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Abstract

This thesis presents studies of the structural dynamics in charge density wave (CDW) com-
pounds, captured by ultrafast transmission electron diffraction (UTED). The light-induced
lattice dynamics in the quasi-two-dimensional dichalcogenides 1T -TaS2 and 4Hb-TaSe2 are
tracked and analyzed for various excitation conditions. With strong enough perturbation,
the phase transition dynamics between two different CDW phases are explored.

Correlated systems, with their multitude of different degrees of freedom are still elu-
sive to a coherent theory which can e.g. account for the competition between supercon-
ductivity and CDW formation. In the latter a periodic lattice distortion (PLD) and a
modulation of the electron density evolve as a result of a peculiar electron-lattice inter-
action. In consequence, CDWs demonstrate a structural order parameter, given by the
amplitude of the PLD. Despite their often complicated phase diagrams, layered transition-
metal dichalcogenides (TMDs) feature a pronounced two-dimensionality and rather simple
crystal structure. Moreover, as demonstrated here, TMDs can be prepared to meet the pe-
culiar requirements of UTED experiments. This predestines TMDs for the study of order
parameter dynamics of strongly correlated matter using ultrashort electron pulses.

In UTED, the photoinduced structural response of a sample is measured by diffraction
patterns, generated from electron pulses at different time delays with respect to the optical
perturbation. In the particular case of 1T -TaS2, the CDW is coherently suppressed within
∼150 fs by photoexcitation with intense near-infrared optical pulses. Subsequently, anhar-
monic phonon decay and electron-phonon scattering lead to an increase in the mean squared
amplitude of incoherent atomic motions. At the same time the CDW order parameter re-
covers partially on a time constant of ∼ 1 ps. We demonstrate that by tracking multiple
diffraction orders simultaneously, dynamical structure refinement gives direct access to the
coherent dynamics of the order parameter.

We propose a simple model for dynamical structure refinement that accounts for the
observed transient, |q|-dependent diffraction intensities of both the main reflections and
the accompanying super lattice reflections. From the model, the dynamics of the PLD
amplitude, i.e. the CDW order parameter dynamics are resolved by disentangling coher-
ent and incoherent atomic motions. This approach describes the intensity changes of all
observed reflections without the need to introduce additional parameters for CDW-specific
excitations (phasons). As a consequence, it is suggested that phasons are either strongly
gapped or demonstrate only very minor atomic displacement parameters, even for the case
of strong optical perturbation.

At high enough excitation densities, the phase transition from the nearly commensurate
(NC) CDW state to the incommensurate (IC) CDW state in 1T -TaS2 is achieved. Here, the
NC phase is quenched within less than ∼150 fs. The slightly delayed genesis of the IC phase
follows characteristic growth dynamics on two distinct timescales. The new phase is initially
seeded within a few picoseconds, but completely established only after a fluence-dependent
timescale ranging from 50 ps to 250 ps. Possible atomic trajectories associated with the
NC-IC phase transition are simulated, suggesting the following two-step model: The initial
IC CDW nucleation happens at the domain walls of the previous NC phase, whereas the
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full formation of the IC state proceeds via substantially slower, thermally-activated domain
growth. Compared to other phase transitions into states of complex order, the observed
completion of the NC-IC phase transition occurs on an exceptionally short timescale.

The compound 4Hb-TaSe2 evolves a commensurate (C) CDW at room temperature, how-
ever only in every second layer, with the intermediate sheets remaining unmodulated. Here,
the optically suppressed CDW recovers on a timescale of several hundreds of picoseconds,
which is two orders of magnitude longer than in 1T -TaS2, or similar, yet distinctly different
CDW compounds. We attribute this strongly prolonged CDW reformation dynamics to the
fact that the CDW in 4Hb-TaSe2 is stabilized by the only weak interlayer coupling.

With respect to increasing fluence, the C-IC phase transition in 4Hb-TaSe2 demonstrates
distinct second-order behavior, whereas it is of strong first-order character when achieved
thermally. We suggest that the strongly excited coherent amplitude modes have a dominant
effect on how the phase transition is reached in nonequilibrium.

The increase in signal-to-noise ratio of the developed UTED setup demonstrates the
capability to capture about one order of magnitude weaker photoinduced intensity changes
than previously demonstrated. Together with the introduced model for dynamical structure
refinement the study of lattice dynamics in more complex systems with multiple degrees of
freedom is within reach.

Keywords: Structural dynamics, ultrafast electron diffraction, charge density waves,
transition metal dichalcogenides.

PACS: 78.47.J–, 61.05.J–, 64.70.Rh, 71.45.Lr
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Chapter 1.

Introduction

At the turn of the 20th century, Paul Drude put forward his theory of metallic conduction,
pioneering a conceptually new picture of elementary processes in solids [Dru00a, Dru00b].
A direct result of Drude’s model is the estimate of the electron scattering time τ in metals
given by equation (1.1): Here, me and e are the electron mass and charge, ρ is the electrical
resistivity and n the free electron density1. The astonishingly simple relation is owed to
kinetic gas theory, which Drude applied to metals, and proposes electronic scattering times
in the femtosecond regime.

τ =
me

ρne2
∼ 10−15 s (1.1)

It is not known whether Drude ever wondered about how the estimate from (1.1) could be
directly measured. In fact direct experimental verification should have to await the Nobel-
prize winning realization of coherent light sources [Nobc] some 60 years later, before the
ultrafast temporal regime (. ps) came into sight. In the following decades scattering times
of hot electrons in metals and semiconductors have been measured by various ultrafast
techniques2. Nowadays, femtosecond laser systems are commercially available standard
tools, and fiber-optic communication technology has provided for the advent of the Infor-
mation Age3. Overall, the minimal duration of coherent light pulses ∆τ seems only limited
by Heisenberg’s fundamental uncertainty principle ∆ω × ∆τ ≥ 1

2 , with ∆ω being the
spectral width of the carrier frequency. In this spirit, recent ultrashort optical pulses have
reached the attosecond regime4.

Over the last century, a quantum theory of solids was developed, trying to capture all
the leftovers from Drude’s model. A rich variety of elementary processes in solids were
subsequently addressed by theory and experiment, providing a first glance into the micro-
cosmos within solids. Some of those elementary processes and their corresponding time-
and energy scales are given in figure 1.1. Their detailed understanding and sophisticated
harvesting forms the basis of our everyday, high-technology life.

From a closer look at the energy scales it becomes apparent that most of the processes are
exclusively reserved to the ultrafast time domain, if one wishes to address them by direct,
time-resolved means. In this regard, ultrafast optical spectroscopy has provided for direct
insights into various processes in matter [Sha99].

For future technology development and from a purely scientific point of view, strongly
correlated compounds are particularly attractive [Tom09a]. They have demonstrated gi-

1Typical values for ρ and n can be found in [Ash76].
2For example, ultrafast two-photon photoemission demonstrated e− − e− scattering times in copper on the

order of ∼ 10 fs, for electrons with energies of several eV above the Fermi-level [Oga97]. N.B.: Clearly,
e− − e− scattering is a far more delicate topic as (1.1) might suggest.

3Transmission bandwidths of Tbit/s to come [Pfe14].
4Realization of X-UV pulses of 50 as duration [BB12].
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Figure 1.1. Timescales and energies for various solid state processes. Adapted from [Dor06].

ant technology leaps in the past [Len97, Gou08], yet they are, at best, only qualitatively
understood. One prototypical class of strongly correlated matter are charge density waves
(CDWs), governed by their inherent reduced dimensionality. As a result of peculiar electron-
lattice interaction they evolve a modulation of the electron density and a periodic lattice
distortion (PLD).

Over the last decade or so, CDW compounds have been subject to various time-resolved
studies, providing detailed insights into the peculiarities of the electronic system. Ultrafast
changes in optical reflectivity [Dem99, Yus08] and in photoelectron yield [Per08, Sch08]
have been tracked, with precise electronic but only indirect structural information on the
light-induced response [Sch10, Por14].

On the other hand, the young but promising technique of ultrafast transmission electron
diffraction (UTED) has demonstrated direct structural insights into the melting of metals
[Siw03, Lig09, Sci09] and the generation of coherent phonons [Par05, Nie09, Har09]. The
study of more complex compounds has been, and still remains, limited by the peculiar
sample requirements for UTED experiments.

Scope of the Thesis

This work provides for a direct structural perspective on the ultrafast dynamics in CDWs.
The thesis pivots on the structural dynamics of transition-metal dichalcogenides (TMDs),
as captured by UTED. In the compounds under study, 1T -TaS2 and 4Hb-TaSe2, the struc-
tural dynamics in various CDW phases and their interconnecting phase transitions are
addressed. In addition, technological advancements as well as preparation schemes for
samples according to UTED requirements are demonstrated.

The thesis is divided into three main chapters. Each chapter will be prefaced by a short
introduction to its topic and an overview of its sections. This way, we hopefully provide
for good enough orientation during the sometimes lengthy discussions. In addition, readers
experienced in the field will find direct access to a particular chapter of interest.

In the beginning, chapter 2 provides for the basic concepts of CDW formation. The
classical Peierls-Fröhlich mechanism in the weak coupling limit is outlined. The elec-
tronic susceptibility in metals of different dimensionalities and the Fröhlich hamiltonian
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1 Introduction

are discussed. We review the Kohn anomaly, and introduce the mean-field approximation.
The elementary low-energy excitations of the CDW condensate are introduced. A final
comparison of the weak-coupling to the strong-coupling limit along the extended Hub-

bard model closes the chapter. The deficiencies of both approaches for the description of
the CDW formation in TMDs are outlined. At the relevant positions of the text examples
for the discussed phenomena are given from the literature.

In chapter 3 the basic concepts to describe scattering and diffraction of electrons and
X-rays from matter are briefly summarized. In the subsequent section, the UTED setup,
which has been developed over the course of the doctorate, is presented. The obtained
data demonstrate superior signal-to-noise ratio (SNR) with respect to other experimental
data presented in this thesis. Thereafter details on sample preparation methods that meet
UTED requirements are discussed and compared.

Finally, a novel experimental approach for sub-relativistic UTED is demonstrated. In this
so-called streaking geometry, a temporally long electron pulse is used to record a diffraction
pattern of the sample, where the structural response of the crystal will be imprinted along
the time axis of the pulse. Subsequent ultrafast streaking allows to spatially separate the
different temporal components of the pulse. This method features an increased SNR with
respect to the conventional scanning approach and can ultimately allow for the study of
truly irreversible phenomena.

In the last part of the thesis, chapter 4, the order parameter dynamics in two different
transition-metal dichalcogenides are studied for variable excitation densities. The first two
sections of chapter 4 discuss the structural dynamics of 1T -TaS2 in its nearly commensurate
(NC) CDW state. In response to an optical pulse the amplitude of the periodic lattice
distortion can be suppressed on a timescale of ∼ 150 fs and partially recovers within ∼ 1 ps.
We introduce a simple model to describe the observed bipolar intensity changes over the
entire diffraction pattern. The simulated transient intensity changes agree astonishingly
well with the observed dynamics and allow for decoupling coherent from incoherent atomic
motions. As such, we can provide direct insights into the coherent dynamics of the CDW
order parameter.

With increasing optical excitation density the phase transition from the NC to the in-
commensurate (IC) CDW state is achieved. The buildup of the IC phase proceeds on two
distinct timescales, where the initial nucleation dynamics (∼ 2 ps) are followed by a slower
process ranging from 50 ps to 250 ps. From simulating possible atomic trajectories asso-
ciated with the NC-IC transition, we suggest that the IC phase nucleates at the domain
walls of the NC phase. The domain growth happens on a longer, temperature-dependent
timescale, after which the phase transition is completed.

At room temperature 4Hb-TaSe2 develops a commensurate (C) CDW, which is however
present only in every second layer, whereas the intermediate sheets remain unmodulated.
We observe that the optically suppressed CDW recovers substantially slower (that is by two
orders of magnitude) than in the case of 1T -TaS2. We attribute this slow recovery process
to the reduced interlayer coupling of the CDWs in this compound. The phase transition
into the IC state demonstrates a characteristic second-order behavior with respect to the
excitation fluence. In contrast, the thermally achieved transition is strongly of first-order
type. We ascribe the change from first- to second-order character of the phase transition
(when changing the control parameter from temperature to excitation density) to the strong
excitation of coherent amplitudon modes.

At the end of the thesis, chapter 5 summarizes the main results presented over the course
of the work and provides for an outlook into possible future applications and developments.
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Chapter 2.

Concepts of Charge Density Wave Formation

Charge density waves (CDWs) are instabilities arising in metals from a reduction of the 3D
phase space [Gru94]. A possible competitor to the formation of CDWs is superconductivity,
as observed in various systems [Fuj02, Cha12] and implied from table 2.1 (details later in
the chapter). Characteristic of the CDW broken symmetry ground state is a periodic mod-
ulation of both, the conduction electron density and the lattice, with the latter commonly
referred to as periodic lattice distortion (PLD).

One-dimensional cases, although long considered as a purely academic problem [Pei56],
have been realized in the form of quasi-1D metals. Here, the electrical resistivity along
the chain direction can be by several orders of magnitude higher than in perpendicular
directions. Typical CDW compounds include Bechgaard salts [Bec80] for the quasi-1D case
and transition-metal dichalcogenides (TMDs) [Wil75] for the quasi-2D case.

state pairing total spin total mom. broken symm.

singlet supercond. el. - el. S = 0 q = 0 gauge

triplet supercond. el. - el. S = 1 q = 0 gauge

spin density wave el. - hole S = 1 q = 2kF translation

charge density wave el. - hole S = 0 q = 2kF translation

Table 2.1. Various broken symmetry ground states of a 1D metal [Gru94].

Over the last decades, two different approaches have been established to describe the
physical properties of one-dimensional conductors [Mon12]: (i) The Fröhlich model [Frö54]
with its coupled electron-phonon system accounts for Peierls-distortion, Kohn-anomaly and
phonon softening. (ii) The extended Hubbard model [Hub63] describes best electronic cor-
relations in molecular solids. The first approach (i) corresponds to the weak coupling limit,
the second (ii) to the strong coupling limit of the mean field theory. However, a theory for
the intermediate coupling regime is not available to date [Ros11].

In the following, the standard concepts of the formation of charge density waves are
outlined, with physical examples provided wherever appropriate. The last section describes
shortcomings of the weak coupling limit in contrast to the strong coupling limit.

Before turning to the theoretical concepts, let us spend a few words on terminology: We
refer to a CDW as a modulation of the electron density and a modulation of the lattice,
the latter commonly called periodic lattice distortion. When addressing either of the two
constituents, we refer to the electronic part of the CDW or to the PLD. In other words,
when talking about a CDW, we mean the CDW state as Grüner formulated it: “The
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2.1. Peierls-Fröhlich Model

charge density wave ground state develops (...). As the name suggests, the resulting ground
state consists of a periodic charge density modulation accompanied by a periodic lattice
distortion” [Gru94], p.311.

2.1. Peierls-Fröhlich Model

In the 1930s, Peierls proposed that a purely 1D metal would be unstable with respect to
a periodic modulation [Pei56]. It would undergo a metal-semiconductor transition due to
the formation of a CDW, with a wavevector of q = 2kF (Fermi wavevector kF). In this
picture, the energy cost of the static ion displacement is outweighed by the energy gain
coming from the lowering of occupied bands at the new Brillouin-zone edge. This effect
is based on the divergent electronic susceptibility in 1D for a potential with a period of
1/kF.

2.1.1. Static Electronic Susceptibility

Let us add a weak, periodic potential V (r) =
∫
V (q)eiqrdq to the Schrödinger equation

of the free electron gas. The potential is weak in the sense that we can treat the problem
in a linear fashion and with first order perturbation formalism. Additionally we are only
interested in the effect arising from a time independent but spatially periodic potential.
From a linear response to the external potential, the induced change in the charge density
reads

δρ(q) = χ(q)V (q). (2.1)

Here χ(q) is the electronic susceptibility or the Lindhard response function [Lin54], which
we are determining in the following.

The solution of the inhomogeneous Schrödinger equation (due to the perturbing po-
tential) gives the electronic susceptibility in the form of [Dre02]:

χ(q) =
2e2

(2π)D

∫

dk
f(Ek) − f(Ek+q)

Ek − Ek+q

(2.2)

In (2.2) e is the elementary charge, f(E) is the Fermi-Dirac distribution, E the electron
energy, and D is the dimensionality of the system. At this stage it makes sense to define
a few common quantities for further use: EF and kF denote Fermi energy and wavevector,
respectively; n(E) is the density of states at the energy E .

For the case of T = 0 K, equation (2.2) can be solved analytically. Let us start quali-
tatively. The nominator of (2.2) is nonzero only when either Ek < EF and Ek+q > EF or
Ek > EF and Ek+q < EF. In other words only pairs of occupied (electron) and unoccupied
(hole) states contribute to (2.2). In all other cases, the Fermi-Dirac distributions can-
cel. From the denominator of (2.2) it follows that the most important contributions to the
value of χ(q) stem from electrons with similar energies and q ∼= ±2kF, k ∼= ∓kF. With
these considerations we can already expect the coupling between electron and holes via a
2kF periodic potential. Later we will see that this coupling is provided by electron-phonon
interaction (see Fröhlich hamiltonian (2.8)).

1Out of the same dilemma other authors refer to a “CDW/PLD” [Ros11], which we however would like to
avoid for the sake of ease of reading.
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2 Concepts of Charge Density Wave Formation

Integration of (2.2) for a spherical three-dimensional (D = 3) Fermi surface yields
[Dre02]

χ3D(q) = −e2

2
n(EF)

{

1 +
(
kF

q
− q

4kF

)

ln
∣
∣
∣
∣

q + 2kF

q − 2kF

∣
∣
∣
∣

}

. (2.3)

The relation in (2.3) is plotted in figure 2.1 (a), with the discussion following in the next
paragraph.

For the one-dimensional case (D = 1), where the Fermi surface essentially consists of
two points, integration of (2.2) gives [Dre02]:

χ1D(q) = −e2kF

q
n(EF) ln

∣
∣
∣
∣

q + 2kF

q − 2kF

∣
∣
∣
∣ (2.4)

There are two singularities in (2.4), one at q = 0 (removable) and the other at q = 2kF

(see figure 2.1 (a)). The latter leads to a divergent response of the electrons with respect
to a potential of period λ0 = π

kF
. This is the so-called Peierls instability for a 1D metal at

T = 0 K [Pei56]. With increasing dimensionality of the system, the logarithmic divergence
in (2.4) is removed, see figure 2.1 (a): Here, χ(q)/χ(0) is plotted for various dimensions.

