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Abstract

The discovery of graphene in recent years has opened a research field into ma-

terials with similar electronic properties, called Dirac materials. Topological insulators

and certain transition metal dichalcogenides (TMDCs) also exhibit massless and massive

Dirac fermions, respectively. Photoemission techniques have the capacity to investigate

both the electronic and lattice properties via angle-resolved photoemission spectroscopy

(ARPES) and X-ray photoelectron diffraction (XPD), respectively. These techniques can

be implemented as pump-probe techniques by introducing an infrared excitation pulse

to bring the carriers out of equilibrium. By measuring the timescale of this process and

subsequent relaxation effects we can gain information about the many-body interactions

within a material. The aim of this thesis is to improve the understanding of Dirac ma-

terials by investigating the carriers and the lattice dynamics on ultrafast timescales after

being excited by a femtosecond light pulse.

The selection rules involved in the excitation of an electron contain information of

the symmetry and orbital character of its initial state. These are thoroughly investigated

in semiconducting TMDCs using time-resolved (TR-)ARPES for both the photoemission

process and the absorption of an infrared excitation pulse. We find that the masking

of the photoemission intensity is due to a combination of intra- and interlayer effects.

In single layer TMDCs we find a higher intensity towards the first Brillouin zone (BZ)

due to an in-plane interference effect from the photoelectrons emitted from the Mo d-

orbitals. When considering a bilayer system, an additional interlayer interference leads

to a photon-energy shift of the intensity to the edges of the BZ.

Single layer TMDCs are known for exhibiting a circular dichroism effect, where

the excitation of an electron from the valence band to the conduction band is preferen-

tially excited by circular left polarised light at K and circular right polarised light at K′.

We investigate the polarisation dependence of the excitation for a bilayer system and
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additionally find a surprising strong linear dichroism effect in the conduction band of

bilayer (BL) MoS2. The population can be modelled by using the semiconductor Bloch

equations, which reveal an anisotropic momentum-dependent intensity due to the in-

tralayer single-particle hopping parameter. This explains the observed linear dichroism

due to the selective momentum-dependent cut of an ARPES measurement.

To visualise the changes of the lattice structure, XPD is also developed as a pump-

probe technique. This was achieved by using a momentum microscope at a free electron

laser. Together, these instruments provide the ability to measure the ultrafast dynamics of

the core levels as a function of momentum parallel to the crystal surface. To test this new

method we aim to observe the optical coherent phonons present within Bi2Se3. These co-

herent phonons manifest as the in-phase and out-of-phase movement of the lattice planes

along the c-axis. The movements can be extracted from the data by comparison to simu-

lations of the expected XPD pattern for a certain lattice configuration. Oscillations of the

interlayer lattice constants as a function delay time were observed with a period similar

to what would be expected for the A1
1g coherent phonon.



Dansk Resumé

Opdagelsen af grafen i de senere år har åbnet et forskningsfelt inden for mate-

rialer med lignende elektroniske egenskaber, kaldet Dirac-materialer. Topologiske isola-

torer og visse overgangsmetaldichalcogenider (TMDC’er) udviser også henholdsvis mas-

seløse og massive Dirac-fermioner. Fotoemissionsteknikker har kapacitet til at undersøge

både de elektroniske egenskaber og gitteregenskaber ved hjælp af vinkelopløst fotoemis-

sionsspektroskopi (ARPES) og henholdsvis røntgenfotoelektrondiffraktion (XPD). Disse

teknikker kan implementeres ved pumpesondeteknikker ved at indføre en infrarød ek-

sitationspuls for at bringe ladningsbærerne ud af ligevægt. Ved at måle tidsskalaen for

denne proces og efterfølgende afslapningseffekter kan vi få information om mangelegeme-

interaktioner i et materiale. Formålet med denne afhandling er at forbedre forståelsen af

Dirac-materialer ved at undersøge bærere og gitterdynamikken på ultrahurtige tidsskalaer

efter eksitation med en femtosekund lyspuls.

Udvælgelsesreglerne, der er involveret i eksitering af en elektron, indeholder in-

formation om symmetrien og omløbets karakter i dens oprindelige tilstand. Disse under-

søges grundigt ved halvledende TMDC’er ved hjælp af tidsopløste (TR-) ARPES til både

fotoemissionsprocessen og absorptionen af en infrarød excitationspuls. Vi finder ud af,

at maskeringen af fotoemissionsintensiteten skyldes en kombination af intra- og mellem-

lagseffekter. I TMDC’er med et enkelt lag finder vi en højere intensitet mod den første

Brillouin-zone (BZ) på grund af en interferenseffekt i planet fra de fotoelektroner, der ud-

sendes fra Mo d-orbitals. Når man overvejer et dobbeltlagssystem, fører en yderligere

interlayer-interferens til en foton-energiforskydning af intensiteten til kanterne af BZ.

Enkeltlag TMDC’er er kendt for at udvise en cirkulær dikroismeffekt, hvor eksita-

tionen af en elektron fra valensbåndet til ledningsbåndet fortrinsvis eksiteres af cirkulært

venstrepolariseret lys ved K og cirkulært højre polariseret lys ved K′. Vi undersøger

polarisationsafhængigheden af eksitationen for et dobbeltlagssystem og finder desuden
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en overraskende stærk lineær dikroismeffekt i ledningsbåndet til dobbeltlag (BL) MoS2.

Populationen kan modelleres ved hjælp af halvleder Bloch-ligningerne, som afslører en

anisotropisk momentumafhængig intensitet på grund af intralags-enkeltpartikelhoppeparameteren.

Dette forklarer den observerede lineære dikroisme på grund af det selektive momentu-

mafhængige snit af en ARPES-måling.

For at visualisere ændringerne i gitterstrukturen er XPD også udviklet som en

pumpesonde-teknik. Dette blev opnået ved anvendelse af et momentummikroskop ved

en fri elektronlaser. Sammen giver disse instrumenter muligheden for at måle den ul-

trahurtige dynamik i kerneniveauet som en funktion af momentum parallelt med krys-

taloverfladen. For at teste denne nye metode har vi til formål at observere de optiske

sammenhængende fononer, der findes i Bi2Se3. Disse sammenhængende fononer mani-

festerer sig som in-fase og ud-fra-fase bevægelse af gitterplanene langs c-aksen. Bevægelserne

kan udvindes fra data ved sammenligning med simuleringer af det forventede XPD-

mønster for en bestemt gitterkonfiguration. Oscillationer af interlayers gitterkonstanter

som funktion af forsinket tid blev observeret med en periode svarende til, hvad der ville

forventes for A1
1g kohærent fonon.
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Chapter 1

Introduction

This introductory chapter aims to give a quick overview of the materials and par-

ticle dynamics investigated within this thesis. First, Dirac materials are defined and a

description of the properties of graphene, TMDCs and topological insulators is given.

Afterwards, the ultrafast dynamics that can be observed after an excitation with a fem-

tosecond pulse are described with a focus on the interactions within Dirac materials. Fi-

nally, a brief summary of the thesis is given with an outline of each chapter.

1.1 Dirac Materials

The discovery of graphene, a one-atom thick sheet of carbon, by Andre Geim

and Konstantin Novoselov in 2004, led to a new direction in condensed matter physics

research focused on understanding and manipulating the properties of a new class of

material called Dirac materials [1]. The materials within this class are unified by the fact

that their electronic structure can be described by the Dirac equation, often leading to

particles called massless Dirac fermions [2].

Graphene consists of two-dimensional (2D) hexagonal lattice with two atoms per

unit cell as shown in fig. 1.1a). A simple tight-binding model of the pz-orbitals is sufficient

to determine the interesting band structural features. When just considering the nearest

1
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Graphene
Transition metal
dichalcogenide

Topological 
Insulator

K K Γ

A

B

M

X
Se

Bi

a)

b) f)

e)

d)

c)

Figure 1.1: Crystal and band structure of certain Dirac materials - a) Honeycomb lattice of
graphene with A lattice sites in dark grey and B lattice sites in light grey. b) Doubly-degenerate
linear bands that form the Dirac cone for graphene at the K-point of the BZ. c) Top view of a tran-
sition metal dichalcogenide in the 1H-structure with the transition metal (M) shown in red and
the chalcogen in yellow (X). d) Band gap at the K-point of the BZ for a semiconductor TMDC with
spin-split valence bands. e) Top view of the hexagonal structure of Bi2Se3 with Bi atom in purple
and Se in green. f) Resulting spin split surface states connecting the VB and conduction band.

neighbour hopping, the Hamiltonian is given by [3]

H = −t ∑
〈i,j〉,σ

(a†
σ,ibσ,j + H.c) (1.1)

where t is the hopping parameter between the two sublattices and aσ,i (a†
σ,i) annihilates

(creates) an electron with spin σ on sublattice A (and similarly for sublattice B). The en-

ergy solutions derived from this Hamiltonian have the form

E±(k) = ±t
√

3 + f (k) (1.2)
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f (k) = 2 cos
(√

3kya
)
+ 4 cos

(√
3

2
kya

)
cos
(

3
2

kxa
)

(1.3)

where k = kx x̂ + kyŷ is the momentum vector and a is the lattice parameter. Most elec-

tronic properties stem from the region near the K-point so we consider a small wave

vector q = k−K close to the K-point, where the energy bands can be expressed as

E±(q) = ±h̄vF|(q)| (1.4)

where vF is the Fermi velocity. A schematic of the resulting bands is plotted around K,

the BZ corner, in fig. 1.1b). Strikingly, the bands meet exactly at the Fermi level, giving

rise to a linear dispersion and a vanishing density of states (DOS). As the linear bands

can be described by the Dirac equation, graphene is referred to as a Dirac material and

the conical shaped bands are called Dirac cones. The bands are spin degenerate leading

to a four-fold degenerate state where they meet, called the Dirac point. These appear at

the BZ corners, of which there are two inequivalent ones, K and K′, as they cannot be

translated between with a reciprocal lattice vector. The wavefunctions at these two points

are related via time-reversal symmetry and are distinguished by their so-called valley

index. The electrons at the Dirac point are described as massless relativistic fermions.

The effective mass of a band is described by m? = h̄2(d2E(k)/dk2)−1, which diverges for

the linear bands in graphene. However, the relativistic dispersion of (massless) photons

is given by E = ±h̄ck, which is identical to the dispersion of graphene near K but for a

different velocity,vF ∼ 106 m/s, than the speed of light, c. [4].

The class of semiconducting TMDCs can be thought of as the massive analogue

of graphene. Most semiconducting TMDCs have a MX2 layered structure where each

layer consists of a hexagonally arranged transition metal (M=Mo, W, ...), sandwiched

between two layers of chalcogen atoms (X=S, Se, Te) [5]. The layers can be stacked along

the c-axis in different ways to create an inversion symmetric or non-inversion symmetric

crystal. For some TMDCs the single layer structure resembles the honeycomb lattice of

graphene with an M atom on a different sublattice to the X atoms, when viewed along

the c axis as depicted in fig. 1.1c). This leads to a band gap at the two valleys due to
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the broken sublattice symmetry. The resulting band structure can be described as hosting

massive Dirac fermions at the CB and VB edges at K (see fig. 1.1d)). Transition metals

and chalcogens also have strong spin-orbit coupling (SOC) strengths, leading to a large

spin-splitting of the VB [5, 6].

Dirac fermions are also present in topological insulators. This is a class of material

classified by an insulating bulk and conducting surface, which are symmetry-protected by

non-trivial topological order [7]. An archetypical example is Bi2Se3 whose crystal struc-

ture perpendicular to c-axis is shown in fig. 1.1e). In the bulk of these materials, SOC

drives an inversion of the bands with different parities [8]. If the bulk of the topological

crystal is interfaced with a non-inverted band gap material (including topologically triv-

ial vacuum), conducting states must exist to interface these two materials. Since this is a

spin-orbit effect, the spin degeneracy is lifted leading to one spin-up and one spin-down

topological surface branch as shown in fig. 1.1f). The surface states can effectively be

described by the Dirac equation similar to graphene but with no spin degeneracy.

The band structure of all Dirac materials host an interesting playground for novel

particle interactions. The Dirac cone leads to many exotic properties such as a Berry phase

[9], Klein tunnelling [10] and the quantum hall effect [11]. Additionally, both graphene

and topological insulators yield a high carrier mobility [12, 13] due to the reduction in

the scattering of carriers in graphene and topological insulators due to the necessary flip

of the (pseudo)spin [12, 14]. Spin and valley degrees of freedom in TMDCs lead to the

possibility of spintronic and valleytronics devices, which could overcome the intrinsic

limitation of field effect transistors [15–17]. These quantum phenomena and their inter-

play can be explored even further by investigating the excited state dynamics of Dirac

materials.

1.2 Ultrafast Dynamics

The excitation of a condensed matter system with a short pump pulse brings the

carriers of that system out of equilibrium and subsequently leads to a number of relax-

ation processes. By measuring the timescales of these processes we can gain information
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Figure 1.2: Schematic for excitation and relaxation processes - Time-scales for ultrafast excitation
and relaxation of electron and lattice-processes in solid state materials. The yellow region marks
the time duration of the excitation pulse. Reproduced from [18].

about the many-body interactions within a material. A schematic of the time-scales for

the underlying interactions is shown in fig. 1.2 for generic semiconducting materials ex-

cited by a femtosecond light pulse [18]. The electron- and lattice-driven processes are

grouped into four main events.

During excitation the laser energy is transferred to valence electrons of the system

in two possible ways. Either the valence electrons can be excited by absorption of one

or more photons to the unoccupied states across a direct band gap or across an indirect

band gap, which requires the addition of a phonon to conserve the momentum difference.

Additionally, impact ionization can lead to excited carriers if an excited conduction elec-

tron transfers its energy and momentum to an electron in the VB, allowing it to scatter

into higher energy states. Scattering with a phonon or free carrier leads to rapid dephas-

ing with the incoming light field. Therefore, coherent effects in most materials are only

observed on the short femtosecond time-scale prior to scattering events.

The system can relax via thermalization, carrier removal and structural effects.

Thermalisation leads to the redistribution of valence band (VB) and conduction band (CB)
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electrons via simultaneous carrier-carrier scattering and carrier-phonon scattering. Elec-

trostatic interactions induce carrier-carrier scattering between electrons in Auger-like pro-

cesses. These scattering events cause the carrier distribution to approach the Fermi-Dirac

distribution with high electron temperatures often within 100 fs. During carrier-phonon

scattering, the carriers can lose or gain energy and momentum due to emission or ab-

sorption of a phonon but generally energy is transferred to the lattice by spontaneous

phonon emission. Eventually the carriers and lattice will reach thermal equilibrium via

these processes.

After thermalization the carriers can lose energy via recombination processes.

The electron-hole recombination across the band gap is achieved via radiative or non-

radiative processes. The latter includes Auger recombination when the electron recom-

bines with a hole by transferring its energy to an excited electron. Carrier recombination

can also occur via defect or surface states. Radiative recombination occurs when photons

are re-emitted from the material leading to luminescence. Additionally, carriers can dif-

fuse away from the region of the sample that was excited by the laser to possible ground

sources. Auger recombination happens on shorter time scales than radiative and diffu-

sion processes, which occur on tens-of-picoseconds time scales.

After thermalisation and carrier removal the energy of the electrons is transferred

to the lattice and the system becomes similar to those heated by conventional methods.

The thermal lattice energy can be removed via thermal diffusion in the system or, if the

excitation was of a high fluence, via ablation or evaporation. Finally, the material cools

back into its original state on the order of microseconds if the excitation did not cause

lasting structural changes.

The exact timescales in Dirac materials can vary from the schematic in fig. 1.2,

especially since it was made with semiconducting materials in mind. While it generally

holds for semiconducting TMDCs, the dynamics in topological insulators and graphene

can differ due to their semi-metallic nature, which places their optical properties between

those of metals and semiconductors [19, 20]. Ultrafast excitations in graphene have seen

a quasi-instant thermalisation of the excited electrons and a subsequent decay into opti-

cal and acoustic phonons [21]. In topological insulators, such as Bi2Se3, the carriers also
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thermalise quickly in the CB, which leads to a metastable population at the band edge

that feeds electrons to the surface states where they persist for multiple picoseconds [19].

These long-lived interactions are likely mediated by the acoustic coherent phonons pre-

siding within the system [22].

We can obtain information about the ultrafast dynamics of the electronic and vi-

brational properties of Dirac materials by using photoemission techniques. TR-ARPES

and TR-XPD can visualise the electronic and lattice structure of a crystal, respectively.

TR-ARPES measurements on semiconducting TMDCs have investigated the spin-, valley-

and layer degrees of freedom during its ultrafast excitation and relaxation [23] but there

is little information about the momentum dependence of the excitation on 2D TMDCs

despite the interest in valley dynamics [24]. TR-XPD, on the other hand, will allow us

to visualise the motion of the lattice on a femtosecond timescale to track the behaviour

of coherent phonons and other lattice deformations after the excitation of a pump pulse.

By combining TR-ARPES and TR-XPD measurements we will be able to observe the re-

sponse of both the lattice and electronic states to an ultrafast excitation pulse simulta-

neously. This will aid in the understanding of the coupling between the lattice and the

electronic properties, such as the change in electronic structure due to lattice distortion or

electron-phonon interactions. Understanding these scattering processes in crucial to any

finite temperature application of solid state materials.

1.3 Thesis Outline

This thesis focusses on the use of time-resolved photoemission techniques to in-

vestigate the polarisation-dependent excitation in BL MoS2 (Chapter 3) and coherent

phonon dynamics within Bi2Se3 (Chapter 4). In these chapters separate introductions

are given to the relevant topics with a list of collaborators and contributions, before the

experimental results and discussion thereof. An overview of the rest of this thesis is out-

lined below:

• Chapter 2 goes into the details of the photoemission techniques used in this thesis

for ultrafast electronic and structural changes. The focus is on ARPES and XPD and
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their implementation as pump-probe techniques. Finally the user-based facilities

for the time-resolved measurements, ARTEMIS (for TR-ARPES) and FLASH (for

TR-XPD), are described in detail.

• Chapter 3 delves into the selection rules for the photoemission and absorption pro-

cesses in semiconducting TMDCs. Surprisingly, a linear dichroism is observed in

the CB of BL MoS2 when investigating the polarisation dependence of the pump.

The chapter is inspired by the published articles (I) and (II) listed in the publica-

tions section. The relevant sections and figures will bear close resemblance to these

articles and some figures are identical to those in the articles or the supplementary.

• Chapter 4 details the measurements of the first TR-XPD experiment, aiming to vi-

sualise the coherent phonons in Bi2Se3. This was made possible by the HEXTOF

momentum microscope installation at FLASH and we were able to observe oscilla-

tions of the interlayer positions. These results are currently not published.

• Chapter 5 summarises the results of the work within this thesis and gives an outlook

towards future experiments and developments within the field.



Chapter 2

Experimental Techniques

The main techniques used in this thesis are ARPES and XPD in the time-resolved

domain. These both rely on the photoemission process, wherein an incoming photon ex-

cites an electron within the solid and is consequently emitted into vacuum. In this chapter

I will present the basic theory of the photoemission process, explain how this applies to

ARPES and XPD specifically and describe the physical properties that can be extracted

from the measurements. Afterwards the pump-probe technique will be discussed, which

allows for these techniques to visualise ultrafast dynamics. Finally there is an introduc-

tion to vacuum equipment, the specific analysers used to measure the emitted electrons

and the design of the user-based facilities, ARTEMIS and the PG2 beamline at FLASH,

used to acquire TR-ARPES and TR-XPD.

2.1 Photoemission Techniques and Properties

Photoemission is, in essence, an excitation of an electron by an incoming photon,

allowing for the electron to be emitted from the material to which it was bound. This

process was first observed by Hertz in 1887 [25] and later described by Einstein in 1905

[26], who implemented the foundations of what we know of today as quantum physics.

There are two frameworks that are often used to describe the photoemission process: the

one-step model and the three-step model (see fig. 2.1). In one-step model the electron

excites directly into a final state at the surface, which is wave-matched onto a state in

vacuum. This model is used for cutting-edge photoemission calculations and the details

9
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Figure 2.1: Photoemission models - Schematic of the three-step model and the one-step model.
In the three-step model an electron is excited, propagated to the surface and emitted from the
material. In the one-step model on the other hand, the electron excites directly into a final state at
the surface, which is wave matched onto a state in vacuum. Reproduced from ref. [28].

of it are outside the scope of this thesis but an introduction can be found in Ref. [27]. The

three-step model, on the other hand, is an approximation that gives an intuitive picture

of the process and highlights the main features of photoemission adequately, which are

described here. The three main steps can be summarised as:

1. Optical excitation of an electron from its initial state into the final state

2. Propagation of the excited electron to the surface

3. Emission of the electron from the material into vacuum.

The following overview of the three-step model is inspired by Hufner [27] and Damascelli

(2003) [28].

