in a fully incoherent
quasistatic equilibrium situation, a steady state solution of
the screened DBE equations yields the density-dependent gap
equations

A=A+ = ZW"‘ 0 2 T S fi) 03

i K i .
Uk = vri + 5 ; Wik—k| . cos(Ox — ) (faw — fi):

Equation (12) together with Eq. (11) provides an effi-
cient scheme to compute the Coulomb correlations numer-
ically. As a consequence of the strong Coulomb interac-
tion in TMDCs and the large associated exciton binding,
it is important to properly include the full frequency de-
pendence of the screened interband matrix elements W'y
which enter the scattering contributions of the microscopic
polarizations and lead to memory effects beyond the Markov
approximation.

In addition to the Coulomb correlations, the inclusion of
the Frohlich Hamiltonian introduces the scattering of ex-
cited charge carriers within their bands by the absorption or
emission of LO phonons. These are evaluated on the level
of quantum-kinetic theory in second Born approximation.
Our analysis shows that, similarly as for the Coulombic
scattering rates, it is sufficient to treat the phonon scat-
tering rates of the quasistatic carrier distribution functions
within the Markov approximation, whereas it is crucial to
maintain the full frequency dependency for the polarization-
phonon scattering rates. The resulting phononic contributions

(14) to the electron and polarization scattering rates are given
where W, is the statically screened Coulomb interaction. by
|
d ph. 27.[ _ _
Ef;i{ Zg?]gf;ckm sk+q Y — ha’q)[("q + l)fscl<+qfsck — nqfi scl(+q]
corr.
+ — Z g?lgffk Dy( — 24 + i) ["qfscquﬁ( — (I +ng)fi :Cqu]» (15)
d ph. d c,ph. d v,ph.
ih — Py =1 —Py +ih — Py , (16)
dt ’ corr. dl ’ corr. dt ’ Corr.
d o S _ong + 1+ ngq) Fe o1+ ng) + f5_ 1
i 7ij Z g(()]g\';ck sk qq fsk q q sk—q ~‘1 sk—q""d : -
dt 7 eon o+ wg) + Y — g Tin Ao —og) + X -2 g tin

0 ve fing + 5+ nq) [ +ng) + fing

=2 daSiinra | 7 et s et Pasa |, (D)
q (@ +wg) + B g — X+ 11 (CRCIVE DI sk T 11
in iPk o Z g g f:v\i(-%—qnq + _s\iu_q(l + nq) S\ll(_'_q(l + nq) + _s\i(j—qnq Py
dr ™| o aSaikra Mo+ 0g) + Dhg — S5 +in - b —og)+ 2, — S5 +in

0 ve fing + fi( + nq) fx(L+ng) + fing

=) e < - -t — tPirq |  (18)
a h(w + (l)q) + E Eck q h(w - wq) + Zsk - Esqu +1n

and a similar equation holds for the valence-band distribu-
tion functions. Here, 7D, (x) = 7~ + > denotes the numeri-
cal energy-conserving function, ng is the phonon occupation
number, fiwq = 27.72 meV [41] is the corresponding LO-
phonon energy, and F[f] denotes the Fourier transform of
function f. The inclusion of the screened Frohlich interac-
tion g“ (w) = gq + gql'["“ (a))g"‘ '(w) accounts for screen-
ing contrlbutlons arising ‘% rom the exmted charge carriers in
addition to the background screening contributions of the
remote bands and dielectric environment already included in
g?]. Thus, Coulomb and phonon-coupling matrix elements are
treated on the same level of approximation.

\
III. NUMERICAL RESULTS

In this section, we present the results of our numerical anal-
ysis of the excitation dynamics and gain build-up in mono-
layer MoTe,-H. As physical conditions, we assume a pump-
probe scenario, where we consider a room-temperature ML
of MoTe,-H, which has been placed on a quartz substrate and
is excited by a high-intensity linear-polarized optical pump
pulse (Ey ~ 1.25 MV/cm). The central pump frequency is
chosen to be slightly above the interacting B-band gap and
the pump pulse has a full width at half maximum (FWHM) of
333 fs corresponding to a photon density of 1.8 x 10! cm ™2
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(a pump fluence of 520 wJ/cm?). For these excitation condi-
tions, it is ensured that virtually all carriers are created in the
K and K’ valleys.

For the pump simulations, we solve the Dirac-Bloch
Egs. (2) and (3) in the time domain. The optically induced in-
terband polarizations lead to the generation of excited charge
carriers and the subsequent carrier relaxation dynamics is
computed from the carrier-carrier and carrier-phonon scatter-
ing contributions, Egs. (9)-(12) for « = «’ and Eq. (15), re-
spectively. For the carrier dynamics, the numerically most im-
portant effect of the many-body correlations of the interband
polarizations is the replacement of the “bare” Coulomb po-
tential by its screened counterpart in the Hartree-Fock contri-
butions, whereas the detailed excitation-induced dephasing of
the interband polarizations play only a minor role. As verified
numerically, it is sufficient to compute the carrier dynamics
within the Markov approximation and the excitation-induced
band-gap renormalization is determined from the density de-
pendent gap Eqgs. (13) and (14). They yield the renormalized
single-particle bands wherein the excited carriers relax on
the level of screened Hartree-Fock approximation. We then
define the excitation-induced band-gap renormalization as the
density-dependent change of the gaps between the spin-split
renormalized single-particle bands relative to the respective
gaps in the low-density limit.

For the probe pulse and for equilibrium configurations,
we solve Eq. (2) in frequency domain via a matrix-inversion
scheme, where the carrier distribution functions are qua-
sistatic and we restrict ourselves to the terms linear in Py in
the singlet sources. However, to predict the correct line shapes
of the optical spectra, it turns out to be crucial to include
the detailed and fully dynamical many-body correlations of
the interband polarizations, Eqgs. (9)-(12) for /o’ = v/c and
Eq. (16)—(18).

A. Carrier dynamics and band-gap renormalization

In Fig. 5(a), we plot the excitation and subsequent re-
laxation dynamics of the A-band electron distribution func-
tion fx  (#) = fx (t) in the vicinity of the K/K’ points.
Since conduction and valence bands with the same spin
and valley indices have identical effective masses within the
MDF model, the evolution of the hole distribution function
fAh’k(t) = fA"ﬁk(z) is identical to that of the electrons. The
excitation dynamics of the B-band distribution functions are
similar and not shown here.

Due to the strong Coulomb interaction, carrier-carrier scat-
tering is extremely efficient and drives the carrier distributions
into hot quasiequilibrium distributions within a few femtosec-
onds. Here, the carrier temperature reaches 7 = 2350 K 10 fs
after the pump maximum has interacted with the sample.
This ultrafast carrier-carrier scattering quickly redistributes
the pump injected carriers to energies near the band gap and
away from the excitation energy, thus almost completely pre-
venting the accumulation of carriers at the excitation energy
and effectively removing the associated Pauli-blocking of the
absorption during the excitation process. The result is a highly
efficient generation of excited charge carriers which is limited
only by the absorption coefficient of the unexcited layer. After
the pump pulse has passed, we find a total carrier density

k [1/nm]
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2

S
w
w
carrier density [1 013cm'2]

S
~

Band-gap renormalization [eV]
<}
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FIG. 5. (a) Dynamics of the A-band electron distribution in the
vicinity of the K/K’ points after excitation with a 333 fs pump pulse
with peak amplitude of 1.25 MV/cm at t = #,. (b) Time evolution
of the excitation-induced band-gap renormalization (black) and the
density of excited charge carriers (red). The solid lines correspond
to the A-band properties, whereas the dashed lines show the B-band
properties. The gray shaded area indicates the envelope of the optical
pump pulse.

of 1.040 x 10 cm™2, or equivalently, 5.20 x 10'* cm™2
generated electron hole-pairs, corresponding to an absorption
of about 2.9% of the incoming photons. Due to the Coulomb
enhancement of the above band-edge absorption, this value
is slightly larger than the universal low-density continuum
absorption of ra = 2.3% for noninteracting Dirac Fermions.

The initial ultrafast relaxation into hot quasiequilibrium
distributions is followed by a phonon-induced thermalization
that takes about 2.5 ps until a quasiequilibrium at the tempera-
ture of the phonon bath (300 K) is reached. At T = 0.1 ps and
v =1 ps, we find intermediate temperatures of 7 = 2175 K
and T = 555 K, respectively. This relaxation time is about
twice as fast as in conventional semiconductors and based on
the efficient phonon coupling in ML MoTe,-H [41].

The time evolution of the excitation-induced band-gap
renormalization (black) and the total carrier density with given
spin and valley index n;(¢) = i Za,k‘ +(t) (red) is shown in
Fig. 5(b). With solid lines, we depict the respective A-band
properties, whereas the B-band properties are plotted using
dashed lines. The gray shaded area shows the envelope of
the Gaussian shaped optical pump pulse centered around fy.
Due to the initially nearly resonant excitation with the B-band
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gap, the final amount of charge carriers in the B bands (ng =
5.56 x 10" ¢cm™2) is slightly higher than in the A bands
(na = 4.84 x 10" cm~2). Note that due to the opposite spin,
there are no relaxation processes between the B and the A
bands on the timescales of interest here.