The disappearance of the singularity is easily understood by revisiting (2.2) and the
associated discussion, together with a closer look at the specific Fermi surface topology,
sketched in figure 2.1 (b) - (d): In the case of a quasi 1D metal, the Fermi surface consists
of two sheets (figure 2.1 (b)), providing for a high number of states which contribute to the
nonzero value of (2.2). This is called perfect nesting, since the Fermi surfaces in opposite
directions of reciprocal space perfectly match. In the case of a 2D metal (figure 2.1 (c)), the
Fermi surface forms a circle, where, along one direction only one electron-hole pair forms
with an exact momentum difference of 2kF. Thus the singularity is removed when going
from the one-dimensional case to higher dimensions.

However, pronounced nesting can also occur in higher dimensions, if strong anisotropy
in the electronic structure is provided. Such a case is given for example in transition-metal
dichalcogenides (TMDs) [Wil69]. Figure 2.1 (d) shows the simulated Fermi-surface of 1T -
TaS2 together with the suggested nesting vectors of the commensurate CDW2. At this stage
it needs to be pointed out that on a closer look, nesting vectors and CDW wavevectors do in
general not match as expected. This becomes obvious from high resolution Fermi surface
measurements with angle-resolved photoemission spectroscopy (ARPES), especially for the
cases of TMDs [Joh08, Mul10]. Still the specifics of the Fermi surface topology serve as
qualitative explanation for the evolution of CDWs [Ros11].

When accounting for a finite temperature we need to consider the Fermi-Dirac distri-
bution in (2.2). The dispersion relation of the free electron gas is linearly approximated in
the vicinity of the Fermi energy: For ǫ ≪ EF we write Ek = EF + ǫ → Ek+2kF

= EF − ǫ. This
gives for the enumerator of (2.2) in the 1D case (with kB being Boltzmann’s constant):

1
exp(−ǫ/(kBT )) + 1

− 1
exp(ǫ/(kBT )) + 1

= tanh
ǫ

2kBT
(2.5)

2The different phases of 1T -TaS2, although not relevant for the current discussion, can be found in figures
4.1 & 4.3.
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2.1. Peierls-Fröhlich Model
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Figure 2.1. Electronic susceptibility and nesting: Panel (a) shows the normalized electronic
susceptibility (2.2) at T = 0 K for one to three dimensions. The singularity at q = 2kF is removed
for higher dimensions, and for increased temperatures (not shown). Panels (b) and (c) show
the nesting vectors for the quasi-1D and the 2D Fermi surfaces of the free electron gas. Panel
(d) displays a simulated Fermi surface for 1T -TaS2 in the ΓMK-plane. The first Brillouin zone
of the crystal with(-out) CDW is partially indicated in red (blue). The nesting vectors for the
commensurate CDW are indicated [Ros10].

With that, (2.2) yields:

χ1D(2kF, T ) = − e2n(EF)

ǫB/(2kBT )∫

0

dx
tanh x
x

(2.6)

= − e2n(EF) ln
1.14ǫB
kBT

(2.7)

The value of ǫB is an arbitrary cut-off energy, which is typically taken to be similar to the
Fermi energy [Gru94]. Thus the divergent response of the free electron gas is suppressed
with increasing temperature.

The instability of the electron gas for q → 2kF and T → 0 K is the so-called Peierls

instability [Pei56]. In the next section we will see, how phonons will account for the coupling
of the occupied and unoccupied states which are 2kF apart.

With a self-consistent potential describing the electron-phonon coupling, several broken
symmetry ground states arise in a 1D metal, summarized in table 2.1. Next to charge
density waves, singlet and triplet superconductors as well as spin density waves occur. The
details of the different types of ground states in one dimension are reviewed in [Sol79].

2.1.2. Fröhlich Hamiltonian

The mutually interacting electron and phonon system is, in the weak-coupling limit, de-
scribed by the Fröhlich hamiltonian H. In the simplest approach, the independent-
electron, harmonic and adiabatic approximations, yield [Frö54, Kag89]

H =
∑

k

Eka
†
kak +

∑

q

~ωqb
†
qbq +

∑

k,q

gqa
†
k+qak(b†

-q + bq). (2.8)
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2 Concepts of Charge Density Wave Formation

In equation (2.8), Ek refers to the energy of the electron state k, a†
k and ak are the electron

creation and annihilation operator, respectively. The bosonic phonon system is described
by the respective operators b†

q and bq for creation and annihilation of a phonon with energy
~ωq. ωq is the frequency of the phonon normal mode q, and gq is the electron-phonon
coupling constant, assumed to be independent of k. In such, the first two terms in (2.8),
describe the free electron gas and the phonon system, and the third stands for their mutual
interaction.

The interaction term of (2.8) consists of two fundamental processes: One part (∝ a†
k+qakbq)

describes an electron in the k state absorbing a phonon with wavevector q and forming a
k + q electron. The other part (∝ a†

k+qakb
†
-q) stands for the scattering of a k electron into

k + q state after emission of a -q phonon.
The interaction strength for these scattering processes is described by the electron-phonon

coupling constant [Gru94]

gq = i

√

~

2Mωq
|q|Vq. (2.9)

Here, M and Vq are the mass and the potential of the lattice cores.
The normal coordinate of ionic motions with regard to the phonon creation and annihi-

lation operators reads [Kag89]

Qq =

√

~

2MNωq

(

bq + b†
-q

)

, (2.10)

with N being the number density of the ions. Accordingly, the atomic displacement u(x)
from the equilibrium position is given by

u(x) =
∑

q

√

~

2MNωq

(

bq + b†
-q

)

eiqx. (2.11)

From the Fröhlich Hamiltonian and the relation for the normal coordinate (2.10) we can
address the so-called Kohn anomaly, a softening of certain phonon modes.

2.1.3. Kohn Anomaly

In the following, the lattice is regarded as an elastic continuum of positive charges, called
the jellium model. The phonon frequency depends on the restoring force for the correspond-
ing lattice deformation. In the simple jellium model, the force originates from Coulomb

interaction between the cores. As outlined above, the electronic response to a π/kF -periodic
potential diverges, providing for an effective shielding of the cores. In turn, the frequency
of the associated mode is reduced, commonly referred to as softening of the phonon mode.
This considerable reduction in frequency of the phonon at a specific wavevector is called
Kohn anomaly. It was first proposed by Kohn in 1959 [Koh59]. In the following we will
outline the main steps for the phonon softening in the 1D case [Kag89, Gru94].

In the second quantized formalism, the equation of motion for the ionic normal coordinate
(2.10) is given by

~
2Q̈q = − [[Qq,H] ,H] . (2.12)

Here H is the Fröhlich hamiltonian as given by (2.8). From employing commutator rules
and using the relation between the potential and the induced charge (2.1), it follows [Gru94]

Q̈q = −
(

ω2
q +

2g2ωq

~
χ(q, T )

)

Qq. (2.13)

9



2.1. Peierls-Fröhlich Model

On the way from (2.12) to (2.13) g is assumed to be independent of q. For the bare phonon
frequency ωq in (2.13) the specific electron-phonon interaction is not considered, i.e. it is
taken from the high-temperature, metallic state. The expression in brackets in (2.13) is the
square of the renormalized phonon frequency, i.e.

ω2
ren,q = ω2

q +
2g2ωq

~
χ(q, T ). (2.14)

Using the expression for the 1D susceptibility at finite temperatures (2.7), the softening at
q = 2kF becomes apparent

ω2
ren,2kF

= ω2
2kF

− 2g2ω2kF

~
e2n(EF) ln

1.14ǫB
kBT

. (2.15)

Previously it was shown that χ1D(q, T ) diverges with q approaching 2kF and T being
reduced to 0 K. This leads to an increase in the second term in (2.15), effectively reducing
the frequency of the 2kF mode with respect to other modes and eventually leading to a
“frozen in” phonon below the phase transition temperature. The qualitative behavior of
(2.14) is sketched in figure 2.2 (a) for different Peierls mean-field transition temperatures
TMF

P . For the dispersion relation we used a smooth transition to the value at ω2kF
from

(2.15). The evolution of a Kohn anomaly can be measured with e.g. neutron diffraction,
as shown in figure 2.2 (b). It acts as a precursor to the Peierls transition, as seen from
the appearance of the dip in the acoustic phonon branch well above the respective TMF

P .
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Figure 2.2. Kohn anomaly: Panel (a) shows the Kohn anomaly for different temperatures as
suggested by (2.15). Panel (b) depicts a neutron diffraction measurement of the acoustic phonon
dispersion relation in two TMDs, 2H-NbSe2 (critical temperature Tc = 33.5 K) and 2H-TaSe2

(Tc = 122.3 K) for different temperatures [Mon75]. Both evolve i.a. incommensurate CDWs along
the indicated direction of [ζ00]. The Kohn anomaly is present already well above the actual phase
transition temperature and serves as a precursor to the CDW state.

The Peierls transition temperature TMF
P in the mean-field approximation is obtained from
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2 Concepts of Charge Density Wave Formation

setting the renormalized phonon frequency (2.14) equal to zero, yielding

TMF
P =

1.14ǫB
kB

exp
(

− 1
λ

)

, (2.16)

with λ =
2e2g2n(EF)

~ω2kF

. (2.17)

Here λ is the dimensionless electron-phonon coupling constant. As to be expected, the
stronger the electron-phonon coupling, the higher the phase transition temperature. The
detailed temperature behavior of ωren,2kF

close to the mean field transition temperature is
found from Taylor expanding (2.14), and using the relations (2.16) & (2.17):

ωren,2kF
= ω2kF

√
√
√
√
T − TMF

P

TMF
P

for T & TMF
P . (2.18)

The shape of (2.18) is sketched in figure 2.3 (a) and resembles the analytical approximation
of the superconduction gap equation from the BCS theory3. The temperature evolution of
the CDW order parameter below TMF

P is discussed further below (equation (2.29)).
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Δ(T) 
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Figure 2.3. The temperature dependence of ωren,2kF
and ∆ : Panel (a) shows the temper-

ature evolution of the renormalized q = 2kF phonon frequency above TMF
P . Below TMF

P the
behavior of the CDW order parameter is indicated, see equation (2.29). In panel (b) the soften-
ing of the L−

1 phonon branch (full circles) in 1T -TiSe2 is shown as determined by X-ray thermal
diffuse scattering. Adapted from [Hol01]. The compound evolves a commensurate CDW below
Tc ≈ 180 K. We use Tc for the measured phase transition temperature, whereas TMF

P refers to the
theoretical mean field transition temperature. N.B.: The description of the phonon softening with
(2.18) is an approximation for temperatures close to TMF

P . Additionally it needs to be pointed
out that the origin of the CDW in 1T -TiSe2 is still controversially under debate [Web11, Zhu12];
although the Peierls mechanism is sill being considered for this compound, pronounced phonon
softening is present. Panel (c) shows the diffraction intensity in the superlattice reflections of the
1D CDW compound (TaSe4)2I with Tc ≈ 260 K. The qualitative guide to the eye demonstrates
the second order character of the incommensurate CDW to metal transition. The intensity in su-
perlattice reflections is proportional to the square of the order parameter and prone to attenuation
by the Debye-Waller effect. This makes it a non-straightforward task, to determine the order
parameter from the super lattice intensities. An approach to disentangle the two components will
be presented in detail in section 4.1.4. Adapted from [Fuj84].

3Microscopic theory of superconductivity by Bardeen, Cooper and Schrieffer [Bar57].
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2.1. Peierls-Fröhlich Model

2.1.4. Mean-Field Description

The above treatment of the electron-phonon coupling led to an expression for the renor-
malized phonon-frequency (2.14), which describes the Kohn anomaly. From a qualitative
comparison of χ(q) for higher dimensions (figure 2.1 (a)), it becomes clear that the anomaly
is dominant in low dimensions. In other words, the temperature behavior sketched for the
1D case in figure 2.2 (a) is qualitatively transferrable to different dimension, where the
T >> TMF

P curve would correspond to the 3D case. After all, the fact that ωren,2kF
be-

comes zero in the 1D case means that a permanent lattice modulation evolves. In the
following we will study the effect of this lattice modulation (synonymously: periodic lattice
distortion) on the electron dispersion relation.

In the mean-field approximation, the Fröhlich hamiltonian (2.8) can be simplified by
replacing the boson operators bq and b†

q with their expectation values 〈bq〉 and 〈b†
q〉. Below

the Peierls transition, 〈bq〉 and 〈b†
q〉 do not vanish due to the macroscopically occupied

phonon modes. This predestines them as an order parameter for the CDW state in the
form of4 [Gru94]

|∆|eiφ = g2kF

(

〈b2kF
〉 + 〈b†

−2kF
〉
)

. (2.19)

Here |∆| is the absolute value and φ is the phase of the complex order parameter. In a first
step, after having introduced the mean-field approximation, let us apply the expectation
value expression to the equation, describing the atomic displacement u(x) (2.11); this gives
[Gru94]

〈u(x)〉 =

√

2~
MNωq

|∆|
g2kF

cos(2kFx+ φ). (2.20)

From (2.20) it is obvious, that there will evolve a static mean displacement of atoms from
their equilibrium position with a period of π/kF . More important for the further course
of this thesis however is that the displacement amplitude is directly proportional to the
absolute value of the order parameter |∆|. This fact provides us with access to the CDW
state, by measuring satellite intensities in electron diffraction patterns5.

Replacing the respective operators in the Fröhlich hamiltonian (2.8) with their expec-
tation values yields the mean-field Fröhlich hamiltonian, in the form of

H =
∑

k

Eka
†
kak +

∑

q

~ωq〈b†
qbq〉 +

∑

k,q

gqa
†
k+qak〈b†

−q + bq〉. (2.21)

The sum over q only contains values of ±kF . With 〈b2kF
〉 = 〈b†

−2kF
〉 and g2kF

= g−2kF
the

part in (2.21) describing the electrons can be written as

Hel =
∑

k

Eka
†
kak + 2g2kF

∑

k

{

a†
k+2kF

ak〈b†
−2kF

〉 + a†
k−2kF

ak〈b−2kF
〉
}

. (2.22)

Using the expression of (2.19) for the order parameter, the electronic part of the mean field
Fröhlich hamiltonian can be written was

Hel =
∑

k

{

Eka
†
kak + |∆|eiφa†

k+2kF
ak + |∆|e−iφa†

k−2kF
ak

}

. (2.23)

4Again, we only consider the 1D case;
5The concept of main reflections and satellite reflections will be described in detail in chapter 4, for example

along figure 4.4. In short, satellite reflections originate through diffraction from the CDW associated
lattice distortion and enclose the bright main reflections from the host lattice.
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2 Concepts of Charge Density Wave Formation
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Figure 2.4. Peierls transition in a 1D metal (half filled conduction band): The bottom
of panel (a) shows a linear atomic chain with a homogeneous conduction electron density. The
half-filled parabolic band is indicated on top. Below TMF

P a CDW evolves (panel (b)), with a
period of λCDW = π/kF . The linear atomic chain dimerizes and the electron density is accord-
ingly modulated. At the new edges of the first Brillouin zone a bandgap of magnitude 2∆ is
established.

The form of (2.23) is closely related to the BCS hamiltonian, see e.g. [Tin04]. It is thus
not very surprising that in the following similar expressions for e.g. the band gap will be
found as in the case of a BCS superconductor.

The hamiltonian in (2.23) can be diagonalized by a canonical transformation [Gru94].
The transformation is similar to the Bogoliubov transformation used in BCS theory and
can be found in the literature [Tin04].

A direct result from the diagonalization is the spectrum for the free-electron excitation,
where the energy gap of 2∆ becomes apparent

Ek = EF + sgn(k − kF )
√

~2v2
F (k − kF )2 + ∆2. (2.24)

Here k is measured from the Fermi wavevector kF and vF is the Fermi velocity. So,
instead of the nearly linear dispersion at kF above TMF

P , a band gap opens in the single
particle excitation spectrum in the CDW state. In a true 1D system, the Fermi surface is
completely gapped, however already in quasi 1D only partial gapping evolves.

The opening of the band gap lowers the occupied states and as such provides for an
energy gain. In the weak coupling limit, the electronic energy can be calculated to [Gru94]

Eel = n(EF )

(

−∆2

2
− ∆2 log

(
2EF

∆

))

. (2.25)

On the other hand, the deformation of the lattice due to the non-vanishing expectation
values of b and b† costs energy according to

Elat =
∆2n(EF )

λ
. (2.26)
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2.1. Peierls-Fröhlich Model

From the overall energy consideration Eoa = Eel + Elat we can formulate a criterion for the
stability of the CDW

Eoa = n(EF )

(

−∆2

2
− ∆2 log

(
2EF

∆

)

+
∆2

λ

)

< 0. (2.27)

From this the condensation energy for the CDW state can be calculated, which gives the
BCS relation between the gap size at T = 0 K and the mean-field transition temperature:

2∆ = 3.52kBT
MF
P (2.28)

At increased temperatures, the excitation of single particles across the gap (thermally in-
duced) leads to a screening of the electron-phonon interaction and to a reduction of the
demonstrated energy gain. This produces a finite phase transition temperature of the form
[Tin04]

∆(T ) = 1.74∆(0)

√

1 − T

TMF
P

for T . TMF
P . (2.29)

The relation (2.29) is qualitatively plotted in figure 2.3 (a).
Finally, from the states associated with the electronic part of the Fröhlich hamiltonian

(2.23) it can be shown that a periodic charge density variation evolves. The derivation is
sketched in [Gru94], yielding

ρ(x) = ρ0

{

1 +
∆

~vFkFλ
cos(2kFx+ φ)

}

. (2.30)

Here, ρ0 is the constant electronic density in the metallic state.
In all, the resulting periodic lattice modulation and the induced modulation of the charge

density are sketched in figure 2.4. Here, a dimerization is observed, due to the half-filled
conduction band and a bandgap of magnitude 2∆ opens at the new Brillouin zone edge.

