
Electron-Lattice Interactions and

Ultrafast Structural Dynamics of

Solids

Dissertation

zur Erlangung des Grades eines

Doktors der Naturwissenschaften

am Fachbereich Physik

der Freien Universität Berlin

Lutz Waldecker

Berlin 2015





This work was done between October 2011 and October 2015 in the

Max-Planck Research group ’Structural and electronic surface dynam-

ics’, headed by Dr. Ralph Ernstorfer, associated to the department of

Physical Chemistry (Prof. Dr. Martin Wolf) at the Fritz Haber Institute

of the Max Planck Society.

Erstgutachter: Dr. Ralph Ernstorfer

Zweitgutachter: Prof. Dr. Dr. h.c. mult. Ludger Wöste
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Abstract

In this thesis, the interactions of electrons and lattice vibrations of solids are studied.

Femtosecond laser pulses are used to prepare non-equilibrium states. The pathway of

the following relaxation dynamics is governed by the interplay of electrons and nuclei.

Experiments based on the pump-probe scheme allow to study these pathways on their

fundamental time-scale and therefore the underlying interaction mechanisms. Com-

plementary femtosecond optical- and diffraction techniques were applied to investigate

different aspects of the electronic and structural dynamics. Specifically, an experimen-

tal apparatus for femtosecond electron diffraction (FED) was designed, constructed and

applied. Four different material systems were studied.

The incoherent scattering of electrons with phonons was investigated in the simple

metal aluminium. Using femtosecond electron diffraction, the rate of energy transfer

from photoexcited electrons to the lattice was measured as a function of excitation level.

The dynamics of the system are modeled with rate equations, describing the energy

transfer between electrons and phonons. The data is compared to first principle den-

sity functional theory calculations, and a model including temperature- and frequency

dependent electron-phonon coupling is developed, quantitatively matching theory and

experiment.

Photoexcitation of antimony changes the potential energy surface of the lattice, which

directly launches a specific optical phonon mode. Subsequently, this phonon mode

decays while simultaneously electrons and other lattice vibrations equilibrate. Here, the

excitation and decay of this strongly coupled mode and the competition with incoherent

electron-lattice interactions is investigated.

The compound Ge2Sb2Te5 (GST) is a prominent member of the class of phase change

materials, which are characterized by their large contrast of optical and electronic prop-

erties between their metastable amorphous and crystalline phases. Here, an irreversible

phase transition from the crystalline to the amorphous state is induced with femtosec-

ond laser pulses. Combining single-shot variations of FED and single-shot femtosecond

optical spectroscopy, the first steps of the amorphization process are investigated. Large

and immediate changes in the dielectric function are observed, which are followed by a

significantly slower heating of the lattice.

Semiconducting transition metal dichalcogenides (TMDCs) are producible in isolated

atomic layers, as their atomic structure is highly anisotropic. This anisotropy is reflected

in its properties and becomes most pronounced in the isolated monolayers. Here, dif-

ferent electronically excited states are created by different laser excitation conditions,

and the subsequent coupling to lattice vibrations is studied, constituting the basis for

future experiments on layered materials and heterostructures.

I





Kurzfassung

In dieser Arbeit werden die Wechselwirkungen zwischen Elektronen und Gitteratomen

in Festkörpern untersucht. Ungleichgewichts-Zustände werden hierzu mit Femtosekun-

den Laserimpulsen präpariert. Der Verlauf der folgenden Relaxationsprozesse hängt

dabei von den Wechselwirkungen zwischen Elektronen und Kristallgitter ab. Zeitauf-

gelöste Messungen, basierend auf dem Pump-Abfrage-Prinzip, ermöglichen es, diese

Prozesse auf der ihr eigenen Zeitskala zu beobachten. Im Zuge dieser Arbeit wur-

den komplementäre optische und Beugungs-Methoden entwickelt und angewendet um

verschiedene Aspekte der strukturellen und optischen Relaxationsdynamiken zu unter-

suchen.

Die inkohärenten Streuprozesse von Elektronen mit Phononen wurden in Aluminium

als Funktion der Anregungsdichte mit Femtosekunden-Elektronenbeugung untersucht.

Die Dynamik des Systems wird mit Ratengleichungen, die den Energieübertrag be-

schreiben, modelliert. Die Daten werden mit ab initio Dichtefunktionaltheorie Rech-

nungen verglichen. Ein Modell, welches temperatur- und frequenzabhängige Kop-

plungsparameter zulässt, wird entwickelt und bringt Theorie und Experiment in quan-

titative Übereinstimmung.

Photoanregung von Antimon ändert die Potenzialfläche der Gitteratome, was zur di-

rekten Anregung einer spezifischen Phononenmode führt. Im darauffolgenden klingt die

Anregung dieser Phononen ab, und Elektronen und Gitterschwingungen equilibrieren.

Die Anregung und der Zerfall dieser stark gekoppelten Phononen und der Zusammen-

hang mit inkohärenten Elektron-Phonon Wechselwirkungen wird untersucht.

Die Verbindung Ge2Sb2Te5 (GST) ist ein prominenter Vertreter der Klasse von Pha-

senwechselmaterialien, welche sich durch einen großen optischen Kontrast zwischen

ihren metastabilen kristallinen und amorphen Phasen auszeichnen. Mit einer Kombina-

tion von Einzelschuss-Varianten von fs-Elektronenbeugung und optischer Spektroskopie

werden die ersten Schritte der laserinduzierten Amorphisation von GST untersucht. Es

wird gezeigt, dass durch Photoanregung große und quasi-instantane Änderungen der

dielektrischen Funktion hervorgerufen werden, welche von einem deutlich langsameren

Energieübertrag an das Kristallgitter gefolgt werden.

Halbleitende Übergangsmetall-Dichalkogenide (TMDCs) sind aufgrund ihrer anisotro-

pen Struktur in einzelnen atomaren Schichten herstellbar. Diese Anisotropie spiegelt

sich in ihren Eigenschaften wider, und ist in isolierten Einzellagen besonders ausgeprägt.

Unterschiedliche elektronisch angeregte Zustände werden hier durch Laseranregung

erzeugt, und die darauffolgende Kopplung mit Gitterschwingungen studiert, was als

Basis für künftige Experimente an Einzellagen dienen kann.
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1. Introduction

The properties of solids, molecules and biological systems are determined by the mutual

interaction between the atoms, of which they are composed. Understanding microscopic

processes and macroscopic functionality of matter thus requires the understanding of

the interplay of its constituents. The large number of particles in condensed matter

systems makes the description of these interactions a highly complex problem.

One standard approach in the description of condensed matter is to separate the

motion of electrons and the ones of the atomic cores (’Born-Oppenheimer’ or ’adia-

batic’ approximation). Caused by the large difference in mass, electrons move much

faster than the nuclei. For the electrons, the forces exerted by the nuclei therefore only

change slowly (i.e. adiabatically). The nuclei themselves feel an effective force, which

is the time-average of the forces that the fast moving electrons apply on them. By de-

coupling the two subsystems, interactions between them are neglected and need to be

introduced again as electron-lattice interactions. These interactions determine funda-

mental properties in solid state systems, ranging from electrical- and heat transport to

the emergence of superconductivity via Cooper-pairs, the existence of Peierls-distorted

materials and charge density wave systems. Understanding these interactions is there-

fore equally important, both, for fundamental research, as well as in the design and

implementation of new materials in devices.

Without external perturbation, the forces of all particles in a material balance out,

and its macroscopic properties are stationary, i.e. the system is in equilibrium. This

means that, while the physical properties of a material can be measured directly, the

underlying interactions can not, but rather need to be inferred indirectly. Where there is

several techniques to do so (e.g. by analyzing tunneling spectra), an intuitive and direct

approach is to study the time-evolution of a system after applying a sudden external

stimulus. With basic atomic processes evolving on a femto- to picosecond (10−15 −
10−12 s) timescale, the realization of a time-resolved experiment measuring fundamental

atomic properties only became possible with the availability of short flashes of light in

the early 1990’s, when self mode-locked Ti:Sapphire laser were developed. In the applied

time-resolved experiments, a laser pulse is used to initiate a reaction (pump pulse) and
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Chapter 1. Introduction

a second, delayed one (probe pulse) is used to measure the state of the system after a

certain time delay. By repetition of the experiment with different delays between the

pulses, a sequence of snapshots of the temporal evolution of the material is recorded.

Pump laser pulses employed are mostly in the visible to near infrared spectral re-

gion and therefore mostly create electronic excitations. In this way they induce non-

equilibrium situations, in which interactions between particles do not cancel out, but

cause a net energy transfer between them and thus a relaxation towards a new equi-

librium. The strength of the laser excitation determines the setting for the subsequent

relaxation pathway, and therefore its experimental determination. In the case of rel-

atively low excitation, a measurement can be seen as an experimental counterpart to

perturbation theory, in which one induces small deviations and infers ground-state or

quasi-equilibrium interactions from the relaxation dynamics. Higher excitation levels

can be used to study metastable or transient states which are short lived, e.g. an inter-

mediate step of an irreversible phase transition or of a chemical reaction. The isolated

investigation of such transient states is only possible with time-resolved techniques.

The evolution of different microscopic or macroscopic properties of solids can be mea-

sured by employing diverse probe pulses, which interact with the sample in a certain

way. Laser pulses in the near infrared to the ultraviolet spectral region mainly interact

with the outer electrons of the solid, i.e. electrons in the valence- or conduction band.

Time-resolved photoemission experiments employ those pulses and can be used to map

the evolution of electronic states. All optical experiments indirectly measure proper-

ties of the electronic structure as well, as here changes to the optical pulses through

their interaction with the electrons are detected. X-rays and charged massive particles,

like electrons, interact with all electrons of the material, i.e. with its electronic density

or the electrostatic potential, respectively. Except for the lightest elements, these are

dominated by the core-electrons, which are situated around the nuclei and directly fol-

low their motions. X-rays and charged particles are therefore most sensitive to lattice

properties, like the local arrangement of atoms, their long-range order and vibrational

excitations. The latter two have in this thesis been investigated with diffraction tech-

niques, which have been successfully applied to study the atomic structure of matter

since the discovery of diffraction patterns by M. von Laue and W. Bragg in the early

1900’s. The combination of the pump-probe scheme with diffraction techniques, by the

creation of short x-ray or electron probe pulses, therefore allows to study the evolution

of lattice properties on their fundamental length- and timescale. An illustration, sum-

marizing the introduction to the employed techniques, and the fundamental physical

properties of solids accessible with them, is shown in figure 1.11.1.
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Figure 1.1.: Depiction of the principle of time-resolved experiments, as applied in this thesis.
A pump laser pulse excites the electrons of a solid, driving the system out of
equilibrium. By the interactions of electrons with lattice vibrations, this results
in a relaxation of the system towards a new state. Spin excitations are important
in some systems, but are beyond the scope of this work. Optical probe pulses
are applied to probe the state of the electronic system at certain time-delays and
electron diffraction measurements are used to investigate the lattice dynamics.
The dynamics are analyzed to draw conclusions about the interactions of electrons
and lattice.

The coupling of electrons to the lattice manifests itself by a transfer of energy be-

tween them. With time-resolved techniques, this transfer can be followed in real-time

by observing changes in the electronic system or by measuring the energy arriving in

the lattice. In this thesis, I report on the investigation of the interaction of laser-excited

electrons with lattice vibrations in four different material systems in the light of differ-

ent open questions. For aluminium, which is a prototype solid state system due to its

simple lattice and electronic structure, the energy transfer due to incoherent electron-

phonon collisions is investigated and a microscopic picture is obtained by comparison to

first principle calculations. In antimony, photoexcitation changes the potential energy

surface of the atoms, which launches phonons by the DECP (displacive excitation of

coherent phonons) mechanism. The excitation and decay of those phonons, and the cou-

pling to other lattice vibrations is investigated. The evolution of optical properties and

the long-range order of the lattice of Ge2Sb2Te5, a member of the class of phase change

materials, are measured. By extending the measurements to excitation levels driving a

photoinduced phase-transition between its two metastable crystalline and amorphous

phases, the measurements contribute to a long-standing discussion about the pathway

which the transition takes. The difference in the coupling of localized and delocal-
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Chapter 1. Introduction

ized electronic states to phononic vibrations is examined in the layered semiconducting

transition metal dichalcogenide WSe2. All aforementioned studies became possible by

designing and implementing a setup for femtosecond electron diffraction, which shows

some major improvements in time-resolution over previously available setups.

The following gives an outline of this thesis and a short introduction to the material

systems which were investigated.

Development of a femtosecond electron diffractometer

In recent years, the concept of pump-probe experiments has been applied in a large

variety of experiments. Also diffraction techniques have been combined with the pump-

probe scheme, with the aim to visualize the evolution of a crystal structure after pho-

toexcitation with a laser pulse. Whereas pulsed x-ray sources with high brightness are

realized in large-scale facilities, such as free-electron lasers or synchrotrons, laboratory-

scale x-ray experiments suffer from comparably low photon numbers [Els14Els14]. The

high scattering cross section of electrons loosens this constraint and allows to build

time-resolved electron diffraction experiments in very compact laboratory scale setups

[Mil10Mil10].

One main focus in the development of electron diffraction setups is the time-resolution,

which has so far been limited by electron pulse durations on the sample position. These

ranged from few picoseconds in early setups [Wil84Wil84, Dan94Dan94] to few-hundreds of femtosec-

onds in some recent designs [Heb08Heb08, Kas10Kas10]. Calculations have shown that pulse dura-

tions below 100 fs are easily achievable for pulses containing a single electron [Aid10Aid10].

However, due to the repulsive action of Coulomb-forces between electrons, which lead

to a temporal broadening of the pulses [Siw02Siw02], it remains a challenge to achieve similar

pulse durations for higher bunch charges.

In chapter 22, a setup for femtosecond electron diffraction is described, which was

designed and implemented in the course of this work. Its design aims at minimizing the

electron propagation distance before the sample and therefore reduces the broadening

that electron pulses experience [Wal15aWal15a]. Multi-body simulations were performed to

calculate the propagation of the electrons, suggesting that pulse durations of around

100 fs can be achieved with pulses containing more than 103 electrons. This constitutes

a significant improvement in time-resolution achievable in table-top electron diffraction

experiments, enabling the studies performed in the following.
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Electron-phonon coupling in Al and Sb

A generally valid, microscopic description of the out-of-equilibrium dynamics of mate-

rials would require the precise knowledge of the distributions of electrons and phonons

at all times as well as their exact interactions. The high dimensionality of this prob-

lem, however, renders a universally valid description virtually impossible, and requires

(material-specific) approximations. The most common solution is to assume thermal

distributions for electrons and phonons, i.e. to apply Fermi-Dirac and Bose-Einstein

statistics. The evolution of non-equilibrium states is then described by applying a

two-temperature model (TTM), which describes the temporal evolution of the two dis-

tributions by the evolution of two temperatures [Ani74Ani74]. This approach is followed in

thousands of publications, modeling the non-equilibrium dynamics of materials.

Simple metals, such as aluminium, constitute a model system in theoretical and exper-

imental solid state physics. Their model character results from their electronic struc-

ture, which is well described as a free electron gas, and their cubic atomic arrangement

with a one-atomic unit cell. Here, the applicability of the TTM to the description

of the out-of-equilibrium dynamics of the simple metal aluminium is examined. By

combining electron diffraction experiments with first principle calculations performed

in a collaboration by J. Vorberger (MPI-PKS, Dresden), it is found that the notion

of Bose-Einstein statistics describing the phonon population at all times, is improper.

This is a consequence of the coupling strength from electrons to phonons which differs

between different phonon branches. A refined model, which allows for non-BE phonon

distributions, the ’non-thermal lattice model’ (NLM), is introduced. By considering the

coupling between the electrons and the three phonon branches individually, the model

is able to describe the key mechanism transiently leading to a non-thermal lattice. A

guideline is given, for which materials the NLM is expected to be applicable or even a

necessary refinement to accurately describe the out-of equilibrium dynamics.

Strong electron-lattice correlations lead to a more complicated electronic (and lattice)

structure in antimony. Photoexcitation of electrons has pronounced effects on both,

which makes the description of the non-equilibrium dynamics even more complex. A

quasi-immediate shift of the lattice potential energy surface, due to the excitation of

electrons, triggers atoms to move towards the new minimum, around which they start

to oscillate. This motion can be described as a single, coherently excited, phonon mode

[Che90Che90, Zei92Zei92].

At the same time, electrons release energy to a broad range of phonons via inco-

herent electron-phonon scattering processes. Whereas the excitation of the coherent

phonon mode has been studied for a wide range of excitation conditions, the relaxation
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Chapter 1. Introduction

dynamics of electrons via incoherent electron-phonon scattering and the decay of the

coherent phonons have not been measured directly. In this chapter, electron diffrac-

tion measurements are applied on polycrystalline samples of antimony, which allow to

simultaneously follow the excitation of different phonon modes.

Photoinduced crystalline to amorphous phase transition of Ge2Sb2Te5

The ternary compound Ge2Sb2Te5 (GST) belongs to the class of phase change materials

(PCMs), which combine a unique set of properties. At room temperature, they exhibit

long-lived, metastable crystalline and amorphous states with vastly different optical

and electrical properties. Light or current pulses can be used to reversibly switch

the material from one into the other state. This combination is routinely exploited

in data storage media, such as CDs or DVDs, and the material has a wealth of new

opto-electronic applications on the horizon [Lok14Lok14, Hos14Hos14].

Despite their wide-spread use, the microscopic origin of the optical and electrical con-

trast between the two phases is debated [Shp08Shp08, Hua10Hua10]. Whereas the established way

to initiate the phase transition in devices is to melt the material and then control the

cooling rate [Koh06Koh06], the existence of optically induced non-thermal phase transitions

has been predicted by several groups [ST98ST98, Kol04Kol04, Kol11Kol11]. So far, no direct study of the

pathway of crystalline order during the photoinduced phase transition was available.

In this chapter, femtosecond optical spectroscopy and electron diffraction measure-

ments are combined to study the evolution of the optical properties and the crystalline

structure after photoexcitation. The studies are conducted at a wide range of excitation

conditions, from the regime of reversible excitation to the excitation densities inducing

the phase transition. In the latter, single pump laser pulse cause irreversible changes

to the sample, and single-shot variations of the optical and diffraction measurements

are applied. These allow to follow the dynamics of optical and structural properties as

the phase transition proceeds.

Electron-lattice coupling in semiconducting transition metal

dichalcogenides

The discovery of isolated, atomically thin graphene [Nov04Nov04] and its unusual character-

istics has triggered tremendous further research on its basic properties, its usability in

devices and in the identification of other two-dimensional materials. Shortly later, the

class of layered transition metal dichalcogenides (TMDCs) was found to be producible

in stable monolayers [Nov05bNov05b] as well. As two-dimensional semiconductors, they con-

6



stitute an especially interesting class for nanoscale optical and electronic devices, as

concepts of the well-established semiconductor technology can be applied.

The reduced dimensionality of these materials has very pronounced effects on macro-

scopic properties, like the emergence of strong luminescence in monolayers, caused by

the transition from an indirect- to a direct semiconductor, which all semiconducting

TMDCs undergo [Jin13Jin13]. Large excitonic binding energies and a large spin-splitting

of the valence bands constitute further particularities of the materials. Such special

electronic features are expected to also effect other fundamental properties, like the

coupling to lattice vibrations, which themselves should constitute an anisotropy.

In this chapter, different electronic states are prepared by the pump laser pulses.

Driving an excitonic resonance, electronic states are populated, which are localized in

the Brillouin zone and interband transitions are driven to create a more delocalized

electronic population. The coupling of these differently prepared excitations to lattice

vibrations is studied in the TMDC WSe2. The experiments constitute a basis for future

work on monolayer samples as well as heterostructures of different layered materials

[Gei13Gei13].
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2. Experimental techniques

The techniques applied in the course of this work are based on the pump-probe scheme,

in which femtosecond laser-pulses are used to photoexcite electrons in a specimen and

probe pulses are sampled over different delay-times, acquiring snap-shots of the evolu-

tion of the studied property. This chapter is intended to introduce the experimental

approaches followed in this work.

The evolution of vibrational excitations of the crystal lattice is investigated with

femtosecond electron diffraction (FED). Since the planning and implementation of a

setup for FED has been a considerable part of this work, it will be described in detail in

the following section. Simulations of the propagation of electron pulses are presented,

characterizing the electron pulse duration at the sample position and therefore the

achievable time-resolution of the experiment. The dynamics of the optical properties

have been measured by femtosecond optical spectroscopy, which is introduced in section

2.22.2. The measurements on phase change materials, presented in chapter 55, aimed at

understanding an irreversible phase transition, for which single-shot variations of both

types of measurements have been employed. These are described in sections 2.1.42.1.4 and

in 2.2.32.2.3, respectively.

Parts of this chapter have been published in [Wal15aWal15a] and [Wal15bWal15b].

2.1. Femtosecond electron diffraction

Diffraction techniques have, for many decades, been successfully applied to study the

atomic structure of matter. The determination of atomic structure by neutrons, x-rays

and electrons is therefore discussed in most textbooks on solid state physics [Kit05Kit05,

Ash76Ash76]. A more specific introduction to the physics of electron-matter interaction and

electron diffraction can be found in [Pen04Pen04].

Time-resolved electron diffraction experiments are based on the pump-probe measure-

ment scheme with optical pump laser pulses photoexciting the sample and synchronized

9



Chapter 2. Experimental techniques

electron pulses which diffract off it, probing the lattice structure at a specific time de-

lay. Early setups were developed in the 1980’s and 1990’s [Wil84Wil84, Dan94Dan94] and achieved

few picoseconds of time-resolution. Despite growing interest and a lot of ongoing de-

velopment in recent years, it remains a challenge to achieve short electron pulses with

high electron numbers at the sample position. Whereas calculations have shown that

pulses containing a single electron can have durations well below 100 fs [Aid10Aid10], the re-

pelling action of Coulomb forces between electrons stretch the pulses as they propagate.

The temporal broadening of electrons can be described in a phase-space picture of the

electron-pulse [Siw02Siw02] (momentum in propagation direction vs position in propagation

direction) . During propagation, the electron pulse develops a linear dependence of

momentum to position within the pulse, with electrons in the front of the pulse having

higher momenta. This effect comes due to the vacuum dispersion of electrons, but is

amplified by the Coulomb forces. The effect is therefore more pronounced the more

electrons a pulse contains. Theoretically, this linear distribution can be inverted, such

that the electrons at the trailing edge have larger momenta, which leads to a recom-

pression of the pulse during further propagation. Therefore, several schemes have been

proposed [Fil06Fil06, vO07vO07, Kas09Kas09]. One scheme, using a radio frequency cavity to decel-

erate the leading and accelerate the trailing electrons, has recently been implemented

by a few groups [Cha12Cha12, Gao12Gao12, Man12Man12]. Even though pulse lengths below 100 fs can

theoretically be achieved for pulses containing up to 106 electrons [vO07vO07], the time

resolution in those experiments is limited to few hundreds of femtoseconds, caused by

jitter in the synchronization of RF-cavity and the laser pump pulses [Cha12Cha12, Gao12Gao12].

The setup presented in the following is based on a different approach, which was first

pursued in the group of R. J. D. Miller (see e.g. [Siw02Siw02, Heb06Heb06]). By minimizing the

propagation distance of the electron pulses towards the sample, the action of repul-

sive Coulomb forces and therefore the temporal broadening is reduced [Wal15aWal15a]. This

concept led to the implementation of a diffraction setup with an overall electron pulse

propagation distance of only 10mm for electron energies up to 100 keV. To calculate the

propagation of electron pulses and evaluate how experimentally accessible parameters

influence the electron pulse duration at the sample position of this setup, multi-body

particle tracing simulations are presented in section 2.1.32.1.3.

2.1.1. Optical- and diffraction setup

Fig. 2.12.1 shows a schematic drawing of the electron diffraction setup and the most im-

portant optical elements. A Ti:sapphire multi-pass amplified laser system (Femtolasers

Femtopower PRO) is used as the main laser source. It provides laser pulses with a tem-
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2.1. Femtosecond electron diffraction

Ti:Sa Amplifier
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Electron
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lens

Magnetic
lens
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delay
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Cathode/
Anode

To Loadlock
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Figure 2.1.: Schematic of the experimental setup for femtosecond electron diffraction. A fem-
tosecond laser delivers pump- and probe pulses. In the probe-arm, it drives a
NOPA, the pulses of which emit electrons from a photocathode in a two-photon
process. The field between cathode and anode accelerates the electron pulses,
which diffract of the sample and are detected with an electron camera. A de-
lay stage changes the pump-probe delay, allowing to record time-resolved data.
By inserting a set of mirrors, the pump wavelength can be changed from the
fundamental (800 nm) to the second harmonic (400 nm) of the laser.

poral width of 30 fs and a pulse energy of up to 800 µJ. Its central wavelength is 800 nm

(photon energy 1.55 eV) and the repetition rate of the laser is 1 kHz. The lasers pulse

energy can variably be divided between the pump- and the probe arm by a half-wave

plate and a polarizing beamsplitter. In normal operation, 60-70 µJ are sent into the

probe arm where the laser drives a custom built non-collinear optical parametric am-

plifier [Wil97Wil97], which amplifies pulses with the central wavelength tunable in the visible

spectral region. The layout of the NOPA is shown in figure 2.22.2 a). Typically, the NOPA

is operated in a wavelength range between 500 − 600 nm central wavelength. A spec-

trum of the NOPA is shown in 2.22.2 b). The output is compressed in a prism compressor

and the pulse duration after compression is measured with an autocorrelator to be in

the range of 30 − 40 fs (an autocorrelation trace is plotted in 2.22.2 c)). The compressed

pulses are used to photo-emit electrons from a photocathode, which are subsequently

accelerated up to energies of 100 keV in the electron gun, which they eventually leave

through a hole in the anode. Since the electron gun is the heart of the diffraction setup,
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Chapter 2. Experimental techniques

it will be described in detail in section 2.1.22.1.2 and parameters influencing the electron

pulse duration will be discussed in section 2.1.32.1.3.
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Figure 2.2.: a) Schematic of the noncollinear optical parametric amplifier. WL: white light
generation, BS: beam splitter, SHG: second harmonic generation, NOPA: crystal
for optical parametric amplification. b) Typical spectrum of the NOPA. The
central wavelength is chosen to be only slightly above the workfunction of the
cathode. c) Autocorrelation trace of the output of the NOPA. The pulse duration
is approximately 40 fs.