As can be recognized in Fig. 5(b), the build-up of popula-
tions during the excitation process is accompanied by an al-
most instantaneous large shrinkage of the band gap, followed
by a much slower further reduction. The band-edge shrink-
age results from combined screening and phase-space-filling
effects. As in conventional two-dimensional semiconductors,
the screening wave number is proportional to the carrier occu-
pation at k£ = 0. Due to the ultrafast Coulomb scattering, the
major contribution to screening develops within the timescale
of the pump pulse with a correspondent reduction of the band
gap of about 389 meV within the first 0.4 ps. Once the amount
of excited charge carriers has saturated, the band edge can
only be further reduced by phase-space filling. This leads to an
additional reduction of about 17 meV on the timescale of the
thermalization, yielding the total excitation-induced band-gap
renormalizations of 406 meV (A gap) and 419 meV (B gap),
respectively, for the investigated excitation conditions. These
results are in good agreement with our previous findings
in the equilibrium regime [18] and reported experimental
observations [15,16] on similar systems.

B. Evolution of optical spectra and build-up of optical gain

In Fig. 6, we present the time evolution of optical absorp-
tion/gain spectra computed as linear response to an ultrashort,
low-intensity probe pulse for different delay times t = — 1.
To cover the wide relevant energy range of several hundred
meV, we choose a temporal width of 10 fs for the probe pulse.
The use of such an ultrashort probe pulse also provides the
necessary time resolution to study the evolution of the optical
response during the excitation process, which is shown in
Fig. 6(a). Here, the pump-probe delay increases from 7 =
—0.30 ps to T = —0.05 ps in 0.05 ps steps. For comparison,
the linear absorption spectrum of the unexcited ML is depicted
in black. We notice an initial increase of the excited carrier
density leading to dephasing, excitation-induced band-edge
shrinkage, and reduction of the exciton binding energy. As a
consequence of compensating effects, we observe practically
no shift of the exciton resonance position under the given
excitation conditions. Excitation-induced dephasing increases
the 1-s-exciton linewidth from 2.3 meV at a delay time
T = —0.25 ps to 42.2 meV at t = —0.15 ps. Note, that we
include an additional dephasing constant of 10 meV for the
microscopic polarizations to assure convergence in the zero-
density limit. At T = —0.05 ps and a density of about 3.36 x
10'3 cm™? the exciton resonance is completely bleached out,
marking the Mott-density.

In Fig. 6(b), we show the optical absorption in the ther-
malization regime. Here, pump-probe delays increase from
T =0.5pstor=1.5psin 0.2 ps steps. The inset displays
snapshots of the corresponding A-band electron distribution
functions. In this time regime, no additional excited charge
carriers are generated, but thermalization relaxes the exist-
ing carriers into quasiequilibrium at the lattice temperature
(300 K). As a consequence of the high barriers between

Energy [eV]

1.0 1.2 1.4 1.6
12 T T T T T T T

10

Absorption [%]

0.5

0.9 1.0 1.1 1.2 1.3
Energy [eV]

FIG. 6. Optical absorption spectra at distinct pump-probe de-
lays. (a) Excitation regime. Pump-probe delays increase from
7 =—0.30 ps to T = —0.05 ps in 0.05 ps steps. The black solid
line represents the low-density limit before the excitation. (b) Ther-
malization regime. Pump-probe delays increase from v = 0.5 ps to
T = 1.5 psin 0.2 ps steps. The absorption spectrum in the quasiequi-
librium limit (zr > 2.5 ps) is shown in black. The corresponding
A-band distribution functions are depicted in the inset.

the K/K’' and /A valleys, no significant percentage of the
excited carriers can reach the side valleys on the fast carrier
relaxation timescale. Therefore, the total carrier densities
in the K/K’ valleys is practically conserved. The absorp-
tion spectrum for quasiequilibrium conditions is depicted
in black in Fig. 6(b). With decreasing temperature of the
quasiequilibrium distributions, the occupation probabilities
near the band-gap increase. About 0.5 ps after the pump pulse,
inversion with (1 — f — i‘f() < 0 1is reached and optical gain
(negative absorption) appears in the spectrum. Inversion and
gain increase with increasing cooling of the carriers. After
about 2.5 ps thermal equilibrium is reached, where we observe
broad A-band optical gain with a peak energy of 1.13 eV,
slightly below the low density A-exciton resonance. Note that
while the inclusion of the carrier-phonon scattering is crucial
for the thermalization of the carriers, linewidths and energy
renormalizations within the optical spectra are dominated by
polarization-carrier rather than polarization-phonon scattering
contributions. The maximum gain approaches a value of 0.5%
amplification of the incoming light, which is clearly below
the theoretical upper limit of wa/2 = 1.15% for the free
carrier, single-band case. Therefore, continuum absorption of
the A band overcompensates the gain of the B band at higher
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FIG. 7. (a) ¥4 (top) and A4 (bottom) side-valley electron den-
sities (left axis, black circles) and X, (top) and A; (bottom)
conduction-band offsets (right axis, red crosses) in dependence of the
total amount of excited charge carriers. (b) Similarly, charge-carrier
dependence of the K} hole density (left axis, black circles) and
K, /K} valence-band splitting (right axis, red crosses). The respective
spin-up electron (hole) densities are stated as fraction of the total
spin-up electron (hole) density.

energies yielding a net absorption in the frequency range of
the B exciton.

C. Influence of the side valleys

The full DFT band structure displays six side minima in the
conduction band located at the ¥ /A points of the Brillioun
zone. For the previously considered excitation conditions,
carrier equilibration leads to a net electron drain from the
K/K' to the /A valleys as well as a hole drift between
the K and K’ valleys. To compute this side-valley drain and
hole drift and its influence on the optical gain spectra, we
consider an equilibrium situation where all electrons and
holes have relaxed to a common chemical potentials. The
side valleys are treated within the effective mass approxi-
mation and the influence of their populations is considered
self-consistently including their contribution to screening and
excitation-induced renormalizations.

The electron drain to the side valleys critically depends on
the offset between the side valleys and the conduction band
minima at the K/K’ points, which in turn are modified by
the carrier occupations in each valley. In Fig. 7(a), we depict
the X, (top) and A4 (bottom) side-valley electron densities
(black circles) as well as the corresponding conduction-band
offsets (red crosses) in dependence of the total density of
excited charge carriers. Increasing the total carrier density
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S
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FIG. 8. Optical absorption spectra before and after equilibration
of the carriers between the different valleys. The solid lines show
the optical spectra after equilibration, the dotted lines before equi-
libration, where all carriers are located in the K and K’ valleys. The
inset shows the peak optical gain for the corresponding charge-carrier
densities after (before) equilibration in circles (crosses).

from 2 x 10" cm =2 to 10" cm™2, the £; (A4) conduction-
band offset increases by 7.0 meV (6.6 meV), while the
fraction of ¥4 (A4) electrons increases from about 3.1%
(5.8%) in the low-density regime to about 8.8% (15.1%) in
the regime investigated by the pump-probe simulations. The
larger electron drain towards the A4 valleys arises from the
smaller side-valley offset, that increases from 82 meV (DFT
value) to 89.7 meV for the highest investigated carrier density.
For the X4 valleys, the band offset increases from 97 meV
(DFT value) to 105.2 meV.

In addition to the electron drain, intervalley scattering leads
to a drift of the hole density between the K and K’ valleys. In
our calculations, the influence of this is taken into account in
a similar manner as the side-valley drain, i.e., by considering
an equilibrium situation with a common chemical potential
for the holes in different valleys. In Fig. 7(b), we plot the
charge-carrier dependence of the fractional K} hole density
(black circles) and the corresponding Kj /K% valence-band
splitting (red crosses). Because of the large valence-band
splitting in the low-density limit, almost all the holes from
the K} valley have drifted to the energetically favorable K}
valley after equilibration. Only for carrier densities as high
as 10" cm™2, the K] valley is occupied with at least 1% of
the spin-up holes. Thus, the increasing valence-band splitting
with increasing carrier density is exclusively introduced by
the dominant occupation of holes in the K} valley. For the
shown carrier densities, the valence-band splitting increases
by 7.4 meV from 231.4 to 238.8 meV.