2.1.5. Elementary Excitations of Charge Density Waves

The evolution of a periodic lattice distortion below the temperature of the Peierls tran-
sition produces a (partially) gapped Fermi surface. The phonon dispersion relation is
significantly altered, since a new periodicity is established, leading to a new Brillouin

zone and causing backfolding of phonon branches. This process is schematically sketched
in figure 2.5 (b).

From the Fröhlich hamiltonian (2.8) the new dispersion relations have been calculated
[Lee74]. Two branches are obtained for the 1D case, where the one with finite energy at
the Γ point was named A+, and the new acoustic one A−. The dispersion relations read
[Mon12]

ω−(q) =
√

m/m∗vFq, and (2.31)

ω+(q) =

√

λω2
2kF

+
4
3
m

m∗
v2

Fq
2. (2.32)

The above relations are derived for T = 0 and small q-values. The renormalized Fröhlich

mass m∗ is given as

m∗ = m

(

1 +
4∆2

λ~2ω2
2kF

)

. (2.33)
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2 Concepts of Charge Density Wave Formation

Since these modes correspond to a modulation of the amplitude (A+) and the phase (A−)
of the order parameter, they are accordingly called amplitudon and phason modes. The
amplitudon mode is Raman active, whereas the phason mode has a dipole moment.

Overhauser proposed that the excitation of the phason mode in CDWs would have
a pronounced effect on superlattice reflections in diffraction patterns [Ove71]. However,
recent structure refinement of X-ray diffraction data from CDW compounds suggest that
phasons are strongly gapped or their respective atomic displacement matrix elements are
very minute [Sma07]. The effect of phasons on electron diffraction patterns is however
discussed in detail in section 4.1.4.
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A
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A
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0 k
F 2k

F
-2k
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F

q

first Brillouin zone

Figure 2.5. Elementary CDW excitations & dispersion relations: Panel (a) visualizes the
elementary amplitude and phase excitation of the CDW condensate. In panel (b) the associ-
ated dispersion relations are shown, with A+ and A− being the amplitude and the phase mode.
Adapted from [Kag89].

The above presented mean-field theory is a fully microscopic theory, which has however
several weaknesses. In particular, by replacing the operators by their respective expectation
values, fluctuations are neglected and long-range order is predicted at finite transition
temperatures. It can be shown however [Gru94] that only a quasi 1D system, i.e. a system
with interchain coupling, will produce long-range order.

If electron-electron interactions are included (which are neglected in the Fröhlich hamil-
tonian (2.8)), it can be shown that the 1D metal might indeed be stable [Lit81]. The
necessity of including electron-electron interactions is apparent for example in the case of
1T -TaS2, where the commensurate CDW below Tc ≈ 180 is accompanied by a Mott phase
(see phase diagram in figure 4.1). The various CDW states in 1T -TaS2 seem governed by
intermediate to strong coupling.

2.2. Weak & Strong Coupling

The good news when going from the weak to the strong coupling limit is that still the main
concepts of the weak coupling model can be applied, at least in some qualitative manner
[Ros11]. However, most of the above equations will not hold in the case of a mean field
strong coupling approach.

In theory, this scenario is covered by the extended Hubbard model [Mon12], describ-
ing electron-electron interactions, however disregarding phonons. In contrast to CDWs in
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2.2. Weak & Strong Coupling

the weak coupling limit, CDWs in the strong coupling limit are characterized by stronger
modulation amplitudes, larger energy gaps and smaller coherence lengths [Ros11]. A rough
estimate to characterize the applicability of either model is provided by the ratio

∆/(~ωD), (2.34)

with ∆ being the electronic band gap and ωD the Debye frequency [Aru02]. For values of
∆/(~ωD) greater than 1, the strong coupling regime holds. For the case of 1T -TaS2, the
value of (2.34) is slightly larger than 1, depending on the CDW state. This is indicative of
an intermediate coupling regime [Ros11].

For both cases the energy gain to outbalance the energy cost for the PLD, comes from
the electronic system. However, for the weak coupling regime, it is mostly occupied states
at the edge of the Brillouin zone that are lowered and thus contribute to the energy
gain. In the strong coupling limit, band splitting into submanifolds with an overall reduced
energy provides for the energy gain [Faz79]. This serves also for an explanation why Fermi

nesting is not accurately fulfilled in stronger coupled systems such as TMDs.

parameter weak-coupling CDW strong-coupling CDW

deform. amplitude small large (up to ∼ 10 % a)

band gap small (∆/EF ≪ 1) large (∆/EF . 1)

coherence length large (ξ/a ≫ 1) small (ξ/a & 1)

electronic energy gain arising mostly at kF (∝ ∆2log(∆)) spread over Brillouin zone (∝ ∆)

commensurable to lattice no (λ = π/kF ) (yes)

qualitative picture Fermi surface nesting local chemical bonding

Table 2.2. Qualitative differences in weak- and strong-coupling CDWS. Adapted from [Ros11].

In the weak coupling limit the CDW vanishes completely above Tc, whereas in the strong
coupling limit fluctuating short range distortions remain [Mcm77]. This effect is also seen
in the diffraction patterns from the 4Hb-TaSe2 compound in figure 4.22. Even well above
Tc weak intensities remain in the superlattice reflections. The truly undistorted state only
evolves well above Tc.

The transition temperature in the case of a 2D system with strong coupling is given by
the microscopic theory from McMillan [Mcm77], reading

kBTMcMillan = 0.296C
(πξ0u)2

2Ω
. (2.35)

Here, the metal-incommensurate CDW transition is described. In (2.35) u is the amplitude
of the PLD, ξ0 is the CDW coherence length, Ω the area of the normal-state unit cell and
C (in eV/Å−2) a measure for the electron-phonon coupling [Ros11]. The weak coupling
counterpart to (2.35) is (2.16) and a well-increased transition temperature TMcMillan is
expected as opposed to TMF

P .
Since in the weak coupling Peierls scenario the CDW wavelength λCDW = π/kF is given

by the amount of bandfilling, the CDW is quite generally incommensurate with respect to
the underlying lattice (lattice constant a). In the strong coupling regime, which can be
understood in a local-chemical-bonding picture [Ros11], the CDWs tend to lock-in with
their host lattice. However, an incommensurate CDW typically evolves in between of the
metallic and the commensurate state, acting as a form of a precursor.

16



2 Concepts of Charge Density Wave Formation

A qualitative overview of the expected differences for the weak and the strong coupling
limit is provided in table 2.2.

Up to now, a general explanation for CDW formation is still missing. However, re-
cent ARPES data [Bor08a, Bor08b, Ino08] and theoretical works realize [Ros06, Joh08] the
importance of q-dependent electron-phonon, and electron-electron interaction. An inter-
mediate coupling approach would thus need to address both, the k-space peculiarities and
the local chemical bonding scheme [Ros11].
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Chapter 3.

Experimental Details

Combining well-matured structural probes like electrons [Wil09] and X-rays [AN01] with ul-
trafast laser technology [dA12] provides for the spatiotemporal resolution to capture atomic
dynamics as they happen. Over the past century, each discipline taken by itself has made
incredible advances. Today, electron microscopes demonstrate < 50 pm spatial resolution
[Ern09] and laser flashes reach sub 50 as pulse lengths [BB12], yet a unified experimental
approach faces major challenges. Still, the potential from such subatomic spatiotemporal
probes seems enormous. Currently, ultrashort X-ray & electron pulses have provided struc-
tural insights into matter on the hundreds of femtoseconds timescale [Cao03, Rei04], with
free electron lasers still to become fully operational in the next years.

In order to provide first steps into this highly interdisciplinary field, the sections of this
chapter are dedicated to different aspects:

Section 3.1 provides for an overview of the basic scattering and diffraction mechanisms
by matter for X-rays & electrons. The differences between X-rays and electrons are im-
portant to understand the competing and complementing aspects with regard to ultrafast
structural probes. The given equations provide for a quantitative and qualitative back-
ground to the discussion carried out later in chapter 4.

A compact introduction and overview to ultrafast science is given in section 3.2. Sub-
sequently the cryogenic ultrafast transmission electron diffraction (UTED) setup is intro-
duced, which has been developed over the course of the doctorate. Peculiarities of the setup
and its characteristics are discussed. The obtained data demonstrate that photoinduced
structural dynamics can be captured from individual Bragg-reflections with a high signal-
to-noise ratio (SNR). Together with the multitude of observed reflections (more than 70)
ultrafast structure refinement can be taken to the next level of sophistication. This holds
especially in view of previous approaches, where transient intensity changes are obtained
from averaging over multiple Bragg-reflections in order to provide for the necessary SNR
(see chapter 4).

Next to the technical challenges in UTED, specific sample requirements have to be
met, which are discussed in section 3.3. This demand originates from the high absolute
Rutherford scattering cross section for electrons and the pronounced Coulomb repulsion
of freely propagating electron pulses. Whereas the first argument calls for sub 100 nm thin
films, the second argument demands lateral sample dimensions of at least 100 × 100µm2.
Different approaches to reach this goal are demonstrated, yet samples meeting those re-
quirements could only be prepared by means of an ultramicrotome. Furthermore, the
experimental benefits from such films are outlined.

Finally, in section 3.4 an approach to study irreversible structural dynamics is exper-
imentally demonstrated. Here, a temporally elongated electron pulse probes the photoin-
duced dynamics, capturing the transient dynamics at once. The structural information
encoded along the temporal extension of the pulse is mapped spatially by means of an
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ultrafast streak camera. At the same time, an overall temporal resolution of ∼ 550 fs
is demonstrated. A detailed comparison to the conventional scanning scheme is drawn,
demonstrating superior SNR for the streaking scheme. This is due to the increased electron
flux per pulse and the simultaneously reduced systematic error of the streaking approach.

3.1. Scattering & Diffraction of X-rays & Electrons by Matter

Structure determination of matter down to the subatomic level has been largely achieved
using high-energy beams of electrons and X-rays [Ful08]. The distinctively different inter-
action of electrons and X-rays with matter forms the basis for sophisticated imaging and
diffraction techniques, allowing to obtain complementary structural information. The basic
relations for Thomson- and Rutherford-scattering are summarized in the following.

For small-angle scattering of electrons, which is the dominant regime for diffraction in
transmission electron microscopy (TEM), the classically derived Rutherford cross section
fails. Here, the quantum mechanically derived differential scattering cross section will be
presented, with its main consequences outlined.

Periodic scatterers as e.g. atoms in a crystal lattice lead to the formation of diffraction
patterns. The basic concepts are outlined, together with the results for inelastic scattering.
The most prominent effect of the latter is the so called Debye-Waller effect, describing
the attenuation of diffraction intensities due to increased temperature.

3.1.1. Elastic Scattering of X-rays – Thomson cross section

In 1895 the discovery of X-rays by W. C. Röntgen quite instantly found first applications
in medical imaging [Rön, NAS]. Only about a decade later, a first glimpse of the hidden
potential of Röntgen’s newly found type of radiation was caught: Max von Laue de-
tected the first X-ray diffraction pattern in 1912 [Fri13]. Since that time, X-ray imaging
and crystallography has become a vast research field and an indispensable tool to probe
matter.

Today, the scientific demand for bright X-ray sources is addressed by synchrotons, with
over 50 facilities worldwide [Bil05]. They are providing broad X-ray spectra from which the
desired wavelength can be selected, depending on the task. For practical purposes, X-rays
are classified as soft- and hard X-rays, according to λsoft ∼100 . . . 1 Å and λhard .1 Å [Att00].
A new leap into X-ray science is expected to be coming from free-electron lasers, addressing
amongst others, the full X-ray spectrum, with unprecedented temporal resolution [O’S01].

Scattering of particles is in general characterized by their respective differential cross
section dσ

dΩ , defined as

dσ
dΩ

=
(Number of scattered particles into ∆Ω per unit time )

(incident flux) (∆Ω)
. (3.1)

The elastic scattering of X-rays by matter is described by Thomson-scattering, with

dσThomson

dΩ
=

(

e2

4πǫ0mc2

)2

· 1
2

[

1 + cos(θ)2
]

, (3.2)

holding for unpolarized photons [AN01]. Here e is the elementary charge, m the mass of the
scattering particle, c speed of light, ǫ0 vacuum permittivity and θ is the scattering angle;
θ is measured with respect to the incoming beam, with θ = 0 denoting forward scattering.
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The last factor in square brackets is the polarization factor. Apart from that, scattering is
equally probable into the whole space. Integration of (3.2) over the solid angle gives the
total cross section for Thomson-scattering of an electron

σT = 6.6 × 10−29 m2. (3.3)

In the following comparison of (3.3) to the total scattering cross section for electrons, main
differences between the two techniques will become apparent.

3.1.2. Elastic Scattering of Electrons – Rutherford cross section

In 1924 Louis de Broglie formulated the relation between momentum and wavelength of
a particle [DB24]. The relativistic form of the equation is given in (3.4), setting the basis
for particle diffraction and serving as a milestone in our current understanding of matter.

λ =
h

p
=

h
√

2m0E
(

1 + E
2m0c2

) . (3.4)

In (3.4), h is Planck’s constant, E and m0 are the particle’s kinetic energy and rest mass
and c is the speed of light. Experimental verification in the case of electrons came from
the independently carried out work by Davisson [Dav27] and Thomson [Tho28] in 1927
and 1928, respectively, winning them the Nobel Prize in Physics on “the experimental
discovery of the diffraction of electrons by crystals” in 1937 [Nobb]. From (3.4) follows that
already sub-relativistic electrons of 10 keV energy posses sub atomic-scale wavelengths of
λ ∼ 0.1 Å; this is in the same range as the wavelength of hard X-rays.

The first determination of the membrane protein structure demonstrated the huge poten-
tial of electron crystallography in 1975 [Unw75]. In particular the strong elastic interaction
of electrons with matter, characterized by the Rutherford cross section, is beneficial for
structure determination of dose sensitive samples.

The differential Rutherford cross section dσRutherford

dΩ can be calculated from a screened
Coulomb potential. Here, the electron cloud effectively screens the nucleus’ potential.
This effect is dominant if the electron passes far from the nucleus, i.e. for small scattering
angles. The screening parameter is given in the form of a characteristic scattering angle
θ0. The differential Rutherford cross section including relativistic effects and screening
reads [Joy86]

dσRutherford

dΩ
=





Zλ2

8π2a0
· 1

sin2
(

θ
2

)

+ θ2
0

4






2

. (3.5)

In (3.5), Z is the atomic number of the scatterer and θ is the scattering angle with respect
to the incoming beam; θ = 0 denotes forward scattering. Furthermore, the Bohr radius
a0 and the characteristic angle θ0 are given by

a0 =
h2ǫ0
πm0e2

≈ 0.5 Å and θ0 =
0.117Z1/3

√
E

.

Here E is given in keV. The presence of the screening parameter prevents divergence of
(3.5) for small scattering angles.
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Integration over all scattering angles yields the total cross section, and its value (for
Z = 1) amounts to

σR =
Z2λ4

16π3a2
0

· 1
θ2

0

4

(
θ2

0

4 + 1
) ≥ 3.9 × 10−24 m2. (3.6)

From a comparison of (3.3) to (3.6) it becomes obvious that electrons are much stronger
scattered by matter than X-rays.

As a peculiarity of (3.5), the scattering is most pronounced in the forward direction
(θ = 0) and is getting stronger with the atomic number (∝ Z2). The shorter the used
electron wavelength, the lower is the probability of scattering (∝ λ4).

The two relations (3.2) and (3.5) provide for a general understanding of the different
interactions of these two structural probes. Choosing a general approach via quantum
mechanics, allows on the one hand to correct (3.5) for the important small angle scattering.
On the other hand, this wave-approach provides for a convenient transition to the basic
concepts of diffraction. Especially for small angle scattering only the quantum mechanical
scattering cross section provides for the proper description.

3.1.3. Elastic Scattering Theory – Basic Concepts for Electrons

r`

k
0

-k
0

k

kΔk

r-r`
r

detector

scatterer

Figure 3.1. Scattering geometry: Inci-
dent plane wave & scattered spherical wave
(details see text). Adapted from [Ful08].

As a common approach to the scattering prob-
lem, the incoming wave ψ associated with the
electron is considered to be a plane wave. The
scattered wave ψsc can be described by a spher-
ical wave, with amplitude f(∆k)1. Far from
the scatterer, the superposition of these two
components is the solution to the Schrödinger-
equation for the particle affected by the scat-
tering potential V (r′), i.e.

ψS(r) = eik0r + f(∆k)
eik|r-r′|

|r − r′| . (3.7)

The scattered amplitude is obtained by applying the first Born approximation [Ful08],
yielding

f(∆k) = − m

2π~2

∫

V
(
r′) e−i∆kr′

d3r′. (3.8)

Here, m is electron mass and V (r′) is the scattering potential and ∆k ≡ k−k0. The atomic
scattering amplitude is also called the atomic form factor and is the Fourier transform of
the scattering potential. For elastic scattering |k| = |k0| = k holds, meaning that only the
angle θ = 2 arcsin (|∆k|/(2k)) between the incoming and scattered wave is relevant.

The quantum mechanical relation between a flux of particles j and their wavefunctions
reads [Sch07]:

j = e
i~

2m
(ψ∇ψ∗ − ψ∗∇ψ) (3.9)

1For convenience, the temporal component of the waves, i.e the factor of exp(−iωt) is left out, can however
be multiplied to the wavefunctions at all times.
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From (3.9) and some basic geometrical considerations (see e.g. [Rei08, Joy86]), the experi-
mentally accessible, differential scattering cross section yields

dσ
dΩ

= |f(θ)|2. (3.10)

The differential cross section (3.10) is thus given by the amplitude of the scattered wave.
Before continuing to determine f(θ), let us try to find criteria when single scattering

approximation is applicable. From integration of (3.10) over dΩ = 2π sin(θ)dθ the total
elastic scattering cross section σel is obtained. Let us consider a thin layer of a solid with
density ρ and thickness dz: from n incoming electrons, the fraction dn of scattered electrons
are given by

dn
n

= −Nσelρdz. (3.11)

Here, N is number of atoms per unit mass (gram). From the solution of (3.11), i.e. from
n(z) = n0 exp(−Nσelρz), the term

Λel =
1

Nσelρ
(3.12)

is obtained, which is considered as the mean free path for elastic scattering. Equation (3.12)
serves as a rough criterion for either applying kinematical or dynamical diffraction theory,
with the latter accounting for multiple scattering. For electron energies of ∼ 100 keV, the
elastic mean free paths in carbon and platinum amount to Λel, C ≈ 210 nm and Λel, PT ≈
8.9 nm, respectively [Rei68].