Pump laser pulses

The pulse energy of the pump pulses can be adjusted with a pair of a motorized wave-

plate and a thin film polarizer. The pump wavelength can be conveniently changed to

the second harmonic (400 nm central wavelength) by changing the beam path with a

set of three removable mirrors. The two beam paths are adjusted such that their op-

tical length is similar. The second harmonic is generated by focusing the pump pulses

into a BBO crystal (an introduction to non-linear optics is found in many textbooks,

see e.g. [Boy08Boy08]), and the remaining fundamental is filtered with an accordingly coated

dielectric mirror. The dispersion of the 2nd harmonic after the BBO is kept small by

using a reflective curved mirror for recollimation and a CaF2 lens for focusing of the

pulses. The window to the vacuum chamber is made of a 2mm thick slab of CaF2 as

well, which shows a comparably low dispersion at 400 nm. Without recompression of

the 2nd harmonic pulses, a pulse duration of below 100 fs on the sample was calculated

for optimally compressed 800 nm pulses.
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2.1. Femtosecond electron diffraction

Figure 2.3.: a) Difference in arriving time of pump and electron probe pulses on two sample
positions spaced by 100 µm as a function of sample rotation. The kinetic energies
of the electrons are 80, 90 and 100 keV. An angle of zero degrees denotes normal
incidence of the electron pulses onto the sample. b) & c) Sketch of the origin of
the arrival time mismatch. At normal incidence of the electrons, one side of the
laser pulse travels ∆ll further than the other side. The sample can be tilted at
an angle α, such that ∆le/ve = ∆ll/c.

The pump pulses are sent over a delay stage that changes the relative arrival time

of pump and probe, and are then focused onto the sample. In the compact design

described here, samples are close to the electron gun and the pump pulses hit the

sample from the opposite side as the probe. Due to the typical thicknesses of the

samples of below 100 nm, the excitation profile is homogeneous for most materials and

differences in arrival time due to counter-propagating beams can be neglected. The

angle of the pump pulses with respect to electron propagation axis is approximately

5 degrees. The angle of the sample defines the mismatch in arrival time of pump and

probe pulses on opposite sides of the sample. For two points, separated by 100 µm,

the difference in arrival time is shown in figure 2.32.3 a) for different angles of the sample

with respect to the electron propagation axis. It can be seen that a rotation of a few

degrees can induce a temporal degradation of several tens of femtoseconds, the origin of

which is schematically drawn in b). The pump and probe arrive simultaneously on all

positions of the sample, when ∆le/ve = ∆ll/c, where ve is the velocity of the electrons

and ∆li are differences of distances of laser and electrons as defined in the sketch of

figure 2.32.3 c). At an electron energy of 100 keV, a sample rotation of 1.7 degrees fulfills

this condition. This angle does only differ by around 0.2 ◦ when decreasing the kinetic

energy from 100 keV to 80 keV.
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Chapter 2. Experimental techniques

Samples

Electrons leaving the gun diffract off a sample, and diffraction images are taken in

transmission geometry. Therefore, thin samples are required with typical thicknesses

that range from single atomic layers up to 100 nm. In most of the experiments of this

work, standard TEM-grids were used to support these films. In the experiments of

chapter 55, irreversible changes were induced to to the samples by single laser shots,

what made large sample areas necessary. These large samples need to be shifted to a

new spot after each laser shot. In order not to change the zero time of the experiment,

the interaction region on the sample of the laser- and the electron pulses is required

not to move. The support for the samples therefore needs to be flat on a low µm
level (10 µm corresponds to 100 fs in the geometry with counterpropagating pulses and

electrons with 100 keV).

Figure 2.4.: a) Schematic cut through the custom-made Si-grids used as a support for big
samples. The dimensions are given in µm. The angle of 54 degrees is given by
the KOH etching technique. b) Photograph of the grid. Taken by L. Andricek.

Large area grids have been designed and produced in a collaboration with L. Andricek

of the Halbleiterlabor der Max-Planck-Gesellschaft. A schematic drawing of the grid,

including dimensions, and a photograph of the grids are shown in figure 2.42.4. The grids

have 70 times 70 equally sized square holes, which are etched in a 73 µm thick Si-wafer.

The etching is done with potassium hydroxide (KOH), resulting in the typical angles of

the holes of 54.7 degrees. The thin wafer with the holes is bonded onto a frame, etched

out of a thicker wafer, to increase the stability and the flatness of the sample. These

grids can support a sample area of up to 212mm2 with a flatness of a few micrometers.

Both types of sample grids are supported by the same sample mount, which can be

transferred in- and out of the chamber with a transfer-rod via a load-lock chamber.

Thus, the main chamber does not need to be vented in normal operation and pressures

typically reach values in the low 10−9mbar range.
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2.1. Femtosecond electron diffraction

The samples can be translated in three dimensions with a motorized xyz-translation

stage and tip and tilt angles can be controlled by two additional motors. The distance

between anode and sample can be varied with the translation stage. The closest position

to the gun, limited by the thickness of the sample mount, is 2mm. At this position,

the overall propagation distance of the electron pulse is as short as 10mm.

The temperature of the samples can be changed by cooling the sample mount, which

is connected by a copper braid to a reservoir that can be filled with liquid nitrogen.

Since so far no heating system has been installed, the temperature range achievable is

limited to room temperature and the temperature which is reached when cooling with

liquid nitrogen. This temperature depends on the sample geometry and the quality

of the heat connection to the mount and will therefore differ from sample to sample.

The temperature of the mount has been monitored with a thermocouple as a function

of time after starting the cooling with liquid nitrogen. It reached a steady state after

one hour at a temperature of 195K. The temperature of the sample will probably be

a bit higher due to radiative heating of the surrounding, but might be on the order

of 200K. A better insulation of the sample mount and a radiation shield around the

sample might decrease the reachable temperatures.

Magnetic lens

To reduce the propagation distance of the electron pulse towards the sample, the mag-

netic lens, which focuses the electrons onto the detector, is placed behind the sample,

in contrast to earlier setups with a lens before the sample [Dwy06Dwy06]. This configuration

of the setup is adapted from a layout introduced recently [Ger12Ger12, Ger15Ger15]. The design

significantly decreases the electron bunch propagation distance and avoids temporal

distortions due to path length differences induced by the magnetic lens [Wen12Wen12]. The

position of the lens is controlled by a three-axis manipulator, with which the position

of the lens can be set to be centered with the electron beam. The lens has a magnetic

steel cladding with a gap (shrouded coil, see e.g. [Lie55Lie55]) and a hole diameter of 40mm.

Spherical aberrations, intrinsic to magnetic lenses [Mar47Mar47], are smaller the closer the

lens is placed to the sample, since the beam diameter increases with propagation dis-

tance. Simulations of the focusing of diffracted beams have in addition been carried out

with the simulation package GPT (the simulation package is described in section 2.1.32.1.3).

These show that different diffraction orders are focused at slightly different positions

in propagation direction. The practical alignment of the setup is therefore done such,

that the low order diffraction orders with the highest intensity are best separated.
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The spatial resolution of the diffraction images depends on the transverse coherence

of the electron beam as well as on the resolution of the imaging system, consisting

of the magnetic lens and the camera. By taking the width of a diffraction spot of a

sample with a well known lattice cell parameter, one can estimate the coherence length

[Kir13bKir13b]. In fact, this number is a lower bound of the coherence of the electron pulse,

since it can be reduced by the imaging system. Figure 2.52.5 shows a diffraction image

of the layered material WSe2. From this image the coherence at the sample position

is derived, following Kirchner et al. [Kir13bKir13b], by comparing the ratio of peak width si

to peak separation d with a simulated diffraction pattern of a coherently illuminated

diffraction grid with N slits [Bor01Bor01]. At a sample position of 12mm behind the anode,

the coherence length is estimated to be 6 nm. In diffraction images taken closer to the

gun, where the temporal resolution is expected to be better, the ratio w/d increases.

Since the beam diameter is small here, also the coherence length is observed to be

smaller [Kir13bKir13b]. However, a contribution of the imaging system to the decreased

resolution can not be ruled out.

Having a lens behind the sample enables imaging a magnified real-space image onto

the detector, what allows for easy sample positioning and characterization.

Figure 2.5.: Detail of a diffraction pattern of WSe2. The spot sizes of the zero order s0 and
first order s1 diffraction peaks, as well as their spacing d01, are indicated, from
which the coherence of the electron pulses can be estimated.

Detector

An efficient detection system is a central part of every experiment. For the diffraction

setup, specifically, a detector with a high spatial resolution, high dynamic range, a fast

read-out and low noise as well an insensitivity to light is wanted. Whereas different
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2.1. Femtosecond electron diffraction

devices show some advantages over others, at the time of planning the experiment, a

commercial electron camera (TemCam F416, TVIPS), was considered to be the best

solution available. It consists of a phosphor screen that is fiber-coupled to a CMOS

chip with 16MPixels. The camera is capable of every-electron detection if the raw

images are properly analyzed (a detailed description of how the diffraction images are

processed is given in Appendix AA). The maximum read out speed is around 8 fps

(region of interest and binning), which was higher than any CCD chip available. The

phosphor screen gives a significantly higher dynamic range than cameras for direct-

electron detection. With a few companies investing in the development of direct electron

detection cameras, further improvements in read-out speed, and thus dynamic range,

are expected. The front of the phosphor screen was coated, on delivery, with a thin

film of ’black aluminium’ (no further details were given by TVIPS) to make the camera

insensitive to visible light. However, the thickness was not sufficient to block scattered

light from the laser pump-pulses. For a better shielding, the thickness of the film was

increased by vacuum-deposition of a 50 nm thick layer of aluminium on the front of

the phosphor screen. The additional film decreased the sensitivity to light markedly.

However, for a complete shielding an even thicker layer would be needed.

2.1.2. Electron gun

The electron gun is one of the central parts of the electron diffraction setup. It provides

femtosecond electron pulses, which are optically synchronized to the pump laser pulse

and can therefore be used in the diffraction experiments.

The gun consists of a photocathode, which is set to a negative potential. The ac-

celerating field is created by the potential difference to a grounded anode, which is

mounted at a well defined distance. Electrons are emitted into the high field region by

illumination of the cathode with a laser pulse and are subsequently accelerated by the

static field. The pulses eventually leave the acceleration region through a small hole in

the anode and propagate towards the sample.

The compact design of the entire diffraction setup is continued in the electron gun.

For the desired electron energy of 100 keV, the anode to cathode distance is minimized

to the smallest distance for which no field emission is observed. In the current design,

8 mm could be realized. The geometry of cathode and anode was designed to have the

maximum field in the center of the cathode, where the electrons are created. The anode

is made from a highly flat and polished 5 inch Si-wafer, which has a laser-drilled hole

of 150 µm in its center. The cathode’s shape is an approximation to the shape of the

uniform field electrode described by Bruce [Bru47Bru47]. The field strength at the maximum
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voltage of 100 kV reaches 12.5MV/m and is therefore only slightly smaller than the

field for vacuum break-through of a perfectly homogeneous surface, which has been

reported to be on the order of 20MV/m [Lat95Lat95]. A simulation of the field distribution

on the cathodes surface, done with COMSOL Multiphysics, is shown in figure 2.62.6 b).

With the front side of the gun being blocked by the anode, photoemission of electrons

needs to done with a laser pulse arriving from the backside. The cathode therefore has

a hole in its center, in which a 5mm thick sapphire plate has been fitted, such that its

surface is planarly aligned with the cathodes surface. The entire cathode is then coated

with a 20-30 nm thick film of gold, on top of a 2 nm thick film of chromium, which is used

as a buffer layer for increased adhesion of gold on sapphire. The vacuum deposition of

the films is done at a base pressure of 10−5mbar. The films therefore might contain low

amounts of oxygen and other contaminations. All parts of the cathode are polished to

prevent sharp edges which would facilitate undesirable field emission. Furthermore, the

few µm wide gap between the sapphire plate and the metal body of the photocathode,

which arises from the assembly process, is filled with a vacuum compatible glue before

coating.

Figure 2.6.: a) Photograph of the photocathode mounted in the gun with the anode removed.
The white ceramic keeps the cathode in the center of the gun and insulates it
from the housing. b) Half-profile of the photocathode (the left edge is the axis
of rotational symmetry) and simulated electric field strength on the surface.

Electrons are emitted by illuminating the gold-coated sapphire of the photocathode

from the back side with the output of the NOPA. The work function of the gold film is

measured by changing the wavelength of the NOPA and determining the photon energy

at which no electrons are emitted any more. The work function changes slightly between
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2.1. Femtosecond electron diffraction

different cathodes, but typical values are around 4.4 eV. This value is much lower than

literature values for gold, which report a work function of 5.3 eV [Sac66Sac66]. This might

be caused by several effects, e.g. the use of thin films and possible contamination of the

films due to the preparation conditions. On top, the Schottky-effect lowers the work

function of the gold film by roughly ∆W ≈ 130meV at fields of 12.5MV/m.

The transverse and longitudinal coherence of an electron pulse increases for lower

excess energy in the emission process [Mic08Mic08]. The excess energy of the electrons can

be controlled by changing the central wavelength of the NOPA. Since the NOPA is

operated to produce pulses in the visible spectral region, two photons are needed to

emit electrons from the photocathode. In normal operation, the central photon energy

is adjusted to be 2.2 eV (central wavelength of 565 nm), such that an electron absorbing

two photons initially, i.e. before acceleration through the static field, has little kinetic

energy.

The laser pulses used for photoemission have a certain temporal and spectral width,

which are intrinsically connected by the uncertainty relation. In the process of pho-

toemission, both widths are imprinted on the electron bunch. The way in which these

parameters influence the electron pulseduration at the sample position is investigated

in section 2.1.32.1.3. A typical spectrum and an autocorrelation trace can be found in figure

2.22.2 b) and c).

The potential of the photocathode is set with a high precision power supply (Heinzinger

PNChp 100000). It is specified to have a 10−5 RMS voltage stability of the maximum

voltage, i.e. its RMS fluctuations are approximately 1V. A commercial feedthrough,

made of a big ceramic insulation, was initially used to connect the power supply with

the photocathode. The feedthrough, however, was found to be very fragile. Small arcs

were found to make it locally conducting, evoking consecutive arcs at the feedthrough

and the photocathode. A custom feedthrough was therefore designed and assembled,

which is found to be more robust and much smaller. Since a commercialization is

considered, no further details will be given here.

2.1.3. Electron pulse propagation

The repelling action of Coulomb forces between electrons within an electron pulse

makes the description of their propagation and therefore the prediction of their pulse

duration at the sample position a non-trivial problem. Whereas the pulse duration

is the limiting factor for time resolution of electron diffraction experiments today, its

experimental determination is challenging as well. Pulse durations have been measured

by scattering of electrons off a standing wave, created by a short laser pulse [Heb06Heb06],
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and variations of this method have been proposed [Kir13aKir13a]. In this section, simulations

of the propagation of short electron pulses are presented. From these, pulse duration

at the sample position are calculated.

Simulation details

The simulations were done with a fully relativistic multi-body particle tracing code

(general particle tracer (GPT), Pulsar Physics). The software simulates the propagation

of a pulse containing N electrons by calculating the propagation of a pulse containing

Nm macroparticles. These have a mass of N ·me/Nm and charge N · qe/Nm, where me

and qe are the mass and charge of an electron. Full particle-to-particle interactions are

calculated for each time-step of the simulations and a Runge-Kutta solver is used to

calculate the propagation of the macroparticles. It is found that 1000 macroparticles are

sufficient for converged simulations of electron bunches containing up to 104 electrons

in the geometry presented in the following.

The macroparticles are created at different simulation times around zero with a Gaus-

sian temporal distribution of FWHM τl, representing the laser pulse duration. They

are accelerated in a static electric field of 12.5MV/m, created by two flat surfaces.

The particle density of the electron bunch is assumed to follow a Gaussian distri-

bution in both transverse directions, with an initial spatial width at creation of dl.

Each particle is assigned an energy and momentum at their creation in the simula-

tion. The initial momenta’s directions are distributed uniformly on a half-sphere in

forward propagation-direction. The energies of the macroparticles follow a Gaussian

distribution and the energy width is dependent on the laser’s parameters. Assuming

that the laser pulse is Fourier-limited, its energy bandwidth is calculated from the

pulse duration τl by ∆El = 0.44 · h/τl. The electron energy width is calculated as

the laser’s bandwidth, convoluted with a Gaussian distribution of 100meV width to

obtain ∆Einitial = ((0.44 · h/τl)2 + 0.12)1/2 eV to account for local inhomogeneities of

the presumably polycrystalline photocathode. The distribution spans from zero to 3

sigma with the center being at one sigma.

Electron pulse durations were calculated by taking the standard deviation of the sim-

ulated electron positions within the pulse at a fixed time-point of the solver and division

by their average velocity. The sample position was assumed to be at a distance of 10mm

from the cathode, which corresponds to the closest possible measurement position of

the apparatus. Pulse durations on the sample position were therefore calculated for

the time-points of the solver, where the average position was closest to 10mm. Since
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2.1. Femtosecond electron diffraction

the distributions were close to Gaussian, all pulse durations in the following are given

in FWHM, calculated from the standard deviations.

Simulation results

The propagation of electron pulses containing a single electron has been studied ana-

lytically [Aid10Aid10]. It has been found that their pulse duration increases with emission

bandwidth ∆Einitial and with increasing laser pulse length. Since both are ultimately

connected by the uncertainty relation, the shortest electron bunch is achieved for a

specific time-bandwidth product.The dependence of electron pulse duration on electron

number and laser pulse length, calculated with the GPT code, is shown in figure 2.72.7.

The second x-axis on the upper edge has been added to show the effect of photoemission

in a two-photon process (two photon photoemission, 2PPE) as used in the experiments

presented in this work. Due to the second-order nonlinearity of the photoemission pro-

cess, the effective pulse length is lowered by a factor of
√
2, whereas the bandwidth is

increased by the same factor, what results only in a shift of the abscissa. The effective

laser spot size dl changes for the same reasons and was chosen to be 50 µm (1PPE),

corresponding to 71 µm (2PPE), close to typical experimental values. The considered

range of one to 104 electrons corresponds to the experimentally accessible range.

Simulations, for which space charge effects have been switched off (red curve) qual-

itatively reproduce the expected shape of the analytical expression for single electron

pulses [Aid10Aid10]. Pulses containing more than one electron and including space charge

follow similar curves (blue lines). However, they are shifted towards longer pulse dura-

tions with increasing electron numbers due to the increasing impact of Coulomb-forces

within the pulse. For the given parameters, the simulation predicts an overall space-

charge induced broadening of the pulselength of 10% for a pulse containing 103 electrons

and 100% for 104 electrons with respect to single-electron pulses.

The effects of space charge are further specified by investigating the dependence of

initial electron density on the pulse duration at the sample position. Figure 2.72.7 b)

and c) show the dependence of electron pulse duration on laser spot size, defining the

electron pulse diameter, and electron number per pulse. In both cases, the optimal

laser pulse length τl,1PPE = 25 fs has been used for the simulation. The figures show

an increase of pulse duration with higher initial electron density, i.e. a small bunch

diameter and a higher electron number.

This shows that, whereas a high number of electrons per pulse immediately translates

to better statistics in the diffraction images, it also leads to longer pulses. Increasing the

bunch diameter is advantageous for having short pulse durations, since it partly com-
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Figure 2.7.: Results of the simulations of electron propagation with the GPT code. a) Electron
pulse duration as a function of laser pulse duration and number of electrons per
pulse (red: one electron, blue: 103 to 104 electrons in steps of 103, light to dark).
b) Electron pulse duration as a function of laser spotsize and different numbers
of electrons per pulse (colors as in a)) c) Electron pulse duration on the sample
as function of electron number for laser spotsizes of dl = 25 (light), 35, 50 and 70
µm (dark). d) transversal (red) and longitudinal (blue) FWHM bunch sizes for
103, 5 · 103 and 104 electrons (light to dark).
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pensates the spread caused by the high electron number. However, there are practical

limits for the electron bunch diameter. In particular, sample sizes of thin freestanding

films are limited, as larger samples are increasingly fragile and heat removal becomes

difficult. In addition, the temporal mismatch of non-collinear pump and probe pulses

increase with beam sizes, as discussed previously and shown in figure 2.32.3.

In recent years, several models, analytically describing electron pulse propagation,

have been proposed [Siw02Siw02, Qia03Qia03]. They use a mean-field approach to calculate the

temporal broadening ∆tel caused by space charge effects. The models assume a cylindri-

cally shaped electron bunch with diameter rt, which stays constant during propagation.

With d being the cathode-anode distance, V0 the potential difference between them and

L the propagation distance in real space, the total temporal broadening due to space

charge has been given to be [Qia03Qia03]

∆tel =
e1/2m1/2

√
2πϵ0

N

V
3/2
0 r2t

(
L2

4
+ d2

)
(2.1)

A qualitative agreement of the GPT simulations with the predictions of these models,

namely a linear dependence on electron number and a 1/r2t dependence can be found

for small electron numbers per pulse, whereas for higher electron numbers per pulse

they deviate. A quantitative comparison is difficult even in the case of low electron

numbers, because of the geometrical assumption of a cylindrical bunch shape in the

analytical models.

An assumption of the models is that transversal distances between electrons are much

bigger than distances in longitudinal (propagation) direction (rb ≫ l). Figure 2.72.7 d)

shows longitudinal and transversal bunch diameters during the propagation through

the setup. Both change dynamically, opposed to the assumptions of the models. Es-

pecially, passage of the electron bunch through the anode changes the divergence of

the bunch, because of the hole acting as an Einzel-lens. For higher electron numbers,

longitudinal and transversal bunch sizes become comparable in magnitude in conflict

with the assumption rb ≫ l of these models. This illustrates the importance of using

multi-body simulations for the accurate calculation of the propagation of femtosecond

electron bunches. The simulations shown here are used as a reference for the alignment

of the experiments presented in this thesis. They can also serve as a guideline in the

design of future compact femtosecond electron diffraction setups.
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2.1.4. Electron diffraction in the single-shot regime

Studies of the lattice dynamics of irreversible processes require special adaptations

of the diffraction experiment described in 2.12.1. The time resolved electron diffraction

experiments in chapter 5.35.3 have been carried out with single pump and probe pulses

per recorded diffraction image. After each pump-probe cycle, the samples were moved

to a fresh spot.

In the single-shot experiments, large area Si-grids were used to support the thin films

(see section 2.1.12.1.1). Using large areas of samples in a single measurement requires that

the temporal and spatial overlap do not depend on the sample position, what means that

the sample surface needs to be flat and parallel to the movement of the stage shifting it.

The flatness was ensured by the design of the grids themselves. The alignment of the

grids for a parallel motion to the stage’s direction was done by repeated measurements of

the lattice heating dynamics under reversible conditions in three different corners of the

sample. The zero-time of the measurements was fitted and compared. The picomotors

of the sample mount were then used to tilt the sample such, that the corner, where the

heating dynamics started later in the experiment, was shifted away from the electron

gun (towards the pump). After alignment, the extracted onset of the heating dynamics

was within 250 fs at all measurement positions.

To select single laser pulses from the 1 kHz pulse train delivered by the laser system,

a combination of a chopper and a fast shutter with 3ms opening time (Uniblitz LS6)

were used. The chopper was set to reduce the repetition rate to 250Hz, with two

consecutive pulses coming through and two being blocked. The shutter was then used

to select one of the two pulses. The synchronization of the electron camera, shutters

to select or block the pump pulses and the pulse picking was done with a LabView

program and a pulse selecting device built by the electronic workshop of the FHI. The

master trigger came from the software which opens or closes the pump shutter and

then gives out a TTL-pulse via an analog-digital (A/D) converter. This pulse is used

to trigger the camera, which is set to a 30ms exposure time. At the same time, it

is fed to the pulse selector, where it acts as a ’gate’. The second input to the device

is the trigger from the laser amplifier, which is electronically divided by 4 to 250Hz

(’trigger’). The pulse selector is activated by the gating pulse and gives out a single

TTL pulse which is synchronized to the first trigger pulse after activation by the gate.