Finally, we present the resulting optical absorption spectra
after equilibration within the entire Brillioun zone for ele-
vated charge-carrier densities in Fig. 8. The carrier densi-
ties increase from orange (2.0 x 10" cm~2) to black (1.2 x
10'* cm™2). The solid (dotted) lines show the optical spectra
after (before) equilibration. The inset depicts the peak optical
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gain for the corresponding charge-carrier densities. Prior to
equilibration, all carriers are assumed to be located in the
K and K’ valleys. As pointed out before, equilibration not
only leads to electron drain to the side valleys, but also to
hole drift between the K and K’ valleys. Both processes
have counteracting effects on the optical spectra. While the
electron drain to the side-valleys leads to a loss of optically
recombining electrons, the hole drift between the K and K’
valleys increases the amount of optically recombining holes.
Because of the large Ky /K{ (K| /K)) valence-band splitting
about 99% of the holes contribute to A-band population inver-
sion after equilibration, compared to the nearly 50% before
equilibration. This overcompensates the effect of electron
drain—between 10.8% and 26.9% of the electrons for the
stated carrier densities—to the side valleys. Consequently,
enhanced peak optical gain is observed in equilibrium. In
particular, for carrier densities of 0.8/1.0/1.2 x 10" cm~2
peak optical gain increases by 86/53/28% due to equilibra-
tion. For a carrier density as high as 1.2 x 10" cm™2, we
observe peak optical gain occurring slightly below the low-
density A-exciton resonance with a magnitude of 0.83% of
the incoming light. Normalized to the layer thickness of D =
6.99 A (see Table I), this corresponds to a peak gain of about
10° cm™!, which should be compared to the gain maximum
of 5000 cm™! in typical III/V semiconductors under realistic
excitation conditions [45].

IV. DISCUSSION

In summary, we investigated the carrier dynamics in ML
MoTe,-H after excitation with a strong optical pump pulse
slightly above the interacting B-band gap. Our investigations
cover two distinct time regimes. In the excitation regime,
i.e., during the optical pulse, generation of photo-induced
charge carriers is accompanied by an almost instantaneous
band-gap renormalization of about 410 meV in our case, that
exceeds the exciton binding energy of the unexcited crystal.
In the low-density regime, the band-gap renormalization is
almost exactly canceled by the weakening of the excitonic

binding such that the exciton resonance displays a negligible
spectral shift. The initial fast carrier relaxation is followed
by a much slower thermalization of the hot carriers. Due to
efficient phonon coupling, the thermalization occurs within a
few picoseconds, whereas it is typically of the order of tens of
picoseconds in conventional III-V quantum well systems. For
the chosen pump-pulse intensity, thermalization finally leads
to population inversion. Here, we observe the transition from
plasma absorption to broadband optical gain. The maximum
of the A-band optical gain occurs slightly below the low-
density A-exciton resonance and its magnitude approaches
0.5% of the incoming light.

On the longer timescale, equilibration of the excited carri-
ers among different valleys is expected with a simultaneous
electron drain from the K/K’ to the side valleys at the X /A
points of the Brillioun zone. Although the electron drain leads
to an efficiency drop of several percent in the gain regime,
there is no evidence for an excitation-dependent roll-over
from a direct to an indirect band gap, as has been predicted
theoretically for similar material systems [35,36]. Instead, we
find that the drop due to the electron drain is overcompensated
by a hole drift between the K and K’ valleys, leading to a net
increase of the optical gain up to several 10%.

Our results are in general agreement with experimentally
observed excitation-induced band-gap shrinkage of similar
TMDC systems [15,16] and confirms the possibility of ul-
trafast band-gap modulation by the injection of carriers. Fur-
thermore, our results identify conditions for achieving plasma
gain in ML MoTe;-H and the short relaxation times enable
high repetition rates for possible applications in pulsed laser
operation.
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Abstract
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An ab initio based fully microscopic many-body approach is used to study the carrier
relaxation dynamics in monolayer transition-metal dichalcogenides. Bandstructures and
wavefunctions as well as phonon energies and coupling matrix elements are calculated using
density functional theory. The resulting dipole and Coulomb matrix elements are implemented
in the Dirac—Bloch equations to calculate carrier—carrier and carrier—phonon scatterings
throughout the whole Brillouin zone (BZ). It is shown that carrier scatterings lead to a
relaxation into hot quasi-Fermi distributions on a single femtosecond timescale. Carrier cool
down and inter-valley transitions are mediated by phonon scatterings on a picosecond
timescale. Strong, density-dependent energy renormalizations are shown to be
valley-dependent. For MoTe,, MoSe, and MoS, the change of energies with occupation is
found to be about 50% stronger in the ¥ and A side valleys than in the K and K’ valleys.
However, for realistic carrier densities, the materials always maintain their direct bandgap at

the K points of the BZ.

Keywords: monolayer TMDC, Dirac Bloch equations, energy renormalisation,
electron—electron scattering, electron—phonon scattering, inter-valley carrier dynamics,
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1. Introduction
Monolayer transition-metal dichalcogenides (TMDCs) have a

variety of properties that make them very interesting for appli-
cations in opto-electronic devices. Two of the most important

* Author to whom any correspondence should be addressed.

1361-648X/22/285601+15$33.00

characteristics are their direct bandgap and the exceptionally
strong Coulomb interaction due to inefficient screening out-
side the monolayer plane. The highly efficient optical coupling
leads to a near-bandgap absorption of up to 10%—20% from
a single layer [1, 2] which makes the material attractive for
applications like photo-detectors [3—5] or solar cells [6, 7]. The
prominent optical coupling also leads to strong luminescence

© 2022 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a)/(b) Electron/hole occupations of the A-band for a total electron/hole density of 12.5 x 10'> cm? in a monolayer MoTe;.
Carriers are assumed to be in thermal equilibrium Fermi distributions at 300 K. (c) Renormalization of the A-bandgap in the presence of the

carriers.

and, consequently, promising performance as light-emitting
diodes [8—10]. Monolayer TMDCs have also been shown to
be able to provide strong optical gain [11, 12] which enables
them to be used as active material in lasers [13—15].

The strong Coulomb interaction also enables the possibil-
ity to tune the bandgap over a wide spectral range. Injecting
carriers into the system leads to energy renormalizations on
the order of the exciton binding energy which in these mate-
rials is of the order of hundreds of meV [16-19]. Figure 1
gives an example for the energy renormalizations in a mono-
layer of MoTe,. Here, equal electron and hole densities of
12.5 x 10'? cm? were placed in Fermi distributions at 300 K.
Figures 1(a) and (b) show the carrier distributions in the
band that is energetically closest to the bandgap at the K-
point (A-band). Mirroring these results along the I'-M line
gives the results for the B-band which has the opposite spin
and the same gap at K’ as the A-band at K. As can be seen from
figure 1(c), the presence of the quasi-equilibrium carriers

reduces the bandgap by about 100 meV throughout the whole
Brillouin zone (BZ). The renormalization is strongly enhanced
in the vicinity of high carrier occupations, reaching over
260 meV at the K-point.

The strong energy renormalizations open the interesting
possibility to tune the operating wavelength through controlled
carrier injection. Also, the energetic order of the valleys could
potentially be changed, e.g., by exciting resonantly with a spe-
cific valley transition and/or using polarized, spin-valley sen-
sitive excitation [20, 21]. However, valley specific renormal-
izations require non-thermal carrier distributions. Once pump
injected carriers have thermalized into Fermi distributions with
a global Fermi level throughout the BZ, the energies of individ-
ual valleys will only be determined by the total carrier density.
A potential drawback of the density dependent renormaliza-
tions was pointed out in references [11, 22]. If the energies
of a side valley of the electron A-band renormalize faster with
increasing carrier density than the energy at the direct bandgap
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at K, it could potentially happen that the side valley is lowered
below the K-valley and the material becomes optically indi-
rect. In this case, the pump injected electrons would predomi-
nantly occupy the side valley, and, since the hole bandstructure
does not have side valleys, electrons in them are not available
to recombine optically. This will degrade the material’s per-
formance for applications like light emitting diodes or lasers.
As we will show here, whether such a transition will occur
strongly depends on details of the bandstructure.

Valley- and excitation-dependent renormalizations for car-
riers in static thermal equilibrium distributions were discussed
in reference [22] using similar first principles based micro-
scopic models as we employ here. In reference [23] a sim-
ilar model was extended in order to be able to study the
nonequilibrium carrier relaxation due to electron—electron
scatterings. However, inter-valley carrier transitions involve
large momentum transfer which is predominantly mediated
by scatterings involving optical and acoustical phonons. These
were not included in reference [23]. The influence of phonon-
assisted inter- and intra-valley scatterings were investigated
in references [24-26], but only for carriers in equilibrium
distributions. In reference [12] electron—electron and elec-
tron—phonon scatterings were included to study nonequi-
librium carrier relaxation. However, that investigation was
limited to intra-valley dynamics using a simplified one-
dimensional bandstructure model.

Here, we employ a fully microscopic many-body model
that includes electron—electron and electron—phonon scatter-
ings throughout the full BZ. The model is based on input
from first principle density functional theory (DFT) for band-
structures, electron wavefunctions and phonon energies and
coupling matrix elements. The model is used to determine
timescales for the relaxation of carriers that are excited above
the bandgap. It also yields times for inter-valley and intra-
valley scatterings that lead to global quasi equilibrium distri-
butions as well as for the subsequent cool-down to the ambient
temperature by removal of excess energy via phonon emission.