Let us revisit the calculation of the differential scattering cross section from the scattered
amplitude; for that case, the scattering amplitude (3.8) needs to be determined. This can be
done in an approximative manner by three different approaches [Rei08]: The so called WKB
method (Wentzel, Kramer, Brillouin), the Born approximation and the partial wave
analysis. Here, the result for small angle scattering reads [Rei08]:

dσel

dΩ
=

4Z2R4(1 + E/E0)2

a2
0

· 1

[1 + (θ/θ0)2]2
(3.13)

with θ0 =
λ

2πR
; R = a0Z

−1/3 (3.14)

In (3.13) E0 is the rest energy of the electron. As a consequence of (3.13), the angle-
dependence of the scattering cross section is weak. The value of (3.13) falls at the charac-
teristic angle θ0 to about 1/4 of the value for θ = 0. For practical considerations the value
of θ0 amounts to ∼ 5◦ for the scattering of 30 keV electrons on tantalum.

3.1.4. Basic Diffraction concepts

Intuitive real space access to diffraction is gained via the constructive interference approach
leading to Bragg’s law. In reciprocal space the von Laue equations give conditions for
diffraction. The Laue condition is particularly interesting, since its visualization with
the Ewald-sphere makes the intrinsic difference between X-ray and electron diffraction
qualitatively understandable.
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Figure 3.2. Schematics for Bragg’s
law: Reflection of two incident beams
from different layers, separated by
dhkl.

To begin, the Bragg-condition is sketched in fig-
ure 3.2; here, a plane wave hits a layer stack under
angle θ and is partially reflected from the top and
the second top layer, separated by dhkl. The path
difference between the two indicated beams after
scattering is 2dhkl sin(θ). By changing the angle
of incidence, the path difference can be tuned to
an integer multiple of the wavelength, causing con-
structive interference. This consideration leads to
Bragg’s law

2dhkl sin(θ) = ηλ, for η ∈ Z (3.15)

In (3.15) λ refers to the de Broglie wavelength of the incident particles. Diffraction spots
are commonly referred to as Bragg reflections.

In a more general approach to diffraction a reciprocal lattice of the crystal is introduced.
With the fundamental translational vectors ai of the primitive (real space) unit cell, the
real space translation vector is expressed as rg = ma1 +na2 +oa3, with {m,n, o} ∈ Z. The
reciprocal lattice vectors a∗

i are given by [Rei08]

ai · a∗
i = 2πδij , for i, j = 1, 2, 3. (3.16)

In (3.16) δij is the Kronecker delta and the solution for this set of equations is given by

a∗
1 = 2π

a2 × a3

Ve
, a∗

2 = 2π
a3 × a1

Ve
, a∗

3 = 2π
a1 × a2

Ve
. (3.17)

In (3.17) Ve is the volume of the unit cell given by Ve = a1 · (a2 × a3).
A reciprocal lattice vector g is written as g = ha∗

1 + ka∗
2 + la∗

3, with {h, k, l} ∈ Z. The
(hkl)-planes of the lattice, which are spaced by dhkl from each other, are normal to the
reciprocal lattice vector g (see details in e.g. [Rei08]). The Laue-condition is given as

∆k = g, (3.18)

meaning that diffraction occurs when the change in k from incoming to reflected wave
equals a vector of the reciprocal lattice.

(3.18) is best visualized when directly comparing the reciprocal lattice nodes with the
incoming wave vector k0, see figure 3.3. Here, the reciprocal lattice nodes of a 2D hexagonal
lattice are sketched; the tip of k0 = BA is located at the origin A of the reciprocal space.
From the elastic scattering condition (|k| = |k0| ≡ k), the circle drawn around B with
radius k gives the possible scattering vectors k. The circle, or sphere in 3D, is the so called
Ewald-sphere. According to the Laue condition (3.18), diffraction will only be observed
for the case where the Ewald-sphere overlaps with reciprocal lattice nodes g.
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Figure 3.3. Ewald-spheres in re-
ciprocal space: Illustration for hard
X-rays (λX-rays ∼1 Å) and 50 keV elec-
trons (λel. ∼1 pm), see text for details.

In figure 3.3 the Ewald-sphere for hard X-rays
is sketched. Here, diffraction occurs only in the di-
rection k = BC. In the case of 50 keV electrons,
with λ ∼pm, the Ewald-sphere has a radius which
is more than two orders of magnitude larger than
the reciprocal lattice spacing. Therefore, multiple
diffraction conditions are fulfilled, producing typi-
cal TEM diffraction patterns as shown in e.g. fig-
ures 3.16 & 3.17.

In addition to the increased radius of the Ewald

sphere, TEM diffraction relies on sub 100 nm thin
samples (see elastic mean free path given by (3.12)
and associated discussion). The reciprocal lattice
nodes from these thin films have the shape of rods,
with the main axis perpendicular to the film sur-
face. This will become clear in the following sub-
section, where the reciprocal lattice is introduced
as the Fourier transformation of the sample, with its finite extension. In consequence
however, the Laue condition, illustrated in the form of the Ewald-sphere is even more
readily fulfilled, due to the pronounced extension of the reciprocal lattice “rods”.

3.1.5. Scattered Intensities

When starting the discussion on scattering of X-rays and electrons only atoms were consid-
ered. Here, the effect of the actual crystal structure on the diffraction intensities is discussed.
It all comes down to the mutual arrangement and number of atomic scatterers. How-
ever, the packing of atoms to form a crystal modifies their respective Coulomb-potential2.
For the calculation the crystal potential can be approximated by e.g. a muffin-tin model
[Rei08, Wil09].

Let us consider a unit cell with a total of n atoms, where the scattering amplitude is
fk(θ) for the kth atom. The crystal itself has an edge length of Li = Miai (i = 1, 2, 3), thus
assuming the shape of a parallelepiped. The overall scattered wave can simply be obtained
by summing up the contribution from all the unit cells, yielding

ψS(∆k) =
lattice∑

rg

basis∑

rk

f(rg + rk)e−i∆k(rg+rk) (3.19)

=
lattice∑

rg

e−i∆krg

︸ ︷︷ ︸

S(∆k)

basis∑

rk

f(rk)e−i∆krk

︸ ︷︷ ︸

F(∆k)

(3.20)

In the step from (3.19) to (3.20) the fact that the atomic basis of each unit cell is identical
is used, i.e. f(rg + rk) = f(rk). The first sum, i.e. S(∆k) extends over all unit cells and is
therefore called the shape factor or lattice amplitude. The second sum in (3.20), i.e. F(∆k),
is called structure amplitude or structure factor. Let us study the two of them separately
in the following:

2Note that only electron scattering is discussed.
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The structure factor is only of interest for the case that the Laue-condition (3.18) is
fulfilled, i.e. ∆k = g. For the case of a body-centered cubic (bcc) lattice, the reduced unit
cell contains two atoms at r1 = (0, 0, 0) and r2 = (1

2 ,
1
2 ,

1
2). The structure factor for this

unit cell reads

F(g) =
n∑

k=1

fk exp(−igrk)

= fk [1 + exp(−πi(h+ k + l))] .

From Euler’s formula the structure factor for the bcc lattice is thus

F(g) =

{

2fk for h+k+l even,

0 for h+k+l odd.
(3.21)

The shape factor S(∆k) determines the angular width of the diffracted beams. However
this is only true for the case of a perfectly coherent electron beam. In reality, the effect of
the shape factor on the diffracted beams is negligible for large crystals and only for small
crystallites its influence becomes apparent. Assuming again that the crystal constitutes Mi

unit cells along the fundamental lattice vectors ai (i = 1, 2, 3) the intensity distribution
from the shape factor reads [Ful08]

I(∆k) ∝|ψ(∆k)|2 = |F(∆k)|2 · |S(∆k)|2

=|F(∆k)|2 · sin2(π∆k1a1M1)
sin2(π∆k1a1)

· sin2(π∆k2a2M2)
sin2(π∆k2a2)

· sin2(π∆k3a3M3)
sin2(π∆k3a3)

. (3.22)

From (3.22) it is obvious that for thin crystal films with only few nanometer extension into
the a3 direction, the reciprocal lattice nodes will be elongated along the a∗

3 direction. Since
for large M the denominator of, say, the last factor in (3.22) varies slowly with respect
to the nominator, it can be approximated by the sinc-function; accordingly for the other
factors in (3.22). From this it follows that the full-width-at-half-maximum (FWHM) of a
diffraction spot amounts to ∆ki FWHM ≈ 0.89/(aiMi).

3.1.6. The Effect of Temperature on Diffracted Intensities

To study the influence of temperature on diffraction intensities we outline the classical
approach, leading to the identical result as the quantum-mechanical one. With increased
temperature, the atoms move stronger around their equilibrium positions. The position
vector thus reads rk(t) = rk0 + uk(t). Here it is assumed that the deviation uk(t) from the
equilibrium position of atom k is independent from other atoms in the unit cell and applies
for all atoms. In a more realistic approach, tensors of the so called temperature factors are
introduced for each atom in the unit cell [Sma07]. This way the individual bonding scheme
and mass of each atom is accounted for.

Let us revisit the structure factor (3.20) with the time-dependent position vector rk(t).
Time averaging yields

〈F(g)〉 =

〈
basis∑

rk

f(rk)e−ig(rk0+uk(t))

〉

= Fstat(g) · 〈e−igu(t)〉, (3.23)

with the static structure factor Fstat(g). For small random amplitudes and thus gu(t) ≪ 1,
the last exponential factor in (3.23) can be Taylor expanded. Time averaging cancels the
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linear term in the Taylor series. Following some algebraic rearrangements, the intensity
arising from the modified structure factor reads

I(g) ∝ |Fstat(g)|2 exp
(

−1
3

g〈u2(t)〉
)

. (3.24)

From (3.24) it follows, that thermal motion only decreases the intensities in Bragg reflec-
tions but does not change their shape.

The value of 〈u2(t)〉 depends on the phonon spectrum of the crystal. However it can be
approximative related to temperature, assuming a 3D harmonic oscillator. Applying the
mean energy of the harmonic oscillator to (3.24) reads [Kit04]

I(g) = I0 exp

(

− g2

mω

(
~

2
+ kBT

))

. (3.25)

In (3.25) the quantum mechanical zero-point energy is incorporated. Here, m is the mass of
the atom, ω the phonon frequency, and kB the Boltzmann constant. It should be obvious
that (3.25) merely demonstrates the relation of the intensity to the temperature and the
reciprocal lattice vector. For practical purposes, these temperature factors are tabulated.

3.1.7. Inelastic Scattering

During an inelastic scattering event, energy and momentum of the incident electron are not
conserved3. Here the incident electron looses a distinct amount of energy to the scatterer,
depending on the excitation spectrum of the scatterer. Whereas these inelastic events are
in general unfavorable in diffraction experiments, they can provide detailed insights into
the structure and chemistry of the sample, if the energy distribution can be analyzed.

The following excitations are typically to be expected in electron transmission experi-
ments [Rei08]:

(i) Excitation of oscillations (molecules) and phonons (solids), with energies of 5 meV –
1 eV.

(ii) Inter- and intraband excitations of outer shell electrons and plasmons, in a broad
energy range of 1 – 25 eV.

(iii) Ionization of inner shell (K, L, M, ...) core electrons with energies strongly dependent
on the scatterer. Such an excitation spectrum is demonstrated by the X-ray spectra
generated by sample bombardment with 20 keV electrons, shown in figure 3.14. As the
Kα transitions are by far the most probable ones, the energy spectrum of these exci-
tations can be estimated by Moseley’s law, relating the energy of the Kα transition
to the atomic number EKα = 10.2 eV(Z − 1)2.

Most of the excitation energy provided by inelastic scattering events is finally converted to
heat (incoherent phonons).

The overall inelastic scattering cross section for inelastic scattering dσinel

dΩ is obtained by
integrating over all differential cross sections for the various inelastic processes. It can be
approximated by [Rei08]

dσinel

dΩ
= Z · λ

4(1 + E/E0)2

4π4a0
· 1 −

{
1 + (θ2 + θ2

E)/θ2
0

}−2

(θ2 + θ2
E)2

. (3.26)

3For elastic scattering the electron trajectory is altered, and only minimal energy transfer takes place.
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In (3.26) the characteristic angle for inelastic scattering θE is estimated to θE = ∆E
2E0

≈
13.5 eVZ

(4E0) ; here, the mean energy loss ∆E is set equal to the mean ionization energy of the
atom (≃ 13.5 eVZ) [Kop48]. The characteristic angle for elastic scattering θ0, effectively
describing the decrease in dσel

dΩ , is given by (3.14). An estimate of both angles yields,
θ0 ≈ 10 mrad and θE ≈ 0.1 mrad, highlighting that inelastic scattering is confined within
much smaller scattering angles than elastic scattering [Rei08].

For large scattering angles, with θ ≫ θ0 and θ ≫ θE elastic scattering becomes dominant
by [Rei08]:

dσinel/dΩ
dσel/dΩ

∝ 1
Z

(3.27)

Comparing further the inelastic and elastic differential cross sections, i.e. (3.26) and
(3.13) point out the main differences: Calculating the total inelastic scattering cross section
σinel, as in (3.6), we find a ratio of σinel/σel ≃ 26/Z [Len54]. Experimentally however, a
ratio σinel/σel ≃ 20/Z was determined [Ege76], indicating good agreement to the theoretical
estimate, but still leaving room for improvement.

3.2. Ultrafast Transmission Electron Diffraction (UTED)

Ultrafast electron diffraction (UED) merges two experimental standard techniques: Ul-
trafast laser spectroscopy & electron microscopy. Whereas both techniques themselves are
commercially available, UED is still in the early stages of development, with great potential
for future evolution4. The experimental compactness of an UED setup and the high elastic
scattering cross section of electrons (see section 3.1.2 and (3.6)) gave it the nickname “a
poor man’s FEL” [vO10].

3.2.1. Ultrafast Technology & Science

Although digital electronics reach ever increasing clock rates, their resolvable timescales
are fundamentally limited due to the finite capacitance of the circuits. The evolution of
the inverse clock rate in digital electronics is shown in figure 3.4. This seemed to put a
limit on the fastest ever observable process until the invention of coherent light sources.
Whereas incoherent light sources are well capable of providing nanosecond temporal reso-
lution, faster processes remain elusive. The invention of the first lasing devices, based on
the concept of stimulated emission as proposed by Einstein in 1916 [Ein16], opened com-
pletely new vistas with respect to observable dynamics. The first laser earned Townes,
Basov and Prokhorov the Nobel Prize in Physics 1964 [Nobc]. Already then the short-
est electronically resolvable timescales were outpaced by orders of magnitude, with the gap
ever increasing (see figure 3.4). The invention of actively and passively modelocked lasers
gave rise to a few-femtosecond temporal resolution. Observing molecular dynamics in real
time was recognized with the Nobel Prize in chemistry to A. Zewail [Noba]. Extreme UV
light pulses have recently demonstrated sub 1 fs pulse duration [Hen01, Kra14] and true
attosecond resolution was reached with pulses of duration of 50 as [BB12].

In the following a brief introduction into different ultrafast experimental approaches is
given5. The specifics on how to generate ultrashort optical pulses can be found in various
textbooks [Die06, Wei09].

4First commercial system available from Accelerator Technologies BV.
5The term ultrafast is typically used for the sub-few-ps temporal regime.
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Figure 3.4. Timescales of digital electronics & optical techniques: The plot shows the ever
increasing temporal resolution from coherent light sources. Major experimental milestones are
indicated (see text for details). The blue line at the top indicates the inverse clock rate of digital
processors. Analog photodiodes however achieve temporal resolutions on the order of picoseconds.
Figure adapted from [Kra14].

The detection of these ultrafast light pulses is however still limited by the electronics. In
order to achieve the intrinsic resolution given by the pulse length a so-called pump probe
scheme ist applied, see figure 3.5. Here, an optical pulse is divided into two by means of an
optical beam splitter, where the intensity ratio between the two pulses can be adjusted for.

In general the probe pulse is orders of magnitude lower in intensity than the pump pulse,
and its reflection and/or transmission from the sample is detected. The time delay between
the arrival of the two pulses at the sample is given by the difference in optical paths and
can be continuously adjusted for, allowing to capture photoinduced transient changes in
the sample.

Apart from allowing for a slow detector readout, the pump pulse serves as trigger of
the process under study. However, the process needs to be light sensitive and reversible,
although different schemes exist to capture irreversible dynamics.

delay stage
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laser
pulse

probe
pulse

retro 
reflector

pump pulse

Figure 3.5. Principle of pump-
probe spectroscopy: The delay
time ∆t between pump- and probe
pulse allows to capture photoinduced
dynamics in the sample.

With femtosecond laser systems becoming commer-
cially available, the readily delivered fs optical pulses
are translated to different probes. The carrier fre-
quencies of probe pulses effectively span the elec-
tromagnetic spectrum from the THz range [Coc13]
to the XUV [Hen01]. They are therefore sensitive
to different elementary energy scales, like e.g. the
few-meV bandgap in superconductors [Bec11]. Ex-
treme UV pulses have allowed for the development
of time- & angle-resolved photoemission spectrome-
ters (tr-ARPES), providing for direct insights into the
carrier (de-)population dynamics in an energy and
momentum resolved manner [Roh11].

Accordingly, a variation in the pump wavelength
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3.2. Ultrafast Transmission Electron Diffraction (UTED)

allows to resonantly excite elementary excitations in matter [Kos05]. For example, radiation
enhanced superconductivity was observed for ultrafast excitation with photon energies just
above the superconducting band gap [Bec13].

However, the excitation with intense ultrashort optical pulses leads to a highly non-
equilibrium state. The shorter the pulse is becoming, the larger its bandwidth ∆ω, based
on the fundamental energy-time uncertainty ∆ω×∆t ≥ 1

2 . At the same time, multi-photon
absorption may result in emission of photoelectrons, even at moderate excitation densities
(i.e. <mJ/cm2) [Hel09].