A schematic representation of the trigger and gating sequence is shown in figure 2.82.8

a).

The measurements were done by taking a series of three diffraction images at each

sample position: a static image (with the pump pulse blocked by a shutter), the pump-
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probe image, and a second static image. The first image was used to check the initial

sample quality. If the diffracted intensity of the image was below an empirically define

threshold, this sample position was excluded from averaging. The third image was

taken to check the final state (at quasi-infinite time delay) of the sample. A typical

diffraction image is shown in figure 2.82.8 b). Single electron events can be identified in

the image.

a) b)

laserpulses
(chopped)

software gate

shutter open

laser trigger
(divided by 4)

camera active

single pump-
probe event

pulse selecting device

single electron
events

Figure 2.8.: a) Trigger sequence for generating single electron diffraction images. A software
trigger (gate) starts camera acquisition. It is also fed to a pulse selector, the
output of which is a TTL pulse, synchronized to the next laser trigger pulse after
activation by the gate. The fast shutter opens and closes with this signal. Since
the laser is chopped, its 3ms transition time is short enough to select a single
laser pulse. b) Diffraction image from a single laser pulse. Single electron events
can be detected with the camera (see inlet).

2.2. Femtosecond optical spectroscopy

The propagation of light is fully determined by Maxwell’s equations, which can be

found in almost any textbook on electrodynamics and optics (see e.g. [Bor01Bor01]). In

a medium, light interacts with the charges of the material and therefore induces a

time- and position dependent polarization P (x⃗, t). At the same time, this polarization

acts as a source of radiation. The quantity connecting the amplitude and phase of

the external field E(x⃗, t) with the polarization of the medium is the susceptibility χ.

The susceptibility incorporates all fundamental interactions of light with the solid,

which in the visible spectral region are manifold, such as induced electronic intra- and

interband transitions, excitation of lattice vibrations, formation of excitons, polarons,
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etc. It therefore is a function of frequency ω, wavevector k⃗ and amplitude of the

electromagnetic field. The measurement of frequency-, wavevector, linear- and non-

linear dependence of the susceptibility therefore contains a wealth of information on

the fundamental interactions present in the solid, but entanglement of all the processes

is mostly not trivial.

Using ultrashort laser pulses in an all optical pump-probe type experiment allows

to follow changes in the optical properties of a sample after photoexcitation. These

changes might then be attributed to a fundamental process in the sample, such as

heating of electronic and lattice subsystems [Bro90Bro90], the launch of coherent phonons

[De 85De 85, Zei92Zei92], or induced (structural) phase transitions [Wal12Wal12] etc. The following

section will introduce the methods used in this work and will discuss how measured

quantities can be connected to fundamental physical properties.

2.2.1. Reflectivity and transmissivity of thin film

multilayer structures

Boundaries between media of different index of refraction give rise to reflection (and

refraction) of light. The amplitude of reflected and transmitted light depends on the

dielectric constants of the two media, but also on the incident angle, the sample geome-

try and the polarization direction of the light. For a single interface, Fresnel’s equations

connect reflected and transmitted intensities with these parameters. However, the situ-

ation gets more complicated if one considers the reflection of thin films with thicknesses

smaller than the coherence length of the light. Reflected intensities of the front and the

back surface can interfere constructively or destructively and thus change the observed

reflectivity and transmission. A convenient way to treat multiple reflexions is given by

the transfer matrix formalism, which can be used to treat reflections from arbitrary

many thin layers. For simplicity, only the case of normal incidence onto a multilayer

sample is considered here. For a derivation of the equations, see e.g. [Bor01Bor01].

The characteristic matrix of a thin film with complex refractive index n =
√
ϵ1 + iϵ2

and thickness δ, which is surrounded by two semi-infinite media is given by:

M =

(
m11 m12

m21 m22

)
=

(
cos(kδ) 1

k sin(kδ)

−k sin(kδ) cos(kδ)

)
(2.2)

where k denotes the wave vector k = 2πn/λ. The coefficients of reflection and transmis-

sion are calculated from the matrix elements of the characteristic matrix. If the wave
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vectors in the first and the last medium are indicated by k1 and kl, the coefficients can

be expressed as:

r =
(m21 + k1klm12) + i(k1m22 − klm11)

(−m21 + k1klm12) + i(k1m22 + klm11)
(2.3)

t = 2ik1 exp−iklδ
m11m22 −m12m21

(−m21 + k1klm12) + i(k1m22 + klm11)
(2.4)

Stacks of thin layers can be treated by simple multiplication of their characteristic

matrices Mi.

M = MN · ... ·M2 ·M1. (2.5)

From the resulting matrix M , the reflected and transmitted amplitudes are calculated

in the same way as indicated above for the characteristic matrix of a single film.

2.2.2. Measurement of transient optical properties

To measure photoinduced changes in the optical properties on the ultrafast timescale,

all optical pump-probe schemes have been applied in this work. The probe-pulses are

split off the pump-pulse with a beamsplitter. In the most simple case, neither of the

pulses is modified in spectral or temporal shape and the intensity of the probe pulse

is kept well below the one of the pump-pulse to not induce any changes to the sample

with it. Whereas pump-induced changes can be measured with many different optical

techniques, measuring different physical quantities (e.g. rotation of the polarization,

spectral absorption, ...), the most easily accessible quantities are the reflected R or

transmitted T intensities of the probe pulses. Both can directly be measured with a

photodetector, such as a photodiode or a bolometer, which is placed in the beampath.

By varying the delay ∆t between the pump- and the probe pulse with a delay stage,

their evolution in time, R(t) and T (t), can be recorded.

Since pump-induced changes are typically small, they are commonly amplified with

Lock-In amplifiers. To do so, the pump-pulses are periodically blocked with a rotating

chopper-wheel, such that the pump-induced signal is periodically switched off and on.

The Lock-In amplifiers then apply a narrow-band frequency filter at the frequency of

the chopper. This attenuates the noise and amplifies the pump-induced signal, enabling

one to measure signals below the noise level of the detector (e.g. the photodiode). The

smaller the bandwidth of the frequency-filter, the longer (more periods of on-and off)

the Lock-In amplifier needs to integrate to measure a meaningful signal.

As shown in the previous section, absolute numbers of the reflectivity and transmission

depend not only on the material’s fundamental properties, but also on the geometry of

the sample and the measurement. In an extreme case, an increase in transmission could
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coincide with an increase in absorption. For a quantitative discussion of pump-induced

changes, it is therefore beneficial (and sometimes necessary) to investigate changes in

the dielectric function rather than changes in transmitted or reflected intensities only.

Even though the dielectric function is not an observable quantity per se, its value and

evolution in time can be retrieved when sufficient independent information is measured.

This can be done in various ways, e.g. by an ellipsometry-type of experiment (difference

in reflectivity of s- and p-polarized light) or by the reflectivity at different angles of inci-

dence. A simple option, if measurements are done on thin films with known thickness,

is the simultaneous measurement of the reflected and transmitted intensities R(t) and

T (t). In this case, the equations of the matrix formalism can be numerically inverted

to obtain the refractive index or, equivalently, the dielectric function at the frequency

of the probe wavelength.

2.2.3. Frequency domain single-shot spectroscopy

The standard technique to measure laser induced changes in reflected or transmitted

intensities of a material is based on Lock-In amplification, as described in 2.2.22.2.2. This

technique, however, requires that changes induced by the pump pulses are reversible,

i.e. that the reflectivity (transmission) relaxes back to the initial value before the next

pump-pulse hits the sample. For measurements in which a single pump laser pulse is

sufficient to induce an irreversible change to the sample, this is not fulfilled and al-

ternative methods are needed. This chapter introduces a technique that encodes the

transient optical properties in the spectrum of a single laser pulse, which has been

called ”frequency domain single-shot spectroscopy” (FDSS) [Bed92Bed92, Shk04Shk04]. This non-

standard technique was used to measure changes in the dielectric function of the phase

change material Ge2Sb2Te5, described in chapter 55. Other methods, capable of mea-

suring dynamics in of the optical properties in a single shot have been described in

[Wak00Wak00, Shi14Shi14], but will not be further discussed here.

A sketch of the FDSS technique is shown in figure 2.92.9. A compressed laser pulse is

split into a pump- and a probe pulse. The probe pulse passes through a prism made of

a highly dispersive glass (SCHOTT SF10) with a total optical path length of 180mm,

thereby stretching it to about 10 ps pulse duration. With the material’s dispersion

being linear in the spectral region of the laser, the probe pulses exhibit a linear time-

frequency correlation (linear chirp). The pump and probe beam’s relative timing is

fixed such that roughly 1/3 of the probe pulse has passed through the sample at the

time the pump pulse arrives. As a result, each frequency of the probe pulse arrives at
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spectrometer

sample

probe

pump

t0stretcher

Figure 2.9.: Schematic drawing of the spectral encoding technique. The probe pulse is given
a linear chirp, such that different frequencies have different relative delays to the
pump pulse. A spectrometer is used to measure spectral intensities and therefore
a pump-probe trace in a single shot.

the sample with a different relative delay with respect to the pump pulse, parts of it

having positive, other parts negative delay.

wavelength (  )

reflection

transmission

reference

a) b)

before

pumped

after

t0

wavelength (  ) / time (  )

Figure 2.10.: a) Raw spectrometer image with three spectra recorded in parallel (reflection,
transmission, reference). b) Vertically integrated transmission spectra of three
consecutive spectra taken at the same sample position. Without pump pulse
(’before’), with pump pulse (’pumped’) and again without pump pulse (’after’).

Three spectra are measured simultaneously with an imaging spectrometer to be able

to later calculate the dielectric function from the data. Therefore, three fibers are

connected with a vertical offset to the spectrometer’s entrance slit. Two fibers collect

the intensity of the transmitted and reflected probe pulses, respectively, and the third

fiber collects a split-off part of the pulse before it reaches the sample. The latter acts as

a reference for correct changes of the laser’s spectrum. The three spectra have a vertical

offset in the spectrometer and are recorded with a CCD camera. A typical image of
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the spectrometers camera is presented in figure 2.102.10 a), showing three simultaneously

measured, vertically separated spectra.

Three consecutive images are taken at each sample position. The first spectrum

(’before’) is taken without a pump pulse on the sample, the second (’pumped’) is taken

with a pump and probe pulse on the sample and the third (’after’) is taken without

pump pulse to investigate if permanent changes were induced. Figure 2.102.10 b) shows

a series of three consecutively taken spectra of the transmitted intensity of the pulses.

The temporal overlap of pump and probe in the pumped spectrum is visible in the

raw data and is indicated in the plot. The relative changes in transmission ∆T/T and

reflection ∆R/R are obtained by dividing the intensity of the spectra taken with the

pump pulse by the spectra before ∆X/X = IX,pumped/IX,before.
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Figure 2.11.: Calibration of the time axis for frequency-time conversion. a) Pump-induced
optical dynamics for different positions of the delay stage. The dynamics are
fitted with a step function. The gray area shows the spectral intensity of the
laser pulses, explaining the higher noise on the sides of the traces. b) The
zero position of the fit is plotted against nominal pump-probe delay. The linear
dependence shows the linear chirp of the probe pulses. c) After shifting the
time traces from a) by the appropriate time delay, the exact same dynamics are
observed. This demonstrates that the measured dynamics are independent of
wavelength within the frequency window used.

Assuming that the pump-induced changes are independent within the window of probe

frequencies, the temporal changes can be assigned by simply replacing the wavelength-

axis with the pump-probe delay. The frequency-to-time calibration of the measured
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spectra is achieved by using a motorized delay stage to change the relative arrival

time between pump and probe beams. The relative changes in reflected intensity of

a photoexcited film of Ge2Sb2Te5 is shown in figure 2.112.11. The increased noise on the

sides of the traces is caused by the reduced intensity in the wings of the spectrum (the

spectrum is shown as a shaded area). The time zero position can be found by fitting an

error function to the signal at each delay (solid lines), which is then used as a marker

for the calibration. Figure 2.112.11 b) shows the extracted time zero positions, plotted

against the delay calculated from the positions of the delay stage. It shows that the

chirp of the pulse is linear with a slope of the calibration line of 15.4 fs/pixel in the

shown measurement. Fig.2.112.11 c) shows three pump-probe traces from figure 2.112.11 a),

shifted by their relative delay. It can be seen that the traces lie well on top of each

other, which demonstrates that the photoinduced changes of the optical properties of

Ge2Sb2Te5 are independent of the probe wavelength in the frequency window used.

Due to the increased noise on the extremes of the traces, the spectral range used in the

analysis therefore needed to be confined and only 5 ps of the dynamics were evaluated.

The temporal overlap was chosen such that about two thirds of the spectrum were used

to map the dynamics after time zero.

The theoretical temporal resolution of pump-probe experiments employing chirped

probe-pulses has been shown to be similar to the resolution of an experiment using

transform limited pulses [Pol10Pol10]. A perfectly built setup would thus have a temporal

resolution of around 40 fs, considering the spectrum of the Ti:Sapphire amplified laser

used. Due to imperfect alignment of the setup, the time-resolution of the experiments

presented in chapter 55 was on the order of few hundreds of femtoseconds.
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A crystal lattice is a mathematical construction describing the periodic arrangement

of atoms in crystals (note that crystals without translational symmetry exist [She84She84,

Int92Int92], but are beyond the scope of this work). The repeating atomic motive is defined

by the unit cell, which is anchored at each lattice site. Together, the lattice and the unit

cell describe the equilibrium position of each atom in a perfect crystal. Microscopically,

the positions correspond to the minima of the potential energy surface, which is set by

the complex interactions of all atomic cores and electrons.

The periodicity of crystal structures and the interactions between neighboring atoms

leads to the description of atomic motion in solids as collective vibrations. These

collective vibrations constitute a basis for describing atomic motion in solids and, since

they exhibit particle properties, are called phonons. The derivation of basic properties

of phonons, such as the dispersion relations for simple crystal structures, is found in

many textbooks on solid state physics [Ash76Ash76, Kit05Kit05]. This chapter is intended to give

a brief overview of real-space motion of atoms, their excitation mechanisms and the

influence of phonon distributions on diffraction and optical experiments, which will be

used in this work.

3.1. Real space motion of atoms and phonon

distributions

In the treatment of lattice vibrations, it is commonly assumed that the forces on an

atom are a linear function of their displacement. This is similar to the statement that

each atom feels a harmonic potential, for which it is called harmonic approximation.

In the harmonic approximation, a phonon mode of frequency ω and wavevector k leads

to a motion of all atoms of the shape

u(x, t) = u0 · cos (kx) · cos (ωt). (3.1)
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The amplitude u0 of this motion can be calculated and related to the occupancy of the

phonon mode via the basic relation that the time average of kinetic energy and potential

energy are equal in a harmonic oscillator. The time average of the square of each atoms

displacement (also called mean square displacement, MSD) is ⟨u2⟩ = 1/2 · u20, because
⟨cosωt2⟩ = 1/2. For n ≫ 1 phonons of frequency ω it is given by

⟨u2⟩ =
2(n+ 1

2)~
ρV ω

≈ 2n~
ρV ω

, (3.2)

where ρ is the materials density, V its volume and ~ is Planck’s constant h divided

by 2π. A comparison of two phonon modes of same occupancy but different frequency

shows that their real-space amplitude, and therefore the mean square displacement, are

different by
⟨u21⟩
⟨u22⟩

=
ω2
2

ω2
1

. (3.3)

The nature of phonons as being collective excitations, or quasi-particles, relates to

the fact that they are bosons with a chemical potential µ equal to zero. In a crystal,

which is in thermal equilibrium, the mean number of excited phonon modes therefore

follows Bose-Einstein statistics. The time-averaged occupancy of a mode of energy ~ω
is therefore given by

⟨n⟩(~ω) = 1

e
~ω

kBT − 1
. (3.4)

To calculate the mean square displacement of atoms in a thermal state, one needs to

sum over the contributions of all phonon modes of the solid. The phonon modes are

described by the phonon density of states g(ω) (see e.g. [Kit05Kit05]), and their occupancy

is given by the BE-distribution. In this case, the MSD is given by [Sea91Sea91]

⟨u2⟩ = 3~
2M

∞∫
0

coth

(
~ω

2kBT

)
gn (ω)

ω
dω, (3.5)

where M is the atomic mass, T is the temperature of the system and gn(ω) is the

normalized phonon density of states, i.e. the density of states for which
∫
g(ω) = 1.

In this thesis, laser pulses are employed to create non-equilibrium situations between

electrons and phonons. The excited electrons then equilibrate with the phonons by

transferring energy to them. In such a situation, the phonons must not necessarily be

in a thermal state. This situation is specifically studied in chapters 4.14.1 & 4.24.2. The

implications of such states is discussed there.
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3.2. Phonons in diffraction experiments

The theory of diffraction, as developed by W. Bragg and M. von Laue, assumes the

atoms in a crystal to be rigid and the lattice to be perfect. In a real system, however,

atoms vibrate around their equilibrium position. These vibrations locally distort the

crystal from its perfect periodicity. In diffraction experiments, particles are thus scat-

tered from an imperfect lattice, which leads to a decrease in scattered intensity in the

Bragg-peaks and an increase of incoherently scattered intensity in between them. The

influence of the vibrations on the scattered intensity I can be quantified via the mean

square displacement ⟨u2⟩ of the atoms around their equilibrium position. The intensity

of a Bragg peak with scattering vector s = 2 sinΘ/λ is given by:

I = I0 · exp
(
−4π2⟨(u · s)2⟩

)
, (3.6)

where I0 is the intensity of a Bragg-reflection from a perfect crystal and bold symbols

indicate the vector character of the displacement and the scattering vector. In the

case that the vibrations are isotropic, ⟨(u · s)2⟩ = 1
3⟨u

2⟩s2 and the measured intensity

becomes

I = I0 · exp
(
−4

3
π2⟨u2⟩s2

)
. (3.7)

Materials with a non-cubic unit cell, such as Sb, which is investigated in chapter 4.24.2,

can show anisotropic properties, like thermal expansion [Whi72Whi72]. Also the mean square

displacement can contain anisotropic contributions, i.e. it can be different between

specific crystallographic directions. For Sb and the somewhat similar elements As

and Bi, the anisotropic contributions to the MSD have been investigated in terms of

contributions in the directions parallel and perpendicular to the c-axis [Sos75Sos75, Fis77Fis77].

Except for Bismuth, however, no significant anisotropy has been found. The data on

antimony, presented in chapter 4.24.2 can therefore be analyzed as described here.

Thermal phonon distributions, as defined in the last section, are characterized by

the BE-distribution of the phonon modes. Equation 3.53.5 connects the mean square

displacement to this distribution, and therefore to a temperature. The MSD in equation

3.73.7 is therefore often replaced by the temperature dependent Debye-Waller B-factor

B(T ) [Pen04Pen04]
4

3
π2⟨u2⟩ = B(T ) (3.8)

Even though equations (3.53.5) and 3.83.8 provide an analytical expression for the Debye-

Waller B-factor, it is typically more convenient to use an empirical expression for B(T ).
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Typically, a polynomial of degree 4 is used, and tabulated prefactors of standard ele-

ments and compounds can e.g. be found in [Pen04Pen04].

With the equations above, it is possible to calculate a lattice temperature from a

diffraction experiment if the intensities I0 are known. Alternatively, the lattice temper-

ature T can be calculated from the ratio of intensities Irel = I(T )/Iref of the intensities

I(T ) of the Bragg-peaks with respect to the intensities Iref at a reference temperature

Tref . By combining and rewriting equations (3.73.7) & (3.83.8), one obtains

−
ln(Irel,s)

s2
= B(T )−B(Tref). (3.9)

In general, this equation is not solvable analytically, but can be solved numerically

to obtain the temperature of the lattice from the relative intensities of the measured

diffraction peaks. The left side of equation 3.93.9 is used in the data-analysis throughout

this work, since it also allows to compare the evolution of different Bragg-peaks with

scattering vector s. The validity of this equation in a time-resolved experiment is not

necessarily given, as phonons can potentially be in non-thermal states. The validity of

the equation will be discussed in all chapters with respect to the respective investigated

materials.

3.3. Coherent phonons

Coherence is a property of waves; two parts of a wave are defined to be temporally

(spatially) coherent if they have a fixed phase-relationship in time (space). Equally,

phonons of a certain mode are said to be coherent, if they are excited with a defined

phase relationship, such that a macroscopic, collective oscillation of atoms can be ob-

served. Phonons of a certain mode, which are excited by a stimulus in a time-window

shorter than their oscillation period, exhibit this relationship and oscillate in phase.

This has already been observed in early femtosecond optical pump-probe measure-

ments performed in the 1980’s [De 85De 85, Ros86Ros86]. Later, such oscillations were not only

found in molecular systems, but also in the semimetals Bi and Sb [Che90Che90, Zei92Zei92]. To-

day, the detection of coherent lattice oscillations has even become a spectroscopic tool

for investigating changes in the lattice potential [Wal12Wal12, Sto14Sto14].

Two basic mechanisms of the excitation of coherent phonon modes have been identified

[Dek00Dek00]. Figure 3.13.1, which has been taken from [Ish10Ish10], illustrates the two mechanisms,

called ’impulsive’ (Raman) excitation and ’displacive’ excitation (DECP, displacive

excitation of coherent phonons). In both cases, a time-dependent force F (t) is exerted

on the atoms, starting a damped oscillation. The origin of the force in the impulsive
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Figure 3.1.: Excitation mechanisms for coherent phonons. a), c) & e) Impulsive excitation,
in which a photon is absorbed into a virtual state and emitted by creation of a
phonon (Raman-scattering). The lattice potential stays unchanged. b), d), f)
Displacive excitation of phonons. The laser pulse is absorbed into a real electronic
state, with a shifted equilibrium position of the atomic nuclei. Image taken from
[Ish10Ish10].

excitation is the Raman-excitation of phonons, as depicted in c). A photon is absorbed

by an electron, which is excited into a virtual state. It then re-emits a photon of

different frequency together with a phonon. The temporal shape of the excitation is

approximated by a Dirac δ function, due to the typically short pulse-duration compared

to the phonon oscillation period. The atoms oscillate in the ground state potential and

thus have a sine character, i.e. the amplitude is zero at t = 0, as seen in c). In the

displacive excitation mechanism, the laser is absorbed by the medium and electrons are

excited into a real state [Zei92Zei92]. This can shift the minimum of the potential energy

surface Q0 to a new value Q′
0. Atoms, which were at Q0 before photoexcitation, are

collectively accelerated towards Q′
0 and start an oscillation around this new minimum.

Since the oscillation starts in a displaced position it has a cosine character. In a

solid, where the excitation can not be described by a simple two-level system, the

redistribution of electrons in the excited states can lead to phase shifts compared to

the pure cosine character [Bot13Bot13]. Figures a) and b) show the mechanical analogs to

the two mechanisms: a pendulum is set to oscillation by a kick to the massive bob

(impulsive excitation) or by pulling the rod’s pivot point to a new position (displacive

excitation). It has been pointed out by some that both mechanisms can be described
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by the same Raman-formalism by taking the lifetimes of the states into account [Gar96Gar96,

Ste02Ste02, Rif07Rif07].

The most common technique to study coherent lattice vibrations is optical pump-

probe spectroscopy, which is introduced in chapter 2.22.2. The detection of oscillations in

measurements of the transient reflectivity is possible if the change of the susceptibility

χ with respect to the atomic displacement Q is non-zero [Dek00Dek00]

∆R =
∂R

∂n
∆n(t) ≈ ∂R

∂χ

∂χ

∂Q
Q(t), (3.10)

where Q is the atomic displacement coordinate and ∂χ/∂Q is the Raman tensor. A

quantitative analysis of optical experiments, retrieving the real-space motion of atoms,

is possible if the changes of the optical properties with the displacement coordinate

are known. This information, however, can by today only be retrieved from high-level

theory, like density functional theory calculations [Kat13Kat13] and is so far only available

for few systems.

Diffraction experiments are sensitive to atomic motion, in the sense that they mea-

sure an ensemble average of atomic displacements. Whereas isotropic and incoherent

phonons are well described by the mean-square displacement ⟨u2⟩ acting on the inten-

sity of Bragg-peaks, the coherent motion of atoms leads to atomic displacements in

the crystallographic direction of the phonon and thus has different effects on different

Bragg-peaks. Measuring the intensity of a Bragg peak of the respective direction, the

coherent motion can directly be visualized [ST03ST03, Joh08Joh08].

3.4. Phonon dynamics and time-resolution

In time-resolved experiments, the observable dynamics are limited by the pulse dura-

tions of pump- and probe pulses, but can be influenced by other factors as well (e.g.

by finite angles between pump and probe, see chapter 2.1.12.1.1). In an experiment with an

instrument response function of τexp, the measured dynamics are given by the dynam-

ics of the sample, convoluted with a Gaussian function of width τexp. This becomes

important for measurements where the dynamics proceed on the same timescale as the

instrument response function. The measurements on aluminium, presented in chap-

ter 4.14.1 show that previously reported measurements have presumably been limited in

time-resolution. In the course of this work, the time-resolution is included in the fits

and models, by convoluting in all fits and models with a Gaussian function.
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0 0.5 1 1.5 2 2.5 3

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

convolution width / oscillation period

re
la

ti
v
e

m
e
a
s
u
re

d
 a

m
p
lit

u
d
e

time / oscillation period

m
e
a
s
u
re

d
 a

m
p
lit

u
d
e

a) b)

original
oscillation

0.25·T

0.5·T

0.75·T

1.0·T

Figure 3.2.: a) Cosine oscillation of period T and amplitude of unity (purple curve), convo-
luted with a Gaussian function of width 0.25 · T , 0.5 · T , 0.75 · T and 1 · T b)
Simulated relative oscillation amplitude, which would me measured in an exper-
iment as a function of its convolution width.