Details of the model are outlined in section 2 where we will
also show results of the DFT calculations. Results of the many-
body model are discussed in section 3 for monolayer MoTe,,
MoSe; and MoS,. In section 3.1 we present numerical results
assuming an artificial static carrier distribution to initialize the
system in order to be able to clearly distinguish between the
excitation related dynamics and the subsequent carrier relax-
ation. Carrier scattering processes are turned on after the ini-
tialization. In section 3.1.1 we examine the case of an initial
distribution that is energetically located above the barriers sep-
arating different bandstructure valleys. We determine the char-
acteristic carrier relaxation times and show the influence of
electron—electron scatterings versus electron—phonon scatter-
ings due to optical and acoustical phonons at various stages
of the relaxation process. In section 3.1.2 we present results
where we assume excitation at the bandgap in the K-valley
and investigate the subsequent carrier transfer to the K’, 3 and
A valleys. After that, in section 3.2, we simulate the situation
where the system is excited dynamically using a 50 fs optical
pulse which allows us to identify characteristic details of the
relaxation dynamics might be observable in the experiment.

Finally, in section 3.3, we investigate the energy renormaliza-
tions after full carrier thermalisation for various excitation lev-
els in order to see if a transition from direct to indirect bandgap
occurs. We summarize our results in section 4.

2. Theoretical models

The theoretical approach used here is based on the
Dirac—Bloch equations (DBE) as described in reference
[12] and references therein. The DBE are the equations

of motions for the microscopic polarizations, p,;, and the

occupation probabilities for electrons/holes, f; zh:

. d e e
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Here, € are the renormalized Rabi frequencies
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where p,; are the dipole matrix elements between the electron
and hole bands with band index i and momentum k, and ¢ are
the renormalized energies:
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= D [Vi—k’;k’;k ~Viewwu | Fei
k/

+ 30 [V e+ e 4)
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Coulomb matrix elements of the type V™" in equation (3)
and Vehee/hhbe i equation (4) mediate Auger-like processes.
Coulomb terms of the type V! in equation (3) and Veheh/hehe
in equation (4) represent pair creation and annihilation pro-
cesses. Whereas these processes can be neglected in systems
with weaker Coulomb interaction, like III-V semiconductors,
they are important in TMDCs. Here, they lead to a non-trivial
ground state deviating from the case of zero occupations and
polarizations. The dominant influence of these terms is to con-
tribute to a renormalisation of the hole bands which we take
into account by calculating the so-called Coulomb hole. We
have tested that these Auger- and pair-processes have a neg-
ligible impact on the carrier dynamics and can be neglected
there.

The term involving in equation (3) represents the
renormalisation of the optical coupling as known from the clas-
sical semiconductor Bloch equations (SBE). It leads to the
generation of bound excitonic states below the bandgap and
to the Coulomb-enhancement of the continuum absorption. As
in the SBE, the term involving Ve=*¢/""h in equation (4) leads

Vehhe
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to the exitation dependent energy renormalisation that we will
investigate in detail here.

The terms marked | Summarize many-body correlations
beyond the Hartree—Fock level. They contain carrier scatter-
ings due to electron—electron and electron—phonon interac-
tions. The higher order correlations are also responsible for the
plasma-screening of the Coulomb interaction. In monolayer
TMDCs, the correct inclusion of these higher order terms is
of particular importance due to the exceptional strength of the
Coulomb interaction. We treat these terms and the resulting
screening as outlined in reference [12].

For the calculations as shown here, scatterings are only
taken into account explicitly for the carrier distributions.
Polarizations are only included for the optical excitation of
carriers. Since our focus is on the subsequent incoherent
dynamics of the distributions and not details of the excitation,
we approximate the scatterings that lead to the dephasing of
the polarisations by a simple dephasing rate.

The electron—electron scattering equations solved here are
outlined in reference [12]. Whereas in that reference only
one branch of dispersionless optical phonons was taken into
account for the electron—phonon scattering, here, we include
all optical and acoustical phonon branches. The generalized
electron—phonon scattering equations take the form:

da ™

arlv Zgﬁn«; RakrqD (Bicrqr — &0 — g
corr.
X [(nm + D firqifii — 1y frif rai]
Z ;(”,;gf{”;k (k—qi — &xi — hw;")

q.m

X [ fuqifii — (1 + 1) fiific—qi] - )
where we use the abbreviation f for (1 — f) and com-
bined the band indices i with the electron/hole index e/h.
mD(x) = —_{_7 denotes the numerical energy-conserving
function, where we include a phenomenological broadening of
1n =50 meV. Numerical tests showed that the exact value
of this broadening was insignificant for the final results.
The renormalized transition energies € are calculated as in
equation (4) but with Coulomb matrix elements which include
plasma-screening due to excited carriers in addition to the
screening from the dielectric environment which is already
included in the matrix elements V. The index m labels the
nine phonon branches [39, 40], all of which are taken into
account in our numerical evaluations. The phonon energies
are denoted by fiwg'. ng are the phonon occupation numbers.
The quantities g and g are the unscreened and screened phonon
coupling matrix elements, respectively. The additional k-index
on the phonon coupling matrix elements arises from the fact
that the momentum dependence of the electron wavefunctions
is included explicitly here while the studies in reference [12]
exclusively focused on the K-valley and used the electron
wavefunctions at this point only.

In equation (5), the first term of the second line corre-
sponds to scattering of carriers into the state k, i via phonon
emission and the second term represents out-scattering via

phonon absorption. The first term of the fourth line repre-
sents in-scattering via phonon absorption and the last term
out-scattering via phonon emission. For all processes the ini-
tial state has to be occupied, i.e. the occupation f has to
be non-zero, and the final state has to be at least partially
empty, (1 — f) > 0. Energy has to be conserved and the scat-
tering probability is given by the phonon coupling matrix
elements g.

The unrenormalized single-particle energies, €, are calcu-
lated via DFT using the Vienna ab initio simulation pack-
age [27-31]. Details of these calculations are described in
reference [12] for MoTe, and executed analogously for the
other materials. Besides the bandstructures, we also extract
the dipole matrix elements and the wavefunctions needed to
evaluate the Coulomb matrix elements from these calculations.
The full k-dependence throughout the BZ is taken into account
in all calculations for the single particle energies and dipole
matrix elements. Unlike in reference [12], no simplification
in terms of a massive Dirac fermion model with fitted bands
is used. For the Coulomb matrix elements we evaluate the
wavefunction-dependent form factors only in the vicinity of
the K and ¥ point and assume the same factors for the K’ and
A valleys. In regions away from these points the form factor of
the nearest valley is used.

For all materials investigated here, the bandstructure has
the same basic features. As representative example, figure 2
shows the calculated unrenormalized electron and hole bands
for the case of a monolayer of MoTe,. The lowest two elec-
tron bands and highest two hole bands are related through
time reversal symmetry. Spin—orbit splitting lifts the degener-
acy of the bands with opposite spin at K and K’. The electron
band with the lowest energy at K and the hole band with the
highest energy at K are referred to as the A-bands. Carriers
in the so-called B-band have the opposite spin from those in
the A-band. Energies of the B-band can be derived from those
of the A-band by mirroring perpendicular to the I'-M line.
For excitation with linear polarized light the physics within
the A-band at K is the same as that within the B-band at K’
Thus, we reduce our presentations to the the A-band in the
following.

There are three additional minima in the electron A-band
structure at K/, 3 and A. The hole A-band has maxima at the
K- and K’-points and, additionally, a local maximum at the I'-
point. The energies of the unrenormalized electron A-bands at
critical points of the BZ are listed for all materials investigated
here in table 1. Hole energies in the A-band are listed in table 2.

It should be noted that the exact valley energies are
very sensitive to details of the DFT calculation. In turn, the
excitation dependent energy renormalizations that will be stud-
ied in section 3.3 are strongly influenced by the exact sep-
arations between main and side valleys. One major aspect
concerning the offset between the different valleys is the lat-
tice constant. Already differences of one percent in the lattice
constant change the calculated DFT bandgap in the range of
100 meV and may result in the transition from a direct to an
indirect semiconductor [32—-35]. In order to be as precise as
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Figure 2. (a) Lowest two electron and highest two hole bands in a monolayer of MoTe, along a one-dimensional path through the BZ.
Red/blue: bands for carriers with spin up/down (A/B-band). Bottom: energy of the electron (b) and hole (c) A-bands in the irreducible sector

of the BZ. Spacing between contour lines is 50 meV.

Table 1. Calculated unrenormalized energies in the electron A-band at critical points of the BZ and at energy maxima, mp.p/, between points

P and P'. Energies in (eV).

K K’ A

% mg;s mgr: A LWead
MoTe; 1.058 1.093 1.091 1.108 1.323 1.363 1.410
MoSe, 1.446 1.468 1.496 1.474 1.769 1.784 1.900
MoS, 1.708 1.711 1.821 1.892 2.156 2.160 2.309

possible, we included van-der-Waals interaction via Grimme’s
dispersion correction, resulting in relaxed in-plane lattice con-
stants of 3.50 A for MoTe,, 3.28 A for MoSe,, and 3.15 A
for MoS,, which is comparable to experimental findings [38].
Based on these parameters, we find a direct bandgap at K for
all materials investigated here and a separation from the side
valleys at 3> and A that exceeds the room temperature thermal
energy of about 26 meV.