From these dynamical measurement techniques, direct insights into various elementary
processes in solids (see figure 1.1) can be obtained. Moreover, sometimes real-time tech-
niques enable better insights into the nature of the ground state than equilibrium mea-
surements due to an increased signal-to-noise ratio (SNR). For example conventional Ra-

man spectroscopy allows to conclude on the phonon spectrum of a crystal. However, with
a 800 nm pump-probe approach, the coherently excited Raman-active modes can be di-
rectly measured with orders-of-magnitude superior SNR [Tom09b, Sch10]. Coherent am-
plitudon excitation has also been observed in time- & angle-resolved photoemission spec-
troscopy (tr-ARPES), where the photoelectron yield from the associated bands shows a
∼ 2.5 THz oscillation [Per08, Pet11]. These results allow to obtain the mode frequencies,
however their structural displacement amplitudes are not directly accessible.

To directly measure the structural dynamics, ultrafast X-ray and electron probes are
being developed and employed [Bar06, Siw03], holding great promises to resolve complex
structural processes in the future. X-rays and electrons are characterized by fundamentally
different interactions with matter, resulting in dissimilar requirements for these two exper-
imental approaches, see table 3.1. Let us qualitatively discuss the differences, with detailed
numbers summarized in table 3.1:

Based on the absolute Rutherford & Thomson scattering cross section (see (3.6)
and (3.3)), electrons are scattered stronger from matter by several orders of magnitudes
than X-rays. At the same time, inelastic scattering is more pronounced for X-rays, with,
in addition, more energy transferred to the scatterer during an inelastic scattering event.
This coined the phrase of diffract-and-destroy for high-flux X-ray diffraction [Spe08].

On the other hand, samples which can not be suitably prepared for UTED studies (see
section 3.3) remain in the domain of X-ray studies. Here X-rays can penetrate much thicker
specimen or diffract with high temporal resolution in grazing incidence geometry.

Due to the longer X-ray wavelength in comparison to the de Broglie wavelength of
electrons, only few diffraction spots can be observed synchronously. This is best visualized
by the Ewald construction given in figure 3.3. On the other hand, the larger X-ray
wavelength allows for more accurate determination of the lattice constants. High precision
structural refinement is further facilitated by the pronounced wide angle scattering obtained
from X-rays.

One of the biggest advantages of ultrafast X-ray FELs is the nearly fully coherent beam,
due to self-amplified stimulated emission. The extreme coherence of an X-ray pulse from a
FEL seems to be out of reach for ultrafast electron diffraction [Vre11]. However, ultracold
electron sources [vdG09] and nano-shaped photoemitters [Swa14] have demonstrated signif-
icant increase in coherence length, which is a prerequisite to capture structural information
of e.g. extended bio-molecules [Mil14].

Ultrafast electron diffraction is carried out in two geometries, transmission [Siw03] and
reflection [Bau06, Jan06]. The high-energy reflection geometry is highly sensitive to surface
processes. The grazing incidence geometry leads to a loss of temporal resolution, which
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parameter X-FEL 10 keV e− 100 keV e− 1 MeV e−

wavelength 0.05 – 6 nm† 0.12 Å§ 0.037 Å§ 0.87 pm§

pulse duration 1 fs 500 fs – 1 ps 50 fs – 500 fs 1 – 30 fs

particles/pulse 1013 102 – 104 104 – 106 106 – 108

cross sect. [barns] 1 – 10 107 106 5 ·105

rel. transv. coher. 0.1 – 0.2 10−5 10−4 10−2–10−3

(full coher. = 1)

spatial resolution 0.1 nm pm (diffract.) 0.2 nm (imag.) 0.05 nm (imag.)

pm (diffract.) pm (diffract.)

particles/image 1012 106 106 5 · 106

probe depth ∼100µm ∼ 10 – 50 nm ∼ 50 – 200 nm ∼ 200 – 500 nm

inelastic
elastic scat. proces.‡

10 (λ = 1.5 Å)
3 for 80 – 500 keV e−

103 – 104 (λ = 3 nm)

energy deposited
inelastic scatt. event

‡ 8 keV (λ = 1.5 Å)
20 eV for 80 – 500 keV e−

400 eV (λ = 3 nm)

Table 3.1. Parameters for ultrafast X-ray diffraction and ultrafast transmission electron
diffraction: The given numbers provide a general overview of the individual parameters by giving
respective orders of magnitude. Exact numbers are strongly dependent on sample and setup. In
the case of the X-FEL, the number for particles/pulse is the maximum achievable one. For
electron diffraction however, the quoted particles/pulse are only limited by the desired temporal
resolution. The given pulse length for the X-FEL is not experimentally demonstrated, yet. For
practical purposes the electronic timing jitter from the synchronization of X-ray probe- with
optical pump-pulses is the limiting factor. Values taken from [Car12], unless otherwise stated: †
from [XFE10], ‡ from [Hen95], § using (3.4).

can however be recovered with a pulse tilting scheme [Bau06, Str14]. At high excitation
densities however, the pump induced photoelectron cloud from the sample [Hel09] alters the
probe electron beam and causes artifacts. Time resolved, low-energy electron diffraction
(LEED) has been demonstrated in transmission geometry [Gul14].

In the case of ultrafast transmission electron diffraction (UTED), the temporal resolution
is not altered by the geometry, since near-normal incidence is usually provided by the co-
propagating pump-probe scheme. The interaction of the pump-induced photoelectron cloud
with the probe beam is negligible due to the reduced interaction time and the direction of
the induced forces.

In the following the peculiarities of the homebuilt UTED setup are outlined.

3.2.2. The Setup for UTED

During the course of the doctorate, a setup for UTED was developed. The key features are
described in the following.

31



3.2. Ultrafast Transmission Electron Diffraction (UTED)

Setup Overview

The basis of the setup forms a commercial Ti:sapphire laser system6, providing 50 fs, 4µJ
pulses at a repetition rate of 250 kHz. The laser beam is actively stabilized in both, pointing
and position by pairs of motorized mirror holders & quadrant photodiodes7.
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<0.9 µJ

550-640 nm
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Figure 3.6. The UTED setup: At the heart of the setup is the UHV chamber, hosting electron
gun & magnetic lens, liquid-Helium cryostat and electron detector. The MCP/phosphor-screen
detector can be mounted at two distances from the sample, allowing for either high-|q| resolution
or detection of higher diffraction orders. Optical pulses are supplied from the OPA (parameters
given at the top of the figure), fed by an amplified Ti-sapphire laser. Used acronyms: DS: delay
stage, RR: retro reflector, M: mirror, PBC: polarizing beam splitter cube, λ/4: λ/4-waveplate,
OF: optical feed-through (wavelength matched), HVF: high voltage feed-through, HT-UV: high
transmitting UV filter, L: optical lens. BBO: beta barium borate. Crossed and circular arrows
indicate translational and/or rotational degrees of freedom.

During the course of the experimental work it turned out that the provided repetition
rate is too high for UTED experiments. Here, continuous wave (cw) heating8 resulted in

6Micra oscillator, RegA amplifier from Coherent, Inc. Specifications see [Nor92].
7µaligna from TEM Messtechnik.
8Continuous wave heating refers to accumulative heating from multiple pulses, where the heat is not
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thermal melting of free standing films of various compounds. In fact the heat conduction
out of the weakly thermally coupled films into the heat sink of the cryostat is too low to
allow the crystal to cool between two consecutive pump pulses (i.e. within 4µs).

On the other hand, in order to observe a structural response from the sample, the typ-
ically required fluences range from several hundreds of µJ/cm2 to a few mJ/cm2. This
prerequisite is however determined by the minimal detectable changes in diffraction inten-
sities (resolvable, normalized intensity changes are on the order of ∼ 10−3).

To reduce the repetition rate of the laser, an electro-optical modulator (EOM) is intro-
duced, which picks pulses out of the main beam with a reduced repetition rate. Within
practical limitations, the latter can be adjusted down to <1 kHz, however a reasonable com-
promise between cw heating and increased measuring bandwidth is found at a repetition
rate of ∼20 kHz.

The picked pulses are fed into an optical parametric amplifier (OPA)9, yielding three
output beams. Two of them, the signal- (480 nm –700 nm) and the residual pump (800 nm)
beam from the OPA process are guided to the UTED setup.

In figure 3.6 the used wavelengths and available pulse energies are indicated. The OPA
wavelength is tuned such that its frequency doubled component exactly matches the work
function of the photocathode. Doubling of frequency is achieved by second harmonic gener-
ation in a BBO10 crystal. This way the energy spread of the electron pulse is kept minimal
which is essential for pulses with minimal pulse duration [Siw02].

With the remainder of the OPA light filtered out, the UV beam is fed into the vacuum
chamber for backillumination of the electron gun. The gun is kept at -30 kV, however it
allows to apply voltages of up to -60 kV [Bir12, Klo13]; a detailed discussion is provided
in the next section. The subsequent magnetic lens (ML) focusses the electron beam onto
the detector. It is mounted on a three axes translational manipulator. The tip of the
manipulator arm is water-cooled to relieve the heat load from the magnetic lens (current
up to 1.2 A, and RML ≈ 10 Ω) [Bir12].

The UHV chamber is evacuated by two turbomolecular pumps, with the prevacuum
achieved by a scroll pump. Without backing a pressure of 5 × 10−8 mbar can be reached.
This is sufficient to allow for stable high voltage operation of the electron gun and to work
at cryogenic temperatures. Below T ≈ 60 K, however, condensation of residual gases on the
thin-film-samples makes long time measurements difficult.

The pump beam travels over a delay stage to the chamber. A PC controlled shutter
works as a beam block. The double pass scheme, i.e. the geometry where the beam travels
twice across the delay stage, provides for excellent pointing and position accuracy at all
stage positions. The last mirror in the pump beam line, in front of the sample is put as
close to the electron beam as possible, to provide for nearly normal incidence and thus
maximum temporal resolution. In fact the shadow of the mirror can be seen in figure 3.11,
clipping the diffraction pattern on the left side.

The TEM meshes carrying the thin films are mounted on a sample holder which is at-
tached to a liquid Helium flow cryostat11. The cryostat is mounted on top of the UHV
chamber and features full motorization along all three translational axes, with the temper-
ature adjustable between 10 K and 500 K.

completely transferred out of the sample on the timescale of the inverse repetition rate. This effect is
pronounced for freestanding films.

9 9400/9450 series optical parametric amplifier from Coherent, Inc.
10Nonlinear optical crystal, beta barium borate.
11HVK-STM, VAb Vakuumanlagenbau GmbH.
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3.2. Ultrafast Transmission Electron Diffraction (UTED)

To record the electron diffraction pattern a phosphor screen in combination with a stack
of two 80:1 MCPs is used. The phosphor screen is imaged by a lens-coupled CCD camera12,
featuring a back-illuminated sensor13. The camera provides 1 megapixel images with 16bit
resolution at a rate of 1 Hz. The chamber is designed such that the detection unit can
be mounted at two distances from the gun (∼ 25 cm and ∼ 40 cm). This way either high
diffraction orders can be captured or the |q|-resolution is increased, both highly desirable
options when studying different types of samples/processes.

The Electron Gun

Let us have a closer look at the electron gun, which is sketched in detail in figure 3.7: The
images show the arrangement of the gun, the magnetic lens and the sample as in the setup,
however with increased spacing between the elements for visibility reasons. The individual
parts are labeled and identified in figure 3.7 and its caption.

(a) (b)

α

β
γ

δ
λ

θκ

ζ

η

ε ψ

ω

Figure 3.7. Homebuild electron gun, magnetic lens & sample holder:. Both illustrations
show the electron gun (α− λ), the magnetic lens (ψ) and the sample holder (ω) with six sample
slots; the components are aligned as in the experimental configuration, with however increased
spacing between the components for visibility reasons. The magnetic lens is mounted on a hori-
zontal manipulator (not shown), which is water-cooled and allows for alignment with micrometer
screws from outside of the UHV chamber. A liquid Helium flow cryostat (not shown) sits on top
of the UHV chamber, with the sample holder attached to it. Three step motors provide for 3D
translational adjustability of the cryostat. The sample holder is constructed such that it can be
inserted in between the electron gun and the magnetic lens, to take full advantage of the even
shorter electron pulses right at the exit of the electron gun. The gun is hosted on a CF160 UHV
flange (β), with the insulating PEEK cylinder (γ) screwed onto it. The copper head of the gun (θ)
sits on a stainless steel connecting piece (κ) and holds the photocathode (δ). It faces a polished
stainless steel anode (ǫ), with a 1 mm center aperture and photocathode-anode spacing of 5 mm.
The high voltage (HV) is applied via the HV feed-through, comprising a stainless steel housing
(α) and an insulating freestanding PEEK cylinder (η), from which the HV line (λ) leads to the
head of the gun. Access for the UV beam to drive the photocathode is provided by an ar-coated
CaF2 window (ζ, not visible).

The homebuild gun is designed for backillumination. Here, the UV pulse enters the
vacuum chamber through the window ζ and drives the photocathode from the opposite side
than the acceleration field is applied to. The photocathode consists of a Z-cut sapphire
substrate in the shape of a thin disk with a thickness of 0.5 mm and a diameter of 1/2 inch.

12SciCam SC4710, EHD imaging GmbH.
13e2v CCD47-10-1-353, with ∼ 95 % quantum efficiency at 550 nm.
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The surface is polished to optical grade (scratch/dig: 10/10). On the top, a 10 nm thin
gold layer is evaporated from which the photoelectrons are emitted. The work function of
each photocathode is determined in situ by measuring the photoelectron yield vs. incident
photon energy. This has proven to be good practice, since the coating procedure via thermal
evaporation does not allow for a precise enough reproduction of the thickness of the gold
layer. The work function of a thin metal film is known to be critically dependent on
film thickness [Jan07]. In addition the presence of a strong electric field reduces the work
function by the so called Schottky effect [Orl09]. Further details on the preparation of
backilluminated photocathodes are given in [Bir12, Klo13].

The photocathode rests in a copper head (θ, see figure 3.7), featuring a Rogowski-
profile [Rog23]. This way critical electric field enhancements are avoided. Electron gun,
high voltage (HV) feed-through and the optical window for the UV laser are all hosted on a
CF160 vacuum flange, allowing for ease of handling for testing and cathode exchange. The
electrostatic counterpart to the HV-carrying copper head is the grounded stainless steel
anode. The center hole of 1 mm diameter in the anode serves as the exit aperture for the
electrons. Focussing of the electron beam through the sample on the detector is provided
by a solenoid lens (ψ).

A detailed view on the electromagnetic field distributions in the electron gun and the
solenoid lens is provided by figure 3.8. The shown equipotential/field lines are simulated
with the Poisson/Superfish set of codes [Hal76]. Here, both parts are sketched to scale,
taking advantage of the rotational symmetry along the beam axis (symmetry-axis). For the
electron gun, the electrostatic equipotential lines are indicated (magenta); here a voltage of
-30 kV is applied to the head of the gun whereas the surrounding parts are grounded. The
photocathode-anode distance along the x-axis is 5 mm.

For the solenoid lens its magnetic field lines (green) are indicated (design adapted from
[Kas09]). To focus the electron beam on the detector at x = 49 cm, a maximum field
strength of Bx, max = 103 mT is necessary (maximum value on the beam axis). Here a
magnetic lens current of IML ≈ 650 mA is used, which is about half the maximum applicable
current. The focussing current depends on the number of electrons per pulse and on the
position of the detector and the magnetic lens; for practical purposes the value of IML is
determined prior to experiments.

The obtained electric and magnetic field distributions serve as a basis for particle tracking
simulations of the electron beam, employing the ASTRA code from DESY [Flo97]. Here
the beam parameters can be numerically simulated, with the electrons propagating through
various fields. In particular, space charge forces are included, which have a dominant effect
on electron pulse length. The propagation dynamics of space charge dominated electron
pulses are discussed for various aspects in e.g. [Siw02, vO10, Kas10b].

Here the experimentally accessible beam waist at various positions along the beam line
is measured. Two distinct bunch charges are measured and simulated, see figure 3.9. The
initial particle distribution is generated with a dispersion relation given by a model which
accounts for a metallic Fermi-Dirac distribution at T = 300 K [Dow09]. The effective
work function of the photocathode is measured to be φeff = 4.2 eV. The UV pulse (4.3 eV)
with duration of ∆τUV ≈ 100 fs and beam waist of ∆yUV ≈ 35µm provides for temporal
and spatial initiation parameters of the electron bunch. A particle distribution according
to this parameters is thus introduced at the position of the photocathode and allowed for
propagation according to the field distribution (bunch charge to be given).

The simulated and measured values of the transverse pulse extension ∆y are in quite
good agreement, see figure 3.9. N.B. the given x-axis in figure 3.9 is defined by the one,
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Figure 3.8. Simulated equipotential- and magnetic field lines: On the left side a cross
section of the electron gun is shown, with the symmetry axis indicated. A voltage of -30 kV is
applied to the head of the gun and its photocathode (pc), whereas the housing and the anode
are grounded. The gun head rests on a dielectric cylinder of polyether ether ketone (PEEK). The
simulated equipotential lines are indicated, which are used to analyze the electric field distribution
and/or critical field enhancements. On the right side the cross section of the magnetic lens is
given, sketched to scale with respect to the electron gun. The ARMCO housing features high
magnetic permeability and the stainless steel magnetic gap provides for the exit of the field lines
from the housing to the beam line (details see [Kas10b]). Simulated with the Poisson/Superfish
set of codes [Hal76].

used for the simulation of the electromagnetic fields (see figure 3.8). That means, x = 9 cm
is the starting point of the electron bunch at the photocathode.

However the simulation is based on several approximations and neglects the given mi-
crostructure of the photocathode. The thermal evaporation process does not allow for a
perfectly flat photocathode and HV discharges & intense laser focussing introduce a pro-
found alternation of the photocathode, which can be seen under the optical microscope.
Keeping this in mind, the previously outlined simulation allows for determination of the
general beam parameters, but measurements are expected to deviate.