The emitted photoelectrons contain more information than the initial state that

they were in before the photoemission process. This stems from the fact that when an
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electron is excited to the final state it leaves behind a system with one fewer electron and

this system thus differs from the initial state. The effect is different for electrons emitted

from core levels or VBs. The energy of the core level does not depend on the wave vector,

since its wavefunction is localised around the atom. In the simplest picture, a core level

will look like a peak in energy with Lorentzian broadening due to the core-level lifetime.

This can be complicated by the fact that valence electrons can be excited by the core hole,

leading to an asymmetry in the core level. In the VB, additional complications arise, since

the hole is created in the responding system (i.e. the sea of valence electrons) and valence

electrons have a wave vector dependence. First, I will briefly outline the interaction of

the electron with the photon and then discuss the complex response of the VBs to pho-

toemission, which can be measured by ARPES experiments. Finally, the photoemission

process is reiterated to deduce the lineshape of a core level that can be measured by X-ray

photoemission spectroscopy (XPS), which is the basis of XPD measurements.

2.1.1 Photoemission Intensity

The first step of the three-step model is the optical excitation of an electron into

the final state. During this step, Fermi’s golden rule can be used to describe the transition

rate from the initial state of an N-particle system, ΨN
i , into the final state, ΨN

f ,

w f i =
2π

h̄
|〈ΨN

f |Hint|ΨN
i 〉|2δ(EN

f − EN
i − hv) (2.1)

where EN
i and EN

f are the energy of the initial and final state of the system, whose differ-

ence must correspond to the photon energy, hv, of the optical excitation. The interaction

with the photon is treated as a perturbation where the expression for the Hamiltonian

(Hint) can be simplified by neglecting higher order terms describing two order photon

processes and assuming the dipole approximation since the wavelength of the light is

orders of magnitude larger than the interatomic spacing in a typical photoemission ex-

periment. This reduces the interaction Hamiltonian down to

Hint =
e

mec
A · p (2.2)
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where A is the vector potential of the photon field, p is the momentum operator p = ih∆,

c is the speed of light and me is the electron mass. After photoexcitation the N-particle ini-

tial state transforms into a free electron final state of the excited electron and the (N-1)-particle

system left behind. Here the sudden approximation can be made, which states the emit-

ted photoelectron does not interact with the remaining system. This allows one to write

the initial and final state as

ΨN
i = Aφk

i ΨN−1
i (2.3)

ΨN
f = Aφk

f ΨN−1
f (2.4)

where A is the antisymmetry operator, and φk
i (φk

f ) is the initial (final) state one-electron

orbital, which the electron is excited from (to) at some wave vector k. Therefore, the

matrix element in the rate equation (eq. 2.1) becomes

〈ΨN
f |Hint|ΨN

i 〉 = 〈φk
f |A · p|φ

k
i 〉 〈ΨN−1

s |ΨN−1
i 〉 (2.5)

where s denotes an excited state of the system. The first term on the right-hand side is

the one-electron transition matrix element M f ,i (further described in section 2.1.2). The

photoemission intensity at a momentum k and energy E can then simply be calculated as

the sum of all possible final states:

I(k, E) ∼∑
f ,i
|M f ,i|2 ∑

s
|cs|2 δ(E + EN−1

s − EN
i − hν) (2.6)

where |cs|2 = |〈ΨN−1
s |ΨN−1

i 〉|2 is the probability that the removal of the photoexcited

electron will leave the remaining (N-1)-system in the excited state s. The sum ∑s |cs|2 is

called the spectral function, A, and contains all the information on many-body effects

and interactions during the first step of photoexcitation. If the correlations within the

system are weak this will result in only one peak at s=k where k is the quantum number

of the emitted electron. For the case of a linear dispersions (fig. 2.2a)) this will lead to the

spectra shown in fig. 2.2b). However, if the correlations are strong this will result in many
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a) Dispersion b) Non-interacting c) Interacting

Figure 2.2: Spectra for interacting and non-interacting systems - a) Disperion of a linear band.
b) Spectra dispersing near the Fermi level of a non-interacting system. c) The same dispersion
depicted in an interacting system with satellites corresponding to the additional final states. Re-
produced from ref. [28].

non-zero cs-values, leading to multiple final states that have some overlap with the initial

state. This is due to the fact that removing an electron that strongly interacts with the

other electrons in the system, will result in a greater change of the local potential, leading

to additional final states. This interaction can show up as additional satellites to the main

line within the energy spectra (see fig. 2.2c)).

In the case of valence electrons, we need to carefully consider the wave vector

dependence of the spectral function. A summary of its derivation is given here but the

reader is referred to Ref. [28] for a full overview. The spectral function is closely related to

its Green’s function G(k1, k2, E), which describes the probability that an electron in state

k1 will be found in state k2 after a scattering event with energy transfer E. Neglecting

the off-diagonal terms of the one-electron Green’s function, we can define the spectral

function as

A(k, E) =
1
π
| Im(G(k, E))|. (2.7)

In the case of a non-interacting electron system the one-electron Green’s function is

G0(k, E) =
1

E− E0(k)− iδ
(2.8)

where δ is an infinitesimally small number and E0(k) = h̄2k2/2m is the energy of a free
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electron. This yields the spectral function A0(k, E) = 1
π δ(E− E0(k)), which proves that

for no electron interactions the spectrum will simply resemble a delta function. The elec-

tron interactions can be taken into account by adding an extra term, called the complex

self-energy Σ(k, E) = Re Σ + i Im Σ. Thus, the Green’s function and spectral function

become

G(k, E) =
1

E− E0(k)− Σ(k, E)
(2.9)

and

A(k, E) =
1
π

Im Σ

(E− E0(k)− Re Σ)2 + (Im Σ)2)
. (2.10)

The real and imaginary parts of the self-energy contain information on the energy renor-

malisation and electron lifetime. These manifest in the spectra as a change in the band

velocity (v = 1
h̄

∂E(k)
∂k ) and as a broadening of the bands, respectively. For the simplest case

of a linear dispersion (E(k) = vh̄k) the spectral function will appear as a Lorentzian line-

shape with a full-width half maximum (FWHM) of FWHM = 2| Im Σ
vh̄ | and the momentum

value kpeak = (1/νh̄)(E − Re Σ). Additionally, we need to consider that photoemission

can only occur from an initially occupied state. The occupied states at a certain tempera-

ture, T, is defined by the Fermi function, which is written as:

f (E) =
1

e(E−µ)/kbT + 1
(2.11)

where µ is the chemical potential of the system and kB is the Boltzmann constant. This

term is simply included in eq. 2.6 to yield the final equation for the photoemission inten-

sity written as:

I(k, E) ∼ f (E) ∑
f ,i
|M f ,i|2 A(k, E). (2.12)

In conclusion, in a photoemission experiment the band structure of a crystal will be mani-

fested as the occupied bare bands with a Lorentzian broadening and renormalisation due

to the spectral function and with consideration of the allowed matrix elements. In addi-

tion, the experimental resolution broadens the intensity further and can be modelled as a

convolution of a Gaussian to the intensity.

At the second step of the three-step model, after the photoexcitation into the bulk
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Figure 2.3: Universal curve - Inelastic mean free path as a function of kinetic energy. The data
points showcase different materials from accumulated studies and the solid line denotes an em-
pirical fit. Reproduced from ref. [29]

final state, the electron travels in the crystal to the surface. The electron can experience

inelastic scattering processes, which cause it to lose energy and lower its kinetic energy

after emission. The electrons that undergo inelastic scattering before emission are called

"secondaries" and they lead to a large background intensity at lower kinetic energies. The

probability of an electron escaping the solid without scattering depends on its inelastic

mean free path (IMFP), λ, given by the Beer-Lambert law [29]

Id = I0e(−d/λ), (2.13)

where Id is the intensity of electrons from an escape depth d, and I0 is the intensity cor-

responding to electrons escaping at the sample surface, d = 0. The higher the inelastic

mean free path, the greater the chance that the electrons will escape the sample. The

’Universal Curve’, which defines behaviour of IMFP with kinetic energy, is shown in fig.

2.3. It originates from a number of interactions of the electron with the material, such as

plasmon excitation, electron-hole formation and vibrational excitations. The curve min-
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Figure 2.4: Third step of photoemission process - a) Energy schematic showing the excitation
from valence and core electrons into vacuum. b) Momentum refraction at the surface. The com-
ponent parallel to the surface,k‖, is conserved while the perpendicular component is not.

imum is found around hv ∼ 30 eV, at which λ ∼ 5 Å. Therefore, photoemission is an

extremely surface sensitive technique, especially within the ultraviolet (UV) photon ener-

gies. The universal curve is intended as a rough guide and the IMFP varies for different

materials. More precise numbers for certain electron states in specific materials can be

calculated with, e.g., the Tanuma Powell and Penn algorithm [30], which is implemented

in the freely available program Quases.

During the third and final step the excited electron is emitted from the surface into

vacuum if it has a high enough energy to overcome the work function of the material, Φ.

The electron is ejected with a specific kinetic energy and emission angle, which can be

detected to accumulate a spectrum. More information on the method of detecting these

electrons with a hemispherical analyser and momentum microscope will be discussed

further on (see section 2.2.3). Due to energy conservation, the measured kinetic energy of
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the electron can easily be translated into the binding energy it had within the solid:

Ebin = hv− Ekin −ΦA, (2.14)

where Ebin is the binding energy, Ekin is the kinetic energy after emission and φA is the

work function of the analyser (see fig. 2.4). Note here the detected energy depends on

the work function of the analyser, not the material, as they share the same grounding.

Momentum conservation dictates that the in-plane momentum, k‖, and the kinetic energy

will determine the emission angle. The electron wavefunctions corresponding to the solid

and the vacuum must match at the surface, where the in-plane momentum is a good

quantum number due to x-y translational symmetry. This yields,

k‖ =
1
h̄

√
2mEkin sin θ, (2.15)

where θ is the polar emission angle. Note here that we can ignore the momentum of

the photon, since for typical low-energy photoemission experiments it is much smaller

than the lifetime broadening. Additionally, eq. 2.15 does not depend on the reciprocal

lattice vector meaning that the resulting photoemission intensity will be in the extended

BZ scheme. We can therefore see how the matrix element effects are different in, e.g., the

first and second BZ.

The momentum perpendicular to the surface is not a good quantum number due

to the lack of translational symmetry along the surface normal. However the initial-state

momentum in the perpendicular direction, kz, can be approximated by assuming the final

state. If we take the final state to be a bulk nearly-free electron state, the perpendicular

momentum reduces to:

kz =
1
h̄

√
2m(Ekin cos2 θ + V0) (2.16)

where V0 is the inner potential of the material. The value of the inner potential is ill-

defined and often it is used as a fitting parameter for conversions to kz. In theoretical

calculations, the crystal potential can be approximated by the so-called muffin tin poten-

tial, in which the zero level with respect to the vacuum level is the value for the inner
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potential. From eq. 2.16 it is clear that varying the photon energy (and thus Ekin) will

allow for the measurement of different kz values. If a band does not disperse in kz it is

2D-like (either due to a quasi-2D bulk state, a surface state or a state in a 2D material),

while if it does disperse it is a three-dimensional (3D) bulk state.

2.1.2 The Matrix Element

Let us take a closer look at the effect the matrix element term will have on the

photoemission intensity. We can write out the relevant term from eq. 2.12 as

M f ,i = 〈φk
f |A · p|φ

k
i 〉. (2.17)

This element illustrates the transition between the initial one-electron state to the final

state mediated by the dipole operator, A · p, which signifies the interaction with the pho-

ton. The matrix element will therefore depend on the photon energy and polarisation,

experimental geometry and orbital character of the electronic bands. Since the matrix el-

ement is an integral over all space it could lead to zero intensity if the integrand is an odd

function.

As an example, we consider the effect of linearly polarised light on p-type orbitals,

as illustrated in fig. 2.5. In this idealised example, light is incident exactly along the

mirror plane, which is along the x − z direction. Therefore p-polarised light is even (+)

under parity transformation with respect to the mirror plane, and s-polarised light has an

odd-parity eigenvalue (−). In order for there to be a non-vanishing intensity, the whole

integrand in eq. 2.17 must be an even function under reflection with respect to the mirror

plane. The final state wavefunction is assumed to be a free electron state and therefore an

even function. This in turn implies that A · p|φk
i 〉 must be even for the matrix element to

be finite, which is possible under these conditions:

〈φk
f |A · p|φ

k
i 〉 =

〈+|+ |+〉 6= 0 for p− pol

〈+| − |−〉 6= 0 for s− pol
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Figure 2.5: Example of the effect of polarisation in the photoemission process - An incoming
photon excites an electron from the mirror plane of a px- or py-orbital leading to a possible loss of
intensity depending on the polarisation. Inspired by ref. [28]

where the orbital states can either be even (+) or odd (−) under inversion through the

mirror plane. Therefore p-polarised light will excite from even parity initial states (i.e., px

in fig. 2.5) while s-polarised light will excite from odd parity initial states (i.e., py in fig.

2.5) leading to a non-vanishing one-electron matrix element.

In reality the situation is often more complicated by the hybridisation of orbitals

within the bands and the light will not be purely p- or s-polarised unless the mirror plane

is aligned exactly with the propagation vector of the light. Therefore the photoemission

intensity will often not vanish entirely due to matrix elements but it can decrease sig-

nificantly. Chapter 3 consists of a detailed exploration of matrix elements in TMDCs,

including complexities that arise in the interpretation of pump-probe ARPES spectra.

2.1.3 Core Level Lineshape

Photoemission from core levels, in contrast with VBs, typically has no momentum

dispersion, and in an ideal scenario one would expect a delta function from the bare band

structure as the resulting photoemission lineshape. However there are three additional

contributions that affect the resulting intensity.
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1. Lorentzian broadening

Similar to the valence electrons, emission of core electrons leaves behind a core hole

with a certain lifetime. These core holes can be filled by either radiative decay from

higher states (Auger emission) or non-radiative (X-ray fluorescence). The lifetime

of this core hole can be related to Heisenberg’s uncertainly principle ∆E ≥ h̄
τ , where

τ is the lifetime and ∆E is the resulting broadening around the central energy, E0.

For a typical lifetime on the order of femtoseconds the broadening will be around

100-200 meV. This broadening can be described by a Lorentzian function given by:

ILor(E) =
I0

2π

∆E
(E− E0)2 + ∆E2/4

(2.18)

2. Asymmetry

In the case of a metallic crystal, where there is a high DOS at the Fermi level, the

lineshape can accumulate an asymmetry with a tail towards higher binding ener-

gies. This is due to the formation of electron-hole pairs leading to a loss in the kinetic

energy of the emitted electron. This feature is more apparent for metals with high

DOS at the Fermi level [31]. The asymmetry is incorporated in the Doniach-Šunjić

function [32]:

IDS(E) = I0
ΓE(1− α)cos(1

2 πα + (1− α)tan−1(2(E0−E)
∆E ))

((E0 − E)2 + ∆E2

4 )
1−α

2
, (2.19)

where α is the asymmetry factor and ΓE(x) =
∫ ∞

0 tx−1e−tdt is Euler’s Γ-function.

3. Gaussian broadening

The lineshape will additionally be convolved with a Gaussian function due to broad-

ening from a number of sources, including the fundamental energy resolution of the

detector and the photon source, lattice vibrations and structural disorder within the

material. Therefore, the final fit function used throughout this thesis is a Doniach-

Šunjić function convolved with a Gaussian function.

Furthermore there is the need for an appropriate choice of background. A stan-
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dard background of a constant and linear term can be used in simple cases, as in this

thesis. Alternatively, a Shirley background can be used to compensate for the asymmetric

background with higher intensity towards higher binding energies [33].

The binding energy of a core-level peak can vary as well. Each element has certain

binding energies associated with its core levels and these can furthermore be shifted by

the specific chemical environment in which the atom is found. Non-equivalent locations

of atoms within a crystal structure lead to multiple peaks. This effect was first discovered

by Sokolowski, et al. [34] where they saw the binding energy of the copper 1s core level

shift by 4.4 eV when oxidized. This is due to the fact that oxygen is a highly electronega-

tive element, which will extract electrons from the atom to which it is bonded. Therefore

the core level electrons will be more difficult to excite and appear at higher binding en-

ergies. This general phenomenon can lead to chemical shifts in a range of meV to eV,

allowing for a precise determination of the chemical environment. Additionally, other

phenomena like shake-up and shake-off peaks can complicate the spectra [27].

2.1.4 X-ray Photoelectron Diffraction

In addition to chemical shifts, more concrete information about the chemical envi-

ronment can be obtained from the variation of intensity with emission angle. This is due

to an effect called X-ray photoelectron diffraction, where the photoemitted electron un-

dergoes scattering from surrounding atoms during its emission, and a diffraction pattern

results. This phenomenon was first identified 40 years ago and later became a power-

ful tool for the quantative determination of the local crystal structure [35]. It is extremely

surface sensitive, as are most photoemission techniques, and is mainly used to investigate

surface structure and adsorbates [36]. Since the different atoms act as time uncorrelated

photoemitters and the intensities add up incoherently, there is also no need to have long

range order within the material to utilise XPD.

The photoelectron diffraction process is depicted in fig. 2.6a). An incoming X-ray

hits an emitter, which photoemits a core-level electron shown in the figure as the primary

electron wave. The wave can scatter off the surrounding atoms, and these scattering
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Figure 2.6: Schematic of the photoelectron diffraction effect - The primary electron wave is
produced through photoemission. Scattering of the primary wave leads to the secondary electron
beams. These additional waves interfere with the primary wave to create a diffraction pattern. b)
A characteristic XPD pattern of the core level intensity as a function of polar and azimuthal angles.
c) The modulation function of the pattern in b) using eq. 2.22 and a 2D second order polynomial
function as the smooth spline.

events give rise to multiple-order scattered waves called secondary waves. The interfer-

ence of the primary wave with the scattered secondary waves will lead to a diffraction

pattern measured as the intensity of the core-level peaks as a function of emission angle

as shown in fig. 2.6b). The pattern is unique to the emitter atom, its chemical environment

and the core level selected. Additionally, it will depend on internal factors, such as the

mean free path, inner potential and Debye temperature, and external factors such as the

kinetic energy, experimental geometry and temperature. There are two different types of

scattering events that can dominate at different kinetic energies. Above 150 eV, forward

scattering dominates, which is where the electron wave scatters from atoms between itself

and the detector. Backward scattering plays an increasing role at lower kinetic energies,

in which the scatterer is placed behind the emitter relative to the electrons path to the

detector.

A theoretical picture of the process is possible to write down analytically for a

single scattering event. Within this picture the final state wave function is a linear super-
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position of the primary wave function φ0 and the singly scattered wavefunctions φj

φ(r, k) = φ0(r, k) + ∑
j

φj(r, rj → k) (2.20)

where rj is where they scatter, and k is the direction they emerge. Considering an initial

s-state electron, this leads to the photoemission intensity as a function of k, which is the

modulus squared of the sum of the directly emitted and scattered components [36],

I(k) ∝ | cos θk + ∑
j

cos θr

rj
f j(θj, k)W(θj, k)e−Lj/λ(k)ei(krj(1−cos θj)+δj(θj,k)|2. (2.21)

Here cos θk accounts for the directional polarisation dependence of the directly emitted

wave and cos θr accounts for the dependence of the scattering atoms whose positions are

defined by rj. The different scattering atoms are denoted by the parameter j, with scatter-

ing factors f j that depends on the scattering angle θj and wavevector k. The Debye-Waller

factor, W(θj, k), accounts for the reduction in intensity due to the atomic vibrations. The

thermal vibrations modulate the pathlength difference, which causes the scattered wave

to lose some of their coherence, and this leads to lower intensity peaks. The term e−Lj/λ(k)

describes the attenuation due to the inelastic scattering (quantified by its inelastic mean

free path λ), where Lj describes the additional pathlength of the scattered component rel-

ative to the directly emitted one. Therefore the inelastic scattering mainly contributes as

an overall decrease in intensity, while the elastic scattering accounts for most of the angle-

dependent modulation. The phase shift of each component consists of the phase shift δj

due to scattering and the factor (krj(1− cos θj) due to the pathlength difference.