In order to be able to observe coherent oscillations in any kind of time-resolved mea-

surements, the time-resolution of the experiment needs to be on the order of the oscilla-

tion or better, as otherwise the oscillations are smeared out by the experiment. This can

be challenging for some materials, e.g. in diamond, a coherent phonon mode of 40THz

(25 fs oscillation period) is observed [Ish06Ish06]. The reduction of the measured amplitude

of an oscillation in a time-resolved experiment is illustrated in figure Fig. 3.23.2. In a),

a sinusoidal oscillation of amplitude 1 and period T is shown. The measured signal of

this oscillation is simulated by convoluting the oscillation with a Gaussian function of

different relative width x · T . With increasing relative width of the Gaussian, i.e. with

larger time-resolution, the measured amplitude decreases. Once the FWHM approaches

the oscillation period, the measured signal almost vanishes. This is quantified in b),

where the measured amplitude is plotted against the relative convolution width. The

dotted line is an extrapolation to the pulsewidth of zero, for which the exact solution

is trivial. For smaller convolution widths the numerical error was getting bigger be-

cause of a limited amount of points in the Fourier-transform. The detection limit for a

coherent oscillation in a pump-probe experiment therefore does not only depend on its

signal-to-noise level, but also on its time-resolution. This relation becomes important

in the context of the measurements in chapter 4.24.2.
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4. Electron-lattice interactions in the

elements Al and Sb

The interaction between electrons and lattice vibrations is a key parameter to both

ground state, as well as out-of-equilibrium properties of solids [Gri81Gri81]. Since many

fundamental and technologically important processes are strongly influenced by it, e.g.

the emergence of classical superconductivity through the formation of Cooper-pairs,

the precise study of those interactions is a central topic in solid state physics. However,

even in comparably simple systems, the possible interactions are complex due to the

high dimensionality of the problem, rendering a universally valid description of electron-

phonon couplings virtually impossible.

In this chapter, electron-phonon interactions are investigated in the two elements

aluminium and antimony. These two materials illustrate two fundamentally different

settings, in which pump-probe experiments can be applied. In both cases, models

are presented, which describe the dynamics of the system and fundamental coupling

parameters are retrieved.

In aluminium, the effects of photoexcitation on the lattice potential for electronic tem-

peratures up to 6 eV have been shown to be small [Rec06Rec06]. The response of the material

to intense laser irradiation can therefore be described with electronic and phononic dis-

tributions interacting in an equilibrium potential. For excitation densities below these

electronic temperatures, a pump-probe measurement could thus be seen as an exper-

imental equivalent to perturbation theory, since only their distributions are changed,

whereas the environment is not. A combined theoretical and experimental study of the

microscopic pathways of the energy transfer from photoexcited electrons to the lattice

is presented, which allows to build a detailed picture of the redistribution of energy in

aluminium via electron-phonon interactions. The applicability of the two-temperature

model (TTM), which is a widely used model to describe the evolution of non-equilibrium

subsystems by assigning temperatures to each of them, is re-evaluated.

Photoexcitation of antimony has, in contrast, very pronounced and direct effects on

the potential energy surface, which is a consequence of a Peierls-like instability of the
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Chapter 4. Electron-lattice interactions in the elements Al and Sb

lattice. Therefore, non-equilibrium effects need to be considered already at very low

excitation densities. In particular, the lattice instability facilitates the excitation of co-

herent phonons, which collectively oscillate in the direction of the distortion [Ish10Ish10], in

which the changes to the potential predominantly occur. Here, the competition of inco-

herent and coherent electron-phonon coupling processes, as well as decay mechanisms

of coherent phonons, are studied with femtosecond electron diffraction.

The theory presented in section 4.1.14.1.1 has been written in collaboration with J. Vor-

berger, who also conducted the DFT calculations, the results of which are shown here.

Parts of this chapter have been published in [Wal16Wal16].

4.1. Electron-phonon coupling in

non-equilibrium states of aluminium

In the most basic case, in which the excitation of an electron does neither influence

the states of all other electrons nor the equilibrium positions of the nuclei, the action

of a laser pulse can be understood in terms of distribution functions of electrons and

phonons in the equilibrium potential. The evolution of those distributions, however,

can be arbitrarily complex and is extremely difficult to access experimentally. The

most common approach in the description of non-equilibrium dynamics is thus to as-

sume thermal Fermi-Dirac and Bose-Einstein distributions for electrons and phonons,

respectively, and to describe the non-equilibrium quantum statics by a Boltzmann equa-

tion. For metals, S. I. Anisimov et al. introduced an empirical two-temperature model,

utilizing this approximation and describing the energy transfer from excited electrons

to the lattice with a single time-constant and later an electron-phonon coupling pa-

rameter [Ani67Ani67, Ani74Ani74]. P. B. Allen refined this approach by developing a microscopic

theory in which he derived the electron-phonon coupling parameter from the Eliash-

berg function α2(ω)F (ω), which is a quantity first deduced from tunneling experiments

[Gri81Gri81]. It is defined as the product of the phonon density of states F (ω) and the

phonon frequency-dependent electron-phonon coupling α2(ω) [All87All87, Gri81Gri81]. While

Allen’s work provides a link between the Eliashberg theory of conventional metals at

low temperatures and the electron-lattice equilibration in laser-excited metals, the un-

derlying assumptions, in particular the one of thermal distributions of electrons and

phonons at all times and the independence of α2 on the electron temperature, are

questionable in the latter case of laser-generated non-equilibrium states.

In figure 4.14.1, DFT calculations (details are given in [Wal16Wal16]) of the Eliashberg function

and the phonon DOS of aluminium are shown. While in a thermal state the population
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4.1. Electron-phonon coupling in non-equilibrium states of aluminium

of low-frequency phonons is higher than of high-frequency phonons (see the lines of

Bose-statistics at three different temperatures), the frequency dependence of the cou-

pling strength of electrons to phonons is the opposite. This suggests that a sudden

injection of energy into the electrons, e.g. by photoexcitation with a short laser pulse,

transiently generates a non-thermal phonon distribution.
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Figure 4.1.: Normalized phonon density of states and Eliashberg function of aluminium, cal-
culated with DFT [Wal16Wal16]. The green lines represent the population probability,
given by Bose-Einstein statistics, in a thermal state at various temperatures. The
Eliashberg function shows an overproportionately strong contribution at higher
phonon energies, suggesting that a sudden electronic excitation might lead to a
transient non-thermal phonon distribution.

This section is organized as follows: the theoretical approach is described in sec-

tion 4.1.14.1.1. The experimental approach is introduced in section 4.1.24.1.2 and electron diffrac-

tion experiments are presented in 4.1.34.1.3. In section 4.1.44.1.4, a two-temperature model is

applied to fit the experimentally observed dynamics and to extract an electron-phonon

coupling constant. In section 4.1.54.1.5, a new model is introduced, including the possibil-

ity of non-thermal phonon distributions in the equations modeling the time-evolution

of the material. The predictions of this model are compared to the experimentally

observed atomic mean squared displacements (MSD). In sections 4.1.64.1.6 and 4.1.74.1.7 the

differences and implications of the non-thermal lattice model are discussed.
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Chapter 4. Electron-lattice interactions in the elements Al and Sb

4.1.1. Microscopic description of non-equilibrium energy

transfer between electrons and phonons

The temporal evolution of a system of electrons and phonons including electron-phonon

coupling can be studied theoretically by means of a set of Bloch-Peierls-Boltzmann

equations as proposed by Allen [All87All87]. This system of equations conserves the energy

that is transfered from electrons to phonons and vice versa. In the spirit of the two-

temperature model, the change in temperature is determined by the transfered energy

from the one to the other subsystem. The electron-phonon energy transfer rate is given

by a moment of the Bose distribution function nB(q, t) for the phonons [All87All87]

Zep(Te, Tl, t) =
∂Ep(t)

∂t
=
∑
q

~ω(q, Te, Tl, t)
∂nB(q, t)

∂t
. (4.1)

Note that the phonon energies ω and therefore the energy transfer rate depend on

the temperatures of the system. This moment can be obtained from the appropriate

Boltzmann equation and reads in terms of the electron-phonon matrix element M q
kk′

[All87All87]

Zep(Te, Tl, t) =
4π

~
∑
qk

~ωq(Te, Tl, t)|M q
kk′(t)|

2S(k, k′, t)

·δ
(
ε(k)− ε(k′) + ~ω(q, Te, Tl, t)

)
. (4.2)

The phonon and electron wave vectors are connected via k − k′ = q and the difference

in single electron energies ε(k) has to match the phonon energy ~ω(q). The thermal

factor S(k, k′) is given by

S(k, k′, t) =
[
f(k, t)− f(k′, t)

]
nB(q, t)− [1− f(k, t)] f(k′, t) (4.3)

and accounts for Pauli blocking in the scattering process of electrons via the occupations

described by the Fermi functions f(k, t). The standard approach in calculating this

expression is to introduce the Eliashberg function as a generalized electron-phonon

matrix element [All87All87]

α2F (ε, ε′, ω) =
2

~N2
c g(εF )

·
∑
kk′

|M q
kk′ |

2δ(ω − ω(q))δ(ε− ε(k)δ(ε′ − ε(k′)) . (4.4)
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4.1. Electron-phonon coupling in non-equilibrium states of aluminium

Here, g(εF ) denotes the value of the electronic density of states (DOS) at the Fermi edge.

Variations of the Eliashberg function are found on a meV scale, whereas the typical

structure of the electronic DOS varies on an eV scale. Thus, following X. Y. Wang et

al. [Wan94Wan94], the approximation

α2F (ε, ε′, ω) =
g(ε)g(ε′)

g2(εF )
α2F (εF , εF , ω)

=
g(ε)g(ε′)

g2(εF )
α2F (ω) . (4.5)

is introduced here. Based on the same argument of scale between the phonon energies

and the electronic energies, differences in the Fermi-distribution can be expressed as

fe(ε− ~ω)− fe(ε) = −~ω
∂fe(ε)

∂ε
, (4.6)

and the electronic density of states

g(εF + ~ω(q)) ∼ g(εF ). (4.7)

This results in [Lin08Lin08]

Zep(Te, Tl, t) = − 2πNc

g(εF )

·
∞∫
0

dω(~ω)2α2F (ω, Te, Tl, t)
[
ne
B(ω, Te)− np

B(ω, Tl)
]

·
∞∫

−∞

dε g2(ε)
∂fe(ε, Te)

∂ε
. (4.8)

The Bose functions contain the electron temperature in ne
B and the lattice temperature

in np
B. Input quantities are therefore the electron DOS g(ε) and the Eliashberg function

α2F (ω).

The heat capacities can be obtained from the various density of states. For the

electrons, one finds

Ce(Te, t) =

∞∫
−∞

∂f(ε, Te, t)

∂Te
g(ε)εdε . (4.9)
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Similarly, the lattice heat capacity is given by

Cl(Tl, t) =

∞∫
−∞

∂nB(ε, Tl, t)

∂Tl
h(ε)εdε , (4.10)

where h(ε) denotes the phonon DOS.

4.1.2. The electron-phonon coupling in the time domain

In the past, a range of experimental techniques have been employed to investigate the

electron-phonon coupling of metals quantitatively in equilibrium and non-equilibrium

situations. Among the first were measurements of the phonon lifetime by neutron

diffraction [Ste67Ste67], which, however, depend on electron-phonon and phonon-phonon

scattering rates. The Eliashberg functions of metals have been determined by electron

tunneling spectroscopy [McM65McM65], which have to be done in the superconducting state at

low temperatures. Angle-resolved photoelectron spectroscopy has been used to measure

the electron-phonon coupling near surfaces through the experimental determination of

the electron self-energy [Plu03Plu03].

Time-resolved measurements have also been applied to quantify the coupling between

electrons and phonons. The most common approach is time-domain thermoreflectance

measurements [EA87EA87, Sch87aSch87a, Bro90Bro90]. While these measurements are easy to imple-

ment, the relation between spectroscopic observables, e.g. the reflectivity, and physical

quantities of the non-equilibrium system is, in general, nontrivial. In particular, the

respective contributions of electronic excitation, increasing phonon population and ther-

mal expansion to the transient reflectivity are per se unknown and approximated by

linear dependencies. Time-resolved photoelectron spectroscopy provides a more direct

access to transient electron distributions which can be related to the electron-phonon

interaction [Sen13Sen13]. In the case of simple metals, however, its intrinsic surface sensi-

tivity makes a disentanglement of electron relaxation via the coupling to the phonon

system, and electron transport out of the probed sample volume virtually impossi-

ble [Bau98Bau98, Hop09Hop09]. Strong exciting laser fields create surface charges, which disturb

the measured signal and restrain these measurements to low excitation densities. Time-

resolved diffraction provides direct information on the vibrational excitation of the crys-

talline lattice via the Debye-Waller effect (see chapter 3.23.2). The quantitative investiga-

tion of electron-phonon coupling in simple metals requires a high temporal resolution,

not available in time-resolved electron diffraction until recently, and had not yet been

undertaken to date.
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4.1. Electron-phonon coupling in non-equilibrium states of aluminium

The connection between the diffraction experiments and the theory, presented in the

previous section, is given by the energy-transfer rates Zep. The standard approach in

describing the dynamics of the excited material is the two-temperature model, which

assumes phonons to follow Bose-Einstein and electrons to follow Fermi-Dirac statistics

at all times. In the following sections, the TTM is applied on the diffraction data and is

then expanded to investigate the implications of a non-thermal lattice on the temporal

evolution of electron and phonon distributions. The electronic subsystem is in both

cases assumed to be thermal at all times, since the non-equilibrium electron distribution,

induced by the laser pulses, relaxes on the timescale of 10 fs [Bau98Bau98, Mue13Mue13], which is

much shorter than the timescales of interest in this investigation. Additionally it is

assumed that a spatially inhomogeneous excitation in the surface’s normal direction

due to the absorption profile of the laser relaxes on on the sub-100 fs time scale via fast

electron transport [Bau98Bau98].

4.1.3. Electron diffraction measurements

All electron diffraction experiments of this chapter were done with the setup described

in chapter 22. Special care was taken in the alignment of the setup to achieve an optimal

time-resolution. The voltage was set to 98 kV at a cathode-anode distance of 8mm. The

output of the NOPA was attenuated to have an average of around 1000 electrons per

pulse. According to the simulations presented in 2.1.32.1.3, the time-resolution is expected

to be on the order of 100 fs.

The aluminium samples were bought from Plano GmbH. They are free-standing poly-

crystalline films of aluminium on standard TEM grids and have a nominal thickness

of 32 nm. A typical diffraction image of these aluminium samples is shown in the inlet

of figure 4.24.2 a), which was taken with an integration time of 5 seconds. By averaging

the diffraction images in angular direction, as described in appendix AA, radial aver-

ages (RAs) are obtained. For the later analysis, RAs of four to ten delay-scans were

recorded and averaged. A typical radial average of aluminium is shown in figure 4.24.2 a)

and the most prominent diffraction peaks are labeled. From the RAs, the peakheights

and the background of inelastically scattered electrons are determined for every pump-

probe delay by fitting pseudo-Voigt line profiles and an empirically chosen background

function (Lorentzian + fourth order polynomial). A few refinement steps are used to

increase the quality of the fit, as described in detail in appendix AA. In this study, the

energy of the pump pulses was varied to achieve absorbed energy densities in a range

of 125 J/cm3 to 840 J/cm3. For the highest intensities, the repetition rate of the laser
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was reduced to 500Hz with a chopper wheel to avoid temperature offsets prior to time

zero from consecutive pump pulses.

The evolution of the relative intensity of three selected Bragg-peaks, as well as changes

in the integrated background between scattering vector s = 0.2 and 1.95 Å−1, are

plotted as a function of pump-probe delay in figure 4.24.2 b). The absorbed energy density

in the measurement was 440 J/cm3.

The intensity of all peaks decreases after photoexcitation at t = 0 and reaches a new

steady-state within one picosecond. On the same timescale the intensity of diffusely

scattered electrons in the background increases. Both can be attributed to a transfer of

energy from excited electrons to the lattice. The energy transfer to the lattice leads to

a larger amplitude of the atoms movements, and therefore a higher time-averaged mean

square displacement ⟨u2⟩ from their equilibrium position. As discussed in chapter 33,

this motion decreases the intensity of the Bragg diffraction peaks.

0.4 0.6 0.8 1.0 1.2 1.4 1.6

1

2

3

4

5

Scattering Vector [1/Å]

In
te

n
si

ty
 [

a
.u

.]

11
1

2
0

0

2
2

0

3
11

4
0

0
3

3
1

Delay [ s]p

re
la

tiv
e

 I
n

te
n

si
ty

 [
r.

u
.]

− 50. 0 0.5 1 0. 1 5. 2 0. 2 5.

a)

0.8

0.9

1.0
111

220

400

BG

b)
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labeled. b) Temporal evolution of the relative intensity of three diffraction peaks
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4.1. Electron-phonon coupling in non-equilibrium states of aluminium

The measured relative intensities of the Bragg peaks Irel(t) can be represented in a

form that does not depend on the scattering vector and therefore allows for averaging

of all fitted peak heights (see also equations 3.93.9 & 3.83.8)

− 3

4π2

ln(Irel,s(t))

s2
= ⟨u2⟩(t)− ⟨u2⟩(t < t0). (4.11)

In the following, the (111), (220) and (311) reflections as well as the averaged (331)/(420)

and (531)/(442) reflections, the latter of which are too close together to be separated

during fitting, are taken into account. A fit of this averaged quantity with a mono-

exponential decay, convoluted with a Gaussian function of 150 fs FWHM, yields a time

constant of τ = 350 ± 45 fs for the dataset shown. The background rises with a time

constant of τ = 270 ± 20 fs. The solid lines in Fig. 4.24.2 b) are derived from the mono-

exponential fit to the averaged quantity by inversion of Eq. (4.114.11). The amplitude and

temporal evolution of each peak is reproduced well by the fit, indicating that the energy

transfer from electrons to phonons is isotropic.

Both time constants from the fit are significantly shorter than previously reported val-

ues, but larger than the convolution width of 150 fs, which accounts for the instrument

response function. Reported values for the lattice heating time constant of aluminium

are (550± 80 fs, [Nie06Nie06]) for the lattice temperature increase, (1.0± 0.1 ps, [Zhu13Zhu13]) for

the Bragg peak decay time and (0.7± 0.1 ps, [Zhu13Zhu13]) for the rise-time of the intensity

of inelastically scattered electrons. All experiments were done at comparable excita-

tion levels. A possible explanation is therefore the limited time-resolution of the cited

experiments, which was in all cases very close to the measured time constants.

4.1.4. Two-temperature model

In the TTM, the temporal evolutions of the electronic and phononic subsystems are

described by two coupled differential equations, which quantify the energy flow between

them. The electron-phonon coupling parameter Gep = Zep/(Te − Tl) and the heat-

capacities Ce and Cl connect the energy flow to the temperature difference (Te − Tl) of

electrons and lattice

Ce(Te)
∂Te

∂t
= Gep · (Te − Tl) + f(t− t0) , (4.12a)

Cl(Tl)
∂Tl

∂t
= Gep · (Te − Tl) . (4.12b)
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The function f(t) models the energy input from the laser system and is taken here as

a Gaussian function of 50 fs FWHM, close to the measured pump laser pulse duration.

Its temporal integral is the energy density uE , which is injected into the system.

For a comparison of the data to the predictions of the model, the measured Bragg-

peak intensities are converted into a mean-square displacement according to Eq. (4.114.11).

Tabulated data of the equilibrium Debye-Waller B-factor [Pen04Pen04] is then used to trans-

late this into a lattice temperature. The lattice temperatures reached at long delay

times are in good agreement with the expected temperature rise calculated from the

absorbed energy density and the static heat capacity of aluminium, showing that the

fit of the peak intensities converges reliably.

The differential equations (4.12a4.12a) of the TTM are solved numerically to obtain the

theoretical evolution of the electronic and the lattice temperatures. The electronic

and lattice heat capacities Ce and Cl are taken from the DFT calculations, which are

described in detail in [Wal16Wal16]. By leaving the absorbed energy density uE , the electron-

phonon coupling parameter Gep = Gep(uE) and the zero time of the experiment as a free

parameter, the difference of the experiment and the TTM are numerically minimized.

For a detailed description of the fitting procedure and its implementation, see appendix

BB. The data (circles) is plotted together with the best fits obtained (solid lines) in figure

4.34.3 a) for three datasets. In the entire range of employed excitation densities, the TTM

is able to excellently reproduce the data. The fitted coupling parameters are shown

in figure 4.34.3 b). However, using the electron-phonon coupling from the first principle

calculations (see section 4.1.14.1.1) as an input to the TTM, the model predicts a rise time

of the lattice temperature which is too quick in comparison to the data.

Z. Lin et al. introduced a temperature dependent electron-phonon coupling, which

they retrieved from DFT calculations [Lin08Lin08]. The increase in the fitted coupling

parameter with increasing excitation density of this work confirms that the effect of

electronic temperature on the coupling parameter can not be neglected, since a higher

excitation density is equivalent to a higher average of electronic temperature during the

relaxation dynamics. Therefore, a temperature-dependence of the coupling parameter

Gep = Gep(Te) is included in the fit of the two-temperature model. The electronic-

temperature dependence is restricted to being linear, Gep(Te) = g0+g1 ·Te, as for more

complicated dependences the fits do not converge. For a description of the implemen-

tation in the fits, see appendix BB. The result is shown in figure 4.34.3 c) as solid blue line

with the shaded area indicating the 1-σ error. The data is shown up to a temperature

of 4000K, which is the highest electronic temperature Te(t) transiently reached at the

highest excitation density. The dotted line is the result of Z. Lin et al. and the solid
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from DFT calculations by evaluating Eq. (4.84.8). The dashed light green line is the
result from [Lin08Lin08].
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green line corresponds to the coupling parameter, which is calculated by integrating

over the Eliashberg function (equation 4.84.8) shown in figure 4.14.1.

Whereas the experimentally determined Gep(Te) is in good agreement with the results

from [Lin08Lin08], a qualitative and quantitative disagreement with Gep(Te) from the first

principle DFT calculations shown here is found. First, the low-excitation limit of the

experimental Gep is approximately a factor of two smaller than the value obtained from

the ab initio calculations. Second, the Te-dependence of the theoretical Gep(Te) is much

less pronounced compared to the experimental results. The good agreement between

the experimental results and the theoretical results of [Lin08Lin08] are, however, presumably

artificial. In brief, the low Te onset of their theoretical curve is scaled with the value

obtained from thermoreflectance measurements employing a TTM analysis [Hos99Hos99].

The agreement in the low-Te onset of Gep therefore indicates consistency of the TTM

analysis presented here with the results of [Hos99Hos99] in the same framework, rather then

with the calculations. The shape of the curve of Z. Lin et al. might be dominated by

an artifact due to technical details of the DFT calculations [Wal16Wal16].

In summary, the analysis of the diffraction data and the first principle calculations in

the framework of a TTM lead to a quantitative disagreement of the resulting coupling

parameters Gep(Te). In the following section, a new approach in the interpretation of

the coupling is presented, which lifts the assumption of thermal phonon distributions.

4.1.5. Non-thermal lattice model

The comparison of Eliashberg function and phonon DOS, shown in Fig. 4.14.1, reveals

a strong coupling of electrons to phonons of high frequencies. This implies that the

laser-induced non-equilibrium between electrons and phonons transiently leads to non-

thermal phonon distributions. In other words, the phonon distribution is not resembled

by the product of a Bose-Einstein function and the phonon DOS for a certain time

during electron-phonon equilibration. For other materials exhibiting strong coupling

to specific phonon modes, this view is well established. Examples include graphite

[Sch11Sch11, Cha14Cha14] or antimony, which is studied in chapter 4.24.2.

With its unit cell containing one atom, aluminium exhibits three acoustic phonon

branches. Their contributions to the phonon DOS have been studied by static diffrac-

tion techniques and have been found to be well separated in frequency [Wal56Wal56, Ste67Ste67].