Phonon energies and coupling matrix elements are calcu-
lated using the DFT software Quantum Espresso [36, 37]. For
the non-collinear Kohn—Sham wavefunctions with spin—orbit
coupling, the plane-wave basis set with a 49 Rydberg energy
cut-off, Perdew—Burke—Ernzerhof type generalized gradient
approximated exchange—correlation functional, and projec-
tor augmented wave method with full-relativistic potentials
were used. The resulting phonon dispersions were found
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Table 2. Calculated unrenormalized energies in the hole A-band at K, K" and I" and at energy minima, mp.pr, between points P and P’

Energies in (eV).

K K’

Mg Mmg.p myr.p
MoTe, 0.000 —0.214 —0.393 —0.633 —0.656 —0.705
MoSe, 0.000 —0.183 —0.670 —0.435 —-0.777 —0.853
MoS, 0.000 —0.146 —0.153 —0.706 —0.838 —-0.919

in good agreement with the literature (see e.g. references
[39, 40]). The full k- and q-dependence of the phonon dis-
persions and coupling matrix elements are taken into account
in all calculations.

3. Results

In the following we examine results for monolayers of MoTe,,
MoSe, and MoS,; suspended on a SiO, substrate and at a tem-
perature of 300 K. In all studies of the dynamics only the low-
est two electron and highest two hole bands—A and B—are
included. Excitation with linear polarized light is assumed
which creates equal amounts of carriers at the K and K’ points
in bands of opposite spin.

3.1. Artificial excitation

Here, we initialize the carrier distributions with an artificial,
static distribution that allows to clearly determine timescales
in the subsequent relaxation as well as the importance of vari-
ous scattering processes within it. The initial distributions are
given by the formula:

O 1/ —e — hw 2
Jxi = %;Lkl exp (2 (7‘“ Z L) > . (©

where Kk is the two-dimensional momentum vector, i is the band
index and €%/" are the unrenormalized electron/hole energies.
These distributions approximate a case where carriers are opti-
cally excited at an energy 7w, and form a Gaussian distribution
of width A. The occupation probabilities are weighted with
the square of the dipole matrix element f; between the ith
electron and hole band assuming a vanishing optical coupling
between states with unequal spin. ji,,, is the largest dipole
matrix element between any states. For all cases studied here,
a broadening A = 66 meV is used.

3.1.1. Above bandgap excitation. Figure 3(a) shows the dis-
tributions created in the electron A-band using equation (6)
for an excitation energy fw; 800 meV above the unrenor-
malized bandgap. Here, a scaling fy = 1.28 was used which
leads to a total electron sheet carrier density of about
1 x 10'* cm?. Figures 3(b)—(d) show the distributions after
1 fs, 10 fs, and 500 fs of relaxation, respectively. As can be
seen in figure 3(b), carrier scatterings broaden the distribution
dramatically on a single femtosecond timescale. The excita-
tion high above the bandgap is ideal for fast relaxation. Initial
states are highly occupied and final states at lower energies are
mostly empty which eliminates slow down of the relaxation
due to phase space filling in this initial phase. Also, carriers

located in rather narrow momentum regions at high energies
screen the Coulomb interaction far less efficiently than if the
same amount of carriers are relaxed and distributed throughout
wide regions of the BZ.

After only 10 fs the carriers have relaxed to the bottom
of the band and assume Fermi-like distributions with maxi-
mum occupation at minimum energy (see figure 3(c)). The
excess energy from the excitation leads to very hot distribu-
tions. Using Fermi distributions for the same electron density
we find a very good match to the distribution after 10 fs assum-
ing a carrier temperature of 8500 K (see figure 3(e)). The car-
riers subsequently cool down due to phonon emission. As can
be seen from figures 3(d) and (f), after 500 fs the distribu-
tion can be matched assuming a carrier temperature of 1900 K.
Subsequently, the carriers cool down further toward the lattice
temperature of 300 K on a picosecond timescale.

Figure 4 shows the individual contributions of elec-
tron—electron scatterings and of electron—phonon scatterings
to the carrier relaxation at the start of the relaxation and
after 10 and 500 fs of relaxation. Initially, the relaxation is
dominated by electron—electron scattering which broadens the
localized distributions according to a hot plasma temperature
on a single femtosecond timescale. During this initial phase,
the dynamic due to electron—phonon scatterings is about two
orders of magnitude slower and, thus, irrelevant at that time.
Once the carriers have relaxed into hot quasi-Fermi distribu-
tions after about 10 fs, the overall dynamic slows down by two
to three orders of magnitude (see the change of units in figure 4
from [1 fs] to [1 ps]). Here, electron—electron scattering and
electron—phonon scattering become equally important. The
scatterings slow further down by roughly another order of
magnitude once the distributions cool down near room tem-
perature after a few picoseconds. In- and out-scatterings due to
electron—electron and electron—phonon scatterings lead even-
tually to the detailed balance that defines equilibrium Fermi
distributions.

As can be seen in figure 5, during the first few femtosec-
onds of relaxation the phonon scatterings involving acous-
tic phonons are of similar importance as scatterings on opti-
cal phonons. Here, the phonon scattering rates including all
phonon contributions are about twice as high as when acous-
tical phonons are omitted. For the broadening of the initial
distribution scatterings involving large momentum transfers
are of particular importance. While acoustical phonons have
rather limited coupling strength for small momentum trans-
fers as they are typically involved in intra-valley relaxation,
their coupling strength and energy increases with increasing
momentum transfer which increase their importance for inter-
valley scatterings. Without the acoustic phonons there are only
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Figure 3. (a)—(d) Occupations of the electron A-band in a monolayer MoTe, at various times after initialisation according to equation (6)
with fy = 1.28. Labels give the time after the start of relaxation. (e) and (f) Occupation of the electron A-band for the same total electron

density as in (a)—(d), but using Fermi distributions with carrier temperatures of 8500 K and 1900 K, respectively.
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Figure 5. Change of occupations of the electron A-band in a monolayer MoTe, due to phonon scatterings only. Top: at the beginning of
carrier relaxation. Bottom: after 10 fs of relaxation. Initialisation as for figure 3 but with f, = 0.16. Left: change due to all electron—phonon

scatterings. Right: change only due to optical phonons.

very few scatterings far from the initial distribution, like into
the area between X, K, and M or between X, A and I'. After
the carriers have assumed a hot quasi-Fermi distribution after
about 10 fs, the carrier relaxation becomes dominated by intra-
valley scatterings. Here, scatterings involving optical phonons
dominate the total electron—phonon interaction and the total
phonon rates are almost identical to those in the absence of
processes involving acoustical phonons.

For the comparison of phonon scattering contributions in
figure 5 we assumed an eight-times weaker excitation than
for the results in figures 3 and 4. Electron—electron scat-
tering roughly scales with the density squared, while elec-
tron—phonon scattering scales about linearly with it. Thus, for
this lower excitation, phonon scatterings are overall more rele-
vant than in the earlier study. Also, it has been observed that for
strong excitations the limited phonon density of states in the
two-dimensional system leads to a hot phonon bottleneck
[41-44]. Here, a build-up of a nonequilibrium distribution

for optical phonons can strongly limit their cooling power
which, in turn, increases the relative importance of acoustical
phonons. This hot phonon effect is not included in our current
model.

3.1.2. Resonant excitation. In order to study the inter-valley
carrier transfer we place an artificial initial distribution almost
exclusively in the K-valley of the A-band (and K’-valley of
the B-band) and then calculate the scattering related carrier
generation in the other valleys. Figure 6 shows the occupations
of the electron A-band in MoTe, 2 fs after initialisation with
equation (6) resonantly at the bandgap, i.e. with fiw;, = (e 4, —
ek 1), and fo = 1.28. This initialisation creates an occupation
of about 0.75 at K. After the initial 2 fs of dynamics, scatterings
have created electron occupations of about 0.0014 at K, 0.0003
at > and 0.0007 at A.

Electron—electron scattering leads to a very fast ini-
tial relaxation within the K-valley to establish a Fermi-like
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Figure 6. Top: logarithm of the occupation of the electron A-band in a monolayer MoTe; 2 fs after initialisation with equation (6) resonantly
at the bandgap with f; = 1.28. Bottom left: change in occupations within the electron A-band due to electron—electron scattering. Bottom
right: change due to electron—phonon scattering. Grid-line spacing is 0.05 ps in the lower two figures. Please note that the solid black areas
near K in the lower two graphs are due to steep slopes resulting in overlapping contour lines and not data exceeding the color bar scale.

distribution there on a femtosecond timescale. However, it
does not lead to significant inter-valley scattering due to the
large involved momentum transfer. The rate is only about
0.1 ps for electron—electron scattering from K to K’ and even
less for transitions to X and A. Inter-valley transfer is domi-
nated by electron—phonon scattering which during this initial
phase creates carrier at a rate of about 0.8 ps in the K’-valley,
0.2 ps in the A-valley, and 0.3 ps in the X-valley.