In reality the photoelectron can undergo multiple scattering events before emis-

sion but adding these events becomes more computationally heavy. The total intensity

will depend on the sum of Green’s functions of all different scattering paths with a radial

matrix element. The computational package used for the XPD simulations in this thesis is

the Electron Diffraction in Atomic Cluster (EDAC) package [37]. The code uses an input

of an atomic cluster surrounding the emitter and multiple internal and external parame-

ters from which the diffraction pattern is calculated using multiple scattering theory.
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There are two main modes of operation in which to collect XPD diffraction pat-

terns. The most conventional is to rotate the sample in azimuth and polar angles while

keeping the detector in a fixed position. This limits the intensity variation in the pattern

due to the fixed angle between the incoming light beam and the detector. Alternatively,

the sample remains fixed and the detector collects the electrons from all emission angles.

In this configuration it is important to note that the scattering cross-section depends on

the polarisation vector and the emission angle. For example, in the case of photoemission

from an s-level state the final state will be p-type and the emitted intensity is proportional

to cos2(θ). This leads to a strong intensity in the centre curving towards zero intensity for

θ = 90o .

In an attempt to account for this and other experimental artefacts, the modulation

function can be calculated instead of the intensity of the diffraction pattern. The modula-

tion function is defined as:

χ =
I − I0

I0
(2.22)

where I0 is a smooth spline constructed through the diffraction pattern. An example of

the modulation function is shown in fig. 2.6c). The amplitude of the modulation function

is significant: e.g., a value of 0.4 represents a 40% increase in intensity. The simulated

pattern can then be compared to the experimental data. This is done by calculating the

reliability factor, R, which compares the two images on a pixel-by-pixel basis:

R =
∑i(χexp,i − χsim,i)

2

∑i(χ
2

exp,i + χ2
sim,i)

, (2.23)

where i is an index for each pixel and the exp and sim subscripts indicate the experimen-

tal pattern and the simulated pattern, respectively. Here, a value of 0 corresponds to a

perfect agreement and a value of 1 to uncorrelated data. The R-factor is sensitive to slight

variations of the simulation parameters and thus is minimised by performing automated

searches through parameter space.
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Figure 2.7: Generation of pulses for pump-probe techniques - a) The transform limit for Gaus-
sian shaped pulses. b) Schematic of high harmonic generation. An intense laser beam is focused
on gas atoms, which modulates the potential of the gas atoms such that an electron can tunnel,
accelerate and recombine, generating high photon energy light. c) Diagram of a free electron laser.
A beam of high energy electrons is sent into a array of magnets, which wiggles the electrons such
that they radiate photons. The electron beam is dumped and the light travels to the experimental
setup.

2.1.5 Time-resolved Photoemission

Photoemission experiments can also provide information about the dynamics of

transient electronic states by introducing a second light pulse. This so-called "pump-

probe" method circumvents the need of an ultrafast detector. It is achieved by having

an initial "pump" pulse at low (infrared) energies hit the sample to excite the electron
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into transient state and then a secondary "probe" pulse to photoemit the electrons from

the sample for detection. These two pulses are delayed with respect to each other by

a mechanical delay stage whose position is varied to allow for a sequence of out-of-

equilibrium excitation and relaxation processes.

The temporal overlap of the two beams is determined by the onset of the excita-

tion signal in the measurements and typically the centre of this is chosen as the so-called

time-zero. The experimental time resolution is determined by the time duration of the

pump and probe pulse. Photoemission experiments that push for the lowest time res-

olution have reached below 10 fs [38]. However the energy resolution is inversely pro-

portional to the time resolution due to the Fourier transform (FT) limit. For ultrashort

Gaussian pulses the transform product is:

∆t∆w = 4ln2 (2.24)

where the spectral width ∆w can be related to the energy broadening shown in fig 2.7a)

versus the temporal width ∆t. The energy broadening due to the transform limit becomes

too low to determine band features (∼200 meV) for excitation pulses shorter than ∼10 fs.

Above this time scale there are generally other experimental factors that limit the energy

resolution. The fluence of the pump pulse is another important factor that determines the

excitation density of the transient signal. It can be calculated by knowing the energy of

the pulse, Epulse, the incident angle of the light on the sample, θ, and the pump beam area

A, which leads to a fluence of F = Epulsecosθ/A.

One pioneering experiment that demonstrated the power of time-resolved pho-

toemission was by F. Smitt et al. in 2008 [39], which showed charge density wave phase

transitions upon excitation with a laser pulse. However, these early time-resolved ex-

periments were limited to the low UV range (up to ∼7 eV), which restricts the binding

energy range available for photoemission as well at the k-range, due to the relation in

eq. 2.15. For the sake of reference, note that typical band structures span about 5 eV in

binding energy with BZ boundaries extending to 1.5 Å−1 (which requires about 12 eV to

reach the edge) [40]. Therefore, significant efforts have been made to create femtosecond
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pulsed lasers at higher photon energies. Two ways to achieve this were found through

high harmonic generation (HHG) and free electron lasers (FELs).

HHG for this purpose is usually achieved by focussing an intense laser beam on

a gas jet, to realise a strong non-linear process where the laser field allows for ionization

and recombination, as shown in fig. 2.7b) [41]. The oscillating field lowers the Coulomb

potential of the gas atom on one side, allowing an electron to tunnel out of the atom. After

half an oscillation of the laser field the electron is recoiled back to the ionized gas atom,

where the electron recombines and emits an extreme UV (XUV) pulse, collinear with the

driving laser. Due to symmetry arguments within this process only odd harmonics are

produced. This method can provide short coherent XUV pulsed beams up to the soft X-

ray region [42]. The efficiency of this process depends on the gas density, laser intensity

and the drive laser energy [43]. Harmonics of different energies can be generated by

tuning the driving laser energy and the gas used.

A more costly way to generate high energy femtosecond pulses is by use of FELs.

These are large electron accelerators with undulators that are able to produce short fem-

tosecond light pulses at energies higher than 100 eV, allowing one to access the core level

states for XPS or XPD measurements [44]. The main working principle is reminiscent of a

synchrotron light source and is outlined in fig. 2.7c. In this type of laser optical amplifica-

tion is achieved by feeding high energy electrons from an accelerator into an undulator.

The undulator has a periodic arrangement of magnets that forces the electrons to radiate

photons with a frequency that depends on the electron energy. The electron beam is then

dumped and the light beam will travel to the endstation. This setup has the advantage

of producing a high brightness and coherence compared to HHG sources, as well as pro-

ducing photons up to 8 keV. The main downside is that the set-up is large and expensive

and therefore is only found at large user-facilities such as FLASH in Germany or LCLS in

the USA.

There are experimental artefacts in time-resolved measurements that should be

carefully avoided, as they can strongly affect the observed band structure and the dy-

namics thereof. The main culprit is space charge, which results from very short pulses

generating a dense cloud of low-energy electrons near the sample surface. The Coulomb
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repulsion between this cloud and the high-energy photoemitted electrons will can lead to

an energy broadening and shift of the resulting spectra [45, 46]. The energy broadening

∆E is proportional to
√

N where N is the number of photoelectrons per pulse [47]. The

momentum broadening is smaller and has a similar dependence on the kinetic energy,

∆k ∝
√

Ek. The space charge effect can be avoided or reduced by lowering the number of

photoelectrons emitted per pulse. This is commonly achieved by reducing the fluence or

spot size of the pump fluence until there is no longer a change in the broadening or shift

of the spectral features along the energy axis.

Additional artefacts can appear if the polarisation of the pump beam is parallel

to the direction of the photoemitted electron (i.e., p-polarised). This leads to the laser

assisted photoemission effect, where the interaction of the pump field and the photoelec-

tron leads to Bessel-function-like sidebands in energy [48]. However, as this effect only

persists during the overlap of the two pulses, it can be used as an effective tool to mea-

sure the temporal overlap of the pulses, as well as helping to find time zero. The effect

can then simply be avoided by using s-polarised light instead.

2.2 Experimental Setup

For the time-resolved photoemission measurements, two different user-based fa-

cilities were used, ARTEMIS and FLASH. Their experimental setups are briefly described

here after a short introduction to vacuum technology.

2.2.1 Vacuum Chambers

As the techniques employed in this thesis are extremely surface-sensitive, it is

important to have a clean sample surface to measure. Ambient pressure would not suf-

fice, as contaminants in air would stick to the surface and, additionally, interfere with the

photoelectrons on their path to the detector. Contaminants act as additional incoherent

scattering centres for the photoelectrons, which will result in a broadened spectrum. To

calculate the pressure needed for a photoemission experiment, we can estimate the num-
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ber of molecules that would stick to the surface as a function of pressure and time. From

the kinetic theory of gases we can estimate the rate at which molecules hit an area per

unit time [27]:

dN
dt

=
P√

2πMkBT
, (2.25)

where N is the number of molecules, P is the pressure, M is the mass of the molecules, kB

is the Boltzmann constant and T is the temperature. If we consider water at room tem-

perature impacting an area of 1 cm2 this would lead to the surface being covered in one

monolayer in a matter of seconds (assuming the water has a high sticking coefficient).

However, at ultra-high vacuum pressures (< 10−9 mbar) this time scale would increase to

above one hour, allowing for the measurement to take place. Therefore an essential re-

quirement for photoemission experiments is ultra-high vacuum (UHV) chambers. These

low pressures are achieved and maintained by a large stainless steel chamber setup for

which the inside pressure is lowered using a number of pumps. The main pumps used

are scroll pumps for high pressures (> 10−6 mbar) and turbo pumps for lower pressures

(< 10−6 mbar) as well as ion and getter pumps [49, 50].

2.2.2 Sample Preparation

Samples are either grown in a UHV system or transferred into one for photoemis-

sion measurements. In the latter case, additional steps must be undertaken to ensure no

contaminants are on the surface. There are multiple methods to go about this and the best

case will depend on the type of sample. For measurement of 3D materials it is common

to cleave the crystal in situ either using Scotch tape or epoxy glue and a top post. In this

thesis Scotch tape was used, as the Bi2Se3 crystals were easy to cleave due to the weak van

der Waals gap. Before the bulk crystal is introduced into vacuum, it is covered with Scotch

tape. The taped-over crystal is then brought into vacuum and the tape is removed, bring-

ing with it layers of the crystal and leaving behind a contaminant-free surface ready to

be measured. The situation is different for 2D crystals, where it is not possible to remove

any layers. These are often grown in situ by deposition of material via epitaxial growth
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techniques. A few 2D materials are air-stable, such as graphene and the semiconducting

TMDCs. These can be exposed to air and, after reinsertion into vacuum, softly annealed

(to roughly ∼ 400 K) to remove contaminants and then be ready for measurement.

2.2.3 Photoemission Analysers

The photoelectrons emitted into vacuum can be analysed and detected using ei-

ther a hemispherical analyser or the more novel momentum microscope. A hemispherical

analyser is the one conventionally used in ARPES experiments and still gives the best en-

ergy resolution. It consists of an electrostatic lens system, a hemispherical capacitor with

entrance and exit slits and a 2D detector. The analyser is often covered with a mu-metal

shield to prevent stray magnetic fields from distorting the path of the electrons inside.

The kinetic energy as well as the angular distribution parallel to the slit can be resolved.

The filtering of the kinetic energy happens on the dispersive plane, shown in fig. 2.8a).

The electrostatic lens system retards the energy of the electrons to the so-called pass en-

ergy, Ep. Then the hemispherical section acts as a capacitor, generating an electric field,

which disperses the energy of the electrons. This leads to a total range of Ep ±∆E at the

exit slit of the analyser. The pass energy is proportional to the energy resolution of the

analyser [28]:

∆Ea = Ep(
w
R0

+
α2

4
) (2.26)

where w is the width of the entrance slit, R0 = (R1 + R2)/2 is the mean radius of the

hemisphere and α is the acceptance angle. Another important parameter is the retarding

ratio, Ekin/Ep, which defines the energy range measured. Generally a lower pass energy

will lead to a better resolution; however, this coincides with a smaller energy range visible

on the detector. The entrance slit to the analyser can either be rectangular or curved. A

rectangular slit will result in different pathlengths for the electrons hitting the edge or the

centre of the slit, which will lead to a constant energy being curved on the detector. This

can either be corrected by postprocessing of the detector image or by using a curved slit,

which sets the pathlengths equal but reduces the resolution slightly.

Different lens modes allow for the selection of the angular range in the non-
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Figure 2.8: Hemispherical analyser - a)-b) Sketch of the electron trajectory in the dispersive plane
a) and the non-dispersive plane b). c) Image of black phosphorous obtained on the 2D detector.
Inspired by ref. [51].

dispersive plane. The electrostatic lenses resolve the angle and guide the electron’s tra-

jectory to the entrance slit of the hemisphere. The angular resolution will depend on the

lens mode used, which in turn will determine the momentum resolution. The tilt angle or

polar angle of the sample can be changed with a manipulator to measure the dispersion

of any cut in the BZ. Modern developments in hemispherical analysers can additionally

map the polar angle by use of deflectors, which select different angular regions perpen-

dicular to the slit [52]. There is also a spatial lens mode, which allows the analyser to

detect the position of the beam in real space and perfect the beam alignment.

The electrons are then detected using a 2D multichannel plate that amplifies the

electronic signal onto a phosphorous screen. The screen is imaged by a charge-coupled

device (CCD) camera, for which an acquisition time and number of images can be set to

obtain a good signal-to-noise ratio. The resulting pattern is the photoemission intensity,

which resembles the band structure or core levels of the material. The photoemission in-

tensity is, additionally, Gaussian-convoluted due to the resolution of the analyser and the

light source. The background intensity due to secondary electrons can often be modelled
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by a low-order polynomial in energy.

The best resolution in hemispherical analysers can only be obtained for small slit

widths, w, and acceptance angles, α, which greatly limits the number of photoelectrons

detected [53]. Thus for experiments where the flux is low, such as spin- or time-resolved

measurements, it could be desirable to use a momentum microscope instead. These in-

struments can record data up to two orders of magnitude faster than a hemispherical

analyser since they have the capacity to collect the electrons from all emission angles and

to resolve the full BZ without deflectors or moving the sample [54]. Here we focus on the

high-energy time-of-flight (HEXTOF) momentum microscope designed at the University

of Mainz, Germany [55] but there are other momentum microscopes now commercially

available (e.g. METIS, SPECS). The momentum microscope design is sketched in fig. 2.9a).

The first component is the objective lens, which contains the anode that provides a posi-

tive potential near the sample surface to accelerate and collect all photoemitted electrons.

The cathode is the sample surface, which is therefore a crucial part of the lens system,

requiring a precise alignment of the sample stage. This principle allows for measuring of

the complete ±90◦ emission half-space. The electrons enter the momentum microscope

under an angle α′, which is translated to momentum space in the microscope:

sin
(
α′
)
=

√
h̄2

2me

k‖√
eUA + Ekin

(2.27)

where UA is the positive voltage of the objective lens and Ekin is the kinetic energy of

the electrons just after emission. The momentum microscope resolves data directly in a

linear k-scale and not in angles, independent of the kinetic energy. The maximum value

of the parallel momentum is determined by the vacuum cut-off, kmax
‖ =

√
2me
h̄2 Ekin, which

defines the photoemission horizon and appears as a paraboloid in kinetic energy and

momentum.

The rest of the microscope consists of a lens system, a low-energy drift section and

a time-resolving imaging detector. In the entrance lens system the first Fourier image (k-

image) is found at the back focal plane of the objective lens shown in fig. 2.9b). This image

is then magnified and projected onto the entrance of the low-energy drift section. A real-
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Figure 2.9: Momentum microscope - a) A schematic view of a time-of-flight momentum micro-
scope b) Simulated electron trajectories within the device. Reproduced from ref. [56]

space image is formed before the drift tube and here an adjustable field aperture can be

placed to select a region of interest on the sample. The electrons then travel through the

drift section with a typical energy of a few tens of eV, to resolve their kinetic energy. The

lenses can operate in both reciprocal and real-space modes, the latter of which can be used

for alignment purposes. The detector is a delay-line detector (DLD), which can resolve

three dimensions: energy, kx and ky. Momentum microscopes can achieve resolutions

down to 12 meV and 0.005 Å−1 for energy and momentum, respectively [53], but these

can vary considerably on the experimental conditions.

2.2.4 The Artemis Facility

The TR-ARPES measurements in this thesis were performed at the ARTEMIS fa-

cility, which is part of the Central Laser Facility in Oxfordshire, United Kingdom. It is an

external-user-based facility with two endstations designed for either condensed matter

research or atomic and molecular physics [57, 58], the former of which is shown in fig.

2.10a). At the heart of the setup is a 1 kHz Ti:Sapphire laser with a central wavelength of

795 nm, a FWHM pulse duration of 30 fs and an energy per pulse of 12 mJ. The pump

and probe beam both originate from this core laser to aid in the time overlap of the pulses.
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About 20% of the laser power is used to generate the probe XUV pulses through HHG

by use of a pulsed Ar gas cell. The HHG spectrum is passed through a monochroma-

tor that is designed specifically to conserve the time duration of the pulse down to 10 fs

[59]. Normally a monochromator will broaden the time duration, due to the offset of

the optical paths by the different wavelengths at the diffraction grating. At ARTEMIS,

however, this broadening is avoided by placing the diffraction grating in between two

toroidal mirrors. The first toroidal mirror collimates the light on the grating, which limits

the temporal spread of the pulses [60]. Different plane gratings allow for a photon energy

range of 12 eV-100 eV. The second toroidal mirror refocuses the light, which is then passed

through an exit slit to select the desired energy. The HHG spectrum can be measured by

inserting a channeltron after the monochromator and rotating the diffraction grating. The

resulting pattern is shown in fig. 2.10b) and, as you can see, only odd harmonics are pro-

duced, due to symmetry considerations within the HHG process. The photon flux of the

resulting probe pulse is orders of magnitude lower than in a typical ARPES experiment

at a synchrotron, resulting in longer data acquisition times.

The remaining 80% of the initial Ti:Sapphire laser power is used to drive an op-

tical parametric amplifier (HE-TOPAS) used to generate the pump pulses with a tunable

wavelength range between 235 nm to 15 µm. The beam size, energy and polarisation of

the pump can be tuned by optical elements before the pump and probe pulses are recom-

bined. The beam energy can be controlled by a simple neutral density filter wheel, after

which a power meter can be inserted into the path to measure the beam energy and by

knowing the area of the beam. This can fluctuate over time with the stability of the laser,

and therefore we always measured it before and after a data acquisition run to check for

fluence consistency. The pump polarisation was varied by insertion of a half-wave plate

(HWP) and a quarter-wave plate (QWP) into the beam path (see fig. 2.10d)). The initially

linearly vertical polarised (s-polarised on the sample) pump pulse can be tuned to any

elliptical polarisation by rotation of the half-wave plate. The half-wave plate modifies the

direction of the linearly polarised light. Afterwards, the quarter-wave plate will introduce

ellipticity and output linear, circular or elliptical polarisations depending on the direction

of the incident linearly polarised light versus the axis of the QWP.
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Figure 2.10: ARTEMIS laser facility - a) A schematic of the setup components leading up to
the condensed matter endstation at ARTEMIS. b) Spectrum of the high harmonics obtained by
rotating the diffraction grating. The numbers 11-23 refer to the order of the harmonics. c) Rotatable
HWP and QWP inserted into the path of the pump pulse to convert the incoming s-polarisation
to any desired elliptical polarisation. d) A polarising beam splitter introduced after the sample
position to measure the s- and p-polarization components as a function of the HWP angle, φ, via
a photodiode. The photocurrent (markers) with fits (curves) as a function of φ allowing for the
determination of the relative angles for s-, σl-, p- and σr-polarizations. a) is reproduced from ref.
[58].

The polarization angles were calibrated by moving the sample out of the beam

path and sending the beam through a window flange on the chamber and into a polariz-

ing beam splitter, as shown in Fig. S3(b). The resulting photodiode current was fit using

a sinusoidal function to extract the peak positions for s- and p-polarized light (56o and

102o , respectively). The conversion between waveplate angle and polarization angle, as

defined in Chapter 3, is then θ = 2(φ− 56◦), with the factor of two originating from the

doubling of the angle in the HWP. We do not explicitly measure the phase of the incident
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pump beam at the points midway between s- and p-polarized light, but the QWP in the

setup would be expected to generate circular polarization at these points, and thus we

label them circular left, σl, and circular right, σr.