Similarly, the contribution of the three phonon branches to the Eliashberg function can

be identified. M. M. Dacorogna et al. calculated the phonon branch and q⃗-resolved

electron-phonon coupling in aluminium along high-symmetry directions and concluded

that there was no dominant contribution from a specific phonon branch [Dac85Dac85]. DFT
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calculations performed in the full Brillouin zone lead to a different picture. Figure

4.44.4 a) shows the individual contributions of the three phonon branches to the Eliash-

berg function. These are calculated from the partial Eliashberg functions, as described

in [Wal16Wal16]. A clear spectral separation of the three contributions is observed, in par-

ticular, the high frequency peak dominating α2F can completely be attributed to the

longitudinal acoustic (LA) phonon branch. The partial phonon DOSs and Eliashberg

functions are used to calculate the heat capacities Cp,i and, with Eq. (4.84.8), the cou-

pling parameters Gep,i of the three branches i =TA1,TA2,LA as a function of electronic

temperature Te. The values are compared to those of the entire phonon spectrum in

Figs. 4.44.4 b) & c). Whereas the partial heat capacities are very similar for all Tl relevant

in this work (i.e. above room temperature), the electron-phonon coupling differs by up

to a factor four between the TA2 and the LA branch.
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e-ph coupling
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Figure 4.5.: Depiction of the concept of the non-thermal lattice model: The phonon-system is
divided into subsystems (corresponding to the three acoustic phonon branches).
An electron-phonon coupling parameter is calculated for each phonon branch
and the energy-transfer is treated separately. In addition, the branches exchange
energy between them via phonon-phonon coupling.

With the partial coupling constants and heat capacities at hand, the TTM is now

expanded and a new model (’non-thermal lattice model’, NLM) is introduced, which

allows for non-equilibrium between individual phonon subsets. A schematic drawing

of the NLM is shown in Fig. 4.54.5. The phonon subsets are chosen to correspond to the

three phonon branches, and each branch is assumed to be thermal and thus defined by

a temperature Tp,i. To account for phonon-phonon scattering processes, leading to a

direct transfer of energy between branches i and j, a phonon-phonon coupling parameter

Gpp,ij is introduced. Due to a lack of experimental or theoretical determination and for

increased stability of the fits, it is assumed to be of same magnitude between all branches

Gpp,ij = Gpp. Its magnitude is determined by fitting the NLM to the experimental data.

The energy flow is determined by the partial electron-phonon Gep,i and phonon-phonon
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4.1. Electron-phonon coupling in non-equilibrium states of aluminium

coupling constants and the temperature differences (Te−Tp,i) and (Tp,i−Tp,j) between

the subsystems. The evolutions are given by a set of four coupled differential equations

Ce(Te)
∂Te

∂t
=

N∑
i=1

Gep,i(Te) · (Te − Tp,i) + f(t− t0), (4.13a)

Cp,i(Tp,i)
∂Tp,i

∂t
=Gep,i(Te) · (Te − Tp,i) +

∑
j ̸=i

Gpp,ij · (Tp,j − Tp,i). (4.13b)

The total energy transfer between electrons and lattice is in this model simply given

by the sum of all partial energy transfers.

In the framework of the NLM, a conversion of the measured mean square displacement

to a lattice temperature via the Debye-Waller B-factor is not meaningful. Instead, the

temperatures of each phonon branch calculated by the model can be transferred to

the total MSD of the atoms, which can then be compared to the measurements. The

contribution of each phonon branch is calculated from the respective temperatures by

applying equation 3.53.5 to the normalized partial phonon density of states hn,i(ω)

⟨u2i ⟩ =
3~
2M

∞∫
0

coth

(
~ω

2kBTp,i

)
hn,i (ω)

ω
dω. (4.14)

With the phonon branches being orthogonal, the total MSD is calculated from the

individual contributions by summing up their contributions

⟨u2⟩ =
3∑

i=1

⟨u2i ⟩. (4.15)

Figure 4.64.6 a) compares the MSD determined experimentally with the MSD obtained

with the optimized solution of the NLM, where Ce(Te), Cp,i(Tp,i) and Gep,i(Te) are

taken from the ab initio calculation and Gpp, uE and t0 are optimized iteratively.

The only free parameter affecting the dynamics of the MSD is Gpp. Note that for a

Gpp → ∞, the dynamics of a TTM are obtained. An excellent agreement between data

and NLM is found for all performed measurements using a phonon-phonon coupling

of 3.5 · 1017W/(Km3). Even though literature values for phonon-phonon couplings are

elusive for aluminium, it has been concluded from neutron-diffraction measurements

that electron-phonon and phonon-phonon coupling are of similar magnitude [Tan10Tan10],

which is consistent with the observation here.
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Figure 4.6.: a) Measured mean square displacement (MSD) as a function of delay (circles) and
calculated evolution predicted by the non-thermal lattice model with a phonon-
phonon coupling of 3.5 · 1017 W/(m3K) (dashed lines). All other material param-
eters were taken from DFT calculations. b) Evolution of the temperatures of
electrons (blue, inset) and the three phonon branches for the same parameters as
in a).

Figure 4.64.6 b) shows the temperatures Te(t) and Tp,i(t) of the optimized solution of the

NLM. The different evolution of the temperatures of the three branches is striking and

shows the transient non-thermal state of the phonons. As expected from the previous

discussion, Tp,LA rises faster than the temperature of the transverse branches. It over-

shoots to a maximum temperature before it decreases again and eventually equilibrates

with the two other branches.

4.1.6. Energy flow in the models

Whereas the TTM and the NLM can both be applied to describe the temporal evolution

of the measured MSD with similar quality, the two models differ significantly in their

physical implications. An important practical difference is the predicted dynamics of

the energy flow between electrons and phonons. Figure 4.74.7 shows the evolution of the

energy content in electrons and phonons, which is first injected into the system by the

laser pulse through excitation of the electrons at t = 0. The energy content in the

electron- and phonon systems is calculated from their temperatures calculated by the

two models and the respective heat capacities. In the NLM, the energies of the three

phonon branches are summed up to obtain the total gained energy in all lattice degrees

of freedom.
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differs by around 50%.

It can be seen that the energy transfer from electrons to the lattice proceeds signif-

icantly faster in the NLM. The dotted line indicates the energy level corresponding

to 95% of the energy, which is eventually transferred to the lattice. Between the two

models, the time at which this level is reached differs by 40-60% for a given excitation

density and ranges from as short as 300 fs in the NLM at low excitations to slightly

above 1 ps in the TTM at high excitation densities.

The few-100 fs timescale of energy transfer in aluminium shows that incoherent energy

transfer from electrons to the lattice can be extremely fast. This implies that also

photoinduced phase transitions occurring on a sub-picosecond timescale can be purely

caused by incoherent energy transfer.

4.1.7. Implications of the non-thermal lattice model

The experimental basis of this chapter is the time-resolved measurement of the atomic

mean-square displacement caused by all phonons of aluminium. A direct measure-

ment of non-thermal phonon distributions could be done by the time- and momentum-

resolved measurement of inelastically scattered x-rays [Tri10Tri10, Zhu15Zhu15] or electrons of a

single-crystalline thin film of aluminium. The refinement of the description of electron-
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phonon coupling including phonon-specificity is not only relevant for the evolution of

impulsively generated strongly non-equilibrium states [Siw03Siw03, Leg13Leg13]. Equally impor-

tant, in quasi-stationary non-equilibrium situations like the flow of electrical current

caused by an electrical potential difference, energy dissipation from the electrons to the

lattice is governed by the same coupling phenomena.

The concept of subdividing the lattice degrees of freedom into phononic subsystems

for describing the energy flow in a material, as introduced here for the case of alu-

minium, may be applied to a range of materials. In the case of metals, a pronounced

spectral dependence of α2(ω) suggests that this approach should be followed. A sub-

division into the phonon branches may even be a necessary approach to accurately

describe the dynamics of all materials, which show strong spectral or phonon-branch

dependences and in which the phonon-phonon coupling is not much larger than the

electron-phonon coupling. More complex materials may require partitioning into a

larger number of phononic subsystems, specifically if strongly coupled modes are in-

volved (see also chapter 4.24.2). Another refinement, which can be implemented in a

similar way, are non-thermal electron-distributions, which might need to be considered

for materials exhibiting weak electron-electron scattering [Mue13Mue13]. Ab initio calcula-

tions can provide guidance for identifying the appropriate subsystems, as demonstrated

here.
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4.2. Non-equilibrium phonon dynamics in antimony

4.2. Non-equilibrium phonon dynamics in

antimony

Whereas in a perfect metal electrons are quasi-free and almost perfectly delocalized,

most other materials exhibit more complex electronic states or bands. Accordingly,

the excitation of electrons in between bands is more likely to change the real-space

electronic distribution. This modifies the average Coulomb forces on the nuclei and

therefore the potential energy surface of the lattice. Such materials include group

IV semiconductors like Si, where photoexcitation drives transitions from bonding- to

antibonding states [Har08Har08], some metal oxides where the bonding orbital character

changes [Bot13Bot13], materials with ionic bonding [Sti12Sti12] or charge density wave (CDW)

systems [Eic10Eic10] as well as Peierls-distorted systems like Bi and Sb, in which electron-

lattice correlations play a big role. Photoexcitation of those materials with short laser

pulses does therefore not induce relaxation dynamics in an unperturbed potential energy

landscape, but rather modifies the landscape itself, adding to the complexity of the

description of non-equilibrium dynamics.

Changes of the potential energy surface can occur as changes of its slope [Ern09Ern09] or

the position of its minima [Zij06Zij06]. The latter modifies the equilibrium position of an

atom in the crystal structure and triggers an adjustment of the atom’s average position.

With atomic motion being fairly slow, photo-induced changes of the potential energy

surface by femtosecond laser pulses occur almost instantaneously on the timescale of

the oscillation period of the nuclei. In such a situation, the resulting motion towards

the new minimum of all atoms is initiated collectively. The resulting motion is a driven

oscillation of all atoms around their new potential energy minimum, as described in

detail in chapter 3.33.3. Such coherent vibrations have first been observed in the 1980’s,

when some groups found oscillations in optical pump-probe measurements on molecules

[De 85De 85, Ros86Ros86]. Shortly after, oscillations were also found in similar measurements on

the semimetals antimony and bismuth [Che90Che90, Zei92Zei92].

The appearance of fairly large coherent oscillations of the lattice in Sb can be related

to its, compared to other elements, rather unusual potential energy surface and crystal

structure. A sketch of the crystal structure is shown in figure 4.94.9. Antimony crystallizes

in an α-arsenic (A7) lattice, which can be seen as a distorted simple cubic structure.

Driven by a Peierls-like instability (for a general introduction see e.g. [Pat10Pat10]), a (fictive)

cubic unit cell is elongated along one of the body diagonals, i.e. the (111)- or z-direction.

In a second step, atoms on this line pair up [Nee86Nee86]. The energy cost that such a

lattice distortion demands, is overcompensated by the gain of energy in the electronic

system. Figure 4.94.9 b) shows a calculation of the potential energy surface of bismuth
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Figure 4.8.: Unit cell of antimony. The A7 structure is obtained by a Peierls-like distortion
of a simple cubic structure. The direction of A1g and Eg phonon modes are
depicted. Adapted from [Ish10Ish10]. b) Calculation of the potential energy surface
for the ground and electronically excited states of bismuth (qualitatively similar
for antimony, see text). Excitation changes the position of the minima along the
(111) direction, what leads to the displacive excitation of A1g phonons. Taken
from [Zij06Zij06].

[Zij06Zij06, Dia09Dia09], which demonstrates the effect of the Peierls-instability. Due to the largely

similar structural and phononic properties of antimony, the surface is assumed to be

qualitatively similar in antimony [Ish08Ish08]. The landscape exhibits two minima of the

potential energy surface, which are in equal distance to the position of an unperturbed

cubic unit cell at 0.25 · c, where c is the size of the unit cell in z-direction. The

two minima are initially equivalent, but the atoms along the z-direction are trapped

alternatingly in the left or the right one, leading to an alternation of long and short

bonds, i.e. a pairing of atoms. At elevated electronic temperatures, which is achieved

e.g. by photoexcitation (gray arrow), the minimum of the potential energy surface shifts

in the z-direction towards the more symmetric point of the cubic structure. A sudden

transition between the two states is accomplished e.g. by femtosecond laser pulses and

it constitutes a model case of the DECP-mechanism, described in chapter 3.33.3. Since

the direction of motion of the excited phonon mode does not change the symmetry of

the crystal structure, it is named A1g mode [Dre08Dre08]. Its direction is depicted as black

arrows in a) and b).
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The excitation and the decay of coherent phonons in antimony and bismuth has

been studied extensively by optical techniques in a wide range of excitation condi-

tions, i.e. at various temperatures, pump photon energies and excitation densities (e.g.

[Has98Has98, Ste02Ste02, Ish06Ish06, Ish08Ish08]). Whereas the DECP mechanism of the excitation of co-

herent phonons could be deduced from these measurements [Zei92Zei92, Zij06Zij06] and is widely

accepted, the decay of oscillations in the optical signals can have different origins. Two

processes contribute to the decay of the optical oscillations, namely dephasing of the

phonons and decay by phonon-phonon scattering [Has10Has10] or phonon-electron scatter-

ing, i.e. by energy transfer to other excitations. In experiments on bismuth, it was

concluded that dephasing would only play a minor role [Has98Has98, Bos08Bos08]. In another

work, however, a revival of phonon oscillations was found [Mis04Mis04], which shows that

dephasing does plays a role in the decay of the optical signal.

Other techniques have been applied to study properties of the coherent phonons in

more detail. Using time- and angle resolved photoemission spectroscopy (trARPES),

the dynamics of the electronic structure and the coupling of the coherent oscillations

to specific electronic states was investigated [Pap12Pap12, Fau13Fau13]. Diffraction measurements

have been applied to directly access the dynamics of the optical phonons near the melt-

ing threshold [ST03ST03, Fri07Fri07]. Since these measurements were done at grazing incidence

on bulk samples, they are influenced by carrier diffusion into the bulk [Joh08Joh08]. Above

the threshold for melting the material, non-thermal dynamics have been observed on

free-standing bismuth samples with time-resolved electron diffraction measurements

[Sci09Sci09].

Despite the large amount of diverse studies on the dynamics of the excitation of coher-

ent phonons, a full picture of the dynamics of antimony and bismuth after photoexcita-

tion remains elusive. Specifically, the coupling of electrons to other lattice vibrations,

and thus the relaxation dynamics of the potential energy surface, have not been mea-

sured directly, since suitable methods have so far not been available. In this section,

the coupling of excited electrons to the coherent phonon modes as well as to all other

phonons via incoherent electron-phonon scattering processes is studied. The simultane-

ous measurement of the two processes is enabled by electron diffraction measurements

on polycrystalline Sb samples, which allow to follow both processes in parallel.

4.2.1. Free-standing samples

Antimony can be grown in single crystals of several millimeter size and then be polished

in any crystallographic direction. However, the need for free-standing films in electron

diffraction experiments sets constraints on such macroscopic preparation techniques.
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Chapter 4. Electron-lattice interactions in the elements Al and Sb

Thin films of antimony can be obtained by vacuum deposition of a thin film of the

material on a dissolvable substrate. The choice of substrate strongly influences the

crystallographic orientation and the growth in crystalline domains (single crystalline

/ polycrystalline). On two of the most common substrates, NaCl and Mica, Sb has

been reported to grow in a polycrystalline manner with a mixture of (100) and (110)

orientations out of plane [Pat79Pat79].

The antimony samples used in the experiments of this chapter were prepared by

the group of V. Pruneri at the ICFO in Barcelona. The samples were grown on two

different surfaces. A layer of 30 nm of Sb and a 10 nm thick capping layer of Si3N4

were deposited on 1) a polished NaCl crystal and 2) on a 10 nm thick amorphous film

of Si3N4, which had previously been deposited on the same type of NaCl crystal. The

films were then transferred onto standard TEM grids by dissolving the NaCl in water

and picking up the films floating on the surface. Hereby, the samples with a double-

capping are expected to have a better stability, since the Si3N4 prevents contact to the

water and thus oxidation.
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Figure 4.9.: a) Diffraction image of a thin polycrystalline antimony film. Small variations
in the intensity in the angular direction show that the films have a preferential
orientation. b) Radial average calculated from the diffraction image. The peaks
used in the analysis are marked with dotted lines and labeled. At higher scattering
vectors, measured Bragg peaks consist of several reflections and are therefore
labeled with Greek letters for later referencing.

Figure 4.94.9 a) shows a diffraction pattern of antimony grown on amorphous Si3N4

and b) the radial average calculated from it. The very low intensity of the (110)-peak

indicates that the sample is oriented, with the (110)-direction being normal to the

surface. The radial averages show little variation in peak-intensity compared to the
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4.2. Non-equilibrium phonon dynamics in antimony

ones grown on crystalline NaCl crystals, meaning that their orientation is similar and

in the direction which is expected [Pat79Pat79]. The occurrence of other crystallographic

phases, as reported for vapor-deposited films [Akh79Akh79] is not observed.

Variations in relative peak-intensity are found by taking diffraction images at different

sample positions. This can be attributed to the macroscopic texture of the films.

Investigating the films in an optical microscope with reflected light illumination, the

films were found to be slightly crumpled, with ’hills’ and ’valleys’ of up to 10 µm height.

Parts of the samples surface are therefore not normal to the electron beam, resulting

in some reflections to gain and others to loose intensity.

With the microscopic orientation of the sample being similar, the double-capped sam-

ples with their better stability against oxidation are preferred over the single-sided

capped samples. To ensure comparability of different experiments, all optical and

diffraction measurements of this chapter were thus performed with the free-standing

double-capped samples.

4.2.2. Optical detection of the coherent A1g phonon

mode

The dynamics of coherent phonons in antimony and bismuth have been studied with

optical techniques for more than 20 years (see e.g. [Che90Che90, Zei92Zei92, Has98Has98, Kat13Kat13, Ish10Ish10]).

The optical measurements performed here were done on the free-standing samples

as a means of characterizing the samples via a comparison of the extracted phonon-

frequencies to literature values.

Optical pump-probe measurements were done with the output of a Ti:Sa oscillator

(Femtopower Femtosource) running at a repetition rate of 75MHz. Its pulse duration

was measured to be around 25 fs FWHM, with a spectral width of 90 nm. The fluence

for exciting the phonons was fixed, and calculated to be around 0.1mJ/cm2. The

transient reflectivity was measured at room temperature and the reflected intensities of

the probe pulses are detected with a photo-diode, connected to a Lock-in amplifier.

Figure 4.104.10 a) shows a measured trace of the transient reflectivity. At the overlap of

pump and probe pulses at t = 0, a large signal is measured, which is ascribed to be

the result of electronic coherence [Pal84Pal84]. The oscillations induced by the pump pulse

for times t > 0 are clearly visible for several oscillation periods until their amplitude

has decreased to the noise-level after several picoseconds. The dotted line is obtained

by applying a moving average of the curve with a window size close to one oscillation
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Figure 4.10.: a) Transient reflectivity trace of a thin film of Sb, excited with 30 fs, 800 nm
laser pulses. The blue dotted line is the smoothed signal, which was subtracted
to obtain: b) Data with long-term trend subtracted. The dotted line is a fit of
a damped cosinusoidal oscillation. c) Fourier transform of b), showing a single
frequency at 4.5THz, in agreement with literature values.

period of the phonon. It thus only contains the long-term dynamics of the transient

reflectivity.

Figure 4.104.10 b) shows the measured signal in a window from roughly 0 to 5 ps, from

which the long-term dynamics have been subtracted. It thus predominantly contains the

signal of the coherent phonon. In c), the Fourier-transform of the remaining oscillation

is plotted. It shows a single frequency at 4.5THz, which is in excellent agreement with

previously reported frequencies of the A1g mode of Sb at 300K [Zei92Zei92, Ish08Ish08].

As seen in 4.104.10 b), the amplitude of the oscillation decays in the window of the mea-

surement. A fit to the data with a cosinusoidal oscillation, multiplied by an exponential

decay

I(t) = I0 · cos(f/(2π) · t+Φ) · exp−t/τ , (4.16)
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4.2. Non-equilibrium phonon dynamics in antimony

where f is the frequency of 4.5THz and Φ is a phase, results in a very good fit. The time-

constant of the exponential damping is found to be τ of 1.95 ps, which is in the range of

reported values [Zei92Zei92]. The timeconstant of the optically measured decay depends on

the decay of the A1g into different phonon modes via phonon-phonon coupling and via

electron-phonon coupling, as well as on dephasing of the coherently excited phonons,

the three of which are indistinguishable in the optical experiment.

4.2.3. Electron diffraction measurements

The diffraction experiments presented in this section were performed with the setup

described in chapter 2.12.1. In addition to the general considerations about the alignment

of the setup described there, several specific features of the Sb samples have to be

considered. The intensity of the (111) peak, which is expected to most dominantly

show the signatures of the coherent phonons, is very weak, since it is a super-lattice

peak connected to the Peierls-distortion. With the (110) peak being very close in the

diffraction image, a good spatial resolution is needed to be able to separate the two

peaks. The best temporal resolution of the setup is achieved with the sample as close to

the anode as possible, but the spatial resolution increases with distance from the anode.

The position of the sample is therefore a compromise between temporal and spatial

resolution. In the experiments here, an intermediate position with a distance of around

10mm from the anode was chosen. At the time of the experiments, the voltage set to

the photocathode could not exceed 90 kV due to instabilities of the photocathode and

the electrical high-voltage feedthrough, which slightly lowers the accelerating electric

field and with it the expected temporal resolution.

Diffraction images were taken with an integration time of 5 s. Radial averages are

calculated from the images as described in appendix AA and radial averages, taken with

the same pump-probe delay, are then averaged (12 per delay point). A typical radial

average is shown in figure 4.94.9. They are analyzed by fitting the background and the

intensity of several diffraction peaks. The background function was empirically found

to be well described with a 1/s2 dependence, where s is the scattering vector, and the

peak shapes are fit with pseudo-Voigt line-profiles. For details on the fitting procedure

see appendix AA.

The evolution with pump-probe delay of the intensities of a set of Bragg-peaks for

an incident fluence of 4.4 mJ/cm2 is shown in figure 4.114.11 a). It can be seen that the

temporal evolution of different Bragg-peaks are qualitatively different. Whereas the

intensity of the (111)-peak drops almost instantaneously, the amplitudes of all other

peaks decrease more slowly. The intensity of the (111) peak is only plotted for pump-
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Figure 4.11.: a) Evolution of the intensity of several Bragg-peaks showing two distinct be-
haviors. The solid and dotted lines are derived from a global fit to all peaks
excluding the (111) reflection. The dynamics of the (111) peak are clearly dis-
tinct from those of all other peaks. b) Zoom into the dynamics of the (111)
peak. The drop in intensity is time-resolution limited. From the fit, an upper
limit of the time-resolution of the experiment is deduced.

probe delays smaller than 2 ps, since the fit does not converge reliably for larger delays.

This is caused by the limited coherence length of the electron pulses, which makes

the (111) and (110) peaks overlap in the diffraction images. At short time delays, the

background intensity and the intensity of the zero order and the (110) peak do not

change significantly, such that the evolution of the (111) peak can still be retrieved.

At larger delays, however, small shifts in the peak positions can not be distinguished

from changes in the relative intensities of (111) and (110) peak. Further investigations

with a higher spatial coherence or with differently oriented samples could resolve this

issue.

The different evolution of the Bragg-peaks reflects the different mechanisms of energy-

transfer from photoexcited electrons to the phonons. The excitation of phonons of the

A1g mode, which vibrate in the z-direction, is predominately observed in the respective

(111) Bragg-peak. The decrease of the intensity of all other peaks is dominated by

energy-transfer via incoherent electron-phonon scattering, on which the A1g mode does

not have a significant influence.

The incoherent energy-transfer is evaluated by analyzing the Bragg-peaks, excluding

the (111) reflection. Similarly to the analysis of the aluminium data in section 4.1.34.1.3,

the peaks are averaged in the form given by equation 3.93.9. A fit to this quantity with
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4.2. Non-equilibrium phonon dynamics in antimony

a mono-exponential function yields a time-constant of (2.0± 0.1) ps. The solid lines in

figure 4.114.11 a) are derived from this global fit. The good agreement of the data of all

peaks with the fit shows that the incoherent energy-transfer is approximately isotropic

and presumably couples to a broad range of lattice vibrations. Using tabulated Debye-

Waller factors [Pen04Pen04], a temperature increase of (290 ± 9)K at long delay-times can

be extracted from the data. Using values of the fluence, absorption of the multilayer

sample and the static heat capacity of Sb, a heating of 380K would be expected. The

difference between the two values can be caused by various effects, e.g. by imperfect

spatial overlap of the pump laser spot with the probe-pulses, decreasing the effective

fluence on the sample. Heat transfer to the Si3N4 films is observed on longer delay

times and is therefore excluded from causing the difference.

electrons phonons
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Figure 4.12.: Depiction of the model of the dynamics in antimony: The A1g mode is separated
from the description of all other phonon modes. It is included in a real-space
equation of motion, the energy of which can be calculated classically. The
lattice heating is described in a TTM, with a single electron-phonon coupling
constant. The A1g mode couples to the other lattice vibrations via phonon-
phonon scattering and via the electronic subsystem.

The (111) peak is clearly not described by the incoherent and isotropic energy transfer.