Due to the much larger energy separation between the K
and K’ valley for holes than for electrons, the carrier transfer
is significantly slower for these. We find a carrier generation
rate at K’ for holes within the A-band of only 0.004 ps for elec-
tron—electron scattering and 0.0006 ps for electron—phonon
scattering,

3.2. Optical excitation

After having used artificial occupations in section 3.1 in order
to determine carrier relaxation timescales and the importance
of underlying mechanisms, we investigate here signatures of
carrier relaxation under more realistic optical excitation con-
ditions. We excite the system with a Gaussian pulse with an
envelope of Eg exp (—(t — 19)?/A}), with a width A, of 50 fs.
Since we are not concerned with details of the polarisation
dynamics we do not evaluate the pertinent microscopic scat-
tering processes but use a simple phenomenological dephas-
ing rate 7y = 30 meV. The central frequency of the pulse
is 800 meV above the unrenormalized bandgap. While the
pulse is present, carriers created by it lead to a dynamic
renormalization of the bandgap [12]. As we have shown in
section 3.1, these renormalizations can be comparable to the
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Figure 7. Occupation of the electron A-band at various times during optical excitation with a 50 fs long Gaussian pulse. The pulse maximum
is at O fs and the excitation energy is 800 meV above the renormalized bandgap. Top (bottom): for an optical field Ey = 0.0625 MV cm™!
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Figure 8. Left: renormalized energies of the electron A-band at critical points in the BZ as function of the electron density for monolayers
of MoTe,, MoSe, and MoS,. Short dashed vertical lines mark the density at which the occupations are 50%. Right: change of energies with

increase of occupation.

spectral width of the 50 fs pulse. Thus, the detuning between
central frequency of the pulse and the renormalized bandgap
changes during the pulse which leads to an excitation that
is spectrally broader than the one created by the artificial
instantaneous excitation.

Figure 7 shows the occupations in the electron A-band of
a monolayer of MoTe, at various times during the excitation
and for two optical field strength, Ey = 0.0625 MV cm~! and
Eo = 2.00MV cm~'. These pulses create electron densities of

about 1 x 10'"" ¢cm? and 8 x 10'3 cm?, respectively. For low
excitation the carrier occupations stay below one percent at all
times and smaller than 10~* until after the center of the pulse
passed. For these low occupations electron—electron scattering
is very weak. Carriers remain near the original excitation until
after the pulse maximum has passed and relax into the side
valleys on a 10 fs timescale rather than the single femtosec-
ond scale seen for higher excitation levels in section 3.1. Some
deviations from the strictly monotone energy dependence of
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the quasi Fermi distributions can still be seen 50 fs after the
pulse maximum at the K’ point.

For the strong excitation carriers relax into hot quasi-Fermi
distributions already during the pulse. At the pulse maximum
carriers are already predominantly relaxed to the bottom of
all valleys and the only non-thermal signature is the fact that
occupations at the individual valleys are not increasing with
decreasing valley energy and are, e.g. higher at A and K’ than
at K. The subsequent cooling down of the carriers happens on
a similar timescale as for lower excitation.

3.3. Energy renormalizations

In the next step, we evaluate the density dependence of the
energy renormalizations for monolayers of MoTe,, MoSe, and
MoS, with carriers in global thermal equilibrium in order to
check whether a transition from direct gap to indirect gap
occurs. Figure 8 shows the computed renormalizations at the
points K, K’, ¥ and A for these materials. At the highest den-
sities considered here, the occupations at the K-point of the
electron A-band reach reach values above 90%. For MoTe,
the occupation at the highest density of 10'* cm? is about 95%,
for MoSe; it is about 93%, and for MoS; the occupation at the
highest density of 0.55 x 10'* cm? is about 97%. We use these
high percentages in order to test the extreme limits of the renor-
malizations, well knowing that realistic densities for technical
applications such as lasers create electron occupations of only
about 50% which is sufficient to generate inversion in the gain
regime since the hole occupation at the K-point are usually
larger due to the lack of side valleys in the hole bandstruc-
ture. To provide benchmark, we therefore mark in figure 8 the
densities at which the occupations reach the 50% level.

All together, we never observe a transition to an indirect
bandstructure for any of the materials investigated here. For all
realistic densities, the lowest electron energy always remains
at the K-point. For all materials, the change in energy with
change in occupation is stronger in the ¥ and A side valleys
than at the K and K’ points (see the right-hand side panels of
figure 8). This difference in renormalizations is caused in part
by the valley dependence of the Coulomb interaction strength
due to its dependence on the local wavefunction overlaps. It
is also a consequence of the local bandstructure dispersion. In
valleys with lower effective mass and, thus, lower density of
states the occupations change stronger for a given change the
in overall excitation level. However, since the side valleys are
energetically significantly above the K-valley energies, their
occupations in thermal equilibrium are low such that the local
energy renormalizations are not strong enough to catch up to
or even go below the K-point energy. Only in the hypotheti-
cal case where the energy separations in the unexcited ystems
were smaller, the occupations in all valleys would be of similar
order and a transition from direct to indirect would be possible.

The DFT determined energetic differences between the
side- and the main-valley used in our work are considerably

larger than those assumed in reference [22] where, e.g., the
valley splitting at zero density in MoS, was assumed to be
less than 15 meV while our calculations yield a separation of
113 meV (see table 1). For MoSe,, we find a direct gap with
a minimum valley separation of about 30 meV while refer-
ence [22] assumes an indirect bandgap for that material. Our
determination of a direct bandgap for MoSe, agrees with most
of the literature (see e.g. references [45, 46] and references
therein). Alltogether, the larger energy separations are the main
reason why our calculations do not predict any transition to
an indirect band configuration in contrast to the findings of
reference [22].

4. Summary and outlook

We combine first principle DFT calculations with fully micro-
scopic many-body models based on the semiconductor DBEs
in order to study the carrier dynamics and excitation induced
energy renormalizations in monolayer TMDCs. Quantum
Boltzmann type scattering equations for the electron—electron
and electron—phonon scattering are solved taking into account
the full BZ in order to resolve the detailed inter- and intra-
valley relaxation processes.

For excitation high above the bandgap, we find that
the carriers relax into hot quasi-Fermi distributions at the
valley minima within less than 10 fs. This initial relax-
ation is dominated by electron—electron scatterings. For the
subsequent intra-valley relaxation, electron—electron and elec-
tron—phonon scatterings turn out to be of comparable impor-
tance. The subsequent cooling of the hot plasma is mediated
by phonon emission on a picosecond timescale. For resonant
excitation at the K-gap, the subsequent transfer of carriers to
other valleys is found to be dominated by phonon scatterings
on a single picosecond timescale.

We find that non-equilibrium signatures in the electron
distribution as caused by a spectrally narrow optical excita-
tion are only observable in the low excitation regime. Elec-
tron—electron scattering processes on the same timescale of
typical femtosecond pulses hide details of the excitation at
higher excitation levels.

Finally, we show that for monolayer TMDCs with a direct
bandgap at zero excitation and an energetic separation between
the main valley and side valleys on the order of the thermal
energy or more, like MoTe,, MoSe, and MoS,, the valley
dependent energy renormalizations do not lead to a transition
from direct to indirect bandgap. While the energy renormaliza-
tion with increasing density can be stronger in the side valleys,
at realistic densities it is not sufficient to shift the side-valley
energetically below the K-point energy for any of the materials
investigated here.

An investigation of further mono- and multi-layer TMDC
materials and their heterostructures is required in order to see
whether one of them allows for such a transition from direct



J. Phys.: Condens. Matter 34 (2022) 285601

J Hader et al

to indirect due to smaller valley separations, and/or a signifi-
cantly valley-dependent Coulomb strength and/or density of
states (effective mass). For example, an excitation induced
transition from an indirect to a direct gap configuration might
be possible in TMDC bi-layer systems.
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Abstract: The electron-hole-plasma induced dephasing and its influence on the excitonic
absorption and the degenerate four-wave mixing spectra in monolayer transition metal
dichalcogenides is investigated. A systematic microscopic theory is presented that com-
bines density functional calculations for the linear material properties with a many-body
equation of motion approach for the optical response. Numerical results are obtained for
the example of an hBN encapsulated layer of MoSs. It is shown that the influence of
the excitation induced dephasing depends only weakly on the exact shape of the carrier
distribution for small densities whereas distribution details become more important with

increasing density.
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Electron—-Hole Plasma-Induced Dephasing in Transition

Metal Dichalcogenides

Josefine Neuhaus,* Tineke Stroucken, and Stephan W. Koch*

Electron—hole plasma-induced dephasing and its influence on the excitonic
absorption and the degenerate four-wave mixing spectra in monolayer transition
metal dichalcogenides are investigated. A systematic microscopic theory is pre-
sented that combines density functional calculations for the linear material
properties with a many-body equation of motion approach for the optical response.
Numerical results are obtained for the example of an hBN-encapsulated layer of
MoS,. It is shown that the influence of the excitation-induced dephasing depends
only weakly on the exact shape of the carrier distribution for small densities,
whereas distribution details become more important with increasing density.