The properly tuned pump and probe pulses are then recombined in the recom-

bination chamber located after the monochromator exit slit. These are focused on the

sample in the measurement chamber by use of a toroidal mirror and deflected such that

the beams propagate near collinearly to the sample. The beam area of both pulses can be

measured by insertion of a scintillator into the sample measurement position and mea-

surement of the resulting fluorescence by a CCD camera. The area of the pump beam is

often larger than the probe, to ensure that the full photoemitting area is excited. The over-

lap of the two beams can also be determined by the scintillator and adjusted by a mirror

mounted on a linear drive on the pump beam optics table. By knowing the pump power

and spot size parameters, the pump fluence can be calculated and it was optimised in

our experiment such that there was a high excitation signal while avoiding the effects of

space charge.

The TR-ARPES measurements are carried out at the UHV endstation, which con-

sists of a chamber with a 5-axis manipulator (x, y, z, azimuthal and polar axes) and a

SPECS Phoibos 100 analyser. The sample can be cleaned at ARTEMIS by sputtering, an-

nealing or by high-temperature indirect heating. The azimuthal and polar angles are man-

ually set and fixed during a measurement such that the (E,k)-snapshots are taken with a

permanent cut in momentum space. The slit of the analyser is set wider than typical static

ARPES measurements (3 mm for our measurements) to increase the counts and limit the

measurement time, which sacrifices some energy- and momentum-resolution. Scans can

then be automated to acquire multiple time delays after excitation, via the movement

of the mechanical delay stage. Furthermore, motorized control of the HWP allows for

automated control of pump polarization. Scans measuring both the dependence on the

delay time and HWP typically need 500 cycles for a satisfactory excitation signal and this

corresponds to roughly 15 hours of run time.
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2.2.5 HEXTOF Momentum Microscope at FLASH

The TR-XPD experiments were carried out at the FEL called FLASH in Hamburg,

Germany. The facility has an accelerator with multiple beamlines, which have endstation

ports where experimental setups can be attached. For this experiment the HEXTOF mo-

mentum microscope endstation from Wilfried Wurth’s group was attached to the plane

grating monochromator (PG2) beamline of FLASH.

2.2.5.1 PG2 Beamline

When starting its operation in 2005, FLASH was the first FEL to reach the X-

ray regime by self-amplified spontaneous emission (SASE) [61]. It can generate ultra-

fast pulses with a fundamental energy up to 300 eV, a time duration down to 30 fs and

pulse energies up to 130 µJ [62]. At the source of the FEL a radio-frequency gun produces

electron bunches in macrobunch mode, which consists of 10 Hz pulses that will each con-

tain around 400-500 pulses separated by a few microseconds. The electron bunches are

accelerated in a 1.25 GeV linear accelerator after which they travel through a long line

of undulators, which contain a periodic array of magnets. This allows the SASE pro-

cess takes place, where the incoming electron pulse is wiggled such that it spontaneously

emits light [63]. These photons travel along and exchange energy with the electrons until

they form into microbunches. The modulation of the density of the electrons leads to an

increasing intensity until the microbunches reach saturation and go on to produce high

energy photons. Due to the random nature of this process, each pulse will have a slightly

different intensity and other properties that can be measured by the diagnostic tools at the

facility on a single-shot basis [64]. The intensity of the FEL pulses is determined by gas

monitor detectors (GMDs). These parasitically determine the intensity by photoionising

a rare gas and subsequently measuring the photocurrent. The GMDs are placed after the

undulator at either end of a gas attenuator, which can tune the overall FEL intensity by

orders of magnitude.

The resolution of light sources is quantified by resolving power, i.e., the photon

energy of the source divided by the energy resolution. For a typical photoemission spec-
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Figure 2.11: Momentum microscope setup at FLASH - Schematic of the FLASH pulse structure
with the synchronized pump laser of PG2 (top left) and the experimental endstation (middle)
used for time-resolved photoemission experiments by acquiring multidimensional datasets. Re-
produced from ref. [65].

troscopy experiment a resolving power 1000 - 50000 is required. The pure FEL resolving

power is low (E/∆E ≈ 100) compared to third-generation synchrotron undulators, due to

the longer path length. However, the plane grating monochromator at the PG2 beamline

can increase the resolving power between 4000 to 70 000, depending on the choice of grat-

ing [62]. A lower resolving power will lead to a higher transmission (i.e. higher photon

yield for measurements) and vice versa, thus leaving a choice of energy resolution versus

intensity for the user. Additionally, there is a temporal stretching by the plane grating

as mentioned in section 2.2.4, which is more prominent for high energy resolution. The

pulse train stability in intensity and energy can be determined after the plane grating by

a parasitic measurement.

To perform time-resolved measurements, the probe FEL pulse needs to be syn-

chronized with a pump pulse. The facility has an optical laser available with a funda-

mental wavelength of 800 nm, a duration of 90 fs and an energy of up to 60 µJ to provide

pump pulses [66, 67]. The optical laser is able to mimic the time structure of the FEL up
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to 400 pulses per pulse train, often leaving a few dozen pulses for unpumped reference

data as the FEL can have up to 500 pulses. However, the synchronisation introduces a

timing jitter due to the inherent jitter of the accelerator itself. This can be corrected for

by measuring the timing of each pulse with a beam arrival monitor (BAM). The two laser

beams are combined between the monochromator and the experimental chamber with

a plane mirror, resulting in collinear paths. The optical laser can be offset in time by a

mechanical delay stage with a range up to 3 ns. A combination of neutral density filters

and a motorized HWP with a polarizer allow for the tuning of the excitation density from

µJ/cm2 to several mJ/cm2. Different polarisations of the pump pulse can be achieved by

use of a motorized quarter waveplate: s, p, σl and σr polarisations are possible.

2.2.5.2 Endstation

The endstation consists of a time-of-flight (TOF) momentum microscope, which

was developed at the Max Planck Institute of Microstructure Physics in Halle, Germany

[68] in combination with lens developments from the University of Mainz, Germany [55].

The instrument is displayed in fig. 2.11 and consists of a UHV chamber with a hexapod

sample stage and, most importantly, the momentum microscope [65]. The pump and

probe pulse collinearly impinge on the sample at a 22◦ angle from the surface plane (i.e.,

68◦ with the surface normal). The sample position can be controlled along six axes (x, y, z,

polar, azimuthal and tilt axes) using the hexapod, and the manipulator has the possibility

of both cooling with He and heating by electron bombardment. The alignment to the FEL

beam is done by an adjustable support frame of the whole chamber, which can move the

setup in x,y,z and angle.

The emitted electrons are then detected via the momentum microscope as de-

scribed in section 2.2.3. Additionally, a spin-filter crystal can be placed before the drift

section, which allows for the detection of spin-resolved data in a second TOF branch. The

kinetic energy is resolved in a 800 mm drift section, where the electrons have been re-

tarded to a typical kinetic energy in a range of 10-30 eV. The real-space lens mode is used

to establish spatial overlap of the pump and probe pulses and to place the field aperture.

Additionally, a checkered test sample ("Chessy") is used to calibrate the length scale in this
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mode, to determine the size of the FEL and the optical laser. A rough determination of the

temporal overlap of the pump and probe pulse is performed by use of an in-vacuum an-

tenna, which can narrow down the range to below 50 ps. Afterwards, the exact time zero

is found from the excitation dynamics of the sample using the momentum microscope.

The best resolution of this setup at FLASH was shown to have an energy, momentum and

time-resolution of 78 meV, 0.06 Å−1 and 130 fs respectively [65].

The DLD consists of eight quadrants of which four are placed behind and rotated

45◦ with respect to the first stack of four. This configuration allows for detection of up

to three electrons per pulse as a limitation from the multihit capacity of the DLD. Often

in TOF instruments low-kinetic-energy electrons create an additional background. This

has been avoided by the use of a lens as a high-pass energy filter, which cuts off electron

below an adjustable threshold, however, it narrows down the energy range in the drift

tube from 15 eV to 7 eV.

Each electron and FEL pulse are recorded on a single-shot basis by the DLD. The

data recorded for each electron detection includes the values of the diagnostic tools along

with its momentum, delay time and kinetic energy. This data is post-processed to yield

a four-dimensional (4D) data cube of the photoemission intensity as a function of kinetic

energy, two momentum axes parallel to the sample surface and time delay. If the spin

filter is used this will yield a five-dimensional data set with the spin resolution as the

additional axis. The main diagnostic tools to consider during the post-processing step

are the GMD and BAM, which record the intensity and the time jitter of the FEL pulse,

respectively. The delay time axis is corrected by the time jitter of the FEL to improve the

time-resolution down to 120 fs. Additionally, the varying power of the optical laser is

recorded for each pump pulse by a photodiode. Binning the data along this photodiode

measurement, allows for the visualisation of the fluence dependence of the pump pulse.

The analysis of these huge datasets has led to the development of a distributed

workflow by collaborative effort [69]. The programming tools required to analyse the

data are freely available via github [70]. This approach has the potential to provide a

standard for sharing data and integrating band structure data into future material science

databases.



Chapter 3

Selection Rules for Absorption and

Photoemission in Semiconducting

TMDCs

The following chapter is dedicated to investigating matrix elements in photoemis-

sion experiments on single layer (SL) and BL MoS2. We model the intensity modulation

around the K valley by utilising a k · p Hamiltonian to investigate the intra- and inter-

layer effects. In TR-ARPES experiments, an unexpected strong linear dichroism is ob-

served for the transiently populated CB by changing the polarisation of the pump pulse.

This behaviour can be modelled using the semiconductor Bloch equations, which reveal

an anisotropic momentum dependence determined by the intralayer single-particle hop-

ping. The results are captured in two published papers:

• Klara Volckaert?, Habib Rostami? , Deepnarayan Biswas, Igor Markovic, Federico

Andreatta, Charlotte E. Sanders, Paulina Majchrzak, Cephise Cacho, Richard T.

Chapman, Adam Wyatt, Emma Springate, Daniel Lizzit, Luca Bignardi, Silvano

Lizzit, Sanjoy K. Mahatha, Marco Bianchi, Nicola Lanata, Phil D. C. King, Jill A.

Miwa, Alexander V. Balatsky, Philip Hofmann, and Søren Ulstrup, "Momentum-

resolved linear dichroism in bilayer MoS2" Physical Review B 100, 241406(R) (2019)

• Habib Rostami, Klara Volckaert, Nicola Lanata, Sanjoy K. Mahatha, Charlotte E.

Sanders, Marco Bianchi, Daniel Lizzit, Luca Bignardi, Silvano Lizzit, Jill A. Miwa,

41
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Alexander V. Balatsky, Philip Hofmann, and Søren Ulstrup, "Layer and orbital in-

terference effects in photoemission from transition metal dichalcogenides" Physical

Review B 100, 235423 (2019).

My contribution to this project was performing the measurements at ARTEMIS with col-

leagues, analysing the experimental data and co-writing the papers with Søren Ulstrup

and Habib Rostami.

3.1 Electronic Structure of MoS2

Molybdenum disulphide belongs to the group VI of the TMDC compounds to-

gether with its sister compound WS2, both of which are know for being semiconductors

with tunable bandgaps and strongly coupled spin and valley degrees of freedom. They

have a layered structure where each layer consists of a hexagonally arranged transition

metal (Mo or W) is sandwiched between two layers of sulphur. The intralayer bonds be-

tween the Mo-S are covalent in nature whereas the layers are coupled with weak van der

Waals interactions, which allows for easy cleaving along the layer surface and study of

layer-dependent properties. These layers can be oriented in either the trigonal prismatic

(H) or the octahedral phase (T), the latter of which is inversion symmetric within one

layer. The layered honeycomb-like lattice leads to a hexagonal BZ with a small reciprocal

lattice vector in kz as shown in fig. 3.1a). The in-plane lattice parameter is 3.15 Å and the

width of a SL is approximately 6.5 Å [71]. The band structure changes dramatically as the

thickness of MoS2 is varied as shown in the density-functional theory (DFT) calculations

in fig. 3.1.

For a SL, the conduction band minimum (CBM) and valence band maximum

(VBM) are both found at the K̄ point of the BZ, making it a direct bandgap semicon-

ductor with a quasiparticle band gap of about 1.95 eV [72] (see fig. 3.1a)). The optical

band gap is typically lower than this value due to the formation of an exciton [73]. Ad-

ditionally, the substrate interaction can affect the band structure [74] and size of the band

gap can change due to the excited carrier density, which can lead to a bandgap renormali-

sation effect [75, 76]. When thermodynamically growing BL MoS2, electrostatic repulsion
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Figure 3.1: Electronic Structure of MoS2 - a) 3D Brillouin zone of bulk MoS2 with the surface
projected BZ, which can also be seen as the BZ for 2D MoS2. b)-d) Electronic structures of single
layer b), bilayer c) and bulk d) MoS2. The band gap is indicated by the blue arrow. e) 1H structure
of SL MoS2 with the spin-split bands at K̄ and K̄′ indicated by by their angular momenta in z, mj.
The two valleys are connected via time-reversal symmetry. f) BL MoS2 in the 2H-configuration
where the spatial inversion symmetry restores the spin degeneracy. a) is reproduced from ref. [78]
and b)-d) is reproduced from ref. [77].

between the sulphur atoms of one layer with respect to the other leads to a structure in

which the second layer is rotated by 180◦. This gives rise to an inversion centre between

the layers, the so-called 2H-structure. The interlayer coupling leads to significant changes

in the valence band (VB) at the Γ̄ point due to its out-of-plane dz2 orbital character. This

leads to a splitting of the band at the Γ̄ point and the arisal of a new VBM creating an

indirect band gap, from Γ̄ to K̄, of roughly 1.6 eV [77] as shown by the blue arrow in fig.

3.1b). The bands at the K̄ point are not much affected as they have an in-plane orbital

character. Finally for the bulk case presented in fig. 3.1c), the CBM shifts to a point along

the Γ-K line, leading to an indirect band gap of 1.3 eV.

For any number of layers of 2H-MoS2 the band at the K point is consistently spin-

orbit split into two separate bands. For a SL, there is no inversion symmetry present

leading to a spin up and spin down states, which are inverted between the K̄ and K̄′
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valleys and are distinguished by opposite values of magnetic moment as shown in fig.

3.1e) [17]. This is because in a 2D hexagonal lattice, time reversal symmetry relates the

two valleys to each other. These properties have opened up two new fields of research

where these binary degrees of freedom, the spin and valley index, could be exploited to

create spintronic or valleytronic devices. These devices aim to control the spin precession

of the electrons to overcome the intrinsic limitations of field effect transistors [15].

In the 2H-bilayer and bulk configurations the inversion symmetry within the sys-

tem is restored leading to identical K and K′ points for which the separate spin character

of the bands is absent (see fig. 3.1f)). However, the electrons are so strongly localised to

their individual layers at the K point that the spin character can still appear if one layer is

selectively probed over the whole system [79]. This hidden spin polarization within the

layer has been shown by spin-ARPES in bulk TMDCs since ARPES is a surface sensitive

technique that predominantly emits electrons from the surface layer [78, 80, 81].

3.2 Circular Dichroism in Semiconducting TMDCs

The opposing magnetic moment for different K valleys additionally leads to a cir-

cular dichroism effect, where the transition from the VBM to CBM at the K (K’) valley

is preferentially excited with circular left, σl, (circular right, σr) light. This has primarily

been observed with photoluminescence experiments, which are momentum-integrated

and thus cannot probe the (E,k)-dependence of the excitations necessary to visualise the

different valleys. However, valley dependent information can be gained from measuring

the helicity of the photoluminescence signal when excited by σl- or σr-polarised light.

The circular dichroism effect has been observed in SL MoS2 [5, 82] where a finite valley

polarisation was generated [83, 84]. The possibility to control this effect in the semicon-

ducting TMDCs by optical, magnetic and electrical means paves the way to developing

new quantum devices [5, 85, 86]. Circular dichroism can be completely absent in per-

fectly inversion symmetric BL or bulk MoS2 [83] but emerges if the inversion symmetry

is broken by magnetic or electrical fields [86–88].

TR-ARPES studies have directly probed the momentum-resolved valley depen-
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Figure 3.2: Circular dichroism in MoS2 - a) CBM and spin-split VBM at the K̄ and K̄′ valleys,
which are preferentially excited by σl and σr, respectively, as indicated by the red and blue arrows.
b) Polarisation resolved photoluminescence signal under circularly polarised excitation. A circular
polarisation is observed of Pσr =32% (Pσl =-32%) along the out-of-plane direction for circularly left
(right) polarised light. c) The restored inversion symmetry leads to a lack of circular dichroism.
d) Circular luminescence for SLs (blue) and BLs (green) under circular excitation. There is no
determinable circular dichroism present for MoS2 BLs. Optical excitation was achieved with a
1.96 eV laser. b) and d) reproduced from ref. [83].

dence of the excitation. Most notably, TR-ARPES measurements showed circular dichro-

ism effects on SL WS2 on Ag(111) where the excited holes were valley-polarised within

the top spin-split branch of the VB [24]. Additionally, the hidden spin-polarisation was

confirmed in a study of bulk WSe2, leading to clear circular dichroism in response to

an optical excitation with circularly polarized light [23]. To the best of our knowledge,

no TR-ARPES experiments have been performed on a BL group VI TMDC, which could

shine light on the dimensionality dependence of the valley polarisation and dichroism

effect.
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3.3 Growth and Characterisation of BL MoS2

The growth and XPD characterization of the BL MoS2 sample was carried out at

the SuperESCA beamline [89] at Elettra Synchrotron radiation facility in Trieste, Italy. It

was grown on an Ag(111) substrate, which was cleaned by repeated cycles of sputtering

and annealing. Sputtering is performed by ionizing Ar gas atoms and then accelerating

them towards the surface by means of an electron ionization gauge at a voltage of 1 keV.

This removes the surface contaminants along with some of the crystal material. The bom-

bardment of sputtering ions can induce defects. Therefore the surface has to be restored

by means of annealing, which was done by heating the sample to 823 K for 10 minutes.

Annealing additionally removes some air contaminants, such as CO2 and H2O if the ther-

mal energy supplied is larger than the desorption energy. XPS spectra were used to check

the cleanliness of the substrate surface and these did not detect any traces of contami-

nants, with a sensitivity up to 1%. The long-range order of the surface was verified with

low energy electron diffraction (LEED), which elastically scatters electrons off the surface

to create a diffraction pattern [51]. The LEED measurement showed a well-defined 1x1

pattern, as would be expected from a clean Ag(111) surface.

The growth procedure consisted of dosing Mo from a home-built evaporator,

while keeping the Ag substrate at 823 K and simultaneously dosing H2S (nominal pu-

rity 99.8 %) through a leak valve at background pressure of 2×10−7 mbar. The Mo de-

position rate was estimated by means of a quartz microbalance and amounted to 3×10−3

SL/minute, where a SL is defined here as the surface atomic density of Ag(111). The

deposition lasted 260 minutes meaning the total amount of Mo was ≈0.78 SL.

The growth was monitored and guided by measuring XPS spectra in real time.

These high-resolution Mo 3d core level spectra were acquired at normal emission on the

MoS2 sample at room temperature, using a photon energy of 360 eV. The total energy

resolution was below 50 meV and all binding energies are referenced to the Fermi level of

the Ag substrate. XPS measurements of the Mo 3d and S 2p core levels were necessary to

optimize the growth parameters to obtain pure MoS2. The formation of partially sulfided

Mo would be evident by XPS peaks at binding energies lower than the ones attributed
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Figure 3.3: Characterization of BL MoS2 orientation using photoelectron diffraction - a) High
resolution Mo 3d core level spectra together with the spectral contributions resulting from the peak
fit analysis (photon energy hν=360 eV). b) Azimuthal equidistant polar projection of the integrated
photoemission intensity modulation as a function of emission polar (θ) and azimuthal (φ) angles
for the Mo 3d5/2 core level (photon energy hν = 480 eV; Ek ∼251 eV). The orange coloured section is
the experimental data while the simulated pattern is shown in grey. c) Experimental geometry for
the XPD measurements with the analyser and X-ray beam lying in the horizontal plane at an angle
of 70◦ from each other. d) R-factor behaviour as a function of the percentage of mirror orientation
added to the simulation cluster. The inset shows a magnification around the minimum of the
R-factor, with the dashed lines indicating the confidence interval. Reproduced from Supporting
Material of [91].

to MoS2 and can be actively avoided by tuning the growth parameters during synthesis.

[90]. The final BL MoS2 coverage was determined by looking at the attenuation of the

Ag 3d core level and determined to be ≈40 % assuming only BL MoS2 and no partially

sulfided Mo.