As there is general agreement between the measured and the simulated transversal beam
sizes, the simulated duration ∆τel (FWHM) of the electron pulse can be analyzed (see figure
3.9, (c) & (d)). For the experimental temporal resolution only the propagation distance
to the sample is relevant which is 4 cm (x ≈ 130 mm in figure 3.9). Here however the full
distance to the detector is shown, to provide for a general understanding and to highlight
the influence of the magnetic lens on ∆τel. A comparison of panel (c) to (d), demonstrates
the pronounced Coulomb-expansion of the two differently charged electron pulses during
their propagation. In fact, for a photocathode-sample distance of ∼ 4 cm, the suggested
minimal electron pulse length is ∼ 500 fs (1200 e−/pulse). One way to circumvent space
charge pulse broadening is by reducing the electron number per pulse and/or increasing
the acceleration field strength. On the other hand the influence of the magnetic lens on
∆τel is apparent, especially in the case for bunches with higher charge. Here, already half
of the focussing current IML,F of the magnetic lens leads to prolonged interaction time for
the electrons and thus substantially broadens the pulse.
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Figure 3.9. Simulated and measured electron pulse parameters: Panel (a) and (b) show
the transversal electron beam size ∆y with respect to the propagation distance x. In panel (a)
and (b), 6300 e−/pulse and 1200 e−/pulse were used. The data (full symbols) are obtained for
different magnetic lens currents IML, where IML,F is the current needed for focussing the beam on
the detector. Solid lines represent the results obtained from simulating the propagation dynamics
of the space charge dominated electron pulse with ASTRA [Flo97]. Panels (c) and (d) show
the simulated pulse duration ∆τel of the electron pulse for 1200 e−/pulse and 6300 e−/pulse,
respectively. The influence of Coulomb-repulsion and of the magnetic lens (when focussing) on
∆τel is apparent. For details see text. N.B.: The roughness in the simulated curves results from
reduced statistics owed to computational reasons.

The experimentally measured duration of the electron pulse is subject of discussion fur-
ther down in the text, based on figure 3.11.

Together with the results from the measurement of the lateral pulse size, the simulated
pulse durations strongly favor an experimental setup with the sample placed in between the
gun and the magnetic lens. One must be aware of the fact that electrons are diffracted also
in the case of an uncollimated beam. In this case the diffraction pattern is mapped onto
the detector by the magnetic lens behind the sample (of course with a different magnetic
lens current).

Temporal Overlap of Optical (Pump) with Electron (Probe) Pulses

In order to carry out experiments at a few hundreds of femtosecond time-resolution, the
temporal overlap of both pulses must be obtained with high precision. As a first impression
on the problem: From the typical cross correlation time between ultrashort electron- and
optical pulses the corresponding path difference amounts to ∼ 100µm. A few approaches
for overlapping electron & optical pulse in the time domain have been demonstrated so far.

One method to temporally overlap ultrashort electron pulses with their optical counter-
part is by means of the ponderomotive force [Heb06]. The ponderomotive force on a charged
particle is proportional to the gradient of the intensity of an oscillating electric field. In
practice this is realized by tightly focussing a high-intensity laser into an aperture-stripped
electron pulse [Heb08]. This method allows additionally to estimate the electron pulse
length, given that the optical pulse length is substantially shorter. However ponderomotive
scattering relies on high power laser pulses, which are not available in our case (250 kHz, µJ
laser system). In addition, the method uses a different experimental alignment to the one
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3.2. Ultrafast Transmission Electron Diffraction (UTED)

used in the actual UTED experiment, which would require to realign the temporal overlap
again, once the setup is in the diffraction mode.

To align for temporal overlap is experimentally highly demanding due to the limited
interaction time. For practical use it is best to have a longer interaction time of the
electron- with the laser pulse or, to optically induced a step-function like change in the
electron beam.
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Figure 3.10. Temporal overlap of electron and optical pulses on bismuth: Panel (a) shows
a light microscope image (transmission) of 25 nm thin Bi(111) films, suspended on a TEM mesh.
The diffraction pattern shown in panel (b) is obtained from a film, spanning one of the 100µm ×
100µm holes. The bright spot on the left lower section of the diffraction pattern is a DC break
trough of the MCPs, producing an artefact in the diffraction pattern. Synchronization of the
optical- with the electron pulse is demonstrated along panels (c) to (e); here, transient intensity
changes in the Bragg reflections of panel (b) are shown. Initially the temporal overlap is only
estimated within ∼ 1 ns but is continuously refined to within ±100 fs accuracy within a total
experimental time of 2 hours. N.B.: The data shown here are obtained to clearly observe the step
function originating from the 110 fs optical excitation and not to achieve best SNR.

The latter can be achieved by ultrafast heating of a metal film. Diffraction from a (quasi-
instantaneously) heated crystal will lead to a reduction in diffraction intensities due to the
Debye-Waller effect (see (3.25)). The intensity reduction persists as long as the crystal
is at an elevated temperature, which can be >10 ns due to the low heat conduction out of
the film [Sci09].

Here, a bismuth crystal is used, as it can be easily prepared in form of a thin film [Pay08]
and scatters strongly14. A light microscope image of such films is shown in figure 3.10
(a) together with the associated diffraction pattern in panel (b). Once, the step function
like change in diffracted intensities is determined within a large time window, the exact
temporal overlap can be achieved via refinement of the time interval, see figure 3.10, (c) to
(e).

However, one disadvantage in this case is the weak signal amplitude of only ∼ 2 %. On
the other hand, it is beneficial for the course of an UTED experiment that once pulse
synchronization is achieved on a Bi film, it is also determined for all other samples on the
same sample holder within ±1 ps. This approach is thus suitable for everyday experimental
work.

Recently it was shown that streaking of electrons with an optical pulse can be achieved

14The films are provided by the Horn von Hoegen group, University of Duisburg-Essen.
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when both interact at an ultrathin metallic mirror. After interacting with the optical pulse
the electrons show a characteristic energy distribution, which can be analyzed by a time-
of-flight spectrometer. This allows to temporally overlap optical- with electron pulses and
to determine the electron pulse length [Kir14].

Experiments: Temporal Resolution & Structural Dynamics from Single Reflections

In the following the structural response in the transition-metal dichalcogenide (TMD) 1T -
TaS2 is examined to demonstrate the performance of the developed UTED setup. For
the observed dynamics and their interpretation see chapter 4. There, the compound is
introduced in great detail in section 4.1.1 and the photoinduced structural dynamics are
discussed extensively in section 4.1.

In the following, only the very basics of the photoinduced structural dynamics will be
outlined. A principal understanding should be thus provided, while avoiding unnecessary
repetitions. The full appreciation of the data presented in this section will, however, have
to await the discussion in chapter 4.
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Figure 3.11. Transient intensity changes in 1T -TaS2 at T = 80 K: Panel (a) shows the
equilibrium diffraction pattern on a logarithmic intensity scale. Averaging over all main reflections
(MRs) yields panel (b): For each of the MRs a rectangle of size given in panel (b) is used for
averaging. Naturally there are some redundant areas in the diffraction pattern of panel (b),
however this presentation allows to indicate the reciprocal lattice vector qa0 and the CDW wave
vector qC . They span an angle of ∼ 14 ◦. The circles indicate the location of the satellite reflection
(SLR) and the inelastic backgrounds (IB1) & (IB2). Panel (c) demonstrates the normalized
transient intensities at the various locations in reciprocal space, induced by a fluence of F =
2 mJ/cm2. The solid lines are obtained from fitting the data with a global model. The model
is discussed in detail in section 4.1.3. From the fitted curves the overall temporal resolution
∆τ ∼ 600 fs is obtained. N.B. The asymmetry in the diffracted intensities (panel (a)) originates
from detector inhomogeneities.

The 1T polytype of TaS2 possesses hexagonal symmetry and is in a commensurate charge
density wave (CDW) state at T = 80 K. From a structural point of view, the commensurate
(C) CDW manifests itself by a R13.9(

√
13 ×

√
13) superstructure (in plane). The measured

diffraction pattern at T = 80 K is shown in figure 3.11 (a) and (b). Next to the intense
hexagonal pattern of main reflections (MR), weaker satellite reflections (SLR) are present
originating from the PLD. The wavevector of the SLRs qC is rotated by 13.9◦ from the
reciprocal lattice vector qa0. One characteristic SLR is encircled in figure 3.11 (b). The
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3.2. Ultrafast Transmission Electron Diffraction (UTED)

locations where the inelastic background scattering (IB1 & IB2) is measured are indicated
as well. Those are chosen such that IB1 captures the inelastically scattered intensities in
between two adjacent SLRs, whereas IB2 measures the inelastically scattered intensities at
the edge of the 1st Brillouin-zone.

Following photoexcitation with a fluence of F ≈ 2 mJ/cm2 the SLRs are suppressed on a
sub ps timescale, see figure 3.11 (c). Simultaneously the MRs gain intensity before settling
also at an overall intensity loss. The curves for the inelastic background IB1 & IB2 rise
with a distinct delay with respect to the onset of the MR and SLR traces.

At this stage we would like to address the temporal resolution which can be determined
from this data and leave the detailed discussion of the transients to chapter 4.

From a simple exponential fit (solid lines in 3.11 (c)) to both, IB1 and IB2, an overall
temporal resolution of ∆τ ∼ 600 fs is obtained. Here the intrinsic timescale of the rise of
the IB is known to be faster than 150 fs (see chapter 4). The experimental time resolution
is given by the FWHM of a Gaussian with which the model curve (see (4.3)) has been
convoluted prior to fitting.

The SLR and MR traces are fitted by a global model (solid lines in 3.11 (c)), which is
explained in section 4.1.3, along equations (4.4) to (4.7). The fit functions describe the
observed dynamics extremely well; thus, from leaving the time resolution in the model as
a fit parameter, the above determined temporal resolution of ∆τ ∼ 600 fs is recovered also
from independently fitting the SLR and MR traces.

The overall temporal resolution ∆τ is determined by ∆τ =
√

∆τ2
el + ∆τ2

pump, since near-
normal incidence of the pump pulse is provided and temporal jitter is negligible. As the
pump pulse is measured to be τpump ≈ 110 fs, the measured electron pulse length τel, meas.

is approximately the same as the overall temporal resolution. In this experiment 1200 ±
300 e−/pulse are used. In view of the simulated electron pulse durations, shown in figure
3.9 (c), the measured electron pulse length is slightly larger than expected for the sample
at a position of x = 130 mm. However, as already mentioned before, the simulation serves
mainly as a design tool and does not account for e.g. the peculiar microstructure of the
photocathode, which strongly influences the photoemission process.

Further improvement for minimum electron pulse duration is to be expected by posi-
tioning the sample in between of the electron gun and the magnetic lens. Although the
absolute numbers obtained from the simulation are not necessarily very precise, the rela-
tive trend suggests a reduction in electron pulse duration by 50 % (for a sample position at
x = 110 mm).

In addition the extraction field in the electron gun can still be increased by two parame-
ters: (i) Increase in acceleration voltage to -60 kV, which will shorten the interaction time
of the electrons on their way to the sample. (ii) Reduction of the photocathode-anode gap
in the electron gun to values close to the practical vacuum DC breakthrough field strength
of E ≈ 100 kV/cm [Siw02]. For stability reasons, the acceleration gap is set to 5 mm in the
present configuration.

A practical challenge for applying voltages <-30 kV is however the pronounced gener-
ation of Bremsstrahlung by the electrons. At the same time, the transmission of X-rays
through the chamber (mainly windows/feedthroughs) increases, as their X-ray absorption
cross section is proportional to E−3, where E is the X-ray energy [AN01]. This has proven
problematic for user safety at various experimental sites [Sci].
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Figure 3.12. Intensity changes of individual Bragg-reflections: In panel (a) the main reflec-
tions of 1T -TaS2 are indicated, which are analyzed in panels (b) to (d). Here, distinct intensity
changes for the (-12), (10) and (02) reflections are shown for F = 2 mJ/cm2. The observed
diffraction spots (10), (-12), (20) correspond to normalized diffraction vectors |q̂| = 1, 1.7, 2.0.
In figure 3.13 transient intensity changes up to |q̂| = 5.2 are summarized. See text for further
details and section 4.1 for data analysis. N.B. For presentation purposes normalized intensity
changes are plotted, whereas in figure 3.11 normalized intensities are shown.

The data to be presented in chapter 4 rely on averaging over multiple diffraction orders,
as do the data presented in figure 3.11 (c). Here however (figures 3.12 & 3.13), individual
Bragg reflections can be addressed with superior SNR. In figure 3.12 (a) the reflections of
the primary reciprocal lattice nodes are indicated together with the reflections shown along
panel (b) to (d). The inset image in each of the panels (b) - (d) shows a zoom-in of the
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3.2. Ultrafast Transmission Electron Diffraction (UTED)

respective main reflection, with the measured SLRs encircled15. The IB traces are measured
at the locations indicated in figure 3.11 (b). For all traces the obtained fit functions from
the global model (to be introduced in section 4.1) are shown.
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Figure 3.13. Intensity changes of all Bragg-reflections: The four matrices display the nor-
malized intensity change in 1T -TaS2 at T = 80 K, for MR, SLR, IB1 and IB2. Along the abscissa
of each panel the individual reflections are plotted for increasing normalized diffraction vectors
|q̂|. N.B. All reflections are obtained from one measurement (i.e. the relative timing between the
transients is accurate). The lowest diffraction orders of the SLR are suppressed strongest. The
higher the MR diffraction order, the stronger is the transient maximum. The inelastic scattering
into higher diffraction orders gets weaker with respect to lower diffraction orders (see discussion
along equation (3.26)).

In addition, a novel normalization concept could be applied to further improve SNR
[Lie14]: Detailed studies demonstrated that the overall diffraction intensities in areas of
15The fact that the SLRs do not demonstrate hexagonal symmetry as demonstrated by the averaged zoom-

in in figure 3.11 is a peculiarity of the distinct PLD displacement. This will become clear once the
simulated diffraction pattern along figure 4.9 is discussed.
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reciprocal space, which correspond to the first Brillouin-zone (in size and in shape) are
conserved. Whereas this observation can be roughly motivated from simulations it clearly
needs further analysis. Nevertheless, the conserved diffraction intensities provide normal-
ization measures to account for intensity fluctuations of the beam. Further details can be
found in [Lie14].

In chapter 4, all reflections with the same value of |q| are averaged. I.e. reflections of the
same diffraction order are summarized into one transient. In this respect it is convenient to
introduce the normalized absolute value of the reciprocal lattice vector in the form of |q̂| =
|q|/|qa0

| for the main reflections. The superlattice reflections and the inelastic background
will be referred to by their associated main reflection.

In fact 71 reflections could be simultaneously detected, shown in figure 3.13. Due to the
richness of the data, a compact matrix representation is chosen, where the four matrices of
figure 3.13 contain the intensity changes for the MRs, SLRs and IB1 & IB2. The detailed
discussion of the data is, as already mentioned, condensed into chapter 4.

Overall, the data presented in figures 3.13 & 3.12 demonstrate that transient intensity
changes from individual reflections can now be recorded with 1%� accuracy.

3.3. Sample Preparation & Characterization for Ultrafast
Transmission Electron Diffraction

A delicate prerequisite to ultrafast transmission electron diffraction is the availability of
samples comprising suitable dimensions. This remains a significant downside to the exper-
imental appeal of UTED. A quote from one of the standard TEM text books by Williams

& Carter summarizes the dilemma, which is as old as the transmission electron mi-
croscopy (TEM): “A major limitation of transmission electron microscopy is the need for
thin specimens. Methods to prepare thin specimens exist for almost all materials (...). But
as a general rule, the thinning processes that we use do affect the specimens, changing both
their structure and chemistry.” (p. 11, [Wil09]).

The previous statement is even more true in the case of UTED because of the addi-
tionally required, large lateral dimensions of the sample in comparison to standard TEM
measurements. The high absolute Rutherford scattering cross-section, on the one hand
beneficial, requires on the other hand in general samples with a thickness of < 100 nm.
Whereas up to now this remains a pronounced challenge to be met before undertaking any
UTED study, the experimental configuration & outcome themselves highly benefit from
thin samples, as absorption length of the pump laser light and sample thickness are in
general very similar, assuring a homogeneous excitation profile. In fact, as will be shown
later the here studied films are excited extremely homogeneously over their entire volume.
This is owed to interference of the pump laser light inside the films, and provides for less
than 10 % intensity variation over the whole probed volume. Such an extremely homo-
geneous excitation profile dismisses most of the discussions on transport effects and heat
conductivity dynamics, which are common to pump-probe experiments in bulk samples,
where a delicate disbalance between the penetration lengths of pump and probe pulses or a
pronounced excitation gradient exist in general. In this regard, the previously undertaken
effort in sample preparation to obtain thin, freestanding samples has a nice pay-off.

In parallel to the demand for ultrathin & freestanding films, the lateral dimensions must
be relatively large, since Coulomb repulsion of freely propagating electron bunches leads to
pulse broadening and thus calls for a very compact electron beam line; only minimal beam
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shaping and focussing is possible, since each element critically prolongs pulse propagation
time and therefore pulse spread. In this regard, the typically achievable beam waists at the
sample position are on the order of 100µm (FWHM), which sets a benchmark for lateral
sample dimensions.

In the following different approaches of getting such-qualified films from bulk transition-
metal dichalcogenides (TMDs) are outlined, together with characterization of the obtained
samples. In the end, samples cut with an ultramicrotome have met the requirements of
UTED experiments.

3.3.1. Focussed Ion Beam Milling & Reactive Ion Etching

Sample preparation for TEM studies is quite commonly done by milling with a focussed ion
beam (FIB) [Wil09]. Here the basic principle of operation is similar to a scanning electron
microscope (SEM), but instead of an electron beam, a beam of ions is guided onto the
sample. Operation at low beam currents provides for imaging of the sample, whereas high
ion currents sputter the sample [Wil09]. Typical operation is however in combination with
a SEM for “live” imaging during sample processing.

We used a Zeiss CrossBeam 1540XB system, with Ga+ ions applied for sputtering.
However the TMD compound 1T -TaS2 turns out to be very resistive to ion milling. The
approximated milling time to obtain thin films from a prethinned sample of surface size
100×100µm2 is >10 h. Additionally, already short milling times lead to Ga+ doping levels
of ∼5 % (determined by energy-dispersive X-ray spectroscopy (EDX)), which is a common
problem of the FIB technique. Whereas the typical doping levels are not crucial for other
compounds, here even low doping levels need to be avoided. The intercalation of different
dopants into the van der Waals gap of 1T -TaS2 is a well studied effect, with profound
consequences on the observed physical properties of the system [Faz79, Die99, Pro95]. In
this regard uncontrolled doping needs to be avoided.