1. Introduction

Since the first successful studies on graphite and its single and
few-layer configurations, the research on van der Waals bonded
materials, including the class of semiconducting transition metal
dichalcogenides (TMDCs), has become increasingly topical.
While several aspects of bulk TMDCs were already investigated
in the 1960s and 1970s,'7 it was the ability to systematically
reduce the thickness down to a monolayer that revealed the tran-
sition from an indirect to a direct bandgap in these materials.!
This feature, in combination with the strong light-matter inter-
action and the additional degrees of freedom such as the valley
index resulting from the quasi-2D hexagonal symmetry, stimu-
lated vivid and manifold research on these systems and makes
TMDCs interesting even for technological applications.
Generally, the TMDC thickness reduction down to a monolayer
not only leads to a direct bandgap but also to strong Coulomb inter-
actions and reduced intrinsic screening, yielding excitonic binding
energies of several hundred meV.>® Many aspects of the resulting
pronounced excitonic properties and related interaction effects in
semiconducting TMDC materials have been investigated and
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discussed in the past years.*>> As one
of the consequences of the reduced intrinsic
screening in monolayer TMDCs, one experi-
ences a strong dependence of near-bandgap
optical properties on details of the dielectric
environment and the excitation conditions.
With regard to the excitonic linewidth, a
drastic narrowing was seen in experiments
when monolayers were encapsulated in
hBN. Even though this feature is not yet
completely understood, it was interpreted
as a suppression of inhomogeneities due
to reduced sample imperfections.'?

As an intrinsic feature, the excitonic res-
onance broadening due to temperature changes or the additional
occupation of different excitonic states has been analyzed both
experimentally and theoretically.'** For example, in four-wave
mixing experiments, exciton population changes have been
induced by varying the spectrally selective excitation power of
the first pulse.”” It was shown that the details of the excitonic
scattering processes are influenced by the different energetic
structures in molybdenum and tungsten-based materials.®!

To extend these studies into the range of unbound electron—
hole plasma excitations, we theoretically investigate in this work
the homogeneous linewidth changes and the four-wave mixing
decay in the presence of the above-bandgap-excited TMDCs.
As a representative example, we evaluate a fully microscopic the-
ory to determine the impact of prepulse-generated incoherent
carrier populations for parameters corresponding to an hBN-
encapsulated monolayer of MoS,. In particular, we analyze
the excitation-induced dephasing (EID) dependence on details
of the carrier distributions in different parts of the bandstructure
and at different electronic temperatures.

2. Theory

In our calculations, we use a systematic approach where density
functional theory (DFT)1?"*% is utilized to extract the fundamen-
tal material properties such as its bandstructure, as well as the
Coulomb and optical dipole matrix elements. These quantities
serve as inputs for our many-body equation of motion (EOM)
approach, which is then numerically evaluated to gain insight
into the dynamical and optical properties of the system under
investigation. For the studies presented in this work, we map
our full DFT bandstructure onto an effective four-band
Hamiltonian. In particular, we include the spin-split conduction
and valence bands as these are dominant for the optical response
of the system and take the bandstructure around the direct
bandgap (K/K') and side (Z/A) valley into account.

© 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH
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We use the massive Dirac—Fermion (MDF) model®! to
describe the single-particle dispersion around the K/K’ valley,
yielding a noninteracting relativistic single-particle dispersion

o 11
of Eork = * 2

(r)-dependent gap Aot and Fermi velocity vy ,,, and treat the dis-
persion at the side valley in effective mass approximation. Here,
the necessary input parameters are obtained by fitting the DFT
bandstructure that is calculated using the Perdew—Burke—
Ernzerhof (PBE)®* functional as implemented in the Vienna
Ab initio Simulation Package (VASP).**”) Due to the finite
thickness of monolayer TMDCs, the dielectric environment as
well as the finite extension play a crucial role for the Coulomb
interaction in these materials. The screening contributions
resulting from remote bands and the dielectric environment
are modeled within an analytic approach by solving Poisson’s
equation for the layered system®® and the Coulomb matrix ele-
ments are calculated exploiting the DFT wave functions.??")

In this work, we are interested in the electron-hole plasma-

AZ +4n™} K?, with spin (6)- and valley

induced dephasing of the interband polarization P}° = <Clt1/k>
and its manifestation in the linear and the four-wave mixing
(FWM) spectrum. We assume a scenario where an initial quasi-
static carrier distribution f7 is generated by a pulse that precedes
any later probe or FWM pulses such that the prepulse-induced
polarization P}*° already decays. For this case, the dynamics of
the interband polarization caused by additional pulses can be
described via the screened Dirac—Bloch equation.

. d S : Ove Vi
g, P = (25 — in) Py — (1= 20y + TYIf)
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where Af denotes the changes in the carrier distribution arising
from the later pulses. In Equation (1), the first line represents the
linear part and the second line contains the nonlinear sources.
Furthermore, il[(o] describes the renormalized single-particle
energy, Q° the renormalized Rabi energy including the inter-
band momentum matrix element p,, with p_ ¢, = movg for lin-
ear polarized light, and y is a phenomenological dephasing rate

(0]
25 =26+ > (W — Wiaar) (1 — 2fY)
K
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T

The contribution I'}*[f{] represents the linearized scattering
due to the initial carrier densities from polarization-carrier inter-
action in second-order Born approximation. Beyond that, corre-
lation effects enter the calculations through screening of the
Coulomb interaction

Wl = Wy(o)(ak - qla'k) (B + qK)
Wo(0) = Vg + VIlg(0) Wq(w)
g'aq -/ g,a
11, = = —
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where V is the Coulomb potential that includes contributions
from ground state and environmental screening. In the
Lindhard polarization function, g, the sum is evaluated for
all spin, valley, and band indices subsumed in a. Here, the
screened renormalized energies enter the denominator and
we include a phenomenological background dephasing yy to
account for all the processes not treated explicitly in our theory.
In our numerical evaluations, we use a value of 300 meV to
match the experimentally determined slope of the excitation-
induced bandgap renormalization.*
With all those ingredients, the scattering contributions are

TEf(@)]g = Y15 (@) = 15 4 (@)] )

a0

767 (1,7(1, P, — ( v (1, 7(1’ ) P 5
(@) = 3V Wy(o) Ui ifia) P (LS TE), P
@ — ho — 55+ 5 — S, + 55 +ifrr

®)
where we used the shorthand notation (f}, fﬁf{;})z =

CF = f) + A= f) = fo)f-

3. Numerical Results

We numerically evaluate our coupled set of equations for param-
eters corresponding to an hBN-encapsulated monolayer of MoS,.
As shown in Figure 1, the unrenormalized band dispersion &,
in the vicinity of the main (K/K') and side (2/A) valleys is approxi-
mated on the basis of the DFT bandstructure. The resulting non-
interacting bandgap at the K/K’ point is Ay =1.682eV and
Ap = 1.831 eV for the A (K /K') and B (K| /K}) bands, respectively.
The valence band maxima are split by 146 meV. The local conduc-
ton band minima marking the side valley (Z/A) are
Aea = 133 meV, respectively, and 4,5 = 200 meV above the min-
ima at the K/K’ point with the corresponding spin. The local band
curvature is described in good approximation by a relativistic disper-
sion with Fermi velocity vg 4 = 3.532 eVA and hvgp = 3.467 eVA
for the main and by an effective mass approach with mj = 0.611mj
and mj = 0.705m, for the side valley, respectively. Comparable

A

25F NS

E [meV]

=
o
I

—0.5 |

=

—1.0 b~ Py
r b K M K A r

Figure 1. DFT bandstructure of a MoS, monolayer (gray scale) and
approximated unrenormalized band dispersion (blue scale) around the
main and side valleys. The spin of the bands is indicated by the corre-
sponding colored arrows.

© 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
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results were reported in different DFT studies.***? Furthermore, to
model the background screening, we carried out DFT calculations
for the bulk structure of MoS,, yielding in-plane and out-of-plane
dielectric constants of eﬁ =15.19 and ¢, = 6.38 and an interlayer

distance of D = 6.18 A, respectively. To model the influence of the
encapsulating hBN, we use k = VEEL = 4.2.

3.1. Excitation-Induced Absorption Changes

Generally, after the short-pulse excitation of a TMDC monolayer
well above the bandgap, strong Coulomb scattering leads to relaxa-
tion into hot quasiequilibrium distributions within the first tens of
femtoseconds. Thereafter, the carriers equilibrate with the lattice via
carrier—phonon interactions on the timescale of few picoseconds.*”
To analyze the consequences of the pre-excited carrier populations,
we evaluate the excitation-induced broadening of the 1s-exciton
absorption linewidth for different distributions. As relevant exam-
ples, we show in Figure 2 results for the case where we have an
equal amount of carriers in the A- and B-band and compare it with
the situation of thermal equilibrium, where the holes experience a
drain between the K and K’ valley due to the large energy offset
between the valleys. In all calculations we assume that the carriers
distributions  f . (4g, T) =
1+ e b ) ! with the chemical potential y, that is determined
iteratively with the renormalized single-particle dispersion and the
screened Coulomb matrix elements.