Fig. 3.3a) shows the high-resolution Mo 3d core level spectra together with the

spectral contributions resulting from a peak fit analysis. From these fits it is not possible

to ascertain the BL character of MoS2 since the Mo 3d5/2 core level only shows a sin-

gle component. However, peak components are not a decisive indicator of thickness as
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the Mo atoms could be in chemically similar environments, leading to minimal binding

energy shifts. For this reason the presence of the BL was verified through ARPES mea-

surements, as described below. In order to demonstrate the single-orientation character

of the top MoS2 layer in the analysis below, we assumed that only BL MoS2 regions are

present on the surface and there are no SL or trilayer regions.

It is possible for different azimuthally rotated domains of BL MoS2 to form during

the growth on the Ag(111) substrate. To check for the presence of any domains, the XPD

pattern for Mo 3d5/2, shown in fig. 3.3b), was carefully analysed. The pattern was ob-

tained by measuring the Mo 3d5/2 core-level over a wide azimuthal sector of 120◦, from

normal (θ=0◦) to grazing (θ=70◦) emission (see orange region in fig. 3.3b)). The intensity

I(θ, φ), defined as the area under the spectral line, was extracted from the fit of the spectra

for each component as shown by the coloured area in fig. 3.3a).

The resulting XPD pattern is the azimuthal equidistant polar projection of the

modulation function χ defined in eq. 2.22, where here I0 is the average intensity for each

azimuthal scan at a fixed polar angle. The percentage of mirror domains compared to the

main orientation was evaluated by comparing the measured XPD pattern to EDAC sim-

ulations [92] with a variable amount of mirror domain. The simulated atomic structure

is shown in fig. 3.3c) and shows BL MoS2 in the 2H structure. In the simulations we ne-

glected the Ag(111) substrate, which is appropriate due to the lattice mismatch between

BL MoS2 and the substrate that indicates the lack of a specific local adsorption configu-

ration. For simplicity, the domain sizes are assumed to be sufficiently large so that we

can neglect boundary effects [93, 94]. The two mirror-domains are taken into account as

an incoherent superposition of the intensities, which would be expected to arise from the

two-layer orientations depicted in fig. 3.3c). The lattice parameter and the S-S inter-plane

distance used in the simulations are both 3.17 Å in accordance with the values reported in

ref. [95] for SL MoS2 on Au(111). The agreement between simulations and experimental

results was quantified by computing the R-factor from eq. 2.23.

Fig. 3.3d) shows a minimum of the R-factor when only the main orientation is

considered in the simulation. The estimation of the accuracy on the evaluation of the per-

centage of mirror-oriented domains was deduced from the R-factor confidence interval
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defined as [96]

∆Rmin = Rmin

√
2
N

, (3.1)

where Rmin is the minimum R-factor value and N is the number of well-resolved peaks

in the XPD pattern (N ∼ 250). From this analysis it is clear that less than 15% of the BL

MoS2 domains assume the mirror orientation with a minimum at 0%.

3.3.1 Electronic Structure Characterisation of BL MoS2 on Ag(111)

The equilibrium electronic structure of the BL MoS2 on Ag(111) sample grown in

Trieste was investigated by static ARPES at the spherical grating monochromator (SGM3)

beamline at the ASTRID2 synchrotron in Aarhus, Denmark [97]. The sample was an-

nealed to 770 K for 10 min to remove adsorbates after inserting the sample into the UHV

system. Spectra were collected at a variety of photon energies ranging from 31 eV - 120 eV.

The total energy and angular-resolutions were 40 meV and 0.2◦, respectively, and the sam-

ple temperature was kept at 70 K throughout the measurements.

Fig. 3.4a) shows the cut along the high symmetry K̄′− Γ̄− K̄ direction at a photon
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energy of 80 eV. This spectrum confirms the formation of a BL by the appearance of the

two characteristic bands at Γ̄ originating from out-of-plane coupling between the sulphur

pz orbitals. The bands at Γ̄ exhibit a splitting of 720±10 meV, which is consistent with

theoretical calculations and the band structure depicted in fig. 3.4b) [98]. The dispersion

for our BL sample shows distinct bands at Γ̄ similar to the theoretical band structure while

the states near Γ̄ in SL MoS2 on Au(111) are broad and weak in intensity [100], indicating

that the BL sample has a smaller hybridisation with the substrate. This is due to the fact

that the states at Γ̄ are bonding-antibonding states that form from the pz orbital overlap,

so they primarily exist in the interface between the two MoS2 layers, therefore interacting

weaker with the substrate. Fig. 3.4c) shows that the two bands at Γ̄ do not disperse with

photon energy, demonstrating that both states have a 2D character as would be expected

for a BL crystal.

Additionally, we observe a spin-splitting of 130±5 meV at K̄ (K̄′), smaller than the

value of 145±4 meV previously observed for SL MoS2 on Au(111) [100]. The spin-splitting

is also predicted to increase for BL MoS2 compared to SL from both GW band calculations

[77] and absorption spectra [73]. This difference could stem from the different substrates

used as the calculations and absorption experiment used freestanding BL MoS2 while our

substrate is metallic Ag(111). Or potentially the K-degeneracy is slightly lifted, creating

a small energy shift for the bottom layer, which would broaden the bands and make the

spin-splitting seem smaller.

3.4 Matrix Elements for Photoemission on SL and BL MoS2

We now take a closer look at the intensity pattern for the dispersion around the K̄

point. A fine map is shown for SL MoS2 in fig. 3.5a) at a constant energy 0.24 eV below

the VBM for a photon energy of 49 eV. The details of the measurement of SL MoS2 on

Au(111) can be found in ref. [100], the results of which are presented here for compari-

son. The photoemission intensity of the two trigonally warped contours of the spin-split

VB are visible. These show a stronger intensity towards the first BZ, indicating a strong

momentum dependence of the matrix element. Similar measurements are shown for our
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Figure 3.5: Momentum dependent contours of ARPES intensity - a) SL MoS2 on Au(111) at a
photon energy of 49 eV and b)-c) BL MoS2 on Ag(111) at a photon energy of 65 eV and 80 eV,
respectively. All constant energy cuts are shown at a fixed binding energy, 0.24 eV below the
VBM. Details of the measurements of SL MoS2 can be found in ref. [100].

BL MoS2 for a photon energy of 65 eV (fig. 3.5b)) and 80 eV (fig. 3.5c)). These show a

higher intensity towards the BZ edge with clear differences for the two photon energies

presented.

The momentum dependence of the matrix elements contains information of the

symmetry and orbital character of the initial state [101]. Additionally, photoelectron inter-

ference can occur due to emission from different sites in a unit cell, despite the extended

nature of the initial state. This is commonly seen in graphene where a sublattice inter-

ference effect occurs, leading to the "horseshoe"-like photoemission intensity modulation

of the π states of the pz orbitals centred on the carbon atoms [102, 103]. The intensity

modulation depends strongly on the photon energy and polarisation [9, 104, 105]. This

can be exploited to extract information about orbital angular momentum and spin tex-

ture, as has been done for Bi2Se3 [106–108]. However it is non-trivial to deconvolve the

initial state effects from the role of the geometry of the measurement, the layer-dependent

dispersion and the electron final state [109, 110]. A detailed quantitative treatment can be

gained from ab initio calculations [111], however here we focus on a qualitative treatment

to provide an intuitive interpretation of the intensity modulation [112].

We can show that the modulations in fig. 3.5 stem from inter- and intra-layer inter-
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actions between the Mo sites by attempting to calculate the full photoemission intensity

for SL and BL MoS2. The photoemission intensity is defined in eq. 2.12 and reiterated

here for convenience,

In(E, q) ∝ |Mn(q)|2An(E, q) fFD(E), (3.2)

where An is the spectral function for a two-fold degenerate VB, which we label with the

index n ∈ {v1, v2}. The wave vector is measured from K and written as q = (qx, qy) in

units of
√

3/a0 where a0 = 3.16 Å is the intralayer lattice parameter. The one-electron

dipole matrix element, Mn(q), is determined by eq. 2.17 using an initial Bloch state

(φn) and a free electron final state with wavevector k f [101]. This leads to the expression

Mn(q) ∝ ê · k f
〈
k f |ψn(q)

∣∣k f |ψn(q)
〉
, where ê is the polarization unit vector of the probe

pulse, which was set to p-polarised to match the experimental conditions. The dispersion

of SL MoS2 is determined by solving the k · p Hamiltonian, which contains an isotropic

term (Ĥiso), spin-orbit coupling term (Ĥsoc) and trigonal warping term (Ĥtw) [6, 113, 114]:

ĤSL(q, τz, sz) = Ĥiso(q, τz) + Ĥtw(q, τz) + Ĥsocτzsz (3.3)

where valley and spin indices are noted by τz and sz, respectively. The details of the

calculation can be found in ref. [115].

Similarly, the matrix element for BL MoS2 is determined by diagonalising the k · p

Hamiltonian

ĤBL(q, τz, sz) =

ĤSL(−q,−τz, sz) Ĥ⊥(q, τz)

Ĥ†
⊥(q, τz) ĤSL(q, τz, sz)

 , (3.4)

where Ĥ⊥ accounts for the weak coupling between the two layers [116, 117]. The 2H

BL MoS2 configuration is shown in fig. 3.6a) where the zigzag direction of the lattice is

placed along the x-axis and the armchair direction along the y-axis

The results of the calculation of |Mn(q)|2 are shown in fig. 3.6b) for the case of

the VB of SL MoS2 near K̄. There is a consistent decrease in the magnitude along the

qx direction away from the first BZ. This will lead to a masking of the photoemission
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Figure 3.6: Matrix elements as a function of k f⊥ - a) A schematic of the MoS2 structure. b) Colour
map of |Mn(q)|2 for the VB in SL MoS2 at k f⊥ = 5.00/a0. c) The masking parameter along x
for the VB, Zx

v , as a function of k f⊥ for SL MoS2. The value of k f⊥ used for the plot b) has been
marked by a green vertical dashed line. d)-e) Colour maps of |Mn(q)|2 for the VB in BL MoS2 at
k f⊥ = 4.87/a0, d), and k f⊥ = 6.05/a0, e). f) Masking parameter along x and y Zα

v as a function of
k f⊥ for BL MoS2 with the values for k f⊥ of d) and e) indicated by the green and pink vertical line
respectively. The magnitude of |Mn(q)|2 has been normalised to the maximum value in the range
of each colour plot. τz and sz were set to 1 and qc = 0.5/a0 for the calculations.

intensity in the second BZ. We can quantify this effect with a masking parameter, defined

as

Zα
n(k f⊥, τz, sz) =

∑q sign(qα)|Mn(k f⊥; q, τz, sz)|2

∑q |Mn(k f⊥; q, τz, sz)|2
. (3.5)

Here the summation is carried out over the region displayed in fig. 3.6b), within a range

of qx = ±0.5/a0 and qy = ±0.5/a0 with the centre at K̄ (i.e qx = qy = 0). The labels α

and n label the coordinate (x or y) and the band (here v for VB) respectively. A uniform

magnitude across the region would correspond to the masking parameters Zx
v = Zy

v = 0.
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In fig. 3.6b) we see a masking effect towards the outer BZ leading to a value of Zx
v <

0 meaning a decrease of the magnitude for qx > 0. The matrix element depends on

perpendicular momentum k f⊥ which can be correlated to the photon energy of an ARPES

experiment via eq. 2.16. We track the behaviour for the masking parameter in fig. 3.6c).

In all cases Zx
v < 0 and Zy

v = 0, which means there will be a lower intensity towards

the outer BZ and no variation is found along the y-axis. This effect is similar to the case

of graphene [103] however it emerges from different origins in the two materials. In

graphene this effect stems from the interference term between pz orbitals of the two atoms

on different sublattices, while for MoS2 the effect emerges from the interference of the dz2

and dxy/dx2−y2 orbitals centred on the same Mo atom. The sublattice interference seen in

graphene would not be possible in MoS2 as it only has one Mo atom per unit cell.

The modulo squared of the matrix element for BL MoS2 can be simplified to

|Mn|2 = |M+
n |2 + |M−

n |2

+ 2Re[M+∗
n M−

n ] cos
(
ck f⊥

)
+ 2Im[M+∗

n M−
n ] sin

(
ck f⊥

)
, (3.6)

where +/− refers to the top/bottom layer. The first line refers to an intralayer interfer-

ence of the Mo d-orbitals while the next two lines come from the interlayer interference

resulting from the additional layer degree of freedom. The results of the BL calculation are

shown in fig. 3.6d) and e) for k f⊥ = 4.87/a0 and k f⊥ = 6.05/a0, respectively. These show

a strong change for the different k f⊥ values and additionally a change in the y-coordinate

of the masking parameter, Zy
v . The calculation of the masking parameter shows an os-

cillatory dependence with k f⊥, which appears due to the interlayer terms cos
(
ck f⊥

)
and

sin
(
ck f⊥

)
. These results show that it is critical to consider a strong momentum depen-

dence of the matrix elements when analysing photoemission intensity cuts at K for BL

MoS2. For bulk MoS2 we would expect a similar behaviour as the unit cell for BL MoS2

and bulk MoS2 are the same.

The full photoemission intensity is calculated using eq. 3.2 to compare the model

to the experimental data in fig. 3.5. The occupation function fFD(q) was set to 1 since we
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Figure 3.7: Calculated photoemission intensity - at the values of k f⊥ indicated for SL MoS2, a)-c),
and BL MoS2, d)-f). The constant energy cuts are taken at 0.24 eV below the VBM.

calculate the intensity for the fully occupied VB. The spectral function was modelled by

An(E, q, τz, sz) = π−1 Γ

[E− En(q, τz, sz)]
2 + Γ2

, (3.7)

where we set Γ = 0.05 eV and the bare dispersion En(q, τz, sz) is obtained by diagonaliz-

ing the k · p Hamiltonian for SL and BL MoS2 separately.

The momentum dependent intensity is shown in fig. 3.7 at an energy 0.24 eV be-

low the VBM for SL and BL MoS2. The k f⊥ values used are 6.22/a0, 7.49/a0 and 8.32/a0 as

these correspond to the experimental values of 49 eV, 65 eV and 80 eV, respectively, when

assuming an inner potential of 12 eV, which is the inner potential of bulk MoS2 [118]. A

comparison between the resulting photoemission intensities and the experimental data is
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ambiguous due to the uncertainty of the inner potential and the choice of tight-binding

parameters in the model. Nonetheless, a qualitative comparison can be made. In SL MoS2

there is a clear masking of the model intensity for qx > 0 (see fig. 3.7a)-c)) , which is the

result of intralayer orbital effects and compares well to the intensity of the experimental

data in fig. 3.5a). In BL MoS2 there is also a qualitative agreement for the calculations in

fig. 3.7d)-f) and the experiment in fig. 3.5b)-c) as there is a clear dependence on the pho-

ton energy with the peak intensity shifting towards the edges of the first BZ. This effect

is due to the interlayer interference, which introduces the qy dependence in the masking

parameter for varying k f⊥ values. To achieve a more quantitative agreement we would

need to consider the experimental geometry more precisely and calculate the full system

including the Au(111) and Ag(111) substrates for SL and BL MoS2, respectively, using ab

initio methods [111].

3.5 Time and Polarisation Dependent Carrier Dynamics

The BL MoS2 sample was transported in an evacuated tube (below 1x10−9 mbar)

to the Artemis facility, Rutherford Appleton Laboratory in Harwell, UK for TR-ARPES

measurements. It was momentarily brought in to ambient conditions during transfers

between setups and the tube, however MoS2 is known to be air stable for short periods

of time [119]. The BL MoS2 crystal was annealed at 620 K to remove surface contami-

nants and kept at room temperature throughout the measurements. The probe and pump

pulses had a photon energy of 32.5 eV and 2.0 eV (620 nm), respectively. The fluence of

the pump pulse was set at ∼3 mJ/cm2 in order to optimize the excitation signal while

avoiding space charge effects in the spectra. The energy, angular, and time resolution

were 400 meV, 0.3◦, and 40 fs, respectively, and the sample temperature was 300 K.

The measurements were performed in a configuration as shown in fig. 3.8a) with

the pump pulse initially oriented in the y-axis of the crystal, which corresponds to linearly

s-polarisation. The crystal is orientated such that the zigzag direction is along the x-axis

and the armchair direction along the y-axis. The photoemission intensity along Γ̄ − K̄

before optical excitation is shown in fig. 3.8b) with the 2H-BL MoS2 band structure from
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Figure 3.8: TR-ARPES measurements of BL MoS2 on Ag(111) - a) Sketch of the TR-ARPES exper-
imental configuration (top) and the BZ with the dashed line marking the measurement direction
(bottom left) and crystal orientation (bottom right). b) Static photoemission intensity along the
Γ̄− K̄ line acquired with XUV pulses before optical excitation. c) Intensity difference between the
spectrum in b) and the one obtained at the peak of excitation δt = 40 fs using an s-polarised pump
pulse. d)-e) EDC analysis at the K̄-point and the Γ̄-point indicated by solid lines in b) and c). The
excitation EDC (green) is subtracted from the equilibrium (black) to produce the difference EDC
(grey). The difference was fit with a two peak Voigt function (red) to obtain the positions of the
bands indicated in units of eV. The overlaid dispersion of BL MoS2 (orange curves) together with
the bulk continuum of Ag(111) (blue hatched area) in (b) and (c) were obtained from Refs. [120]
and [121, 122], respectively.

DFT calculations overlaid in orange and the Ag(111) bulk continuum is shown as a blue

dashed area. The intensity of the VBM at Γ̄ is weak due to matrix element suppression at

the probe photon energy used. Fig. 3.8c) shows the intensity difference of the equilibrium

spectrum and one taken at the peak of the excitation at ∆t = 40 fs with an s-polarized

pump pulse. The difference mainly consists of an increase of excited electrons in the CB

paired with the remaining holes in the VB. In addition the whole VB is broadened, which

can be seen as the red hue surrounding the depleted (blue) region. The excitation of
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Figure 3.9: Ultrafast dynamics of BL MoS2 - a) Area decrease of EDCs of the VB after excita-
tion compared to before. The inset shows two example EDCs of the equilibrium (blue) and the
excitation (black) with the shaded region signifying the loss in intensity. b) Time-dependence of
the excited signal in the CB and three sections of the VB. The data (dots) is fitted with a single
exponential decay (solid line) with the time constant τ indicated. c) Recombination processes of
electrons (filled circles) and holes (open circles) in the VB and CB states, involving the Ag(111)
bulk states (grey-shaded part of (E, k)-space). The orbital character of the band is indicated by its
colour.

electrons is strongly localised at the local CBM at the K̄-point while the excitation of holes

is delocalised across the VB, which peaks at K̄. We extract energy distribution curves

(EDCs) at the symmetry points to determine the position in energy of the bands as shown

in fig. 3.8d) for the K̄-point and fig. 3.8e) for the Γ̄-point. From these we can extract

an indirect gap of 1.49± 0.06 eV from the VBM at Γ̄ to the excitation at K̄ and a direct

bandgap at K̄ of 1.90± 0.04 eV. Therefore the 2 eV optical excitation is close to resonant

with the direct gap of the system, leading to a strong signal at the CBM [72]. Note that

since it is not possible to resolve the splitting of the band at K̄, the direct bandgap is

overestimated as the negative peak in the intensity difference is shifted to the middle of

the spin-orbit split bands.

The broadening of the VB can be seen as a red hue alongside the blue depletion

region. This pump-induced broadening is commonly seen in TR-ARPES experiments and

has been attributed to a decrease of the lifetime due to the opening of new scattering chan-

nels [123]. However, there is also a finite hole population in the whole VB as illustrated

by fig. 3.9a). Here the EDCs of the VB are fitted before and after excitation and the area

difference is extracted. There is a clear peak at K̄, which reduces but does not disappear
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along the band towards Γ̄. Therefore there are holes present along the VB, which are ex-

cited at K̄ and scatter across the band on a timescale faster than we are able to resolve.

The time dependence of the ultrafast carriers are shown in fig. 3.9b). Both the carriers

in the CB and VB have a short decay time of 30 fs and 50 fs respectively, which is at-

tributed to the strong substrate coupling. This was also observed in SL MoS2 on Au(111)

where the relaxation time of excited carriers was 50 fs [72, 123]. The time dependence of

the VB is consistent along the whole band. These observations can be described by the

recombination processes in fig. 3.9c). The excited electrons in the CB couple directly to

the Ag(111) bulk states, facilitated by its out-of-plane dz2 orbital character. This leads to

electron-hole excitations in the Ag(111) states and the fast 30 fs timescale. The in-plane

dxy/dx2−y2 character at K̄ in the VB leads to scattering across the VB. At Γ̄ the holes reach

dz2 states, which facilitates the recombination with the bulk states.