The chemical composition of a sample can be readily determined via energy-dispersive X-
ray spectroscopy (EDX), a standard analytical technique available in most SEMs [Suz86].
As the electron beam excites electrons in the sample, their relaxation through different
inner-shell transitions lead to emission of a characteristic X-ray spectrum which can be
mapped by an energy dispersive detector. Typical EDX spectra produced by 20 keV elec-
trons are shown in figure 3.14 for differently treated 1T -TaS2 samples.

Another standard technology in microfabrication is reactive-ion etching (RIE), featuring
a plasma-induced dry etching process for material removal [Bon76]. Here, a RIE of type
SENTECH SI 220 is used, with a brief principle of operation summarized as follows: A
vacuum chamber contains the sample to be etched, which is evacuated of air and subse-
quently filled with different types of gases, depending on the chemical composition of the
sample. In this case a composition of SF6 and CF4 with a partial pressure of a few mbar
is used. Inside the chamber, two large area electrodes are positioned at the bottom and
the top. With a strong radio-frequency (RF) electromagnetic field originating from the
bottom electrode, a plasma is ignited from the present gases; the stripped electrons follow
the oscillating electric field instantly, and are therefore either drained by the grounded vac-
uum housing or charging up the bottom RF electrode and the sample. In the following,
the positively charged ions of the plasma are effectively guided to the sample, leading to
a material removal via chemical reactions forming gaseous products, or by kinetic energy
transfer, i.e. sputtering of the sample.

Reducing the thickness of prethinned 1T -TaS2 flakes via RIE leads to laterally large, sub
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Figure 3.14. EDX-spectra for reactive-ion-etched and freshly cleaved 1T -TaS2, respec-
tively: The inset photographs show a transmission light microscope image of a <50 nm thin film,
ablated via reactive ion etching (RIE) (a) and a SEM image of a freshly cleaved bulk sample (b).
From these the EDX spectra are obtained, using 20 keV electrons from a SEM (Zeiss CrossBeam
1540XB). The most intense peak in both spectra originates from N- to M-shell transitions in tan-
talum at energies of ETa,M ≈ 1.7 keV. The spectrum of the RIE treated sample features increased
intensities from inner shell transitions of oxygen and carbon. Analysis of the spectra is provided
by the incorporated ZEISS software which accounts for the individual scattering cross-sections.
From the tabulated scattering cross-sections and the spectral weight distribution the chemical
composition is obtained, given in the tables for both spectra.

50 nm thin films, shown by the transmission light-microscopy photograph in figure 3.14,
inset to panel (a). However a common side effect of RIE is ion implantation from the
plasma into the sample. Although this effect is mainly limited to the surface layers, i.e.
the top couple of nanometers, this doping becomes more relevant the thinner the sample is.
Indeed, the EDX spectra of the samples prepared via RIE demonstrate pronounced carbon-
and oxygen doping of up to ∼ 15 atomic percent (see spectra and calculated chemical
composition in figure 3.14). These doping levels effectively disqualify the RIE approach to
prepare strongly correlated compounds for UTED studies.

FIB and EDX are well established sample thinning techniques for TEM studies, however
both fail for the preparation of extremely thin freestanding samples as needed for UTED.
However, they might become valuable tools even for UTED, once increased electron energies
(E > 100 keV) become available; here thicker samples can be probed and the contaminated
surface region becomes negligible.

3.3.2. Microtoming

As TMDs feature a highly anisotropic crystal structure, with strong, covalently bound 2D
sheets which are weakly van der Waals coupled to each other (see e.g. figures 4.2 and
4.21) they cleave readily. Mechanical cleaving is a common approach in order to reduce
the thickness of bulk samples or to produce atomically flat substrates for STM studies
[Gar91]. In fact cleaving with a scotch tape can provide for laterally large thin films from
bulk TMDs. However these film rely on some sort of substrate for support [Eic10b, Por14].
As soon as the films are detached from the substrate they suffer from instability and evolve
cracks, with only tens of µm large flakes surviving in the best case.
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Figure 3.15. Principle of microtoming (1. → 4.):

The thin films are cut by moving the sample across
the knife, where it floats on the water due to surface
tension. Adapted from [Zie14].

Moreover the pronounced cleavability of TMDs can be exploited by an ultramicrotome,
where the cleavage of thin layers off the sample is induced by a diamond knife. Here, a Leica

EM FC6 Microtome together with a DiATOME diamond knife with angle of 45◦ is used.
Prior to mounting the samples on the microtome they are glued onto a sample holder and
their edges are trimmed with a razor blade for the desired lateral size. The contaminated
top surface is cleaved off with a scotch tape to provide for a nearly atomically flat surface,
which is the key to perfect sample to knife alignment.

An ultramicrotome is a quite rigid mechanical setup, holding knife and sample at a well
defined distance and orientation. It features a stereomicroscope for visual sample alignment.
The principle of operation is sketched in figure 3.15. Here the sample holder and the knife
are shown, which are adjustable in angle and position. One side of the so-called boat holds
the diamond knife. The boat is filled with distilled water to prevent the cuts to adhere to
the diamond knife. While approaching the sample to the knife, the horizontal and vertical
angles between the two of them are continuously minimized by different micrometer screws;
visual alignment is assisted by various illumination schemes from different LEDs.

During alignment, the sample is in steady rotation (see figure 3.15) mounted on the
mechanical retraction/feeding arm which provides a minimal feed step size of <10 nm.
Once sample and knife are aligned in parallel to each other, the knife is approached to
the sample until first cuts from the sample are made and the feed-rate is adjusted to the
desired sample thickness. Due to surface tension, the thin films being cut will float on the
water surface from where they can be picked up together with a supporting water film by
a so-called loop. When delivering this water-suspended cuts to a TEM mesh, the water is
drained and the films come to a rest on the mesh. In this last step the loss rate is quite
high due to mechanical breakage.

The results of preparing UTED samples with an ultramicrotome are shown in figures
3.16 and 3.17. Here, light microscope images display <30 nm thin films of 1T -TaS2 and
4Hb-TaSe2 which become optically transparent at these thicknesses. In both cases, no
alternation of the EDX spectra with respect to the bulk spectra is detected, suggesting
chemical integrity of the thin films. Indeed the obtained TEM diffraction patterns are
identical to the ones from the literature [Ish91, Ish95, Spi97] at various temperatures (see
figures 3.16 and 3.17).

The thickness of the films is determined by measuring the optical transmission at certain
wavelengths. From the optical constants (see appendix, figuresA.2 & A.3) and a simple
transfer matrix approach [Yeh05] the thickness can be calculated. Similarly, the excitation
profile in the film can be estimated by considering multiple intern reflections. It turns out
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Figure 3.16. Photographs & diffraction patterns from thin films of 1T -TaS2: Panels (a)
& (b) show light microscope images of sub 30 nm thin films on TEM meshes, taken in reflection
and transmission mode, respectively. In panel (c) a TEM contrast image is displayed for one of
the samples used in the UTED experiments. The obtained films are characterized by temperature
dependent TEM diffraction, see panels (d) to (f). At T = 363 K the sample is in the IC CDW
state. Below a first order phase transition at TNC = 353 K the NC CDW state evolves. For
T . 187 K the sample reaches the C CDW state. The observed diffraction patterns are identical
to the ones from the literature [Ish91, Ish95, Spi97]. Further details on the phases can be found
in table 4.1 and figure 4.3. N.B.: The absence of clearly visible first order satellite reflections
is due to the fact that the CDW wavevectors have an out-of-plane component (see table 4.1),
preventing first order satellite reflections from being mapped on the detector with this highly
collimated electron beam [Ish91].

that the obtained film thicknesses provide for extremely homogeneous excitation profiles
within the films. The results are given in figure 4.17 for the case of 1T -TaS2 and in figure
A.1 for 4Hb-TaSe2.

Meanwhile, different types of samples have been prepared satisfying UTED requirements.
These are, amongst others, monocrystalline copper [Klo13], Diarylethene [JR13] and 1T -
TiSe2 [Lie14].

Although a successful preparation of UTED samples is demonstrated, there are major
limitations to sample preparation with ultramicrotomes. In fact this approach strongly
relies on the pronounced elasticity of the sample. This becomes apparent during the cutting
process, where a 90 ◦ bending angle needs to be achieved (step 1. → 2. in figure 3.15).
Brittle compounds like the high temperature superconductor bismuth strontium calcium
copper oxide (BSCCO) or magnetite have been tested to be thinned via ultramicrotome
unsuccessfully.

3.4. Streaking UTED

In order to resolve truly irreversible processes, such as melting, domain wall dynamics, etc.
on an ultrashort timescale, three options exist in principal: (i) increasing the temporal
resolution of the detector until the process under study can be resolved, (ii) taking single
shots and change the sample for each time delay (provided that multiple identical samples
are available) or (iii) streaking of a prolonged probe pulse. Whereas the first option is
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Figure 3.17. Thin films and diffraction pattern of 4Hb−TaSe2: Panel (a) shows a transmis-
sion light microscope image of thin films (< 30 nm) obtained from a bulk sample via microtoming.
The diffraction pattern measured at T = 310 K (panel (b)) is identical to published diffraction
data for the C phase of 4Hb−TaSe2 [Lud99]. A high-temperature diffraction pattern of the IC
phase is given in figure 4.22.

without doubt the most direct- and therefore desirable option, technical constraints adjourn
it into the far, far future, if achievable at all. The second approach has been successfully
employed to study the melting of aluminum and bismuth [Siw03, Sci09]; it is easy to imagine
that this is an extremely tedious measurement scheme and disadvantageous to obtain high
SNR. Streaking of prolonged pulses however seems to be an elegant way to circumvent
these technical restrictions, while at the same time taking advantage of the large and still
increasing pixel number of current detector arrays.

In this regard, streak cameras have initially been used to detect intensity variations
in a light pulse and to measure the pulse length, with the principal of operation similar
to an oscilloscope [Lab]: A photocathode converts light into electron pulses which are
accelerated in an electric field to a certain velocity. The electron pulse is subsequently sent
through a pair of deflection plates, which are subject to a triggered, time-varying electrical
potential. Hence the preceding electrons are deflected differently then the trailing ones.
The such tilted pulse is directed onto a spatial detector, like a phosphor screen coupled
to a CCD camera, thus providing for a time to space mapping. Current streak camera
technology for characterization of laser pulses reach temporal resolutions on the order of
100 fs [Tak94]. However these streak cameras are not suitable for diagnostics in ultrafast
electron diffraction. The extremely compact gun design and the close sample position in
front of the gun demand for very compact streak cameras themselves.

In the following, streaking of a sub-relativistic diffraction pattern with a photo-triggered
streak camera is demonstrated. The obtained transients are systematically compared to the
ones obtained from a conventional scanning UTED measurement on the identical sample.
Here we will show that apart from capturing irreversible processes, streaking is particularly
beneficial to increase SNR for reversible processes under study.

3.4.1. Setup for Streaking UTED

A major challenge in ultrafast electron diffraction is pulse broadening due to mutual
Coulomb repulsion of the electrons during their acceleration and propagation, see fig-
ure 3.9 (c) & (d) and [Siw02]. As a meaningful electron diffraction pattern requires at least
106 to 107 electrons [Kin05] (strongly dependent on sample properties and detector effi-
ciency) and applicable repetition rates are limited to the few kHz regime due to continuous
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wave (cw) heating, it is highly desirable to achieve the maximum electron number within
one bunch. In fact a significant structural response typically requires pump fluences in the
range of several hundreds of µJ/cm2 to few mJ/cm2, which causes pronounced cw heating
of up to several hundreds of Kelvin for repetition rates of &10 kHz.

The demand for maximum electron current densities has been addressed by different
approaches. One method, borrowed from accelerator technology, is to recompress the tem-
porally broadened electron pulse with a RF cavity, putting the sample at the temporal focus.
Here, a linear position-momentum correlation must exist in the electron pulse, which is ac-
tually realized by Coulomb explosion of a 3D uniformly charged ellipsoid, as proposed by
Luiten et. al. [Lui04] and experimentally realized by Musumeci et. al. [Mus08]. RF com-
pression suffers in general from substantial timing jitter between the electron pulses and the
RF-electronics, however recent experiments demonstrate an overall temporal resolution of
400 fs [Man12, Gao12]. Alternative approaches include achromatic reflectron compressors
(only simulated [Kas09]) and laser triggered open cavity compressors, which intrinsically
have a sub 100 fs timing jitter. According experiments demonstrate sub 750 fs temporal
resolution [Kas12].
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Figure 3.18. Schematics of streaked UTED: Panel (a) depicts the timing of optical pump-
and electron probe pulse on the sample, which is adjusted for by the mechanical delay stage
in the pump arm (see figure 3.19). The pump-induced structural dynamics of the sample are
encoded in the longitudinal extension of the ∼ 6 ps electron pulse. This structural information
can be recovered by spatially separating different temporal components of the electron pulse with
a streak camera. The such tilted diffraction beams are mapped on the detector, see panel (b).
The timing of the streak camera trigger pulse is adjusted by the second delay stage sketched in
figure 3.19. Dimensions are chosen for best visualization and are not to scale.

The streaking approach discussed here uses a space charge expanded electron pulse to
its advantage, as sketched in figure 3.18 (a). As different temporal components of the
electron pulse will see different responses of the sample to the pump pulse, the structural
information is encoded along the profile of the electron pulse. The diffracted beams are
subsequently streaked by means of a laser triggered, rapidly changing electric field between
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the two capacitor plates, allowing to spatially map the temporal information contained in
the electron pulse on the detector.

Electron pulse streaking to measure structural dynamics has been proposed in the 1980s
with picosecond resolution [Mou82]. Recently, streaking of electron diffraction patterns has
been demonstrated in the relativistic regime, using an electronically synchronized high-Q
RF-cavity based streak camera [Li10]. In a different experiment, the structural response
during the photoinduced melting of gold was captured in single shot mode [Mus10].

The principle of operation for the presented streaked UTED experiment is outlined along
figures 3.18 and 3.19. Here, a chirped pulse amplified laser system16 provides 200 fs, 775 nm
pulses at a repetition rate of 1 kHz. Each optical pulse is split into three pulses (see figure
3.19) in order to (i) drive the electron gun, (ii) trigger the streak camera and to (iii) excite
the sample. The electron gun is operated at -30 kV and driven by pulses of wavelength
λ = 258 nm. Subsequently a solenoid magnetic lens focusses the electron beam on the
detector (details see [Era09, Kas10b]). The diffraction pattern is amplified by a pair of
MCPs and detected by a phosphor screen, photographed by a macro-lens coupled CCD
camera. The laser pulses to trigger the streak camera and to excite the sample can be
adjusted for their respective arrival time by two delay stages, see figure 3.19; once the
timing is aligned, these stages remain locked. This purely electro-optical measurement
scheme greatly improves the signal-to-noise ratio in comparison to scanning measurements.
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Figure 3.19. Streaked UTED setup: The optical pulses (200 fs, 775 nm) from a CPA Ti:sapphire
laser are split into three: The first is frequency tripled to 258 nm, driving the -30 kV electron gun,
the second and third can be temporally delayed via two delay stages to synchronize for sample
pumping and triggering of the streak camera. The beam waists can be adjusted with the indicated
periscopes. The realized pulse lengths are ∼ 6 ps and ∼ 200 fs for the electron and the optical
pump pulse, with a temporal resolution of ∼550 fs provided by the streak camera. Dimensions are
chosen for best visualization, not to scale. BS: beam splitter, v-ND: variable ND-filter, M: mirror,
THG: third harmonic generation, P: prisma, Pe: periscope, DS: delay stage, L: lens. Adapted
from [Era13].

The streak camera consists of a pair of metal plates (4×4) mm2, separated by 600µm, with

16CPA2101, Clark-MXR, Inc.
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a 100µm entrance aperture placed 2 mm in front of the streaking plates. The plates can be
short-circuited by a GaAs photo-switch. Due to voltage breakdown across the photo-switch
for DC voltages, the plates are charged by a 20 ns 0.7 kV pulse. Laser-triggering the GaAs
switch discharges the streak plates, launching a damped 6 GHz oscillation of the electric
field. This provides for the desired, quickly varying electric field of 30 kV m−1 ps−1. The
timing of the streak camera trigger pulse is set up such that the longitudinal center of the
electron pulse passes the streak camera while the plates are just about to reverse their
charge due to the launched E-field oscillation. I.e. the central part of the electron pulse
passes the streak plates while E = 0, allowing streaking to occur during the most linear
part of the E-field oscillation.

To be able to capture as many diffraction spots as possible, the sample is directly mounted
onto the entrance aperture of the streak camera. Still, only part of the diffraction pattern
is visible as the outermost reflections are clipped by the streak plates (see figure 3.20).
Pumping of the sample is achieved in a co-propagating geometry, with the pump beam
directed through the streak camera onto the sample. Once the principle alignment is set
up, this geometry allows for very precise pump-probe overlap, due to the entrance aperture.
Additionally the noise on the detector is reduced, as the pump-induced photoelectrons are
drained by the electric fields from the streak camera. Via the second delay stage sketched in
figure 3.19, the arrival of the pump pulse is adjusted such that roughly 20 % of the electron
pulse probes the not-yet excited sample.

Unstreaked

(000) (010) (010)

(100) (100)

Streaked

(a)

MR

SLR

(b)

0.33 Å−10.33 Å−1

Figure 3.20. Diffraction pattern of 4Hb−TaSe2 with(-out) streaking: Panel (a) shows the
unstreaked diffraction pattern of the sample, displaying a hexagonal pattern of the bright MRs,
each surrounded by six weak SLRs. With the streak camera turned on (panel (b)), the reflections
turn into streaks along which the dynamics of the lattice is encoded. In panel (b) faint spot-like
reflections are still visible. They might indicate a preceding or trailing portion of the laser pulse
driving the electron gun. The origin of this reflection is not finally clarified; in fact the streaking
approach might also serve as a diagnostic tool, in order to investigate in detail intensity variations
along the electron pulse.