This is illustrated by the dotted line in figure 4.114.11 a), which is derived from the global

fit to all other lattice peaks and shows its expected behavior in case there were no A1g

phonons excited. The measured amplitude is several times larger and the timescale on

which it drops is significantly shorter. A zoom into the dynamics of the (111) peak

within the first picosecond after photoexcitation is shown in figure 4.114.11 b). The shift

of the minimum of the potential energy surface, which launches the A1g mode, goes

in hand with the electronic excitation, and therefore proceeds on the timescale of the

exciting laser pulse. With a pump pulse duration of around 40 fs and a quarter of

an oscillation period being 60 fs, the intensity of the peak is expected to drop within

around 60 fs and then oscillate. The measured intensity of the peak decreases only
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Chapter 4. Electron-lattice interactions in the elements Al and Sb

within few hundreds of femtoseconds, showing that the measured dynamics are limited

by the time-resolution of the experiment. A fit of the peak with an error function

yields a FWHM of the latter of (290 ± 30) fs, which constitutes an upper limit of the

time-resolution of the measurement. Since electron-pulses are expected to have 100 fs

duration at optimal conditions, the large time-constant might be caused by drifts in the

laser-pointing, changing the temporal overlap over consecutive (but averaged) scans, a

rotation of the sample of a few degrees (see chapter 2.1.12.1.1), broadened electron pulses

due to the lowered voltage and an inhomogeneous excitation profile in the depth of the

sample. It also explains the absence of oscillations in the (111) peak, as observed e.g.

in x-ray diffraction experiments on bismuth [Fri07Fri07, Joh08Joh08], as they are smeared out in

the measurement (see chapter 3.43.4).

4.2.4. Model of the dynamics

To describe the entire dynamics of electron- and phonon-distributions of photoexcited

antimony, the classical two-temperature model is not suited, because the phonon dis-

tribution is in a clear non-thermal state, with the A1g phonon mode being highly popu-

lated. Y. Giret et al. therefore suggested an expanded model which includes a classical

real-space equation of motion for the A1g mode in the coupled differential equations

of the TTM [Gir11Gir11]. In this model, the equation of a driven and damped harmonic

oscillator needs to be solved, and the resulting energy balance is afterwards included

in the electronic and phononic subsystems. To calculate the intensity of a peak as a

function of time, however, the contributions of the A1g and the other phonons need to

be separated again, retrieving back the TTM and the equation of motion of the har-

monic oscillator. Here, the two problems will be treated completely separately, which

is justified by comparing the energies in the different modes. Taking values of the fre-

quency and the real-space amplitudes of the atom’s motion and comparing it to the

absorbed fluence as reported by H. Katsuki et al. [Kat13Kat13] (for bismuth), the energy in

the A1g mode is estimated to be 10−6 of the entire absorbed energy. A schematically

representation of the model is shown in figure 4.124.12. The TTM is used as a first ap-

proximation to describe the dynamics of the incoherent energy-transfer, manifested in

the evolution of all but the (111) Bragg-peaks. Solving the differential equation of a

harmonic oscillator leads to the equation of motion of the A1g phonon mode, which is

treated as an independent mode from all other phonons. The decay of the A1g mode

proceeds via the coupling to electrons and via phonon-phonon coupling.
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4.2. Non-equilibrium phonon dynamics in antimony
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Figure 4.13.: Lattice temperature, calculated from the evolution of all but the (111) peak
(diamonds) and fit of a two-temperature model (dotted line). The fit yields an
electron-phonon coupling constant of Gep = 1.6 · 1016 W/(m3K).

The real-space equation of motion of the A1g mode is derived from the differential

equation of a driven and damped harmonic oscillator. To solve those equations, the

force on the atoms, given by

F (u(t)) = −v

c

∂Ue

∂u

∣∣∣∣
S

, (4.17)

needs to be known. Here, u is the phonon coordinate and ∂Ue/∂u|S is the derivative of

the electronic energy at constant entropy. This quantity could be calculated by DFT

calculations [Gir11Gir11], but no value has so far been reported for antimony. The damping

constant could potentially be retrieved from the electron diffraction measurements by

the time constant with which the (111) Bragg-peak relaxes towards the value of a

thermal state. Therefore, differently oriented samples or an increased coherence of the

electron beam would be needed as described before.

Transient lattice temperatures were calculated from the evolution of the intensities

of all but the (111) Bragg-peaks using tabulated Debye-Waller factors [Pen04Pen04]. A

TTM was then fitted to the data as described in chapter 4.1.44.1.4 using an electron heat

capacity factor of γ = 0.119mJ/(molK2) [Ste83Ste83], where Ce = γ · Te, and a lattice heat

capacity of 207 J/(kgK). The resulting fit is shown together with the data in figure

4.134.13. The value for the electron-phonon coupling factor resulting in the best fit was

Gep = 1.6 · 1016W/(m3K) for the dataset shown. This value is more than one order

69



Chapter 4. Electron-lattice interactions in the elements Al and Sb

of magnitude smaller than the one of aluminium (see section 4.1.44.1.4), but is of similar

magnitude as reported for bismuth [Gir11Gir11]. There, the reason for the much smaller

electron-phonon coupling of bismuth in comparison to metals was attributed to the

low density of states around the Fermi-level in bismuth, which presumably holds for

antimony as well.

The model presented here assumes that the phonons (except theA1g mode) are in equi-

librium at all times. If the phonon-phonon coupling is much bigger than the electron-

phonon coupling, this is a reasonable assumption, since an equilibrium of phonons can

be established via phonon-phonon interactions, even if the coupling strength varies for

different phonon branches. However, no literature values of the phonon-phonon cou-

pling are available, but could be inferred from the measurements if the electron-phonon

coupling strength would be calculated by DFT calculations, as shown in chapter 4.1.14.1.1.

Increasing the spatial resolution in time-resolved electron diffraction experiments will

allow to retrieve a reliable fit of the (111) peak over a larger range of delays and to infer

the decay time of the A1g phonon and therefore its coupling to all other phonons.
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5. Crystalline to amorphous phase

transition of Ge2Sb2Te5

Phase change materials (PCMs) combine a unique set of properties which make them

interesting to a wide variety of applications. Their functionality is based on the fact

that, at room temperature, they exhibit long-lived metastable crystalline and amor-

phous phases with vastly different optical and electrical properties. Light or current

pulses can be used to switch the material from one into the other state over a high

number of cycles. The states of different resistivity and the ability to repeatedly switch

the states of PCMs has been discovered in the early 1960’s [Rao09Rao09, Ovs68Ovs68]. Soon later,

first patents were filed [Dew66Dew66] and PCMs were used as electronic data storage devices

in the rare computers of that time. Today, they are still used in electronic data stor-

age media, such as non-volatile flash memories [Lan05Lan05], but also in optical re-writable

data storage, such as compact disks (CD), digital versatile disks (DVD) and Blu-ray

disks. Their potential applications range from universal memories [Wut05Wut05] to flexi-

ble opto-electronic displays [Hos14Hos14], reconfigurable optical circuits [Rud13Rud13, Rio14Rio14] and

logic devices [Lok14Lok14]. An introduction into history, properties and applications of phase

change materials can be found in [Rao09Rao09].

The properties of phase change materials are found in many alloys of the ternary

phase diagram of Ge, Sb and Te [Lan05Lan05, Len08Len08], with a large number of PCMs lying on

the GeTe - Sb2Te3 pseudobinary line. The compound Ge2Sb2Te5 (GST) is a prominent

compound of this line and is often considered to be a prototypical PCM. It has shown

the fastest crystallization [Lok12Lok12] and amorphization rates [Lok14Lok14] measured to date

and is therefore especially interesting for high-speed data storage applications.

The conventional pathway for amorphization is to heat the crystalline state above the

melting point (Tm = 615 ◦C [Kol09Kol09]) and then rapidly quench the system to freeze in

the disorder [Koh06Koh06]. However, in order to explain the speed of the amorphization in

GST, alternative mechanisms have been proposed. Static measurements of the local

atomic environment in the amorphous and crystalline phases have shown that the Ge

ion’s coordination changes from an octahedral surrounding in the crystalline phase to
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Chapter 5. Crystalline to amorphous phase transition of Ge2Sb2Te5

a tetrahedral surrounding in the amorphous phase [Kol04Kol04]. This led to the proposal

that, by optical excitation of a subset of bonds, the Ge ion’s coordination would change

through an ’umbrella flip’ or ’ion-slingshot’ transition, which would modify the lat-

tice structure and optical properties on a 100 fs timescale [Kol04Kol04]. Similar conclusions

have been drawn from time-resolved optical measurements on GeSb, where an ultrafast

change in reflectivity [ST98ST98], or the dielectric function [Cal01Cal01], were interpreted as an

ultrafast phase transition to an amorphous or liquid state, respectively.

Amorphous GST is a semiconducting material with a bandgap of 0.6 - 0.9 eV and

the crystalline (fcc) phase is a degenerate semi-conductor, therefore showing metallic

properties like an enhanced DC conductivity [Rao09Rao09]. The optical contrast between the

states for frequencies above the amorphous state bandgap has been explained in terms

of resonant bonds in the crystalline state [Shp08Shp08, Hua10Hua10]. The concept of resonance

bonds has been adapted from chemistry to solids by G. Lucovsky and R. M. White,

who described a resonant bond as a many-body wave function, made from a linear

combination of valence-bonds between atoms [Luc73Luc73]. In crystalline GST, half-filled

p-type orbitals are aligned over next-nearest neighbor distances, such that bonds form,

which can be modeled as resonant bonds, where the linear combination is done between

the formation of a bond to one side of one atom and a bond to the other side. These

extended bonds are rather delocalized and give rise to a large dipole matrix-element

enhancement of the optical properties which is manifested in the large value of the real

part of the dielectric function in the low energy (< 2 eV) region. The enhancement is

lost when disorder between the next-nearest neighbors is introduced. This is the case

for amorphous GST, despite the fact that the local bonding on the nearest-neighbor

level remains relatively unchanged [Hua10Hua10, Car10Car10].

The sensitivity of resonant bonds to bond alignment has also generated ideas for

other non-thermal transformation pathways. Simulations have shown that distortions

to a subset of bonds in the crystalline state of phase change materials can trigger a

collapse to the amorphous state [Kol11Kol11]. As thermal heating affects all bonds, selective

excitation of specific bonds could be a more efficient route to generate the amorphous

phase, and it has been suggested that this may occur during the photo-driven phase

transformation.

In this chapter, measurements of the evolution of optical and structural properties of

GST are presented. Femtosecond optical spectroscopy is used to track changes in the

dielectric function after photoexcitation. Whereas conventional Lock-in detection is

used at reversible excitation conditions, a single-shot method using frequency encoding

(see 2.2.32.2.3) is applied for fluences above the threshold for permanent amorphization, up

to fluences leading to ablation. The response of the lattice is probed with femtosecond
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electron diffraction below and above the threshold for phase change. The combination

of the two methods allows for an unambiguous discrimination of electronically and

structurally induced optical signals as well as for the investigation of the pathway of

the photoinduced phase transition.

The optical measurements presented in this chapter were done in collaboration with

S. Wall and T. Miller at the ICFO in Barcelona. The preparation and optical character-

ization of the samples has been done by T. Miller, M. Rudé, J. Osmond and V. Pruneri

at the ICFO. Parts of this chapter have been published in [Wal15bWal15b].

5.1. Sample preparation and characterization

The Ge2Sb2Te5 samples used in the experiments of this chapter have been prepared by

RF co-sputtering from two stoichiometric targets of GeTe and Sb2Te3. The films were

deposited on two different types of substrates. For the optical measurements, 30 nm of

GST were deposited on 1mm thick fused silica substrates (Corning Inc.) and protected

with a 10 nm thick layer of Si3N4. Since thin, free-standing samples are required in

the diffraction measurements (see chapter 2.12.1), for those experiments, the fused silica

substrate was replaced by a second Si3N4 membrane of 10 nm thickness. The latter

samples were first deposited on a polished NaCl crystal, which was later removed by

floating the thin films on water to dissolve the NaCl. The films were then transferred

onto large area silicon grids, which are described in 2.12.1.

The as-deposited samples of GST were heated to different temperatures and their state

was characterized by optical and Raman measurements, or by optical measurements

and static diffraction images, respectively. Homogeneous crystallization of the GST

films was achieved by heating the samples to 200 ◦C for 1 h or more. Figure 5.15.1 shows

the dielectric function of three different thermally prepared states of the GST samples,

which were measured by ellipsometry. The values for the dielectric function reported

here differ from those by Shportko et al. [Shp08Shp08] by a shift of the features of around

1 eV, but match the values reported in [Rao09Rao09, Par09Par09] closely. The energy dependence

of the dielectric function, however, shows the same trend in all cited works, with shifts

occurring on the energy axis. The variation in the measured values reported here

and the literature values may be caused by small variations in composition and by the

preparation conditions, such as partial gas pressures or temperature gradients, in which

the samples are grown (see e.g. [Kim98Kim98, Ols06Ols06, Rao09Rao09]). Additionally, the substrate

and capping layer can induce strain, resulting in slightly different values to samples on

different substrates.
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Figure 5.1.: Properties of amorphous and crystalline GST. a) Measured real and imaginary
parts of the dielectric function of amorphous and crystalline GST. b) Raman
spectra of as deposited, annealed amorphous and crystallized GST (solid lines),
together with spectra recorded after single fs-pulsed laser excitation of the crys-
talline state (dashed lines). c) Permanent change in optical transmission after
exposure of crystalline GST to single femtosecond laser pulses. A threshold of
14mJ/cm2 is observed. Ablation occurs for fluences above 32mJ/cm2. Each
point is recorded on a fresh part of the crystalline sample. d) Radial averages
of amorphous (blue) and crystalline (green) samples of GST (raw images in the
inlet). Some Bragg reflections of the crystalline phase are indexed.

Figure 5.15.1 b) shows Raman spectra of the different states of GST, which are in excel-

lent agreement with reported spectra [Něm09Něm09, Hsi13Hsi13, And07And07]. The spectrum obtained

after exciting an initially crystalline sample with a fluence just above the phase trans-

formation threshold matches those of annealed (75 ◦C) amorphous samples, whereas

regions excited with a higher fluence show features of the as-deposited phase spectra.
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5.2. Optical and structural dynamics in the reversible regime

This indicates that the local bonding strongly depends on the temperature reached

after excitation, even though long-range order is lost in both cases.

The permanent change in the optical transmission of a crystalline film induced by

single sub-40 fs laser pulses with 1.5 eV photon energy is shown in figure 5.15.1 c). Above

a threshold fluence, the sample switches to the amorphous state, demonstrated by

the strong and permanent change in optical properties. Amorphization occurs at an

incident threshold fluence of approximately Fth = 14mJ/cm2 which, in the linear ab-

sorption regime, corresponds to approximately 1 absorbed photon per unit cell of the

cubic phase. Ablation was observed for fluences exceeding 32mJ/cm2, but cracks in

the film can already for fluences slightly below this threshold.

In figure 5.15.1 d), static diffraction images and radial averages of as-deposited and an-

nealed free-standing films of GST are shown. The amorphous state has been described

as consisting of disordered atomic ring-like structures [Hua10Hua10, Lan07Lan07], which leads to

broad features in the diffraction image (inlet, blue frame). Heating of the samples prior

to the transfer of the grid to the vacuum chamber, as well as heating by consecutive

laser-pulses, leads to crystallization and the establishment of long-range order. This

can be seen by the appearance of sharp diffraction rings in the diffraction images (inlet,

green frame). Radial averages were calculated from the diffraction images as described

in appendix AA. Several Bragg-peaks used for the analysis are labeled in the figure.

5.2. Optical and structural dynamics in the

reversible regime

The dynamics of the crystalline phase for excitation fluences below the threshold for

permanent amorphization Fth were studied by femtosecond optical spectroscopy and

femtosecond electron diffraction, both of which are described in detail in chapter 22. The

optical measurements were performed with a different Ti:Sa amplified laser system as

the one used in the diffraction experiments, but with a similar temporal and spectral

pulse profile. In both measurements, the repetition rates of the lasers were reduced for

the higher fluences to avoid accumulate heating of the samples. The lowest repetition

rate was 40Hz in the optical, and 80Hz in the diffraction measurements. The optical

measurements presented in this section were performed by T. Miller and S. Wall at the

ICFO Barcelona.
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5.2.1. Dynamics of the dielectric function

In order to be able to qualitatively interpret all-optical measurements, it is necessary

to transfer the typically measured reflectivity or transmissivity, as they also depend on

the measurement geometry, into a material-specific quantity, e.g. the dielectric function

(see chapter 2.22.2). Here, the dynamics of the dielectric function were obtained by si-

multaneously measuring the transient reflectivity and the transmission with a Lock-In

amplifier. The two quantities together were then converted to ϵ1 and ϵ2, as described

in chapter 2.2.22.2.2. The raw data of ∆T/T and ∆R/R is shown in figure 5.25.2 a) - d).

Whereas the interpretation of the data in the form of the dielectric function is given

in the next paragraph, the signatures of coherent phonons can already be seen in the

raw data of the transient transmission in a). The Fourier-transform of the oscillation

matches the Raman spectrum of the crystalline phase (see figure 5.35.3 and description in

the next paragraph). In b) and d), which show the dynamics on a longer time-scale,
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5.2. Optical and structural dynamics in the reversible regime

a second oscillation is visible with a period T of slightly more than 20 ps. With the

speed of sound being vs =3.2 nm/ps [Lye06Lye06] and the film thickness d = 30nm, this

oscillation corresponds to the breathing motion of the film with a period of T = 2d/vs.

The position of the maxima of the oscillations are displayed by the dashed lines in a)

and b). The position of the maxima does not shift, indicating that the frequencies do

not shift with excitation fluence.

Figure 5.35.3 a) and b) show the evolution of the dielectric function of GST after pho-

toexcitation for different excitation fluences, calculated from the transient reflectivity

and transmission (shown in figure 5.25.2) by inversion of the transfer matrix formalism

presented in chapter 2.2.12.2.1. It can be seen that photoexcitation induces in both, real

and imaginary parts of the dielectric function, an instantaneous decrease within the

temporal resolution of the experiment. For increasing excitation fluence, this ampli-

tude is observed to increase linearly with fluence. The initial fast drop is followed by

a recovery of real and imaginary part, which can be well fitted with an exponential

function. The fit of a step-like drop and an exponential recovery, convoluted with a

Gaussian function, is shown in figure 5.35.3 c). The remaining oscillation, which is only

observed in ϵ2, whereas no sign of it can be seen in ϵ1, is caused by coherent phonons,

the frequency spectrum of which corresponds well to the Raman-spectrum, shown in

d). The time-constant is found to increase with increasing fluence. However, for each

investigated fluence it is the same for ϵ1 and ϵ2.

Optical excitation at 800 nm excites electrons within the GST film. The enhanced free-

carrier density increases the plasma frequency, which usually decreases ϵ1 and increases

ϵ2 by small amounts when probing at 800 nm [Hua98Hua98]. However, the optical response

of the crystalline phase shows a large decrease in both ϵ1 and ϵ2, which can thus not

be attributed to the increase in free carriers alone. Instead, the effect is attributed

to a photo-bleaching of resonantly bonded states, as the primary effect resulting from

the loss of resonant bonding is a large decrease in both parts of the dielectric function

[Shp08Shp08]. As the Raman-active optical phonon modes are only observed in ϵ2 and not in

ϵ1, it can be concluded that they do not significantly influence the resonantly bonded

states.

5.2.2. Dynamics of the lattice

The dynamics of the crystalline lattice were investigated by recording diffraction im-

ages at different pump-probe delays with the setup described in chapter 2.12.1. Diffraction

images were taken with an exposure time of 5 s, and around 10 experimental runs were

averaged for each fluence. Diffraction images taken at negative time-delay were com-
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Figure 5.3.: a) & b) Dynamics of real and imaginary parts of the dielectric function at 1.55 eV
for different excitation fluences. The amplitude of the quasi-immediate drop scales
linearly with excitation fluence. c) Fit of the dynamics with exponential functions
and residual of the fit, containing the motion of a coherent phonon. d Fourier
spectrum of the phonon mode from c), matching the phonon spectrum obtained
from Raman-spectroscopy.

pared to images without pump-pulses and the repetition rate of the laser was adjusted,

such that no temperature offsets before time zero due to consecutive pump-pulses could

be detected. The repetition rate was reduced by mechanically chopping the laser path.

For the highest fluences, the repetition rate was reduced to 80Hz.
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Figure 5.4.: a) Evolution of several diffraction peaks after excitation with a fluence of
5.8mJ/cm2. The solid lines are calculated from the fit of an exponential rise of
temperature as shown in b). b) Lattice temperature, calculated from all diffrac-
tion peaks assuming thermal phonon distributions at all times. The solid line is
a monoexponential to the temperature.

In figure 5.45.4 a), the temporal evolution of the intensity of four Bragg peaks (a diffrac-

tion pattern is shown in figure 5.15.1) at an excitation fluence of F = 5.8mJ/cm2 is

plotted. The amplitudes of all peaks decrease after t = 0 and reach a new value around

8 ps. A comparison of the evolution of the peaks in the form given by equation 3.93.9

(ln(Irel,s)/s
2) shows that the traces of all peaks fall well on top of each other. This

indicates that their decrease is governed by the same physical process, leading to an

isotropic increase in mean square displacement of the atoms and no strongly coupled

modes (see the work on antimony in chapter 4.24.2) are observed in the diffraction data.

This is in line with the optical measurements, which only show a weak sign of coherently

excited phonons, which, in addition, are strongly damped.

To quantitatively describe the temporal evolution of the lattice vibrations, the data

of all peaks is averaged in the form of equation 3.93.9. Assuming thermal phonon dis-

tributions at all delay times in a first approximation, a lattice temperature can be

calculated from this averaged quantity by using Debye-Waller B-factors from [Car10Car10]

(see also chapter 33). Non-thermal but isotropic phonon distributions, as observed in

aluminium (chapter 4.14.1), might transiently be excited. A systematic error of the time-

constant caused by the assumption of a thermal distribution is therefore possible, but
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only of secondary interest here, as the dynamics of optical properties and lattice heating

are qualitatively distinct.

The lattice temperature, calculated from the evolution of the Bragg peaks, is shown

in figure 5.45.4 b). Using an exponential function to fit the temporal evolution of the

temperature, the data is nicely reproduced for a timeconstant of 2.2 ps (solid line in the

figure). The details of the fit are given in section 5.45.4, where the long-term dynamics of

the material are discussed.

The solid lines in figure 5.45.4 a) are the calculated response of the individual diffraction

peaks from the fitted lattice temperature. It can be seen that they reproduce the evolu-

tion of each peak well, underlining again that the energy-transfer is isotropic. Together

with the observation from the optical measurements that the phonon frequencies do

not change with excitation level, this implies that electronic excitation does not signif-

icantly change the lattice potential of the ions and the energy transfer from electrons

to phonons proceeds via incoherent scattering processes.
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Figure 5.5.: Timeconstant of a single-exponential fit to the dynamics of the lattice heating
for different excitation fluences. Within the errorbars of the experiment, the
timeconstant is constant over the entire investigated range of fluences.

The dynamics of the lattice heating were studied as a function of excitation fluence.

The highest fluence for which no long-time changes of the sample were observed was

7.5mJ/cm2. The same type of data-analysis was applied to all measurements to retrieve

a lattice temperature as a function of time. The lattice temperature is fitted and the

timeconstant of the heating is plotted against excitation fluence in figure 5.55.5. Within

the errorbars of the experiment, the timeconstant of the lattice heating does not change

within the range of investigated fluences. Even for the highest fluences, no deviation

from the isotropic energy transfer is observed.
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5.3. Pathway of the photoinduced amorphization

5.3. Pathway of the photoinduced

amorphization

In this section, the dynamics of GST are described, when the excitation fluence is

increased above the single-shot transformation threshold Fth. In this regime of irre-

versible excitation, conventional pump-probe techniques, averaging over many pump-

probe cycles, are not able to study the dynamics any more, and alternative approaches

are needed. The optical measurements presented in this section were conducted with

frequency-domain single-shot spectroscopy (FDSS), which uses chirped probe pulses to

map the optical response of a material onto the spectrum of a single probe pulse. An

introduction to this technique, as well as technical details, are given in chapter 2.2.32.2.3.

The diffraction experiments were done by recording diffraction patterns from a single

electron pulse as a probe of the structural state of the material. Therefore, modifica-

tions to the electron diffraction setup were made, which are described in chapter 2.1.42.1.4.

In both techniques, the samples were shifted to a new spot after each pump-probe cycle,

as single pump-pulses induced irreversible changes to the sample.
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Figure 5.6.: Dynamics of the dielectric function for different fluences (subset of the data) below
and above the threshold for permanent amorphization. Below threshold (Fth <
14mJ/cm2), the measurements show the same response as the data measured with
the conventional Lock-In technique (see figure 5.35.3). Above threshold, ϵ1 saturates,
but ϵ2 shows a further slow dynamic. Increasing the fluence of the pump pulse
to the ablation threshold (F > 32mJ/cm2) does not cause a significant change
in either of the dynamics.
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The FDSS method allows to map out approximately 5 ps of dynamics of the optical

properties, induced by a single laser pump pulse, with a time resolution of a few hun-

dred femtoseconds. By measuring the dynamics of reflected and transmitted intensities

in parallel, the transfer-matrix formalism can again be used to transfer the measured

intensities into changes in the dielectric function (see 2.2.12.2.1). Figure 5.65.6 shows the dy-

namics of the dielectric function of GST for a range of fluences that covers reversible,

amorphization and even ablation regimes. At low powers, the FDSS technique re-

produces the changes observed in the dielectric function measured with the standard

Lock-In technique, i.e. an initial fast drop and a recovery of the signal towards its initial

value during a few picoseconds. The amplitude of the initial drop of ϵ1 increases on

increasing excitation density until the pump fluence reaches the threshold value Fth. At

this point ϵ1 has decreased by 30% within approximately 100 fs and does not increase

by further increasing the pump fluence. Remarkably, the value of ϵ1, reached immedi-

ately after photoexcitation, saturates at the value observed in the quenched amorphous

state, as can be seen in figure 5.75.7. This suggests that resonant bonds are completely

depopulated at this point. Furthermore, ϵ1 does not show any significant temporal

evolution on the 3 ps timescale measured. The value of ϵ2 at short time delays (500 fs)

also saturates when crossing the threshold fluence, but at a value that is far from the

one of the amorphous phase. Unlike ϵ1, however, it continues to evolve in time and

large changes occur on a slower timescale of several picoseconds.