The pump polarisation dependence of the excitation at K̄ was investigated by ro-

tating the HWP in the pump beam path. We expected to see a circular dichroism effect

caused by the combined effects of symmetry breaking due to the substrate and the surface

sensitivity of the photoemission process. Surprisingly, we observed a strong linear dichro-

ism effect instead as shown in fig. 3.10. For the K̄′ point (fig. 3.10a)) the p-polarisation

leads to the strongest excitation signal while s-polarisation leads to the weakest. There is

also a weak circular dichroism component as the σl excitation is stronger than σr. As the

circular dichroism effect is shown in previous measurements as having a higher excita-

tion at K̄′ for a σl-polarised pump pulse, this allows us to deduce that the K̄′ is the first

point measured. The opposite behaviour is observed for the K̄ point (fig. 3.10a)), which

was measured by azimuthally rotating the crystal 60o . Here the s-polarised pump gives

a stronger signal in the CB than the p-polarised and similarly the σr excitation is stronger

than σl. Additionally, the VB depletion does not allow us to distinguish any dichroism

effect above the noise level of the spectrum. This could be due to the scattering of holes

along the VB, leading to a loss of polarisation information of the carriers on a time scale

faster than we are able to resolve with our temporal resolution.

The integrated EDC of the spectra in fig. 3.10a) is shown in fig. 3.11a) for the CB.

The data is fit with a Gaussian to extract the area under the curve, which we define as the
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Figure 3.10: Polarisation dependence of the excitation at K̄ - a)- b) The intensity difference at K̄′,
a), and K̄, b), with four different pump polarisations (s, σl ,p, σr) as indicated above.

spectral weight, W. We quantify dichroism as

ρi,j =
(Wi −Wj)

(Wi + Wj)
, (3.8)

where i 6= j labels s and p or σl and σr polarization. At K̄′ we obtain ρs,p = 42.4% and

ρσl ,σr = 19.7%. In fig. 3.11b) a similar analysis is done at K̄ and shows a linear dichroism

of ρs,p = −15.2% and ρσl ,σr = −4.7%. The data for the VB at K̄′ in fig. 3.11c) does not

show signs of dichroism. This is similarly the case for the VB at K̄ (not shown). The time

and polarisation dependence of the spectral weight, W, at K̄′ (fig. 3.11a)) is shown in fig.

3.11d). The signal is fit with an exponential rise and a single exponential decay with time

constant τi, as indicated in the figure. The excitation signal is present above the noise

until 300 fs while the dichroism signal only persists for 85 fs, indicating an ultrafast loss
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Figure 3.11: Analysis of polarisation and time dependence at K̄ - a)–c) EDCs of the intensity
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The area under the curves in a) is fitted with an exponential rise and a single exponential decay
with the time constants τi displayed in the figure.

in polarisation information.

3.5.1 Model for Light-Induced Population

We explain the observed momentum dependence of the linear dichroism in BL

MoS2 by calculating the full photoemission intensity in the CB after excitation. The in-

tensity is similarly defined as in eq. 2.12 but now with a momentum dependent transient

population in the CB, f exc written as

Im(E, q, θ) ∝ |Mm(q)|2Am(E, q) f exc
m (q, θ), (3.9)

where Am is the spectral function for a two-fold degenerate CB, which we label with the

index m ∈ {c1, c2} where c1 and c2 are indicated in fig. 3.12a). The angle θ defines the
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Figure 3.12: Theoretical model of light induced population in the conduction band - a) Band dis-
persion for BL MoS2 around K using the k · p Hamiltonian. The four energy split bands are labelled
c1 and c2 for the CB and v1 and v2 for the VB are separated by the band gap Eg = 1.9 eV b) The
transient induced population for s, p and σ polarisations as a function of time at q = (0.16, 0)Å,
marked by the green dot in d)-f). Note that since the crystal is inversion symmetric the results
for σr and σl are identical. c) The pump polarisation dependence of the photoemission intensity
for SL (dashed green) and BL (solid purple) MoS2, integrated from qx = −0.22 to 0.22Å(qy = 0)
shown in d)-f) by the dashed black line. d)-e) Constant energy cut of the photoemission intensity
of the CB for p-polarised, d), and s-polarised, e), pump pulses. The colour scale in d) also applies
to e). f) Intensity difference of the pattern in d) subtracted from the data in e). The energy cuts in
d)-f) were obtained at Eq = 1.15 eV as marked by the dashed line in a).

polarisation of the pump pulse written as ε̂(θ) = êp cos θ + i ês sin θ where the unit vectors

êp and ês are shown in fig. 3.8a) for our experimental geometry. Therefore θ = 0◦ and

θ = 90◦ define linear p- and s-polarised light, respectively, while θ = 45◦ and θ = 135◦

correspond to σr and σl polarisations.

The optical excitation is induced by the pump pulse of which the electric field

is written as E(∆t) = ε̂(θ)E0 cos(ω0∆t)e−(
∆t
τ0
)2

where τ0 = 30 fs is the pulse duration,

h̄ω0 = 2.0 eV is the pulse energy and the electric field strength E0 = 0.87 V/nm was

determined from the pump spot size and fluence for our experiment. We then solve the

semiconductor Bloch equations within the rotating wave approximation, which implies
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that e±iω0t cos(ω0t)→ 1/2 for large frequencies [124], leading to the equation:

∂ f c
m

∂t
= −2 ∑

m
Im[ωR;nm p∗nm], (3.10)

∂ f v
n

∂t
= +2 ∑

n
Im[ωR;nm p∗nm], (3.11)[

∂

∂t
+ iνnm +

1
τp

]
pnm = −iωR;nm( f c

m − f v
n ), (3.12)

where τp stands for the relaxation of the interband polarisation, pnm, and f c
m and f v

n are

the populations in the CB and VB, respectively, with the label n indicating the VB states

n ∈ {v1, v2}. The detuning parameter is written as νnm(k) = [Ec
m(k) − Ev

n(k)]/h̄ − ω0

where Ec
m(k) and Ev

n(k) are the energies of the CB and VB states, respectively. The Rabi

frequency, which quantifies the light-matter interaction, reads as

ωR;nm(k, θ, t) = i
eE0e

− t2

τ2
0

2(Ec
n(k)− Ev

m(k))
Mnm(k, θ), (3.13)

where the important quantity is the velocity matrix elementMnm(k, θ) = 〈uc
m(k)|ε̂(θ) ·

∇kĤ|uv
n(k)〉 for the Bloch states are written as |ψc/v

j (k)〉 = eik·r|uc/v
j (k)〉. Here we use

the BL Hamiltonian from eq. 3.4 that defines the uc/v eigenvectors.

Using a perturbative treatment of the electric field and considering the initial state

of the system where the CB is unpopulated for the first semiconductor Bloch eq 3.10, the

excited state population can be written as

f exc
m = −2 ∑

n
Im
[∫ ∞

0
dtωR;nm(t)p∗nm(t)

]
. (3.14)

This time-dependent behaviour is displayed in fig. 3.12b) for an s-, p- and σ-polarised

pump pulse at a vector q = (0.16, 0) Å which clearly depicts a polarisation dependent

signal. This vector was chosen since there is no linear dichroism at q = 0 as we shall

see later on. Note that due to the inversion symmetry of the BL system, the circular

polarisations are equivalent, σl = σr. The cusps on the rising edge of the excitation

strongly depend on the model parameters and are not considered in further detail as
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they are not visible within our experimental time resolution.

We can then calculate the excited population, considering an initially unpopulated

CB and the resonance condition where |h̄ω0 − Eg| � h̄/τ0 around K̄ (i.e. small q). An

in-depth description of the calculation can be found in ref. [115]. Additionally, we can

approximate the energy difference between the VB and CB as the band gap, i.e. Ec
m− Ev

n ≈

Eg. This leads to an excited state population of

f exc
m (q, θ) ≈

(√
πτ0eE0

4Eg

)2

∑
n
|Mnm(q, θ)|2, (3.15)

where the band gap was experimentally determined to be Eg = 1.9 eV. The dependence

on the delay time, δt is dropped as we now only consider the fully excited population

and neglect any relaxation processes in our model. For a given optical transition from

the state n to m, we can writeMnm = Mnm
x cos θ + iMnm

y sin θ where the velocity matrix

element component can be written as Mnm
α = 〈uc

m|∂qαĤ|uv
n〉.

Summing over all possible transitions leads to an excited state population that can

be written as the sum of the circular and linear dichroism effects:

f exc(q, θ) ∝ |Mnm(q, θ)|2 ∝ 1 + flin(q) cos(2θ) + fcirc(q) sin(2θ), (3.16)

where flin and fcirc are spin-, momentum- and valley-dependent prefactors that determine

the weight of the dichroism terms, defined as

f nm
circ =

2Im[Mnm
x Mnm∗

y ]

|Mnm
x |2 + |Mnm

y |2
, (3.17)

f nm
lin =

|Mnm
x |2 − |Mnm

y |2

|Mnm
x |2 + |Mnm

y |2
. (3.18)

It is interesting to note that the f nm
circ term is closely related to the Berry curvature,

Ω(q). The Berry curvature is a local manifestation of the geometric properties of the

wavefunctions in the momentum space and has been shown to be present in honeycomb
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lattice systems with broken inversion symmetry [125]. It can be written as [126, 127]

Ωi(q) = −∑
j 6=i

2Im[Mij
x (q)Mij∗

y (q)]
(Ei(q)− Ej(q))2 . (3.19)

Therefore the Berry curvature can be resolved in a TR-ARPES experiment if it is possi-

ble to extract the change in excitation population for circular dichroism, fcirc, which is

proportional to the term Im[Mx M∗y ].

Now the photoemission intensity of the TR-ARPES experiment in eq. 3.9 can be

determined. In this we assume that the excited intensity stems purely from the direct ex-

citation and we ignore any relaxation processes from higher lying states. This is a justified

assumption as the energy of the optical pump pulse is nearly resonant with the band gap

of the system. Additionally, we ignore any many-body effects and therefore any recom-

bination processes since our data is taken at the peak of the excitation. In fig. 3.12c) the

photoemission intensity is shown for SL and BL MoS2 as a function of pump polarisa-

tion, for an integrated region from qx = −0.22 Å−1 → 0.22 Å−1 at qy = 0. This region is

chosen because our data corresponds to a similar cut in momentum space due to our ex-

perimental setup. The signal for SL MoS2 shows a strong circular dichroism, as expected

from ref. [5, 82]. It additionally has a small linear dichroism component that shows up

as a small asymmetry, causing the peak of the dichroism not to line up perfectly on σl

or σr. This linear term appears only if a finite q is integrated since no linear dichroism

is found exactly at the K̄ point. For BL MoS2 the inversion symmetry of the system is

restored and there is no symmetry breaking by the substrate or photoemission process in

the theoretical model. Therefore the circular dichroism term is cancelled out and the main

feature left in the BL system is the linear dichroism (cos(2θ)-term) with a high intensity

for s-polarised light and a lower intensity for p-polarisation at K̄.

Fig. 3.12d) and e) represent the momentum-dependent photoemission intensity

in the CB at E = 1.15 eV for p- and s-polarised light, respectively. These show that the

intensity along the dashed cut is stronger for s-polarised light, which explains the stronger

intensity for this polarisation in both our data and the theory in fig. 3.12c). The intensity

difference between s-polarised and p-polarised scenarios is shown in fig. 3.12f). The slight
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asymmetry along the qy = 0 line in this image is due to the probe matrix element for the

CB. We can gain a better understanding of the details of this effect by writing down the

linear dichroism term, neglecting trigonal warping and SOC in the system. The leading

intralayer contribution to the momentum-resolved linear dichroism is then

flin(q) ≈ 2
t2
1 − 2E0Eg

E2
g

q2 cos(2φ), (3.20)

where t1 is the effective intralayer hopping parameter, which was set equal to 2.0 eV,

E0 = 3h̄2/4µa2 where µ ≈ 0.15m0 is the reduced mass of the electron-hole pairs (m0 is the

free electron mass) and φ = arctan(qx/qy) is the azimuthal angle around K̄. Important

to note about this equation is that interlayer coupling term (Ĥ⊥) cancels out after sum-

ming the transitions to the two CB states. Also the linear dichroism only appears at a

finite momentum, q, away from K̄ and the effect cancels out when azimuthally averaging

the modulation i.e. integrating φ. This means that in momentum-integrated experiments

such as photoluminescence experiments, this linear dichroism effect would not be ob-

served. It is only due to the momentum-resolved nature of ARPES experiments that it

comes to light. The linear dichroism term mainly depends on the intralayer interaction

strength, t1, and its intensity varies significantly depending on this factor. This is an in-

tralayer term, which explains why the effect is both observed in SL and BL systems and it

is expected to remain for multi-layer samples. The leading term for the circular dichroism

component is simply fcirc = τz at K and fcirc = −τz at K′. Therefore for a BL, where the K̄

point in the top layer is above the K̄′ in the bottom layer there is no circular dichroism as

when summing over the layers: τz + (−τz) = 0.

The expression for the excited population function in eq. 3.16 indicates that the

intensity in the CB of the TR-ARPES measurements can be decomposed into linear and

circular dichroism terms. Therefore we fit the EDC curves, as in fig. 3.10 c) and e), to

extract the energy-integrated spectral weight, W, as a function of θ, for all 23 polarisa-

tions measured at the peak of the optical excitation. The resulting data is fitted with the

expression for the intensity in eq. 3.9 with a momentum-integrated version of eq. 3.16
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Figure 3.13: The spectral weight of the CB - as a function of polarisation angle θ for K (red dots)
and K′ (purple dots). The curves represent a fit to the data with the energy- and momentum-
integrated photoemission intensity in eq. 3.21 with the given prefactors and amplitude (Amp.).

implemented, which leads to

Iexc(θ) ∝ Amp.(1 + f̄lin cos(2θ) + f̄circ sin(2θ)), (3.21)

where f̄lin and f̄circ are the momentum-integrated weightings for the linear and circular

dichroism terms. Fig. 3.13 displays the polarisation dependent spectral weight along

with the fit to eq. 3.21 at K̄ and K̄′. The resulting fit parameters are displayed in the figure

and show that both the linear cos(2θ) and circular sin(2θ) terms are significant within

our experiment. The linear term is in agreement with the theoretical model presented

above. However this model does not explain the sign change between the K̄ and K̄′ as

there is no valley dependence is eq. 3.20. Additional features that could influence the in-

tensity seen are the strong anisotropy in the photoemission matrix element or many-body

effects, which could cause carrier scattering between the valleys that has been neglected
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here. Also a misalignment of the momentum cut is possible since the sample was rotated

60o manually to measure at the K̄ and K̄′ point.

The finite contribution of the circular term, f̄circ, can be explained by a number

of artefacts. Either small areas of SL MoS2 remain after the growth procedure or the in-

version symmetry of the system is broken. The latter could be due to the presence of

the metallic substrate or the surface sensitivity of photoemission experiments, meaning

the photoelectrons are selectively emitted from the top layer (see fig. 2.3). Note that a

broken inversion symmetry could not result in the linear dichroism effect. If the pho-

toemission signal was dominated by the first layer we would expect similar results for

the single layer, bilayer and bulk cases. Additionally, substrate induced symmetry break-

ing is expected to have a minor effect since the CB and VB at K̄ lie within the projected

band gap of the substrate [100, 122]. Interestingly, similar measurements were performed

on bulk WSe2 in ref. [23]. These show a clear circular dichroism pattern with the lin-

ear polarisation signal in between circular left and right. This seems to contradict our

findings; however the measurements were done with a setup using different geometric

configurations and pulse energies. Additionally, only a QWP was used to vary the pump

polarisation, which leads to a singular linear polarisation for the excitation in addition to

circular left and right polarisation. Therefore a thorough investigation of single layer, bi-

layer and bulk semiconducting TMDCs is still required, preferably with both momentum

axes to visualise the anisotropy of the matrix elements.

3.6 Conclusion

In conclusion, we have explored the role of matrix elements in static and time-

resolved ARPES measurements of BL MoS2. The photoemission matrix element shows

a masking of intensity towards the 2nd BZ and a dependence on photon energy, which

shifts the intensity towards the BZ edges. These effects can be described using a four-

band Hamiltonian and a free electron final state approximation, revealing the former

stems from an intralayer interference of the d-orbitals and the latter from an additional

photon energy dependent interlayer interference. Utilising TR-ARPES for different pump
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polarisations, we were able to observe a strong linear dichroism effect of the population

in the CB. The evaluation of the Bloch equations within BL MoS2 links an additional

matrix element to the transient population functions. The linear dichroism stems from

the momentum-dependent anisotropy of this matrix element at a finite momentum away

from the K̄ point. The magnitude of the dichroism is defined by the intralayer single

particle hopping parameter.

The variation of intensity seen here underlines the crucial role of intra- and inter-

layer orbital interference effects in MoS2. The transition matrix element yields a momentum-

dependent population, which selectively excites the carriers along kx and ky allowing for

new possibilities to control light-matter interactions. The extraction of the dichroism ef-

fects also allows for studies of the topological properties of unoccupied states via the

Berry curvature.



Chapter 4

Ultrafast Lattice Vibrations in Bi2Se3

In this Chapter, I present the development of XPD as a pump-probe technique

allowing for the visualisation of structural changes on femtosecond timescales. These

experiments were carried out at an FEL using a TOF momentum microscope, a type of

photoelectron analyser. This instrument allows for simultaneous mapping of the emission

angles and kinetic energy of the photoelectrons. The first time-resolved measurements of

XPD are demonstrated with the aim to observe the coherent phonons in Bi2Se3. These

phonons manifest themselves as collective displacements of the lattice planes along the

c-axis. Oscillations of the measured XPD intensity were observed and the patterns are

compared to simulations to extract the ultrafast movement of the atoms.

The measurements were acquired during a user beamtime using the HEXTOF

momentum microscope installation at the PG2 beamline of FLASH. The measurements

were performed by Davide Curcio, Marco Bianchi, Philip Hofmann and me as mem-

bers of Aarhus University, with assistance from our collaborators Charlotte E. Sanders,

Steinn Agustsson, Kevin Bühlmann and Yves Acremann. The operation of the momen-

tum microscope and beamline was provided by Dmytro Kutnyakhov, Federico Pressacco,

Michael Heber, Nils Wind, Siarhei Dziarzhytski, Harald Redlin, Wilfried Wurth as well

as a thorough guidance during the measurements. The data in section 4.2.1 was analysed

by Davide Curcio, while the data from section 4.3 onwards was analysed by me with

assistance and input from Davide Curcio and Philip Hofmann. This whole project was

possible thanks to contributions from the whole momentum microscope community, in

particular the creation of the open source framework for single detection analysis [69].

70
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4.1 Coherent Lattice Oscillations

Phonons are collective vibrations of the lattice and are present within any crystal

due to thermal excitations. Phonons generally have a random phase with respect to each

other and are termed incoherent. When an ultrafast light pulse excites a material, hot

electrons are excited above the Fermi level. These can relax by electron-phonon coupling,

which produces incoherent phonons due to the random timing of the relaxation process.

However in some systems in-phase oscillations are seen, called coherent phonons, which

form when a singular phonon mode is macroscopically populated [128]. The atomic dis-

placement due to the coherent phonon, Q, can be described as a driven harmonic oscilla-

tor [129]

d2Q
dt2 + 2β

dQ
dt

+ ω2
0Q = F(t)/µ (4.1)

where β is the damping parameter, µ is the reduced lattice mass and ω0 is the natural

frequency of the oscillator. The driving force F(t) depends on the theoretical description

of the mechanism that produces coherent phonons.

The generation of coherent phonons is mainly attributed to two possible means,

according to the origin of the force: displacive excitation of coherent phonons (DECP)[130]

and impulsive stimulated Raman scattering (ISRS) [131]. Displacive excitations result

from a step-like force via a potential shift in the excited state of the system, while impul-

sive excitation is achieved via a sudden δ-function-like force via inelastic Raman scatter-

ing. The DECP mechanism relies on the shift of the potential energy surface in the excited

state leading to the oscillation of the lattice at a new equilibrium coordinate as shown in

fig. 4.1a). This requires a strong electron-phonon coupling, e.g. a Peierls distortion, and an

excitation pulse shorter than the oscillation period of the phonon. The resulting oscilla-

tions will be a cosine function in time due to the excitation to a new equilibrium position,

Q′0. Coherent phonons can also be excited by resonant or nonresonant ISRS, by which

a broadband optical pulse contains photons whose energy or energy difference matches

the vibrational energy of the lattice. The nonresonant scenario is shown in fig. 4.1b). This
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Figure 4.1: Excitation methods for coherent phonons - a) Displacive excitation of coherent
phonons: photoexcitation shifts the minimum of the potential energy surface, which couples to
the atomic motion generating coherent phonons. b) Nonresonant impulsive stimulated Raman
scattering: coherent atomic motion on the ground electron state is induced by a broadband optical
pulse, which contains multiple photons whose energy difference matches the vibrational energy.
Inspired by ref. [129].

leads to a sinusoidal function in time as the system oscillates around the ground state

equilibrium position, Q0. The generation of coherent phonons does not depend on the

coherence of the light pulse since the lattice interacts with light only through electrons.