Figure 2a shows the impact of the excited electron-hole
plasma on the excitation-induced broadening of the linear

can be described via Fermi

®
L

3.5 T T T T
3.0F o
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Figure 2. a) Dependency of the excitation-dependent linewidth of the E;,
exciton resonance on the carrier distribution in the sample. The carriers
are either distributed equally to the A- and B-bands in the different K-valleys
(light blue) or a common chemical potential is assumed (dark blue),
resembling the situation of thermal equilibrium, where a drain of holes
between the K valleys is observed. The carrier distribution in the
b) conduction and c) valence band and the different bands (A: dashed,
B: solid) at the K-valley are shown exemplarily for ny = 2.0 x 10'2.cm~2.
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spectra. As a dominant effect, we notice a nearly linear increase
of the 1s-exciton linewidth with the carrier density by evaluating
the first line of Equation (1) in the frequency domain. To investi-
gate the dependence on details of the electron—hole distributions,
we carry out calculations for different equilibration conditions
and an electronic temperature of T = 300 K.

As a representative example, Figure 2b shows for the density
1y = 2 x 102 cm™2 that the carrier distribution in the conduc-
tion band is only weakly affected by the overall carrier equilibra-
tion within the bandstructure. However, due to the large valence
band splitting, there is a significant drift of holes between the
valleys, as depicted in Figure 2c. This leads to a higher occupa-
tion of the lowest-lying band and further increases the valence
band offset by 27 meV for the illustrated density.

Comparing the different results in Figure 2a, we see that the
dependence of the linewidth increase on the details of the carrier
distributions is marginal for low densities, whereas it becomes
somewhat more pronounced in the regime of elevated electron—
hole pair populations. Moreover, we notice that the unequal hole
distribution in different valence bands, respectively, the different
valleys, leads to a somewhat reduced broadening of the lowest
excitonic state.

The different distributions selected for Figure 2 are motivated
by the fact that generally, in addition to the redistribution of the
holes between the K valleys, an electron drift toward the side
valleys takes place. However, as the offset between the valleys
is considerably large-133meV in MoS, without initial
carriers—in the regimes considered in this work, only a small
amount of carriers is located in the side valley. Hence, the influ-
ence of the side valley in MoS, in the low-density regime is neg-
ligible if only scattering processes with incoherent carriers are
considered. This scenario differs from that in a tungsten-based
sample, where EID effects were studied depending on the exci-
ton density, and a crucial importance of the intervalley scattering
with the side valley was reported.!'*'% These observations dem-
onstrate the importance of the different energetic structures in
tungsten- and molybdenum-based materials on the one hand and
the dependence of EID effects on the particular nature of the
investigated scattering processes on the other hand.

To get some insight into the importance of carrier tempera-
ture on the excitation-induced modifications of the optical
response, we show in Figure 3 the changes in the linear absorp-
tion spectra and the excitonic linewidth. In Figure 3a, we see that
resonance broadening increases with increasing temperature for
all densities investigated. The changes become more pronounced
for elevated densities and reach a plateau for higher tempera-
tures. While the increase in the linewidth for ny, =
0.6 x 102 cm~2 is in the range of 0.1 meV, the overall broaden-
ing for ny = 2.4 x 10> cm™2 increases by 1.58 meV between a
carrier temperature of T =200K and T = 800K, which can
be seen even in the linear absorption spectrum (Figure 3b).

Generally, an increasing carrier temperature leads to a spread-
ing of the Fermi distributions and less occupation close to the
main valley. As is indicated on the energy axis of Figure 3D, this
distribution broadening goes along with a smaller bandgap
renormalization. The microscopic origin of this reduction can
be found in both the influence of the screening, that is approxi-
mately described by the screening wave number, which in turn is
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Figure 3. a) Dependency of the excitation-dependent 1s-exciton linewidth on the carrier temperature for different carrier densities distributed equally in
the bands. The dephasing increases with elevated temperatures and reaches a density-dependent plateau for high temperatures. b) The linear absorption

spectrum for the carrier density ny = 2.4 x 102 cm
bandgaps are marked by the vertical bars on the energy axis.

proportional to the carrier occupation at k = K, and the influence
of phase-space filling that decreases due to the distribution
broadening effects. In addition to the carrier temperature-depen-
dent bandgap reduction, a shift of the excitonic resonance on the
order of few meV can be noticed in Figure 3b.

3.2. EID Signatures in Four-Wave Mixing Spectroscopy

Experimentally, homogeneous and inhomogeneous broadening
effects cannot be separated in a linear absorption spectrum.
However, the influence of homogeneous broadening can be
identified using nonlinear spectroscopic techniques such as
degenerate four-wave mixing (DFWM) spectroscopy. In
DFWM, two laser pulses with wave vectors k; and k;,, varying
time delay 7, and low intensities are used, and the scattered
signal PP, resulting from the interaction of the second pulse
with the grating induced by the interaction of the polarization
Pl generated by the first pulse and the second pulse, in direction
2k, — k;, is measured.

Assuming low-intensity pulses and complete decay of the
prepulse-induced coherent polarization, changes in the

Puc AZ

mocz/;;z\/l_i
IR

N[5 (k)] (k) (k) Wiy
kK Ao ds

+Z Z [¢L ¢/11

k A1, g, A3

[3 FWM

[B7 ()] g5 (k)"

The intensity of the FWM signal is proportional to the sum

over the contributions from the different eigenstates, |P(t, 7)|> =

st P 0 PP M 2y = \/1-2h).

As an example of our results, we show in Figure 4 the
computed dependence of the time-resolved DFWM signal on
the initial carrier density for the case of zero delay between

[FWM] ( with Y1
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~2 and the carrier temperatures of 200, 400, 600, and 800 K. The respective renormalized A and B

population due to the four-wave mixing pulses in the presence
of initial incoherent carriers can be approximated by

Afk~1 2f°

Py is solved iteratively in the eigenbasis of

= |Pi|2. The resulting equation for the polarization

\1=2f9
Fk,k’
V1-2f)

(6)

0 = 2505, —\/1- 2f 0w 1 - 2 +

with the left and right eigenstates ¢}(k) and ¢R(k) for
eigenvalues ¢, = hw,. Here, the Coulomb matrix elements are
evaluated for the dominating frequency @ = w,,. The polariza-
tion of n'

P,[ln](t) =S ﬂmdt’e’i("“’iﬂ("")anl(t’), with the linear source

= o 2ok /1= 2f2p,e - Alp(k)]" and the relevant parts of

the cubic source, that is, the parts that are « A{A%.

order in the optical field is then given by

()Pulpllz

ﬁ 1/»1

)¢5, ()5, (K) (W — W) PL, Pag, Pay,

Py, Py, (7)

the pulses (z = 0 ps). Here, we assumed excitation pulses reso-
nant to the lowest exciton having a temporal width of 150 fs. Due
to the carrier-induced increase in dephasing, we notice a signifi-
cantly faster decay of the DFWM signal with increasing density.

Figure 5 shows the integrated FWM signal for different initial
carrier densities. The pulses have a temporal width of 150 fs and
their central frequency is adjusted to the 1s excitonic resonance.
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Figure 4. Time-resolved DFWM signal for 7 = 0 ps and different initial
carrier densities ng distributed equally in the A- and B-band. The self-
correlated signal of the pulses with central frequency matching the exciton
resonance energy ;= @, =@y, maximum at t=tp and width
twidth = 150fs is marked as the gray area.
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Figure 5. Integrated DFWM signal for different initial carrier densities ng
distributed equally in the A- and B-band. The self-correlated signal of the
pulses with central frequency matching the exciton resonance energy
@, = 0, = wy; and width t,4n = 150fs is marked as the gray area.
The integrated signal decreases for larger ¢ proportional to
exp(—2¥hom?), the fitted values for y,,., are depicted in the inset.

For positive delay times, the signal decreases proportional to
2¥hom» WheTe ypon, is composed of the inserted phenomenological
background dephasing Ay = 2meV and the EID of the lowest-
lying exciton resonance. Due to the density-dependent increase
in EID, the slope of the integrated signal gets steeper with
increasing carrier densities, approaching the self-correlated sig-
nal of the pulses depicted as gray areas in the figure.

4. Summary and Conclusion

Using a fully microscopic approach combined with DFT calcu-
lations of the linear material properties, we investigated EID
effects caused by incoherent electron-hole excitations.
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We evaluated the theory for different carrier distributions for
the example of hBN-encapsulated MoS, and computed the
excitation-dependent linewidth of the energetically lowest exciton
resonance as well as the decay of the DFWM signal. As relevant
examples, we analyzed the influence of different static carrier
distributions within the bands and the consequences of an
increased carrier temperature. For small densities, our results
show that the EID depends only weakly on the exact carrier dis-
tribution, whereas distribution details become more important
with increasing density. The unequal occupation of the valence
bands resulting from the hole drain between the K and K’ valley
leads to a reduced dephasing. Furthermore, an increase in carrier
temperature results in an EID increase, reaching a plateau for
high temperatures. These effects should manifest themselves,
for example, in time-dependent measurements of the excitonic
linewidth and in DFWM spectroscopy. In particular, the EID
after incoherent carrier generation is expected to decrease with
increasing time as both the cooling of hot carrier distributions on
a short timescale as well as the drain of the holes due to inter-
valley scattering on a longer timescale result in an EID decrease.
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