The ultrafast saturation in ϵ1 to the amorphous phase value suggests that the popula-

tion of electrons in resonant bonds has been completely diminished on a sub-picosecond

timescale, as would be expected in the case a non-thermal phase transition occurred.

Electron diffraction measurements above Fth, however, reveal that the lattice responds

on a slower timescale. Figure 5.85.8 a) shows radial averages for different pump-probe de-

lays at an excitation fluence of 22mJ/cm2. Each radial average is an average of 10-15

diffraction patterns, each taken with a single electron pulse. The existence of Bragg

peaks in the radial averages indicates that the crystalline structure persists for several

picoseconds after photoexcitation. The complete loss of long-range order is observed

only after approximately 5-10 ps. Figure 5.85.8 b) shows the temporal evolution of the fit-

ted intensity of the (220) peak for three different excitation densities. The dataset with

the excitation fluence of 6mJ/cm2 was measured with the standard diffraction tech-

nique, averaging over several thousands of shots and the relative decrease was scaled by

a factor of two for better comparison. The solid lines are fits to the data using the same

exponential decay model with a timeconstant of 2.2 ps used to fit the below-threshold

electron diffraction data in section 5.2.25.2.2. The good agreement of fit and data implies

that the above threshold dynamics are still described by the same physical process as
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Figure 5.7.: Dependence of the changes in the dielectric function with excitation strength at
two time delays. Excellent agreement is found with the low fluence data (solid
lines). ϵ1 saturates with increasing pump fluence to the value observed in the
amorphous phase (horizontal dashed line). This occurs at the same fluence which
permanently amorphizes the sample (vertical dotted line). The saturation of the
value of ϵ1 is also seen at delay times of 3 ps. ϵ2 saturates at short time delays
to a value that is far from the amorphous value. At longer time delays, further
dynamics are observed and the changes in ϵ2 further increase.

below threshold, i.e. the lattice heats by incoherent electron-phonon collisions rather

than an electronically induced change in lattice potential.

Figure 5.85.8 c) shows the lattice temperatures at long delay times (10 ps) after photoex-

citation as a function of pump fluence, obtained from the fits to the below threshold

data. A linear dependence of this temperature with fluence is found. Extrapolating the

temperature at 10 ps to the threshold fluence shows that the expected temperature at

the fluence Fth is in good agreement with the temperature required to melt the sample

[Kol09Kol09]. Even though the signal-to-noise ratio of the single-shot diffraction data does

not allow a direct distinction of the radial averages of liquid and amorphous GST, the

loss of long-range order, as seen in figure 5.85.8, can therefore be attributed to thermal

melting.
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Figure 5.8.: a) Radially integrated diffraction pattern measured in the single shot regime for a
pump fluence of 22 mJ/cm2 at several time delays. The Bragg peaks are labeled,
with multiple labels indicating that diffraction orders overlap. Long-range order,
indicated by the existence of Bragg-peaks, is lost by approximately 5-10 ps. b)
Fitted peak height of the (220) diffraction peak, for two fluences above threshold,
together with a time trace measured in the reversible regime (change scaled by a
factor 2 for better comparison) . The same time constant of 2.2 ps can be used to
fit the below and the above threshold data. c) Sample temperature at long delay
times after laser excitation. Linear extrapolation of the temperature to above
threshold fluences shows that amorphization occurs as soon as the melting point
of the sample is reached.

5.4. Long-term dynamics: influence of the

substrate

In the preceding discussion, the influence of the substrate on the dynamics of pho-

toexcited GST has been omitted, since the signatures of vibrational coupling between
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5.4. Long-term dynamics: influence of the substrate

GST and the substrate are only observed on longer delay times. Here, the dynamics

of GST on timescales up to 100 picoseconds are discussed. In addition, the final states

of GST (several seconds after the pump laser pulse initiating the state transformation)

are investigated by optical and static (no pump pulses) diffraction images.
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Figure 5.9.: Evolution of the lattice temperature of the GST sample for delays up to 100 ps
and for four different excitation fluences. The decrease in lattice temperature is
caused by thermalization with the Si3N4 capping layers, which do not absorb in
the spectral region of the pump laser pulses.

Figure 5.95.9 shows the evolution of the retrieved lattice temperature for four different

excitation densities and delay times up to 100 ps. The data is taken from the same

measurements as in section 5.25.2, where only the initial dynamics have been discussed.

Whereas the increase of lattice temperature in the first 10 ps can be well described by a

single exponential increase, a clear decrease of lattice temperature on a longer timescale

is observed. The lattice temperature over the entire measurement range can be fit by

the sum of two exponential functions

T (t) = A1(1− exp(−t/τ1))−A2(1− exp(−t/τ2)), t > 0, (5.1)

where Ai are the temperature amplitudes of the rise and the decay and τi the time-

constants. It has been shown in the previous sections that thermalization of photoex-

cited electrons and the lattice leads to an increase in lattice temperature on a 2 ps

timescale, which is described by the first amplitude, A1. A thermalized state is reached

within 10 ps, as evidenced by the quasi-stationary diffraction pattern. However, with
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the capping layer and the substrate being transparent to the pump-laser wavelength,

it is expected that the GST film is still in non-equilibrium with the substrate. The

second amplitude of the fit can therefore be attributed to an energy flow from the GST

layer to the substrate via vibrational coupling between them. This is supported by a

comparison of the amplitudes A1 and A2. The temperature reached at long timescales

(several hundreds of picoseconds) is fitted to be (on average) 70% of the temperature

reached at 10 ps. Considering the thickness and heat capacity of Si3N4 and Ge2Sb2Te5,

a temperature of 50% of the maximum would be expected for long time delays, which

is in reasonable agreement with the fitted values.

From geometrical considerations, heat diffusion in lateral direction of the films and

into the underlying grid is expected to be many orders of magnitude slower. This is

evidenced by static heating induced by consecutive laser shots, which is observed for

high repetition rates. To return to the initial state, a time of one to several tens of ms

has been found.

Figure 5.10.: Microscope transmission images of GST films after irradiation with a single
laser pulse of F > Fth. a) Free standing films on a silicon grid. The outer
regions are amorphous, whereas the central part, in which heat was trapped the
longest, re-crystallized. The even darker center in some squares corresponds to
the hexagonal phase of GST. b) GST on glass slide. The entire area within the
pump laser spot amorphized.

A significant difference in heat diffusion into the glass substrate and the Si3N4 is

expected, since their thicknesses differ by 5 orders of magnitude. Whereas heat has

to diffuse laterally in the thin films, it can also diffuse into the depth of the glass

substrate. Assuming a similar vibrational coupling from GST to the two substrates,

it is estimated that the GST on glass cools down to close to its initial temperature

within 1 ns. The difference in cooling speed manifests itself in the final state reached at
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quasi-infinite delays: whereas crystalline GST on glass amorphizes, the free-standing

GST films amorphize in regions close to the silicon grid, but stay crystalline in areas

further away, in which the heat is trapped for longer times. At sufficient fluences (and

thus temperatures), the emergence of a different crystalline phase is observed, which

is attributed to a previously described hexagonal phase of GST [Fri00Fri00]. Laser-induced

optical changes of the different samples can be seen in the microscope images presented

in figure 5.105.10. In a), a microscope image of the free-standing films of GST is shown.

Three regions of different absorption can be recognized, the darkest one corresponding

to the hexagonal phase. In b), an amorphized spot of GST caused by a single pump

laser pulse is shown.

5.5. Transient decoupling of optical contrast

and lattice structure

Combining the information from the measurements of the time-dependent dielectric

function and the lattice dynamics presented in the preceding sections allows to build

a detailed picture describing the first steps of the amorphization process of crystalline

GST. A schematical drawing is shown in figure 5.115.11. Femtosecond optical excitation

directly removes electrons from resonantly bonded states as evidenced by the immediate

decrease in the dielectric function and the saturation of ϵ1 at the value of the amorphous

state. This immediate change in the optical properties does not coincide with a change

in crystallinity and thus represents a previously unobserved transient state of GST. No

evidence of non-thermal lattice dynamics are observed even for the highest investigated

fluences, as they have been found in other materials [Lin05Lin05, Har08Har08, Sci09Sci09]. Thus, the

depopulation of resonant bonds does not significantly effect the potential energy surface

of the atoms, which is consistent with the view of a covalently bonded backbone of the

crystalline lattice [Kol11Kol11].

The transient state is lost by energy transfer from excited electrons to the lattice,

which occurs with a 2.2 ps timescale and leads to a thermal state with elevated temper-

ature within 5-10 picoseconds. The further evolution of the system is dictated by the

thermal properties of the sample and the substrate, as evidenced by the different final

states of the samples on different substrates and the time-constant for equilibration

of sample and substrate. Amorphization occurs on long timescales if the heat can be

efficiently removed, but insulated samples can also re-crystallize.

The observed decoupling of the optical properties from the structure on ultrashort

timescales reveals the potential to induce large and fully reversible changes in the
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Figure 5.11.: Depiction of the transformation pathway of GST. Crystalline GST exhibits res-
onant bonds, which have large influence on the optical properties. Femtosecond
photoexcitation removes electrons from the resonant bonds and creates a new
transient state with big changes in the optical properties and an unchanged lat-
tice. Thermal melting occurs on a few picosecond timescale and the amorphous
state is reached after heat has been removed into the substrate and the sur-
rounding. Rapid cooling or carrier extraction could prevent melting and enable
the restoration of the resonantly bonded state.

optical properties without significant atomic motion or without inducing a phase trans-

formation. Modulations of the dielectric function on the sub-100 fs timescale of up to

13% are observed, which is over an order of magnitude larger than reported for silicon

photo-switches [Kam10Kam10]. Improved thermal conductivity and active cooling of the sub-

strates could allow to induce even larger changes without state transformation. The

large amplitude of transient changes of the dielectric function might extend into the

region of telecommunication wavelengths, as the infrared spectral region has an even

greater sensitivity to changes in resonant bonding (see figure 5.15.1 a)).

A permanent amorphization of the material is needed to stabilize the changes in

optical properties over a long time, as needed in data storage applications. However,

the ability to harness the ultrafast optical contrast of GST and other phase change

materials without a structural transition suggests a new avenue to high-speed optical

devices such as all-optical modulators for communications and computations.
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6. Electron-lattice coupling in

semiconducting transition metal

dichalcogenides

Two-dimensional materials exhibit a wealth of fascinating properties, both for funda-

mental research and as building blocks for future nanoscale devices [Nov12Nov12, Wan12Wan12].

First experiments were done by K. Novoselov, A. Geim et al. on atomically thin, iso-

lated carbon films [Nov04Nov04], also named graphene [Boe62Boe62, Boe94Boe94]. Their experiments

triggered tremendous research activities on the properties, preparation procedures and

potential applications of graphene as well as on two-dimensional materials in general.

It was found that graphene possesses a superb mechanical strength [Lee08Lee08], an unusual

electronic structure [Nov05aNov05a], a very high carrier mobility [Bol08Bol08] and an impermeabil-

ity to gases including helium [Bun08Bun08]. Soon, it was widely discussed for being used in

many novel applications, including electronic computational devices reaching the ulti-

mate size limit in which the active element consists of a single layer of atoms [Sch10Sch10].

However, many electronic applications, such as transistors, are based on modulating

electronic properties, e.g. the carrier mobility, which in graphene is hardly possible due

to the lack of a bandgap around the Fermi-energy EF [Nov12Nov12]. Whereas doping can

change the Fermi-level, the general problem would be overcome by two-dimensional

semiconducting materials which possess a sizable bandgap.

The most promising materials are transition metal dichalcogenides (TMDCs), which

have the chemical composition MX2 (M: transition metals, X: chalcogen). Here, the

discussion will be restricted to the compounds made from M = Mo, W and X = S,

Se, as they are semiconducting and share a set of common properties [Wan12Wan12]. They

exhibit a layered structure and were found to be producible in stable atomically thin

sheets, which was first demonstrated for MoS2 [Nov05bNov05b]. Their bandgaps undergo a

transition from indirect to direct when reducing the number of layers to one [Mak10Mak10,

Chh13Chh13, Xu13Xu13, Jin13Jin13]. The size of the bandgap of the atomically thin versions are

comparable to the ones of bulk silicon or germanium [Din11Din11, Ram11Ram11], which allows to
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transfer design-concepts of the established semi-conducting technology. At the same

time, TMDCs exhibit unusually strong excitonic features in their photoluminescence

and absorption spectra [Fri63Fri63, Qiu13Qiu13, Bec15Bec15], as well as a large spin-splitting of the

valence bands [Jon14Jon14], which might be used in photonics or opto-electronic devices

[He14He14] or in ’spintronic’ applications [Mak12Mak12, Gon13Gon13].

Time-resolved experiments can contribute in understanding some of the fundamental

properties of two-dimensional TMDCs by exploring the real-time evolution of electronic-

and vibrational distributions and visualize the underlying interaction mechanisms.

Specifically, the coupling of excitonic- or spin-polarized electronic excitations to other

electronic states and to lattice vibrations, as well as energy dissipation and transport

mechanisms can be addressed. Anisotropic contributions in the coupling mechanisms,

which can be expected due to the strong anisotropy of the lattice structure, might be

identified and are of general interest. By following the energy transfer between layers

of different materials, the vibrational coupling in between layers can be disentangled

from intra-layer processes, which might be specifically important for the exploitation

of TMDCs in electronic or opto-electronic devices, consisting of heterostructures of

different two-dimensional materials [Gei13Gei13].

In this chapter, the coupling of differently prepared electronic excitations to lattice

vibrations of WSe2 are studied. By using laser pulses with photon energies close to the

excitonic resonances, electronically excited states with a narrow distribution in k-space

are prepared. The following relaxation dynamics, specifically the energy transfer to

the crystal lattice, are investigated with femtosecond electron diffraction. They are

compared to situations in which more delocalized carriers are generated and therefore

different relaxation pathways contribute. At the end of the chapter, further investiga-

tions of the dynamics of WSe2 and TMDC-heterostructures are proposed.

6.1. Lattice structure of TMDCs

Transition metal dichalcogenides are layered materials with strong covalent bonds be-

tween atoms in a plane and weaker van-der-Waals interactions between neighboring

planes [Dic23Dic23, Wan12Wan12]. Their general chemical composition is MX2, where M is a tran-

sition metal (group IV, V and VI of the periodic system) and X is a chalcogen atom

(most commonly S, Se and Te). The semiconducting TMDCs of Mo or W with S or Se,

which are described in this chapter, are therefore a subgroup of the TMDCs in general.

Their chemical composition is reflected in each of the layers, which are made up of two

sheets of chalcogen atoms, separated by a sheet of metal atoms (X-M-X). The inter-
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6.2. Electronic structure and photo-excitation of multilayer WSe2

layer distance between two sheets of MoS2 is 6.5 Å[Rad11Rad11] and of WSe2 6.45 Å[Lin14Lin14],

indicating the comparably weak binding between neighboring sheets. A sketch of the

lattice structure of a multilayer TMDCs, illustrating the layered composition, is shown

in figure 6.16.1 a).

Figure 6.1.: a) Sketch of the crystal structure of TMDCs with composition MX2. Taken
from [Rad11Rad11]. The interlayer distance is given for WSe2, but is similar for other
compounds. b) Top view onto a layer, showing the honeycomb lattice structure
with the broken inversion symmetry. Taken from [Xu13Xu13].

The structure within a sheet is depicted in figure 6.16.1 b), which shows the top view onto

a layer. The atoms form a hexagonal honeycomb structure with metal and chalcogen

atoms sitting at alternating corners. Several layers of semiconducting TMDCs are

usually stacked in the 2H-form, such that the unit-cell comprises two layers [Wan12Wan12].

Whereas a monolayer does not have a point of spatial inversion symmetry, such a point

exists in the middle of two 2H-stacked layers.

6.2. Electronic structure and photo-excitation

of multilayer WSe2

The electronic band-structure of (bulk) TMDCs has been subject to publications long

before their potential to be produced in isolated monolayers was discovered (see e.g.

[Fin97Fin97]). With the renewed interest in TMDCs, more recent publications focused on

different aspects, such as the spin-splitting of the valence bands [Ril14Ril14] and the changes

of the bandstructure with the number of layers [Jin13Jin13].
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A calculated (single-particle) band-structure of bulk WSe2 is shown in figure 6.26.2 a).

WSe2 possesses an indirect band-gap of size Eg ≈ 1.2 eV (the values of all band positions

differ by around 100meV between different publications) with the valence band maxi-

mum being at Γ in the Brillouin zone and the conduction band minimum at a point X,

which is situated between Γ and K [Fin97Fin97]. The smallest direct transitions are situated

at K, where the valence band exhibits an unusually strong spin-splitting of 0.5 eV [Ril14Ril14]

and the direct gap size E′
g is 1.6 eV [Fri63Fri63]. In monolayers, the spin-splitting is reversed

between the two unequal points K and K’ [Xia12Xia12], which, in reciprocal space, represent

the two neighboring corners of the hexagonal Brillouin zone. A schematic drawing of

the bandstructure around the K points is shown in figure 6.26.2 c). The excitation from

only one of the bands to the conduction band therefore creates a spin-polarized popu-

lation of electrons in the valley of the conduction band at K or one of the opposite spin

at K’, respectively. The overall spin polarization of the conduction minimum is called

the valley pseudo-spin and it has been suggested to be used for spintronic applications

[Mak12Mak12, Gon13Gon13, Xu14Xu14]. In bulk crystals, the unit cell comprises two layers, and the

missing spatial inversion symmetry of isolated monolayers is restored. This means that

the K point of one layer falls together with K’ of the next layer, lifting the spin degen-

eracy of the bands. However, it has been suggested that, by considering local atomic

site symmetries rather than unit cell symmetries, spin-polarization can also occur in

bulk crystals [Zha14Zha14].

A measured absorption spectrum [Zha13Zha13] of single- and multilayer WSe2 is shown in

figure 6.26.2 b). The conservation of angular momentum in the process of absorption of

a photon leads to a vanishingly small probability of the absorption of photons with

energies bigger than the indirect, but smaller than the direct transition, because they

require the absorption or creation of a phonon. Above the energy of the direct transi-

tion, several absorption peaks can be seen. The one at the smallest photon energies,

just on the first absorption edge, was labeled A [Wil69Wil69] and corresponds to transitions

from the upper of the spin-split bands at K (or K’) to the conduction band. The B-

resonance is the transition from the lower lying of the two bands to the conduction

band. Since the two bands have very large spin polarization, two neighboring valleys at

K or K’ can be selectively excited with optical light of defined helicity [Mak12Mak12, Zen12Zen12].

As a result of the reduced dimensionality of TMDCs, the dielectric screening between

charged particles is comparably weak, giving rise to many-body phenomena like the

formation of bound electron-hole pairs (excitons) [Che12Che12, Ram12Ram12, Qiu13Qiu13, Ye14Ye14]. The

large absorption at the A and B-transitions are a result of such an excitonic resonance.

For the correct description of some effects, the band-structure therefore needs to be

modified to include multi-particle effects.
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Figure 6.2.: a) Band structure of WSe2 and possible excitations with a laser of 1.6 eV photons
(red arrows) and of 3 eV photons (blue arrows). The only transitions of the
1.6 eV photons are around the K-point and provide little excess energy to the
electrons. Several transitions all over k-space are allowed for photons of 3 eV
energy. Modified from [Ril14Ril14]. b) Absorbance spectrum of WSe2 (given as change
in reflectivity, which linearly relates to the absorbance). The absorption features
labeled A and B correspond to the transitions from the spin-split bands at the
K-points. Taken from [Zha13Zha13]. c) Schematic drawing of the spin-polarized band
structure at the K points. Taken from [Xia12Xia12].

With the photons of the Ti:Sa laser having energies between 1.47−1.63 eV (FWHM),

in WSe2 the blue part of the spectrum can drive transitions from the valence to the

conduction band with little excess energy, while being localized in momentum-space

around the two K-points (for monolayers of MoS2, see [Gru15Gru15]). These transitions are

shown as red arrows in figure 6.26.2 a). At low excitation densities, photoexcited electrons

and holes have been found to form excitons [Che15Che15, Poe15Poe15]. By increasing the excitation

density, however, the large amount of free carriers screens the forces between electrons

and holes, and the binding energy of the excitons is reduced, until it reaches zero at

the so-called Mott transition [Che15Che15]. In this excitation regime, excited electrons are

still localized in k-space, but are not bound to holes. By increasing the photon energy,
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more direct transitions become available. The second harmonic of a Ti:Sa laser (photon

energy centered around 3 eV) can induce transitions at many positions in k-space. The

possible transitions are shown as blue arrows in figure 6.26.2 b). The distribution of excited

electrons is in this case more delocalized in k-space, and electrons have, on average, a

higher excess-energy with respect to the conduction band minimum.

With decreasing layer thickness, the band-structure of WSe2 changes gradually and

the indirect bandgap increases. At monolayer thicknesses, the transition at K becomes

the smallest band-gap, such that WSe2 becomes a direct semiconductor [Spl10Spl10, Zha13Zha13].

Due to the reduced Coulomb screening, the excitonic binding energies increase to around

0.5meV [He14He14, Che14Che14].

6.3. Preparation of free-standing WSe2

samples

The lattice structure of TMDCs, consisting of 2-dimensional sheets with weak inter-

layer couplings, facilitates the preparation of thin, free-standing films. In a top-down

approach, they can be thinned out, down to a single layer, by repeated micromechani-

cal cleaving of a bulk crystal with an adhesive tape, similarly as reported for graphite

[Nov05bNov05b]. Here, a bulk crystal of a TMDC (HQ graphene) was glued to the flat surface

of a polished glass cylinder with a glue which is entirely dissolvable in acetone (crystal

bond, Plano GmbH). The crystal is then thinned out by repeated cleaving, and after

each cleaving step, the optical transmission of the film is monitored in an optical mi-

croscope. Once a sufficiently thin flake of large enough lateral size is produced, it is

transferred to a TEM grid by dissolving the glue in acetone and carefully picking up

the floating film with the TEM grid, which is held by tweezers. The film thickness is

then characterized by its optical transmission and by static diffraction images.

Figure 6.36.3 a) shows a microscope image of a micromechanically thinned flake of WSe2,

illuminated from the backside. Areas with different thickness can be identified by the

intensity of transmitted light. The area, marked with II, has a thickness of around

30-60 nm, judging by the color in which they appear [Fri63Fri63]. More precise optical

measurements of the thickness are possible if the absorption of a single layer and the

spectral dependence of the absorptivity as a function of layers were known, which was

not the case at the time the images were taken. In b), a real-space electron microscope

image of WSe2 with atomic resolution, taken by M. Willinger of the inorganic chemistry

department of the FHI, is presented. The regular hexagonal structure of the atoms is

visible, and no signs of defects are found in the image. A diffraction pattern, taken
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200 µm

a) b)
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Figure 6.3.: a) Microscope image of exfoliated WSe2 on a glass substrate illuminated with a
broadband white-light source in transmission geometry. Areas of different thick-
ness are recognizable by their transmission characteristics. Area II has, judging
purely from their color, a thickness of 30-60 nm. b) Transmission electron micro-
scope image. The hexagonal lattice structure can be seen with atomic resolution
and is highlighted by the orange hexagon. Taken by M. Willinger, FHI. c) Typ-
ical diffraction pattern, taken with the FED setup. More than 100 Bragg peaks
are visible.

with the femtosecond electron diffractometer is shown in c). More than 100 individual

Bragg-peaks are visible and the high symmetry of intensities of all orders shows that

the sample has an orientation with its surface normal almost parallel to the electron

pulse propagation direction.

6.4. Excited state dependent electron-lattice

coupling

All measurements of this section were performed with the electron diffraction setup

described in chapter 2.12.1. In figure 6.46.4 a), a detail of a typical diffraction pattern of a

thin film of WSe2 is shown. The image was taken with an integration time of 5 s, which

almost saturates the first order peaks on the camera. Two reciprocal lattice vectors are

drawn in the image, which define the labeling of the peaks. The diffraction images are

then analyzed as described in detail in appendix AA. Since the angle of incidence of the

electrons was close to normal to the film surface in the experiments, only diffraction

spots with index (jk0) are observed and all peaks of the same diffraction order, indicated

by the same color of the boxes drawn around the peaks, are similar in intensity. In the
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case of normal incidence, they are symmetrically equivalent and their intensity is thus

averaged in the following.
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Figure 6.4.: a) Detail of a diffraction pattern of WSe2. Two reciprocal lattice vectors are
shown. Bragg-peaks in boxes of the same color are symmetrically equivalent and
their dynamics are thus averaged. b) Temporal evolution of the peak intensity of
four orders of Bragg-peaks excited with a pump fluence of 19mJ/cm2 and 1.6 eV
photon energy (fundamental of the Ti:Sa laser). The curves are the average of
all boxes of the respective color in a).