Coherent phonon behaviour is commonly studied with reflectivity measurements.

This is an all-optical pump-probe technique where the change in the complex dielectric

function over time is detected by measuring the change in the reflectance of the probe

pulse. A background signal can appear due to many factors, such as the lattice heating,

and is subtracted to extract the oscillatory coherent phonon behaviour [132]. The oscil-

lating signal, R(t), is due to the change in the dielectric constant from the synchronized

atomic movement. It can be described as a damped oscillation,

∆R(t)/R = R0 exp(−t/α)sin(ωt− φ), (4.2)

where α is the lifetime of the phonon, ω is the frequency and φ is the phase shift. In the

linear regime, if multiple coherent phonons are present their contributions simply sum
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together. The decay rate depends on a number of factors, such as the temperature, crys-

talline defects and the carrier density [133–135]. The frequency of the phonon can easily

be extracted by taking the FT after background subtraction. The leads to a peak with a

broadening due to the finite length of the measurement in time. Additional broadening

effects can appear due to chirps at high excitation densities [136].

4.1.1 Coherent Phonons in Bi2Se3

Both Bi2Se3 and its isomorphic compound Bi2Te3 are 3D layered materials that

are well-known as good thermoelectric conductors. A decade ago it was discovered that

these materials could be classified as topological insulators, with surface states present

between a bandgap of 0.3 eV [8]. Within the surface states, the spin and momentum are

orthogonal, which reduces the phase space for spin-conserved scattering [137]. Therefore

these compounds are attractive for future device applications in the fields of spintron-

ics and quantum computing. They have a rhombohedral crystal structure belonging to

the space group R3̄m, where hexagonal layers are stacked along the trigonal c-axis. The

layers can be divided into sections of repeating five layers, called quintuple layers (QL),

arranged as Se-Bi-Se-Bi-Se as shown in fig. 4.2a).

The coherent phonons that can be excited with a femtosecond linearly polarised

optical pulse in Bi2Se3 are the symmetry-preserving A1g phonons. They oscillate the lay-

ers within a QL parallel to the c-axis of the crystal, as shown in fig. 4.2b). There are two

A1g modes, A1
1g and A2

1g, which were found to have different frequencies and decay con-

stants in Bi2Se3. An example of a reflectivity measurement of these is shown in fig. 4.2c).

The A1
1g mode has a lower frequency of 2.1 THz and originates from the motion of the

lattice planes in the same direction [138, 139]. The relaxation time depends on the carrier

concentration but levels off at a values of about 3.2 ps for high fluences. The amplitude

of the reflectivity signal increases linearly with fluence, indicating a higher amplitude of

the atomic displacement. With a short pump pulse of 50 fs, the high 5.2 THz frequency of

the A2
1g mode can also be observed [132] and it relaxes on a fast timescale of 1.09 ps [140].

This phonon leads to the out-of-phase motion of the pairs of layers within the QL.
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Figure 4.2: Coherent phonons in Bi2Se3. - a) Extended crystalline structure (left) of Bi2Se3 QLs
of Se-Bi-Se-Bi-Se along the c-axis of the crystal and a singular unit cell (right). The orange atoms
mark the central Se atom of the QL. b) View perpendicular to the y-axis of the optical coherent
phonon modes that can be measured using reflectivity measurements. The A1

1g and A2
1g modes

are fully symmetric and move in-phase or out-of-phase, respectively. c) Background-subtracted
reflectivity signal of after excitation of coherent phonons in Bi2Se3. The experimental data (black
line) is fitted with two components of the damped oscillation in eq. 4.2, shown as the red line.
These components are displayed below and determined to be oscillations from the A1

1g (green)
and A2

1g (blue) phonons. a) and c) reproduced from ref. [141] and ref. [132], respectively.

The phase of the coherent phonons could give information about their generation

mechanism. However the phases reported vary greatly between different experiments

on Bi2Se3 [132, 142–144] indicating that there are other factors which could influence its

precise value. This could be due to the determination of time zero, where a variation of

20 fs corresponds to a phase shift of 30o in the A2
1g mode [140].
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The coupling between electrons and coherent phonons can be directly measured

using TR-ARPES to visualise the change in band structure over time [143, 145]. Small os-

cillations of 0.5 meV in the position of the photoemission intensity in the surface state and

conduction band could be determined with high-energy resolution experiments. These

correspond to the A1
1g phonon, which display a shifted frequency of 2.23 THz in their

measurements possibly due to the low sample temperature of 40 K used compared to the

room temperature optical reflectivity measurements [132, 138, 139]. A second coherent

phonon at a lower frequency of 2.09 THz is also found in the surface state signal, indicat-

ing a phonon softening of 8% due to the surface termination, which leads to a reduction of

restoring van der Waals forces connecting the layers. This redshift of the surface phonon

has also been seen in a Raman study of Bi2Se3 nanodroplets with a softening of about 6%

[146].

While these measurements give a high time-resolution and signal-to-noise ratio,

the main disadvantage is that the interpretation of the experimental data is not straight-

forward. Despite the in-depth research regarding coherent phonons, it is still unclear

how much the atoms are displaced during the oscillations. The displacement value can

be estimated from DECP theory and for an excitation pump fluence of 7.6 mJ/cm2 was

found to lead to a 13 pm movement of the atoms in Bi [147]. Additionally, time-resolved

X-ray diffraction (XRD) measurements on bismuth were able to visualise a shift of 2.7 pm

for A1g phonons and 0.2 pm for Eg phonons for a 6 mJ/cm2 pump fluence [148]. How-

ever TR-XRD measurements are difficult to implement as they require a grazing angle to

probe the excited area and multiple measurements of selected diffraction spots in time to

reconstruct the full motion of the lattice. In contrast, TR-XPD is in principle be able to

directly probe the local structural changes in environment for different atoms within one

measurement without a-priori knowledge.
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4.2 Development of Time-Resolved X-ray Photoelectron Spec-

troscopy

Static XPS is a common workhorse for surface science through chemical analy-

sis of catalytic processes and measuring the chemical shift of core-level binding energies.

High brilliance light sources have even allowed for the visualisation of growth and sur-

face reactions in real time [149]. The development of ultrafast X-ray pulses on femtosec-

ond timescales would allow us to shoot movies of the dynamics of core electrons in solids

via TR-XPS as well as the movement of atoms in real space via TR-XPD on the timescale

of electron-phonon interactions and lattice vibrations [18].

The development of TR-XPS has been slow due to the requirement for femtosec-

ond light source that can reach high photon energies. This was first achieved by the

creation of FEL light sources, which generate XUV pulses with a time resolution down

to the femtosecond timescale and additionally have a high brilliance. A high-repetition

rate would be advantageous for time-resolved experiments, as it allows for the reduc-

tion in fluence to limit space-charge effects while still having a high signal-to-noise ratio

[150]. However, FELs generally have a low repetition rate and therefore current TR-XPS

experiments can have long acquisition times.

Nevertheless, the first TR-XPS experiments were performed a decade ago at FLASH

with an energy and time resolution of 300 meV and 700 fs, respectively, and with a count

rate of one detected electron per FEL pulse [151–153]. This allowed the authors to visu-

alise the change in the core-level splitting of the Ta 4 f7/2 peaks of 1T-TaS2. This crystal

has a charge density wave that leads to two different sites for the Ta atoms within the

lattice, which leads to two different binding energies in Ta 4 f7/2. After excitation with a

pump pulse the splitting disappears and then recovers to a smaller value due to a quick

suppression of the electronic charge-order before the electrons thermalise with the lat-

tice, which leads to a long-term reduced lattice distortion [152]. In future experiments it

could be possible to capture the full momentum-resolved energy spectrum and combine

these measurements with other photoemission techniques, TR-ARPES and TR-XPD. This
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would lead to the visualisation of the change in the gap at the Fermi level and the restruc-

turing of the lattice during the relaxation to gain the full picture of the charge-density

wave melting within one experiment.

Besides the melting of the charge density wave, TR-XPS has also been used to

study charge-transfer dynamics at the interface of nanocrystals [154] and for visualising

the control of transient surface photovoltage with K adsorption [155]. More recently, it

was shown that the Doniach-Šunjić function must be modified to account for the core-

hole screening by quasi-free particles characterised by an induced shift and lineshape

change of the core-level peak [156]. These results showcase the broad range of insight

TR-XPS has to offer and why the technical difficulties are worth overcoming. Combined

with TR-XPD this could lead to new insights in coupled lattice and electronic properties.

Preliminary time-resolved photoelectron diffraction measurements have already

been performed on laser-aligned gas-phase molecules to visualise their structures [157,

158]. Additionally, there is the recent technique of laser-induced electron diffraction,

which utilises election diffraction within a strong field process on molecules to also gain

structural information [159]. However, to the best of our knowledge, no published work

has presented TR-XPD measurements or the momentum dependence of transient core

levels for condensed matter systems.

4.2.1 Momentum- and Time-Resolved X-ray Photoelectron Spectroscopy

Prior to the attempt to visualise coherent phonons in Bi2Se3, we performed momentum-

resolved TR-XPS measurements to visualise the change in the C 1s core-level splitting of

graphene. Core levels are generally very localised around their atoms and therefore the

wavefunctions do not overlap with neighbouring atoms leading to negligible dispersion

in momentum. However, in graphene it is possible to see a considerable band-like disper-

sion of the C 1s core level up to 60 meV as shown in the tight-binding model in fig. 4.3a)

[160]. This originates from the 1s states, which form a σ-type band between the two atoms

in the unit cell of graphene. The resulting dispersion shows two bands with a degeneracy

at the K point and the highest energy splitting at Γ. These bands can be referred to as the
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bonding (blue) and antibonding (red) bands.

The observation of this splitting requires momentum resolution due to the unique

nature of the matrix elements in the core levels, which originate due to sublattice interfer-

ence, similar to the appearance of the horseshoe shape of the Dirac cones in the VB [102,

103]. Figs. 4.3b) and c) show the calculated photoemission intensity of the core levels in

the energy regions at the maximum dispersion of the bonding and antibonding band, re-

spectively, as indicated by the light grey circles in a). The momentum dependence shows

a strong intensity of the bonding band at the Γ point in the first BZ and weaker intensity

in the neighbouring BZs while the opposite effect is true for the antibonding band. There-

fore the band dispersion of the C 1s core level can be measured by extracting the binding

energy of the core level in the first and second BZ, which corresponds to the binding

energy of the bonding and antibonding bands, respectively.

To visualise the ultrafast dynamics of the band dispersion within these core levels,

a quasi-freestanding SL graphene sample, i.e., H-intercalated graphene on a SiC substrate,

was brought to the momentum microscope endstation at the PG2 beamline at FLASH. The

probe pulses had an energy of 337.5 eV with a duration of 120 fs and the 1.55 eV (800 nm)

pump pulses has a duration of 100 fs. The C 1s spectrum shows two components as seen

in fig. 4.3d). The high intensity peak originates from the graphene layer while the low

intensity peak at lower binding energy is due to the SiC substrate. A Doniach-Šunjić

function with two components is fit to the core levels as shown by the solid blue line.

The resulting photoemission intensity as a function of momentum, normalised by the

background of the fits, is shown in fig. 4.3e) where the dominating features are the so-

called "dark lines" [161, 162]. These appear due to the scattering of low energy (< 50 eV)

photoelectrons at the periodic surface potential. The interference of the directly emitted

photoelectrons and those which scatter at the surface potential, creates a decrease in in-

tensity just beyond the photoemission horizon from the even BZs, as shown by the red

lines in the figure. These dark lines allow us to accurately determine the positions of the

high symmetry points in momentum space indicated by the coloured markers.

The time-dependent binding energy shift between the first and second BZ Γ points,

which is a measure of the bonding-antibonding (B-A) splitting, is shown in fig. 4.3e) in
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Figure 4.3: Time-resolved band collapse of the C 1s core level - a) Band structure for a tight bind-
ing calculation of the C 1s core states in graphene. The bonding (red) and antibonding (blue) bands
are degenerate at K and show the largest splitting at Γ. The high-symmetry points are labelled in
the BZ in the inset. b)-c) Momentum dependent photoemission intensity from the bonding ,b), and
antibonding states, c), integrated in the binding energy regions marked by grey circles in a). The
green crosses mark the reciprocal lattice and the green hexagon marks the first BZ of graphene.
d) Example of the core level data of the C 1s state showing the graphene and SiC peaks (red cir-
cles) and a peak fit (solid blue line). e) Core-level intensity as a function of momentum, averaged
over all time delays with the high symmetry points indicated. These points are determined from
the dark lines features that appear due to the photoemission horizon around the odd Γ points as
highlighted by the red lines. f) Gaussian width and B-A splitting of the graphene C 1s core level
in purple circles and red squares, respectively, as a function of pump-probe delay. A region near
the central Γ point was used to calculate the Gaussian width. The resulting curve is fit with an
exponential rise and a double exponential decay with the values of the rise-time and the time con-
stants, τ1

g and τ2
g , shown in the figure. The B-A splitting was extracted by the difference in binding

energy of the central Γ point and the first BZ Γ points on the detector as indicated by the blue
dots in e). The time-dependent splitting is fit with a step function rise and a single exponential
decay with the value the time constant, τB−A, indicated in the figure. The shaded areas represent
the error bars. a)-c) are reproduced from ref. [160], which contains the details of the tight-binding
model used.

red. Due to a space-charge induced position dependent binding energy on the detec-

tor and space charge issues [163], the absolute value of the B-A splitting is difficult to

determine and therefore set to the literature value of 60 meV [160]. However the rela-
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tive changes in the splitting is reliable since only the pump pulse can induce the time-

dependence seen. There is a sharp collapse of the splitting after time zero followed by a

270 fs exponential recovery as determined by a fit with a single exponential decay. The

further decrease in the splitting beyond 0.5 ps could be an experimental artefact as the

binding energy difference at the M high symmetry points also has a linear decrease in

time but without the sharp feature at time zero. The Gaussian width of the core level

broadens as a function of time as shown in purple in fig. 4.3e) with a increase from 0.3 eV

to 0.5 eV with a rise time of 40 fs as indicated by the solid black line fit. Therefore the

pump induces an large additional broadening of 400 meV. The decay can be modelled by

two exponentials, a fast one of 140 fs and a longer one of 3 ps with intensity contributions

of 74% and 26%, respectively.

These results are not due to space charge effects as we see only a linear fluence

dependence of the time-dependent width and B-A splitting. If the signals are a results of

space charge, they should depend on the intensity to the power of four instead. Interest-

ingly, the behaviour of the broadening appears similar to that of the electronic tempera-

ture seen by TR-ARPES measurements, which visualised a slow and a fast decay channel

[21, 46]. This suggests that the increase in broadening is due to the electronic temper-

ature. External heating of the system has also been seen to increase the broadening of

the core levels due to the broader statistical distribution of the position of the C atoms,

which leads to a Gaussian width increase from 110 meV at room temperature to 190 meV

at 1200 K [164]. However this effect is too small compared to the 400 meV broadening

in our experiment. Alternatively, models of the XPS core levels that include the carrier

redistribution at the Fermi level [165], reveal that the lineshape deviates from the zero

temperature Doniach-Šunjić limit and become broader symmetrically around the peak

binding energy at high temperatures. This is likely cause of the core level broadening we

see here. We plan to perform static measurements of the broadening of the C 1s core level

in graphite at very high temperatures (upto 2000 K). These can confirm that the broad-

ening is due to the high electron temperature rather than pump-induced effects, such as

strongly-coupled optical phonons [166].

The B-A splitting is known to decrease for higher lattice temperatures due to the
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increase of the C-C nearest-neighbour distance [164]. In order to reproduce the decrease

of the splitting based on this study to less than 20 meV as seen in our experiment, the

average interatomic distance would need to increase by about 3 pm. However, the av-

erage C-C distance does not change for the optically excited strongly coupled phonons

in graphene [166]. Instead, the dispersion of the bands could decrease due to the ad-

ditional screening by thermally excited carriers. Static measurements for graphene on

different substrates have confirmed that an increase in electron doping leads to a quasi-

particle band renormalisation of the VB [167]. Similar effects could be at play during the

increase in charge carrier density during a time-resolved experiment, which could play

an important role in the bandwidth of the C 1s band.

4.3 Measurements and Data Processing at FLASH

The TR-XPD measurements of Bi2Se3 were carried out at the PG2 beamline at

FLASH, an FEL in Hamburg, Germany. The FEL time structure for our experiments had

425 pulses within each pulse train, of which the last 25 were unpumped for reference

data. Commercially available single crystals of Bi2Se3 from HQ Graphene were cleaved

in situ using the scotch tape method and measured at room temperature. The measure-

ments were performed with a fundamental 113 eV p-polarised probe pulse of the FEL

and an s-polarised 1.55 eV pump pulse provided via an optical parametric chirped pulse

amplification laser synchronised with the FEL. The emitted electrons were detected with

the HEXTOF momentum microscope described in section 2.2.5.

We can estimate the beam size of the probe and pump pulse using the real-space

mode of the momentum microscope. The size of the features on the detector was cali-

brated using a checkerboard sample (Chessy, Plano Gmbh), shown in fig. 4.4a), consist-

ing of well-defined Au squares on Si where the large squares have a size of 100 µm. Fig.

4.4b) displays the image of the FEL photoemission intensity, which has FWHM shape of

260x150 µm when fit with a 2D Gaussian. The multiphoton photoemission intensity of

the pump beam is shown in fig. 4.4c). Note that the actual pump beam size is larger than

this value due to the non-linear process of multiphoton photoemission. The multiphotoe-
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a)  Chessy calibration c) optical pump beam sizeb) FEL beam size

100 μm

260 x 150 μm2 

100 μm

370 x 220 μm2

100 μm

Figure 4.4: FEL and optical beam profiles - a) Calibration sample for the real-space dimensions
with a checkerboard pattern of Au squares on Si (Chessy, Plano Gmbh). The large patterned
100 µm squares are made up of smaller squares with a size of 10 µm. b) The FEL beam shape on
the sample surface as seen by its photoemission intensity in real space. The intensity is fit with
a 2D Gaussian to extract a FWHM beam size of 260x150 µm. c) The multiphoton photoemission
intensity as excited by the optical pump beam. The 2D Gaussian fit of the intensity results in a
FWHM beam size of 370x220 µm. The dashed red circles in b) and c) mark the region selected by
the aperture.

mission intensity is proportional to the intensity of laser to a power p, IMP = Ip, where

p ∼ 4 [156], which results in an optical beam size of 370x220 µm. However during our ex-

periment we inserted an aperture (marked by the dashed red circle) inside the Gaussian

plane of the lens system of the momentum microscope to select the region of high inten-

sity for both the pump and probe pulse, which was aligned on a highly uniform domain

of Bi2Se3 as determined by the lack of multi-photon-photoemission hotspots or artefacts

within the real-space image.

Every photoelectron event is recorded by the DLD and stored with the corre-

sponding beam-diagnostic information such as the time jitter (measured by the BAM),

pump intensity and FEL intensity. The photoemitted electrons as a function of internal

pulse train structure are shown in fig. 4.5a) for the full energy spectrum (blue) and the Se

3d core-levels (green) (the corresponding regions are shown in fig 4.5b)). There is a peak

of detection at roughly 250 pulse index for both regions with a strong decrease towards

higher pulse indices, the last 25 of which were used as unpumped reference data. This

results in a average detection of 2.1 electrons per pulse of which 13% are in the Se 3d core
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Figure 4.5: Diagnostic parameter variation within a pulse train - a) The amount of detected
photoemitted electrons as a function of pulse index calculated for the full energy spectrum in blue
and the Se 3d core levels in green. b) The spectra over the full energy region showing the Se 3d
and Bi 5d core levels. The dashed green lines show the region used for the green dots in a). c)
Photoelectron counts as a function of pulse index and GMD used to measure the intensity of the
FEL. d) 2D histogram of the photoelectron counts as a function of pulse energy measured by the
optical diode and pulse index. The colour scale in c) and d) shows the number of photoelectrons
detected for each bin.

levels. The intensity of the FEL is correlated to the GMD measurement, which is plotted

in fig. 4.5c) for each pulse. High GMD values correspond directly to the photoelectron

count shown with the false colour and it explains the variation with pulse index in fig.