Figure 6.46.4 b) shows the dynamics of the intensity of different orders of Bragg-peaks

after photoexcitation with the fundamental frequency of the laser at an incoming fluence

of 19mJ/cm2. With photoexcitation, the intensity of all peaks decreases within few

picoseconds and then continues to decrease until it reaches a new steady state at around

100 ps, which is emphasized by the broken time-axis. Interestingly, the amplitudes of

the peaks do not follow the typical 1/s2 dependence, which is predicted by the Debye-

Waller factor. Reference experiments with cooled samples indicate that the failure of

the DW factor is not a non-thermal effect. A possible explanation could be multiple

scattering of electrons in the sample. Since the origin of this behavior is not clear, in

the following only the (100)-family of peaks is analyzed.

Figure 6.56.5 a)&b) show the evolution of the average intensity of the family of (100)-

peaks after excitation with photons of 1.6 (red circles), corresponding to the high-

energy side of the laser spectrum, and 3 eV (blue boxes, center of the second harmonic

of the laser spectrum) on two different timescales. To be able to compare the two

measurements, the incoming fluences were chosen to lead to a comparable peak-decrease

at long time-delays. This means that the energy, which is eventually transferred to the

lattice, is similar in both cases. Note that the absorbed total energy can be different,
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since the amount of radiatively released energy is unknown. The two figures show that

the peakheight decreases on a few ps timescale, but continues to decrease over several

tens of picoseconds. To quantify the timescales, a bi-exponential decay is fitted to the

data, which is found to well reproduce the dynamics of the peaks of both datasets.

In the case of excitation with photons of 1.6 eV, the retrieved timescales are τ1 =

(1.4±0.6) ps and τ2 = (26±7) ps. Excitation with photons of 3 eV gives time-constants

of τ1 = (0.58±0.52) ps and τ2 = (10.4±6.6) ps. The amplitudes of the two exponentials

contribute similarly to the overall peakdecay, in both experimental configurations.
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Figure 6.5.: a) & b) Temporal evolution of the peak intensity of the family of (100) reflections
for pump-pulses centered at 400 nm (blue boxes) and 800 nm (red circles) leading
to a comparable total decrease in peak-intensity at long time-delays. Differently
fast dynamics are observed in a window of short, as well as long delay times.

The significantly different lattice-dynamics are a manifestation of the different path-

ways of electron and lattice relaxation. By analyzing the timescales and amplitudes,

some information about the underlying physical processes can be obtained. Several

processes are expected to contribute to the peak-decrease of the diffraction measure-

ments: energy transfer from electrons to phonons by carrier cooling in the conduction

band (and holes in the valence band), including the released energy from exciton dis-

sociation, energy transfer through non-radiative CB-VB recombination (the radiative

decay is strongly quenched for multilayers [Mak10Mak10]) and the redistribution of phonons,

which can lead to an increase in MSD if phonons of higher frequency decay into phonons

of lower frequency, as described in chapters 3.23.2 and 4.1.34.1.3. Due to the complexity of

the possible pathways, the following explanations can only be considered as a working

hypothesis.
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The relative energy transfer to phonons by electronic intra-band transitions compared

to the total energy release including non-radiative inter-band transitions is around 60%

for excitation with 3 eV phonons and around 25% for pumping with photons of 1.6 eV,

since the direct bandgap is 1.2 eV [Fin97Fin97]. In both experiments, the relative amplitudes

of the exponentials are similar, namely around 50% of the entire peak decrease at

long delays. It is therefore unlikely that the second exponential decrease is caused

by inter-band recombination, since the relative amplitudes are comparable in the two

experiments. Values for interband recombination times have been reported to be in

the nanosecond range [Shi13Shi13]. The first exponential decrease is therefore ascribed to

electronic cooling by energy transfer to phonons and the second exponential to phononic

thermalization. The different timescales of the first exponential can then be explained

by the different phase-space volume available for electron scattering. Excitation of

WSe2 with photons of 1.6 eV creates electronically excited states in the conduction band

which are localized around the K-points in reciprocal space, as described in the previous

section. The excitation densities here are presumably above the Mott-transition, where

the formation of bound excitons is hindered since it has been reported (for bilayer WS2

excited at the B-resonance) to occur at fluences below 100 µJ/cm2 [Che15Che15]. Since the

electrons are localized in k-space and free states in the conduction band with lower

energy are only available at X, the phase space for electron-electron and electron-

phonon scattering is reduced to transitions including these electronic initial and final

states. Excitation with the second harmonic of the laser (photon energy 3 eV) creates

a broader distribution of excited electrons with bigger excess energy per electron as

well as a broader distribution of holes in the valence band. The phase-space of possible

scattering of electrons and holes is therefore bigger in this case and the initial cooling

of electrons and the excitation of phonons is faster. To fulfill momentum conservation,

an electron scattering from K to X requires a phonon to be excited with opposite

momentum. The reduced phase-space for electronic scattering processes therefore also

decreases the phonon modes, which can be excited by theses processes. The different

timescales of the second decay could thus be caused by differently narrow phonon

distributions, excited through electron cooling, which then relax on different timescales

via phonon-phonon coupling. Also the equilibration with out-of-plane phonons might

influence the relaxation dynamics, but can not accessed in the experimental geometry

used here. Tilting the sample with respect to the electron beam would allow to monitor

also Bragg reflections with index (hkl) instead of exclusively (hk0), as is the case here,

and therefore allow to measure in-plane as well as out-of-plane dynamics.

The experiments presented here show that different lattice heating dynamics can be

identified with femtosecond electron diffraction. Even though the experiment of this

chapter have a somewhat preliminary nature, they show that the dynamics can in princi-
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ple be attributed to different physical processes. Further experiments can be conducted

to more precisely specify the relaxation pathways of electrons and lattice. Electron-

scattering processes might be directly investigated with time- and angle resolved photoe-

mission spectroscopy, and transient phonon distributions can be examined by analyzing

the incoherently scattered background in diffraction patterns [Tri13Tri13, Zhu15Zhu15]. By tilting

the samples, in- and out-of-plane dynamics can be distinguished. The same experimen-

tal concepts presented here can also be applied on thinner samples, down to monolayer

thicknesses. Such experiments can address the fundamental physical question of how

dimensionality changes the electron-phonon coupling in monolayer samples, and at

the same time yield valuable information for novel applications employing single-layer

TMDCs.

6.5. Outlook: Heterostructures

By combining several layered materials into stacks, new macro-materials with very

interesting and tunable properties are imaginable [Gei13Gei13, Yu13Yu13, Lin15Lin15, Riv15Riv15]. By

effectively controlling the interlayer couplings through the use of different layer-orders,

the macroscopic electrical or optical properties can be tuned [Yu13Yu13, Bri13Bri13]. Time-

resolved experiments on multilayer-samples can contribute to the understanding of

such devices as they are able to reveal fundamental properties of such multilayer stacks.

Specifically, changes of the electronic and coupling properties of single layers as well as

the electronic and vibrational coupling between layers by selectively exciting only one

material can be addressed.

Heterostructures of two-dimensional materials have been produced in top-down ap-

proaches by pressing together two exfoliated samples [CG14CG14] and in bottom-up ap-

proaches by metal-organic chemical vapor deposition [Lin15Lin15]. Figure 6.66.6 shows the

efforts in our lab to produce heterostructures of different TMDCs. In a), a microscope

image of a flake of MoS2 on WSe2 is shown. The sample was produced by separately

cleaving crystals of the two materials, glued to a rigid substrate , down to the desired

thickness. Two flakes are chosen, one of which should be glued on the substrate, and

the other one attached to the flexible tape. The two flakes are combined by simply

pressing the two films together and slowly removing the tape, similarly as reported in

[CG14CG14]. In most cases, the film on the tape is cleaved again, yet leaving a heterostruc-

ture behind. In b), a diffraction pattern of the heterostructure is shown. The slightly

different lattice constants of 3.16 Å (MoS2, [Sch83Sch83]) and 3.28 Å (WSe2, [Sch87bSch87b]) allow

to identify the reflections and to assign them to the two materials. From the rotation

of the two patterns pattern, a rotation of the lattice structure in real space of the two
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Figure 6.6.: a) Transmission microscope image of a heterostructure of WSe2 and MoS2. Ar-
eas I and II are different thicknesses of WSe2. The darker areas are the same
thicknesses as I and II with a flake of MoS2 on top. b) Diffraction pattern of
a TMDC heterostructure of WSe2 and MoS2. The rotation of the two patterns
is 2.75◦, which corresponds to a real-space rotation of the same magnitude. A
zoom into a pair of Bragg-peaks emphasizes the different distances to the center
due to the different lattice constants of MoS2 and WSe2, which allows to assign
the reflections.

films of 2.75◦ is deduced. This method allows for the production of heterostructure

samples with areas large enough to conduct electron diffraction studies with them.
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7. Summary

The work presented in this thesis investigates optical- and structural dynamics of

laser-excited solids by employing different and complementary time-resolved techniques.

Structural dynamics are triggered indirectly, by creating non-equilibrium states through

the photoexcitation of electrons. These then equilibrate by the interaction with other

electrons and by scattering with phonons. The experimental determination of the cou-

pling mechanisms and coupling strengths is therefore possible by the observation of the

temporal evolution of the lattice vibrations. Whereas equilibrium interactions can be

studied by gently perturbing the system, time-resolved techniques offer the possibility to

also study situations far-from equilibrium, like they occur during phase transitions. Dif-

ferent material systems were studied, covering different aspects of the electron-phonon

interactions.

In chapter 4.14.1, femtosecond electron diffraction measurements were performed on the

free-electron metal aluminium, which serves as a model system for the description of

out-of-equilibrium dynamics, since photoexcitation is known to leave the equilibrium

band-structure unperturbed. The incoherent energy transfer from photoexcited elec-

trons to phonons is modeled with rate-equations and the results are compared to first

principle calculations. It is found that photoexcitation of aluminium leads to an increase

in the measured mean-square displacement on a time-scale well below one picosecond,

which is much faster than previously observed [Nie06Nie06, Zhu13Zhu13]. The experimentally ob-

served dynamics are described in the framework of a two temperature model (TTM),

but the retrieved coupling parameter is in quantitative disagreement with first principle

calculations. The difference is explained by the spectral shape of the Eliashberg function

and the phonon density of states, obtained by the ab initio calculations, which suggests

that the transient phonon distribution should not be described by Bose-Einstein statis-

tics. An increased coupling to high-frequency phonons rather leads to a transiently

non-thermal lattice. By dividing the phonons into different subsystems, a new model

is introduced (non-thermal-lattice model, NLM). Applying the NLM, a quantitative

match between theory and experiment is obtained for electron-phonon coupling param-

eters taken from the ab inito calculations and a phonon-phonon coupling parameter of
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3.5 · 1017W/(m3K). It is shown, that in the NLM, the energy transfer from electrons

to phonons proceeds approximately 50% faster than in the TTM. This has far reaching

implications on the applicability of the TTM, since it might lead to systematic errors

in the quantitative analysis of time-resolved experiments. The concept of subdividing

the lattice degrees of freedom into phononic subsystems for describing the energy flow

in a material, as introduced here for the case of aluminium, may be applied to a range

of materials. In the case of metals, a pronounced spectral dependence of α2(ω) sug-

gests that this approach should be followed, and it is expected that a subdivision into

the phonon branches may be a generally suitable approach. More complex materials

may require partitioning into a larger number of phononic subsystems. Additionally,

non-thermal electron-distributions might need to be considered for materials exhibiting

weak electron-electron scattering [Mue13Mue13].

The non-equilibrium dynamics become more complicated in the case when laser-

excitation changes the lattice potential, which is the case in the Peierls-like distorted

element antimony. Here, a sudden shift of the potential energy surface induces lattice

oscillations in the crystallographic direction of the distortion. Using femtosecond elec-

tron diffraction and thin film polycrystalline samples, the coupling of hot electrons to

the coherently excited A1g phonon mode and the incoherent energy-transfer to other

phonon modes is observed simultaneously. The A1g mode manifests itself in a decrease

of the (111) Bragg peak within the time-resolution of the experiment. The other Bragg

peaks are used to fit the increase of mean-square displacement, which proceeds with a

2 ps timeconstant. By separating the motion of the A1g phonons from the rest of the

lattice vibrations, as proposed in [Gir11Gir11], a model of the dynamics of all phonons is

obtained. An electron-phonon coupling of Gep = 1.6 · 1016W(m3K) is obtained for the

incoherent energy transfer to the lattice. A quantitative analysis of the phonon-phonon

coupling between the A1g mode and all other phonons is theoretically possible from

the model and the type of analysis, but requires further measurements with a different

sample geometry or an increased coherence of the setup.

The possibility to reversibly switch the phase change material Ge2Sb2Te5 (GST) be-

tween different crystallographic states is widely used in data-storage applications. In

standard technology, the material is heated to above the melting point and the speed

of cooling is controlled to initiate a phase change. Based on measurements of the local

atomic order, it has been proposed that laser excitation can lead to amorphization path-

ways that do not require the material to classically melt, but would induce changes to

the potential energy surface [Kol04Kol04, Kol11Kol11]. In chapter 55, optical and diffraction tech-

niques are applied to study the optical and structural dynamics of GST below and

above the threshold for amorphization. It is found, that femtosecond near-infrared
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pulses immediately excite electrons from resonant bonds, which are responsible for the

huge differences in optical properties between the crystalline and amorphous states

of GST [Shp08Shp08]. When crossing the excitation density for permanent amorphization,

resonant bonds are completely suppressed and the optical properties are transiently

changed by 30% within the time-resolution of the experiment. Femtosecond electron

diffraction reveals that the excitation of resonant bonds does not coincide with imme-

diate structural rearrangements. Instead, it is found that energy is transferred to the

lattice in a purely incoherent way, and an exponential increase of lattice temperature

with a timeconstant of 2.2 ps is found to best reproduce the data. By increasing the

excitation above the threshold for permanent amorphization, the lattice is found to still

be describable by the same incoherent energy transfer, with a timeconstant that does

not change within the error of the measurement. The threshold fluence of the phase

transition is found to coincide with the final lattice temperature reaching the melting

temperature. Summarizing the combined optical and diffraction measurements, it is

concluded that photoexcitation of GST transiently leads to a state with largely changed

optical properties, but a lattice retaining its long-range order. With the optical changes

being an order of magnitude larger than in todays silicon photo-switches [Kam10Kam10], the

decoupling of optical properties from the structural transition is suggested to be ex-

ploited in future applications such as all-optical modulators for communications or

computations.

Electron diffraction experiments have been performed on the layered semiconducting

transition metal dichalcogenide WSe2, which are described in chapter 66. The complex

electronic structure of those material exhibits unusually pronounced many-body effects,

in particular the creation of excitons [Fri63Fri63, Qiu13Qiu13] and a strong spin-orbit coupling

[Jon14Jon14]. Their smallest direct band-transition is situated at the edge of the Brillouin

zone. Using pump-pulses with two different photon energies, localized electronic exci-

tations at these points as well as more delocalized electronic excitations are prepared.

Significantly different rates of energy transfer are observed in the two cases. These are

ascribed to stem from the different possible scattering pathways of photoexcited elec-

trons and holes, which are significantly reduced in the case of the localized excitation.

The measurements constitute a basis for future experiments on atomically thin films,

for which the reduced dimensionality and the reduced screening of electrons is expected

to influence the coupling of electrons to phonons.

This thesis provides experiments, which show that femtosecond electron diffraction

can be applied to quantitatively study the interaction of electrons and phonons. Next

to established techniques like time-resolved photoemission spectroscopy or ab initio

theory, it can be used to describe the microscopic interaction mechanisms in solids,
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beyond models based on subsystem averages as the two-temperature model. This work

suggests that such descriptions can be necessary, in the case of simple metals as well

as in more complex materials. In addition, the potential of identifying microscopic

pathways of irreversible processes allows for studying far-from equilibrium situations,

as they occur during photoinduced phase transitions or chemical reactions.
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A. Diffraction data treatment

All electron diffraction experiments presented in this work used an electron camera

(TVIPS TemCam F416) to take two-dimensional diffraction images. The analysis of

those images was done in several steps, which are described in this section.

Diffraction images were saved as 16 bit integer tiff (tagged image file format) images

and the following data-treatment and analysis of all diffraction experiments was done

with MATLAB. The images are converted to double precision to be able to properly

subtract a background (negative values are needed to have an average of zero counts).

The images are multiplied with a flatfield image, which accounts for the inhomogeneous

sensitivity of the pixels of the camera. Especially the fiber-bundle, which connects the

phosphor screen of the camera to the CMOS chip, shows up as a hexagonal structure of

darker pixels and is removed by the flatfield. A flatfield is usually created (in commercial

electron microscopes) by taking images without specimen and a widened electron beam,

such that a homogeneous illumination of the camera is achieved. Normalizing this image

to have an average pixel count of one results in the flatfield. Since a divergent beam

can not be created with the magnetic lens alone, here, an amorphous sample was used

to create a somewhat similar situation as in an electron microscope. The illumination

of the camera is in this case not constant in the radial direction of the diffraction plane,

but in its angular direction. Instead of normalizing the entire image by the average

count, the pixels are divided by the average count of all pixels with the same distance

to the center of the beam. All diffraction images are multiplied by this so-obtained

flatfield, effectively removing inhomogeneities of the pixels.

A.1. Polycrystalline samples

In the analysis of diffraction images of polycrystalline samples, as used in most exper-

iments of this work, the diffraction images are integrated angularly to obtain radial

averages. Finding the central pixel is crucial in this step to obtain narrow, undistorted

radial averages. With the zero order being blocked to protect the camera, the central
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Appendix A. Diffraction data treatment

pixel is determined iteratively by determination of the width of the Bragg-peaks as a

function of the central pixel. The center yielding the most narrow peak is used in the

analysis. In the radial integration, parts of the image covered by the beamblock are

disregarded in the averaging.
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Figure A.1.: a) Raw radial average of antimony and fitted background (dark blue line and
shaded area). b) Radial average in which the background has been subtracted.
The peak is fitted with a pseudo-Voigt line profile (red curve and shaded area).

The radial averages are fitted in several steps. First, a background function is fitted to

areas between the peaks which are dominated by (thermal) diffuse scattering. Scatter-

ing by the Si3N4 capping layers, as used in some of the experiments, is also subtracted

like this. The function is chosen empirically for every material to give reasonable fits.

Whereas a 1/S2 dependence did describe the background of Sb very well, the radial

averages of Al were fitted with a sum of a Lorentzian (centered at S = 0) and a poly-

nomial of degree 2. The radial averages of GST were fitted with a similar function, but

with an additional polynomial of degree 4. The high order polynomial was needed to

to correctly subtract also the scattering from the Si3N4 layers. An exemplary radial

average (of antimony) with a fitted background function is shown in figure A.1A.1 (upper

plot). The peaks are subsequently fitted with pseudo-Voigt line profiles, which are de-

fined as a linear combination of a Gaussian and a Lorentzian lineshape and look like

the horn of a unicorn: P (x) = η · G(x) + (1 − η) · L(x). Several iterations of fitting
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A.2. Single crystalline samples

background and peaks are used to obtain a good measure of the peak’s width, intensity,

position and mixing parameter η. A fit of a peak is shown in figure A.1A.1 (lower pane).

The calibration of pixel to scattering vector was done separately for every measure-

ment, since it changes with electron energy, lens current and sample position in propa-

gation direction. For samples with known lattice parameters, the calibration could be

done directly by fitting the peak’s position in pixels against the position known from

literature (this method was chosen for Al). The magnetic lens induces aberrations for

higher scattering vectors, such that a linear dependence was insufficient in the cali-

bration and a quadratic term was included. The scattering vector in the patterns of

antimony and GST were once calibrated by the comparison to a pattern of gold, taken

at the same conditions of the setup. Subsequent scattering vector calibration could be

done by pattern comparison to these firstly calibrated patterns.

A.2. Single crystalline samples

The emergence of diffraction peaks from single crystalline samples, in contrast to diffrac-

tion rings of polycrystalline samples, requires different procedures in the image analysis.

In a first step, a background is subtracted and a flatfield is multiplied on the raw diffrac-

tion image.

a) c)b)

Figure A.2.: a) Diffraction image of WSe2. b) The dark blue areas are masked and excluded
from the following step of determining the background of inelastically scattered
electrons (masks on outer peaks not shown). c) Diffraction image with inelas-
tically scattered electrons subtracted. In each orange area, a 2D pseudo-Voigt
function is fitted to the respective Bragg-peak.

Assuming little variations in the dynamics of the background intensity in k-space, it

is easy to remove the background of inelastically scattered electrons. The procedure
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Appendix A. Diffraction data treatment

is shown in figure A.2A.2. First, the center is defined by finding the position of a set

of diffraction peaks and averaging of their positions, as shown in a). From this set

of peaks, all other diffraction peaks are calculated, which is possible if the symmetry

of the diffraction pattern is known. All peaks are covered by circular masks of value

NaN (not a number), shown in b) in dark blue. A radially averaged intensity is then

calculated, excluding all masked areas. By subtracting this averaged intensity, the

image of c) is obtained. It contains only diffraction peaks and almost no background.

The peak’s intensity, position and width are then fitted with 2D pseudo-Voigt functions

P (x, y) = η · G(x, y) + (1 − η) · L(x, y), where G(x,y) and L(x,y) are two-dimensional

Gaussian and Lorentzian lineshapes, respectively, in an area around one diffraction

peak (orange boxes).
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B. Two-temperature model fits

In chapter 4.14.1, experimentally obtained data of the time-dependent mean square dis-

placement was converted to a time-dependent lattice temperature. Then, the param-

eters of a two-temperature model were optimized to best fit the data. In a first step,

the TTM was optimized using a constant electron-phonon coupling. In a second step,

an electron-temperature dependent coupling was fitted. The scripts for fitting were

written in MATLAB and the flow of the procedure is described in the following.

raw
data

initial guess
parameters Pi

call solver (ode45)
interpolate Tsolver

convolute T with Gaussiansolver

Residual = T - Tsolver, int m

nonlinear least square
optimization solver

ode solver

Parameters Pn

Residual vector
(TTM-data)

known material
parameters Pm

experiment & ab initio

Input

retrieved
parameters Pf

Output

calculate dT (t) ande

dT(t)l

T (t )solver solver

calls
dT(t)

processed
data T (t )m m

runs

model (TTM)

Figure B.1.: Diagram of the principle of fitting a TTM to the diffraction data. Details are
given in the text. Functions are depicted in yellow, solvers in blue, parameters
and data in green.

A diagram of the work flow in the scripts is shown in figure B.1B.1. Input to the scripts

are the measured lattice temperatures at the delay times of the experiment Tm(tm),

which are calculated from the raw data, and a set of known material parameters, i.e.

the electronic and lattice heat capacities Ce(Te) and Cl(Tl) of the material (from ab

initio calculations), the atomic mass M and the laser pulse duration τl. The second

set of parameters P is the parameters which are not known and are to be optimized.
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Appendix B. Two-temperature model fits

Initially, reasonable values Pi are guessed. These are the electron-phonon coupling

Gep,i, the absorbed energy density uE,i, the temporal zero point t0,i and a convolution

width τconv,i, which models the finite time-resolution of the experiment. The latter set

of parameters is the input to a non-linear optimization solver (lsqnonlin), which in the

end optimizes them to best reproduce the data. It can, however, only minimize the

values of a vector. Therefore, a function was written that compares the output of the

TTM to the data and returns the difference of the two. Within this function, firstly

an ode solver is called (MATLAB ode45), which solves the differential equations of the

TTM (given in a second function) with the known parameters and the to be optimized

parameters, which are directly supplied by the optimization-solver. The ode solver’s

output are an electronic and a lattice temperature Tl,solver(tsolver) at certain delay times

tsolver. To be able to calculate a difference between the ode-solvers output and the data,

the temperatures Tl,solver(tsolver) are convoluted with a Gaussian function to account

for the time-resolution of the experiment, and then interpolated at the delay times of

the experiment tm. The output of this function therefore is a vector, for which the

initial solver can calculate a standard deviation, which it then optimizes. It gives out

the final parameters Pf .

Fitting a TTM with an electronic temperature dependent electron-phonon coupling

requires one extra parameter, but is similar otherwise. The electron-phonon coupling is

split into a low-temperature one (300K) and a high-temperature one (4000K). In the

function of the TTM, the electron-phonon coupling is then interpolated to the electronic

temperature at the respective time-step.

The entire fitting procedure converges only if the start-parameters are not too far

off. Also, several local minima are possible. Therefore, the fitting was done for several

start-parameters. The deviation in the obtained final parameters directly served as a

measure for its error, shown in the respective plots.
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