4.5a). The energy of the pump pulse is measured by an optical diode and then calibrated

externally for conversion to pulse energy. The resulting 2D histogram of photoelectron

yield as a function of pulse energy pulse index (fig. 4.5d)) clearly shows that the pump

energy is not constant within a pulse train. The energy sharply rises for the first 50 pulses

and then steadily decreases until the final pulse. To minimise the variation in pump flu-

ence only pulses in the range of 50-400 were included in the analysis. The average pulse

energy of the remaining pulses is 1.2 µJ, which yields an average fluence of ∼4.2 mJ/cm2

with consideration of the aperture.
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Figure 4.6: Pump-probe synchronisation diagnostics - a) Bunch arrival monitor (BAM) reading
with respect to the common trigger signal, which can be used for delay time corrections prior
to data analysis. b) Streak camera readings indicating the pump-probe correlation signal. One
electron every 200 000 is plotted for both figures.

Analysis of the FEL jitter and the pump-probe cross-correlation parameters can

improve the delay time resolution. The temporal resolution is limited by the timing jitter

[168], which is measured by the BAM correction data (fig. 4.6a)) and was corrected for

by subtracting the BAM value from the delay time for each individual electron [169]. The

standard deviation of the BAM correction within a single scan is 70 fs, thus correcting

for this jitter significantly improves our resolution. The long-term stability of the pump-

probe cross-correlation is measured by a streak camera averaging 60 pulses and is shown

in fig. 4.6b). The streak camera cross-correlation was not directly accounted for in the

data analysis, as it can also depend on other factors such as fluctuations in the beam

shape, but was used as a long-term stability check. However the time-zero variation of

the pump-probe signal between scans was accounted for, which correlates to the streak

camera average over one scan. Overall these corrections lead to a temporal resolution of

100±20 fs as determined by the Gaussian convolution of fits to the excitation signal.

The data was collected in a series of eleven scans while collecting the momentum,

energy and time dependence of the Se 3d core levels of Bi2Se3. The scans were terminated

to periodically check the overlap of the probe and pump pulses and adjust the position

of the FEL beam if necessary, making it possible to exclude datasets where pump-probe

spatial overlap was lost. In total the data acquisition time was ∼35 hours. The scans

were summed together after fitting the time zero value from the excitation signal and
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Figure 4.7: Time-integrated fitting of XPD pattern - a) Example XPS spectrum of the Se 3d core
levels for a single pixel of the time-integrated data. The data is represented as the red circles and
a fit to a Doniach-Šunjić function with two peaks is shown as a solid blue line. The 3d3/2 and
3d5/2 components are shown as the filled green and purple area with the linear background as
a solid grey line. b) The resulting intensity of the fits to the Se 3d5/2 as a function of kx and ky.
The main signal is due to the detector white field. c) The resulting XPD pattern intensity after
dividing the intensity in a) by the background (solid grey line in a)) at the position of the peak.
d) Photoemission intensity of the VB, integrated near the Fermi level. The bright features indicate
the placement of the Γ points.

shifting the delay time axis accordingly of each scan. The intensity was normalised by

the total photoelectron count for each delay time. The photoelectrons were binned along

the momentum, delay time and energy axes to yield a 4D dataset from which the TR-XPD

pattern can be extracted.
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4.4 Time-integrated X-ray Photoelectron Diffraction

Due to the low count rate during the experiment, the data was first averaged in

time to obtain a high signal-to-noise XPD pattern for which the main simulation param-

eters could be determined. The data was Gaussian binned with a width of ∼0.06 Å−1

to increase the signal-to-noise ratio within each pixel before fitting. An example of the

resulting core-level spectrum is shown in fig. 4.7a), which was taken from the centre of

the detector window. The data shows two clear peaks originating from the Se 3d3/2 and

Se 3d5/2 core levels of Bi2Se3, which are fit with a double peak Doniach-Šunjić function

as described in section 2.1.3. The result of the fit (blue solid line) is composed of the green

and purple peaks as well as a linear background indicated by the solid grey line. There

is a negligible asymmetry apparent, indicating a low DOS at the Fermi level for Bi2Se3.

The Gaussian width has a value of 550 meV, which can mainly be attributed to the intrin-

sic broadening of the core level. A similarly large Gaussian broadening was seen for the

unpumped data (pulse index: 400- 425), indicating that it is not the result of pump pulse

induced space charge. The binding energy of the Se 3d5/2 peak as a function of position

on the detector in shown in fig. 4.7b). The square pattern is due to the edges of the quad-

rants of the DLD. The peak position shifts rigidly along the detector with higher binding

energies apparent at the edges. We attribute this to the spherical timing aberration where

off-axis electrons travel a longer distance in the microscope, artificially increasing the re-

sulting binding energy compared to on-axis electrons. This aberration does not need to be

corrected for to extract the peak intensity for each individual pixel. The XPD intensity is

obtained by the area of the Se 3d5/2 peak divided by the linear background, as a function

of momentum as shown in fig. 4.7c). It shows a well-defined diffraction pattern with the

Γ-point of the first BZ at the top of the detector. Due to the small energy separation the

diffraction pattern of the Se 3d3/2 peak is nearly identical but with a lower signal-to-noise

ratio (not shown).

Simulations of the scattering process were performed using the EDAC package

in order to extract the atomic positions from the XPD pattern. The central (kx,ky)= (0,0)

point and the conversion from detector pixel to the momentum axes was achieved by
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Figure 4.8: Simulation of time-integrated XPD pattern - a) Modulation function of the normalised
intensity from 4.7c) by using a second order 2D polynomial as the smooth background. b) Fitted
simulation XPD pattern with d1 = 1.67 Å and d2 = 1.80 Å which are indicated in the diagram to
the right. The number in the bottom right corner of the image denotes the total R-factor. c) The
pixel-dependent R-factor between a) and b). d) The total R-factor dependence on the interlayer
distances d1 and d2, where the parameters d3 and d4 were set equal to d2 and d1, respectively.

a comparison to these simulations. VB data from a separate measurement is shown in

fig. 4.7d) where the bright features mark the Γ points. A starting value of the momentum

scale was obtained by comparison to the distance between the Γ points in the VB, which is

known to be 1.68 Å−1. Then the data was scaled in kx and ky separately to match the XPD

simulations, which decreased 9.8% in kx and 19.8% in ky. The change in scaling between

the VB and the core level could be due to the different lens settings of the momentum

microscope and the difference between kx and ky could be a DLD artefact.

The modulation function was calculated by eq. 2.22 using a second order 2D poly-

nomial fit to the pattern as the smooth background function. Additionally, the edges of

the detector were cut away and the bright spot at the top of the pattern was not included
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when fitting the background or calculating the R-factor. This results in the modulation

function seen in fig. 4.8a). For the simulations several lattice constants and internal and

external parameters were optimised to obtain the best R-factor in comparison to the data.

The Debye temperature was held fixed at the literature value of 185 K [170]. The IMFP

was found to be 5 Å, which corresponds well to the value of 4.94 Å that the Tanuma

Powell and Penn algorithm [30] (Quases) yields at a kinetic energy of 60 eV. The in-plane

lattice parameter was found to be a = 4.13 Å and the inner potential V0 = 3.2 eV. Due to

the fact that we are primarily probing the first two layers, it was not possible to determine

the van der Waals gap between QLs.

As indicated in the schematic to the right of 4.8b), the distances between the layers

within a QL are quantified by the parameters d1, d2, d3 and d4, where d1 is the distance

between the top Se layer and the top Bi layer, d2 is the distances between the top Bi

and middle Se layer and so forth. The resulting simulation is shown in 4.8b) for the

lowest R-factor value of interlayer spacing, d1 = d4 = 1.67 Å and d2 = d3 = 1.80 Å.

A negligible change in the R-factor value for a variation of the d3 and d4 values was

seen, which is attributed to the surface sensitivity of this photoemission measurement.

The d1 and d2 values are significantly different from the static XPD values in literature of

d1 ∼ 1.62 Å and d2 ∼ 1.91 Å[171], which could originate from average pump induced

effects. The pixel-dependent R-factor plot in 4.8c) indicates that the main contribution to

the R-factor is the background and broadening of features. The R-factor map for the d1

and d2 parameters (fig 4.8d)) clearly indicates that there is a well-defined minimum for

the two parameters and that d1 and d2 are strongly anticorrelated to each other, which

keeps the QL size fixed.

4.5 Time-resolved X-ray Photoelectron Diffraction

The time-resolved XPD pattern was extracted similar to the time-integrated data

above via a Gaussian binning of the data in time with a width of 100 fs. The results

are shown in fig. 4.9a) for five representative time delays as indicated above the figures.

The variations in intensity can be seen more clearly by taking the difference with the
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Figure 4.9: TR-XPD pattern - a) Extracted modulation function of the core-level intensity at the
time delays indicated above. b) Difference of the modulation function compared to the equilib-
rium pattern, which was averaged from -0.40 ps to -0.16 ps. c) Integrated time-dependent intensity
difference for the coloured boxed regions in a) and b). d) FT of the data in c) subtracted by the
mean value of the curve. The curves in c) and d) have been offset in intensity. e) Time-resolved
R-factor of the TR-XPD patterns compared to the equilibrium pattern.

equilibrium spectra as shown in fig. 4.9b). There is an increase in the intensity difference

for later delay times though it is hard to discern any pattern within the change. The

time-dependent intensity differences in fig. 4.9c) are integrated over the coloured boxed

regions in fig. 4.9a) and b). These show larger oscillations after time-zero for the high

intensity features of the XPD pattern. The FT (fig. 4.9d)) of these curves lead to peaks

around 2 THz but with inconsistencies across the three curves. Interestingly, there is

no peak around 5 THz, which would be expected for the A2
1g phonon mode, indicating

that it might be outside our temporal resolution or the amplitude of these oscillations

is small. A comparison of the patterns can be made by calculating the R-factor of the

time-resolved modulation function with the equilibrium image, for which we integrate
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Figure 4.10: Time-resolved Gaussian broadening of the core levels - a) Core level spectrum at
equilibrium (grey) and at the peak of the excitation signal (red). The change in the core level
shape is due to the Gaussian broadening after excitation. b) Difference spectra of the core levels as
a function of delay time, where an increase in intensity is shown in red and a decrease in blue. c)
The Gaussian broadening of the core level dependence on delay time from fitting the core levels
with a Doniach-Šunjić function shown as red dots. The broadening is fitted with an exponential
rise and a single exponential decay with the time constant τ = 2.2 ps.

the patterns before time zero. The resulting curve is shown in fig. 4.9e) and displays a

sharp change in the pattern at time zero and peaks afterwards spaced 500±50 fs apart.

This is an indication that there is a change of the lattice structure over time possibly with

a 2 THz oscillation.

The momentum-integrated core level in equilibrium conditions and at the peak

of the excitation signal is shown in fig. 4.10a). The change seen is due to the Gaussian

broadening of the peak. During the fits of the core levels, the Lorentzian broadening of

the peak was kept fixed since it is not possible to distinguish between Lorentzian and

Gaussian broadening with the limited signal-to-noise ratio. This leads to a clear change

in time in the Gaussian broadening as seen by the difference spectra of the peaks as a

function of delay time in fig. 4.10b). The extracted width is shown as a function of time

in fig. 4.10c) where there is a sharp rise from 0.53 eV to 0.58 eV followed by a slow decay.

This behaviour is fit with a function composed of an exponential rise and a single expo-

nential decay with time constants of τ = 2.2 ps. This time-dependent signal indicates that

there is an additional 240 meV broadening after the excitation with the pump pulse that

could be due to a number of factors. Space charge due to the pump pulse could broaden

the energy considerably, however this would additionally result in a shift of the core-level

binding energy, which is not observed. The broadening could also result from incoherent

phonon broadening due to the rise in lattice temperature and decay of coherent phonons.
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The small displacements of the atoms due to these phonons will result in small binding

energy shift of the core level, which averaged will broaden the peaks. However, the most

likely explanation is Fermi level electron-electron broadening, as described for graphene

in section 4.2.1 due to the large energy scale of the instantaneous broadening.

The XPD patterns can be compared to the EDAC simulations for every delay

point. All simulation parameters were kept fixed to the values found from comparison

to the time-integrated data except for the values of the lattice parameters, d1 = d4 and

d2 = d3. For each time delay point a 2D plot of the R-factor as a function of d1 and d2

was calculated similar to fig. 4.8d). This was fit with a 2D polynomial fit to extract the

minimum position. The resulting movement of the lattice planes are shown in fig. 4.11a)

for five time delays the atomic displacements (relative to the equilibrium displacement)

enhanced by a factor of 30. For the selected bins in delay time there is a clear contraction

and expansion of the QL over time. The lowest R-factor fits to the data (fig. 4.11b)) are

shown in fig. 4.11c). The main changes in the simulations are subtle but appear in the

broadening of the bright feature in the centre of the detector. The difference it is hard to

see by eye, but due to the holographic nature of the patterns, a global change is easily

detected by the R-factor.

The minimum values of the parameters d1 and d2 are displayed in fig. 4.12a) as

a function of time. There is a larger change of the d1 parameter than the d2 parameter,

as would be expected from the displacement of the phonon modes. At the extrema, the

interlayer spacing changes about 6 pm, which is on a similar scale to the displacement on

3 pm seen in the XRD measurements for bismuth at similar fluences to our experiment

[148]. The time-dependence shows a strong peak near time zero and subsequent oscilla-

tions. The peaks indicated by black arrows correspond to peaks spaced 500 fs apart, as

would be expected from the A1
1g phonon mode.

The interlayer spacing can be converted to the displacement of the coherent phonons

by assuming that the Bi plane is displaced half the amount of the external Se planes [143],

as shown by the diagrams on the right of fig. 4.12. This leads to the phonon amplitudes
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Figure 4.11: Extracted time-resolved lattice displacement in Bi2Se3 - a) Displacement of the Bi
and Se layers due to the excitation for five time delays as marked above. The relative displace-
ments to the equilibrium position (-0.4 ps) are multiplied by a factor of 30. b) The experimental
XPD pattern obtained from extracting the intensity of the core levels as a function of momentum.
c) XPD simulations for the interlayer position marked in a) corresponding to the best agreement
with the experimental data in b) for the interlayer distances d1 = d4 and d2 = d3.

∆ph1 and ∆ph2 for the A1
1g and A2

1g phonon modes, respectively,

∆ph1 =
1
4
(d1− d10) +

3
4
(d2− d20) (4.3)

∆ph2 = −1
4
(d1− d10) +

1
4
(d2− d20) (4.4)

where d10 and d20 are the average values of the data in 4.12a). The results are shown

in fig. 4.12b) and c) for ∆ph1 and ∆ph2, respectively. The phonon oscillation for the A2
1g

mode is hard to discern due to the time resolution of our experiment. However, ∆ph1

shows peaks up to 1.7 pm, spaced 500 fs apart, which could be due to the oscillatory

motion of the 2.1 THz A1
1g phonon (with period of ∼480 fs).
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respectively, as defined by their respective movements in the diagrams to the right.

These results so far show promise towards a clear visualisation of the coherent

phonons within a material. They will be refined by including additional parameters in

the time-dependent fit, the in-plane lattice parameter. Due to the low signal-to-noise ratio

it is crucial that we verify these results separately, either by splitting the experimental

data arbitrarily or by fitting the simulations to the lower Se 3d3/2 core level XPD pattern.

Additionally, the variation of the pump fluence during the experiment could lead to a

large uncertainty in the displacement of the coherent phonons. Therefore it is desirable to

perform a similar analysis on data binned in optical pulse energy, which will also provide

the fluence dependence of the coherent phonon amplitude. In the future, the quality of the

XPD data could be improved by increasing the detection rate allowing us to visualise the

smaller changes in the modulation function. This can be accomplished by an improved

DLD detector, a longer acquisition time or a higher repetition rate light source.

Nonetheless this experiment paves the way towards the possibility of implement-

ing TR-XPD measurements and presents the physical information that could be gained.

For our measurements, the resolution of the displacement is roughly 0.5 pm, as estimated

from the polynomial fit to the R-factor histogram as a function of d1 and d2. However this
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is not a fundamental limitation, and the resolution could be improved with better com-

parisons between the data and the simulations. As the XPD patterns depend strongly

on the local crystal structures, even finer displacements could be visualised in different

materials.



Chapter 5

Summary and Outlook

In this chapter, the main results of this work are summarised and followed by a

brief outlook towards future experiments, based on the work presented here.

5.1 Summary

The projects discussed within this thesis investigated the photoemission and ab-

sorption matrix elements in BL MoS2 and searched for the coherent phonons in Bi2Se3.

This was achieved through two pump-probe techniques that visualise the electronic and

vibrational effects within these materials. TR-ARPES allowed us to see the increase in

population of the CB as a function of pump pulse polarisation. Additionally, the develop-

ment of TR-XPD was achieved by using an FEL light source and momentum microscope

to produce a momentum- and time-resolved image of the core levels. This allows us to

extract XPD patterns as a function of delay time, which are used to visualise the ultrafast

movement of the atoms in the lattice. The results of the two chapters can be summarised

as follows:

• Selection rules in time-resolved photoemission on BL MoS2 - The effect of ma-

trix elements in static and time-resolved photoemission measurements of semicon-

ducting TMDCs has been thoroughly investigated. We find a masking of the in-

tensity towards the second BZ due to the photoemission matrix element in a SL.

For a BL system there is an additional interlayer interference leading to the pho-

ton energy dependent shift of the intensity towards the edges of the first BZ. The

95
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polarisation dependent excitation process was measured using TR-ARPES, through

which we see a strong linear dichroism effect of the carrier density in the CB. This is

attributed to the momentum-dependent anisotropy of the velocity matrix element,

which stems from the transient population functions used to describe the excitation.

• Development of TR-XPD for visualisation of coherent phonons - The photoemis-

sion technique, XPD, was developed as a pump-probe technique, allowing for the

visualisation of structural changes on the femtosecond timescale. The experiments

were carried out at an FEL, called FLASH, using a TOF momentum microscope,

which can simultaneously map the emission angles as well as the kinetic energy.

This allows for a complete mapping of the momentum resolved spectrum in an ul-

trafast experiment. We used this technique to observe the movements of the lattice

in Bi2Se3 when excited by a pump pulse. Terahertz oscillations were seen in the

interlayer spacing, which could relate to the A1g coherent phonon modes.

5.2 Outlook

The theoretical description of the selection rules in semiconducting TMDCs presents

a unique insight into the importance of these effects in interpretation of TR-ARPES data.

Additionally, it provides a route to control the excitation in momentum space and di-

rectly measure the Berry curvature of these materials. Future experiments will be aimed

at the full characterisation of the pump polarisation and momentum dependence of the

carrier population in MoS2. It would also be crucial to determine if the linear dichroism

behaviour is apparent in a bulk semiconducting TMDC sample to confirm that it behaves

similar to the inversion symmetric BL, as one would expect. These measurements could

be achieved by momentum microscopes within a pump-probe setup as was used for the

TR-XPD measurement. Additionally, the ARTEMIS facility is currently undergoing an

upgrade, which aims include such an instrument.

With future technical developments that can increase the photodetection and sta-

bility of the FEL and pump laser, TR-XPD has the potential to become a powerful new tool
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for the ultrafast community to visualise atomic movements. We predict that in the future

these experiments could be achieved at HHG sources, which are pushing towards high

energy photons up to 100 eV. This would provide the opportunity to implement TR-XPD

in a home-lab without the need for user-based facilities. If higher photon energies are

required to access certain core levels or for greater bulk sensitivity, TR-XPD experiments

could also be performed at the European X-ray FEL, which can go up to 3 keV.

There are many more materials that would be interesting to study with TR-XPD.

At a preliminary stage, it would be useful to investigate materials that have a singular

lattice deformation due to the current resolution limitations. Of particular interest are the

class of rare earth tellurides, which display a phase transition between competing charge

density wave states along different crystal axes after photoexcitation [172]. Afterwards,

we can also focus on coherent phonons in different materials, such as single metallic crys-

tals [173], TMDCs [174, 175] and cuprates [176]. TR-XPD and TR-ARPES measurements

could be acquired in parallel due to similar experimental setups required, which will

allow for deconvolution of the electronic properties from the lattice displacements in ex-

cited phase transitions or coherent phonons.
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