3.4.2. Comparison of Streaking and Scanning UTED for 4Hb−TaSe2

In the following, streaked UTED transients from a ∼6 ps long electron pulse are directly
compared to transients obtained from a conventional scanning scheme. In fact, the tran-
sients for the scanning mode are taken from the data presented in section 4.3, however
with the corresponding diffraction orders and time window adapted. The sample used in
both cases is an identical 20 nm thin slab of 4Hb-TaSe2, a 2D CDW compound with a
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3.4. Streaking UTED

commensurate, R13.9(
√

13 ×
√

13) superstructure at room temperature (see details in sec-
tion 4.3). Below 410 K, the CDW associated periodic lattice distortion is responsible for
the appearance of six weak SLRs around each of the bright MRs, indicated in figure 3.20
(a). The equilibrium diffraction pattern and the photoinduced structural dynamics are ex-
plained in detail in section 4.3; here however, the focus lies on the comparison of streaking
to scanning technique, with only a few basics about the sample addressed. The interested
reader is therefore referred to section 4.3 for more details on the photoinduced physics of
the compound.

In contrast to the conventional diffraction pattern shown in panel (a) of figure 3.20,
panel (b) displays the identical pattern, however subject to streaking. In order to resolve
the structural dynamics, which in this case are encoded along the streak axis, all the MR
streaks are superimposed to increase the SNR17. The obtained, averaged streak is depicted
in figure 3.21 (a), with one of the weak SLR streaks indicated by the white rectangle. From
the zoom-ins shown in panels (b) and (c), the photoinduced suppression of the intensity in
superlattice reflections can be seen, more pronounced however in the differential image given
in panel (d). Following the indicated time axis in figure 3.21 (a) yields the transients of
figure 3.22 (a) & (c). While being explained in detail in section 4.3, the observed dynamics
are qualitatively summarized as follows:

pumpedunpumped

time

-2ps

4ps

  MR
SLR

t
0

(a) (b) (c) (d)

pumped -
unpumped

Figure 3.21. Averaged streaks: Panel (a) shows all available streaks of figure 3.20 (b) super-
imposed, with the MR and SLR indicated. The latter becomes visible only once the image is
rescaled, see panels (b) and (c). The photoinduced suppression of the SLR intensity is best
visualized in the differential image of pumped and unpumped streaks, shown in panel (d).

The optically induced destruction of the electronic part of the CDW launches coherent
amplitude modes. These effectively drive the crystal close to the high-symmetry, unmodu-
lated state, as suggested by the initial intensity loss and gain in SLRs and MRs, respectively.
However a rapid energy transfer to incoherent atomic motions reduces the overall scatter-
ing into Bragg-reflections and, similarly to a classical Debye-Waller effect, leads to
pronounced intensity loss in MRs and SLRs.

The behavior can be well fitted by equations (4.17) and (4.16) for MR and SLR traces,
respectively; prior to fitting, the curves are convoluted with a Gaussian of FWHM = 550 fs

17For a detailed discussion on whether the superposition is justified and how superposition affects the
transient diffraction intensities, see section 4.1.4
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to account for the temporal resolution18.
For a direct comparison, the transient intensity changes obtained via scanning UTED are

displayed in panels (b) and (d) of figure 3.22, obtained over a measurement time of 70 min.
To address the peculiarities and (dis-)advantages of both techniques (streaking and scan-

ning), three major aspects need consideration, which are (i) temporal resolution, (ii) ob-
servable time window per measurement, and (iii) achievable SNR:

(i) For conventional scanning UTED, the temporal resolution is given by the convolution
of the pulse lengths of the optical pump (here ∼200 fs) and electron probe pulse (here
∼300 fs), in this case yielding 400 fs. The jitter between the two of them is generally
negligible. In the streaked UTED approach the temporal resolution is provided by
the optical pump pulse length (here again ∼ 200 fs), the streak camera’s temporal
resolution, and the temporal jitter between streaking field and the probe pulse. The
temporal resolution ∆tsc of the streak camera is given by the ratio of unstreaked
pulse’s angular spread φ and the angular streak velocity ωsc, yielding ∆tsc = φ

ωsc
.

The streak velocity can directly be determined by measuring the deflection of a short
electron pulse vs. the arrival time of the streak camera’s trigger pulse. This way a
temporal resolution of ∆tsc ≈ 500 fs for the streak camera is obtained. Due to the
optical synchronization of the streak camera, the jitter is well below 100 fs (in contrast
to electronic synchronization for RF cavities), yielding an overall temporal resolution
of ∼550 fs for the streaking scheme. By reducing the beam waist of the electron pulse
∆tsc can be increased.

(ii) As adjacent diffraction spots should be well separated for the analysis of the streaked
UTED data, the observable time window can only be increased at the expenses of the
temporal resolution. This criterion can be relaxed if the sample is rotated such that
the various streaks do not run into each other, which was achieved for the MR pattern
in figure 3.20; however for the SLR pattern, most of the six satellites are interfering
with one and another or with the MR pattern and are therefore effectively reducing
the usable number of SLR streaks.

(iii) To quantitatively compare the obtained SNR for the streaking and scanning UTED
measurement shown in figure 3.21, the overall numbers of scattered electrons need to
be considered for both cases. Since the identical sample is used for the two measure-
ments, the electron numbers obtained from measuring the direct beam via a picoam-
meter are used. For the streaking measurement one pulse contains ∼ 2×104 electrons,
30 images are taken each with an exposure of 120 s and 13 streaks are superimposed.
For the scanning measurement one pulse contains ∼ 1.5×103 electrons and 70 images
taken are at an exposure of 60 s each, with 15 reflections superimposed. From this, the
streaking measurement comprises about five times more electrons during the roughly
same measurement time and for the same length of the transients of 3 ps.

According to Poisson statistics the SNR increase should be a factor of
√

5 = 2.2
for the streaking measurement. The expected increase from this estimate can be
compared to the experimentally obtained SNR; here SNR = As

σn
, with signal amplitude

As and standard deviation of the noise σn. Since As for both measurements is nearly
identical, SNR is only characterized by σn. From the residuals of the fit curves, σn for
both methods is determined, assuming that the data are sufficiently well described by

18The discussion on the temporal resolution is carried out further down in the text.
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Figure 3.22. Scanning and streaking UTED transients of 4Hb−TaSe2: Panels (a) & (c)
and (b) & (d) display two distinct transient intensity changes from conventional streaking and
scanning UTED, respectively; the data (open circles) are shown with their respective fit curves
(solid lines) and residuals (full diamonds). The streaking data are obtained during an acquisition
time of 60 min at F = 3 mJ/cm2, the scanning data during 70 min of measurement time and for
excitation with F = 2.6 mJ/cm2. The data are shown with their according fit curves, using the
model according to equations (4.16) and (4.17). Although the deployed streak length was ∼6 ps,
only ∼4 ps are plotted in panels (a) and (b) for direct comparison to the scanning data.

the proposed simple model. For the MR curves, σn, streaking = 0.3 % and σn, scanning =
1.1 % are obtained, yielding an increase in SNR by a factor of σn, scanning/σn, streaking ≈
3.7. For the SLR traces however we obtain σn, scanning ≈ σn, streaking. The latter
can be attributed to the fact that in the streaking approach only one out of the six
satellites could be analyzed; the other five merge into each other and are therefore not
addressable, effectively canceling the increase in electron number.

The fact that the measured SNR for the MR traces is substantially higher than the
estimate is because of the systematic error being not accounted for by Poisson statis-
tics. The streaking measurement provides for a distinctly reduced systematic error, as
laser drifts and intensity fluctuations on a longer timescale are effectively suppressed.
Additionally, as already mentioned all mechanically moving parts are absent in this
purely electro-optic measurement scheme. However this effect on SNR can hardly be
quantitatively estimated. In the presented regime, main limitations are the detector
noise and the still low electron number per bunch.

Besides this proof-of-principle stage of experiment, the demonstrated temporal resolution
and noise reduction can quite readily be extended along the following lines: Temporal
resolution of ∼ 250 fs can be achieved by a 50 % increase in the streak voltage and 50 %
decrease in the streak plate separation. Although the voltage breakdown across the GaAs
photo switch is challenging due to the increased surface tracking, these values have been
demonstrated to be practicable [Kas10a], still leaving enough solid angle to allow for passage
of several diffraction orders.

54



3 Experimental Details

To increase the SNR, the electron number per pulse can be further increased. In the
presented experimental setup, a minimum distance between the sample and the cathode
of 3 cm is required. The Coulomb expansion of an electron pulse can be simulated via
particle tracking19. From this, a 3 ps long electron pulse can contain up to 106 electrons
at a position of 3 cm behind the photocathode. In the presented configuration this would
yield a SNR increase of a factor of ∼ 20. This estimate is based on statistics only, since
SNR improvements from reducing the systematic errors (beam drift, etc.) are not readily
to be quantified. Ideally the electron pulse would be generated with a previously stretched
UV pulse, in thus relieving the Coulomb strain in the lateral direction as well.

Once these parameters are met, inelastic processes should in principle be observable
within a single shot, or “few” single shots. A first demonstration could be the observation
of melting of a high-Z metal.

Having presented the basic concepts of UTED in this chapter, let us now turn to the
observation of structural dynamics in two distinct transition-metal dichalcogenides.

19ASTRA code, DESY [Flo97]
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Chapter 4.

Structural Dynamics in 2D Charge Density
Waves

During the early 2000s the advent of UTED reaching femtosecond temporal resolution
allowed for first insights into the structural dynamics of metals and semiconductors on
their intrinsic timescales. In practice, ultrafast heating and melting of aluminum, gold &
bismuth [Siw03, Lig09, Sci09] as well as coherent phonon generation in aluminum and silicon
[Par05, Nie09, Har09] could be tracked by ultrashort electron pulses. Up to now, peculiar
sample requirements for UTED studies, i.e. free standing films thinner than 100 nm but
laterally extending over 100µm, remain a bottleneck in the study of complex materials.
However first progress in the field of strongly correlated materials [Eic10b, Eic10a, Era12,
Zhu13] and organic molecules [Gao13, JR13] was demonstrated.

Parallel to technological visions put forward by e.g. giant magnetoresistance [Len97] and
superconductivity [Gou08], strongly correlated compounds still offer a vast and untamed
playground for experimental and theoretical exploration [Par08]. Specifically charge density
wave (CDW) compounds with their inherent quasi low dimensionality serve as ideal proto-
types to study the mutual interaction of various degrees of freedom in strongly coupled elec-
tron lattice systems. Recently the electronic subsystem of photoexcited CDWs has been ad-
dressed by tracking the femtosecond optical response [Dem99, Dem02, Yus08, Sch10, Por14]
and photoelectron yield [Per08, Sch08], with however only indirect measures on the struc-
tural reaction.

In this chapter, the structural dynamics as obtained from UTED data are discussed for
a pair of quasi-2D CDW compounds: In section 4.1, 1T -TaS2 in its nearly commensurate
(NC) CDW phase is subject to photoexcitation with variable fluences, while leaving the
crystal in the NC phase at all times. From the strongly excited and disbalanced electronic
system, the crystal is transiently driven closer to the high symmetry state by coherently
launching the ν = 2.3 THz amplitude mode. In such, the amplitude of the PLD is effectively
reduced on a ∼150 fs timescale by ∼20 % to ∼40 %. The recovery of the initially suppressed
CDW order parameter happens on a surprisingly fast timescale of ∼1 ps. Together with ul-
trafast optical reflectivity measurements the observation of individual superlattice- & main
reflections as well as the inelastic background scattering for ten diffraction orders suggest a
delicate relaxation hierarchy upon photoexcitation. Introducing a simple structural model
allows for disentanglement of photoinduced coherent and incoherent atomic motions, sug-
gested from global trajectories in the coherent-incoherent phase space. In summary, a real
space scenario of the optically launched processes will be outlined, as suggested by ultrafast
reflectivity and diffraction data.

In section 4.2 both, the order parameter of the NC CDW and the one of the incommen-
surate (IC) CDW in 1T−TaS2 were tracked during the photoinduced transition between
the two phases. To be precise, starting from room temperature the phase transition at
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Tc = 353 K is gradually achieved with increasing fluence. The initial suppression of the NC
phase on a ∼150 fs timescale seeds, with a slight delay, the IC phase on a time constant of
∼ 1.5 ps. The full transition into the quasi equilibrium IC phase is achieved on a second,
fluence dependent timescale, ranging from several tens to hundreds of ps, the faster the
higher the fluence. In the case that the NC phase is initially not completely quenched,
the IC growth on the second timescale happens directly at the expenses of the NC phase,
indicative of domain wall nucleation sites for the IC phase. The observed transition dy-
namics obey an Arrhenius law, with the obtained energy barrier comparable to the CDW
pinning energies from the literature [Su12]. Together with atomic trajectory simulations
for the NC-IC transition the IC phase is suggested to initially nucleate at the domain
walls of the original NC phase and to subsequently grow into the domains on the slower
timescale. In this regard, the phase transition displays a distinct nonthermal character
as being strongly formed by the pronounced relaxation hierarchy of the optically excited
electronic system. All in all, the completion of the NC-IC phase transition occurs on an
exceptionally fast timescale (∼ 50 ps for the strongest excitation) in comparison to other
transitions into states of complex order [Ham85, Eli09].

Section 4.3 details on the structural response of the similar, yet less strongly coupled
CDW compound 4Hb-TaSe2. At room temperature, 4Hb-TaSe2 evolves a commensurate
(C) CDW phase, with the CDW carrying layers effectively decoupled from each other by
intermediate, unmodulated crystal sheets. From theoretical models, emphasizing the im-
portance of 3D stabilization for CDW formation [Gru94, Joh08], this C phase is expected
to be less stable with regard to e.g. optical perturbation. Indeed, following the coher-
ent sub-picosecond suppression of the CDW, its restoration takes two orders of magnitude
longer in time than in the previously studied 1T -TaS2 compound. The obtained timescales
experimentally suggest that for CDW formation, inter-layer stabilization plays an impor-
tant role. With increasing excitation levels, the phase transition from the C to the IC state
is monitored. Here, the order parameter of the C phase follows a distinct second order
characteristic, which in fact can be well fitted by an analytical approximation of the BCS
gap equation, contrasting the first order characteristics observed in thermal equilibrium. It
seems that the far-off-equilibrium excitation of the electronic system launches a hierarchi-
cal cascade of relaxation processes which transiently occupy states inaccessible in thermal
equilibrium.
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4 Structural Dynamics in 2D Charge Density Waves

4.1. Order Parameter Dynamics in the NC Phase of 1T -TaS2

Since the first reports of anomalies in its physical properties in the late 1960s [Wil69, Tho71,
Hui71] , 1T -TaS2 has attracted increasing research interest unveiling a rich phase diagram
as shown in figure 4.1. Albeit from being a “simple” metal at elevated temperatures,
different CDWs, a Mott phase and superconductivity under pressure have been reported
up to now, with the associated transition temperatures indicated in figure 4.1. Interestingly,
two in general independent phenomena share the same phase transition temperature and
appear below 180 K: A Mott-phase with its localizing electron-electron interaction and a
commensurate CDW phase, characterized by intrinsically strong electron-phonon coupling,
pair up for a concerted transition. The initial enigma of the greatly increased and further
increasing resistivity below 180 K to absolute zero could be explained by Mott localization.
In 1979 Fazekas and Tosatti assigned this encounter to the mutual interplay between
charge, spin and lattice degrees of freedom [Faz79]. The evolution of a Mott phase was
later experimentally confirmed by various experiments [Zwi98, Pil00]. Recently, pressure-
induced superconductivity (SC) was observed in parallel to the occurrence of a CDW phase
[Sip08, Liu09]. Here, SC and CDW were assumed to be separated in real space, with
the SC state occupying metallic, unmodulated domain wall regions of the CDW phase
[Sip08], whereas later experiments rather suggest an opening of SC and CDW band-gaps in
separate regions of reciprocal space [Rit13]. In parallel the classical Fermi-nesting picture
is challenged, as the observed CDW wave vector only matches the translational vector of
coinciding Fermi-surface-contours in the high temperature IC phase [Cle06].
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Figure 4.1. Phase diagram of 1T -TaS2 [Sip08]: The pT -phase diagram depicted in panel (a)
localizes the metallic, NC & C CDW, Mott, and superconducting state. Panel (b) characterizes
the metallic state, the IC, NC & C CDW and Mott phases with their respective transition
temperatures at ambient pressure. Illustrations adapted from [Sip08].

Due to the wealth of correlated phenomena and owing to its rather simple crystal growth
and structure, 1T -TaS2 has become the drosophila of ultrafast science over the last decade
[Dem02, Per08, Hel10, Dea11, Roh11, Pet11]. However, the ultrafast studies have so far
only glanced at the dynamics of the electronic subsystem by observing transient changes in
reflectivity or photoelectron yield. Although indirect information on the lattice dynamics
can be drawn from these data, direct access remains obscured. With the following results
first insights into the directly measured structural dynamics are demonstrated.
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4.1.1. Crystal Growth, Structure & Phases

Tantalum disulfide is a member of the large group of transition-metal dichalcogenides
(TMDs), which comprises about sixty different compounds [Le77]. The reliable and re-
producible growth of large (up to several cm) single crystals was greatly boosted by the
development of the chemical vapor transport (CVT) technique. Described in detail in
[Sch64], this technique relies on crystal growth from the gas phase with the help of a trans-
port agent, typically iodine. In short, stoichiometric concentrations of the transition metal
T and chalcogen C are filled together with the iodine into a quartz ampoule, which is evac-
uated, flame sealed and put into a furnace establishing a temperature gradient along the
ampoule. In the hotter part of the furnace, gaseous TI4 and C are formed, which will react
in the cooler part of the furnace via TI4 + 2C ⇄ TC2 +2I2 forming the crystalline educt.
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Figure 4.2. 1T and 2H polytype of TaS2 (not
to scale): For better comparability, two unit cells
along the c-axis are sketched for both polytypes.
In the 1T polytype the Ta atom is octahedrally
coordinated by the S atoms and, viewed along the
c axis, retains trigonal rotational symmetry. In
c direction one such unit cell is enough to obtain
full translational symmetry, indicated by the num-
ber in the polytype notation. In the 2H polytype,
the Ta atom is trigonal-prismatically ligand co-
ordinated and retains hexagonal symmetry along
the c-direction. Two unit cells stacked along the
c-direction are needed in order to achieve transla-
tional symmetry for the polytype. The grey arrow
indicates the location of the van der Waals gap
between the ligand sheets.

The procedure to grow single crystalline 1T -TaS2 is as following: Stoichiometric amounts
of tantalum wire and sulphur powder with some excess sulphur are placed in a quartz
ampoule, evacuated to 10−6 mbar and flame-sealed. With a heating rate of 50 ◦C/day the
ampoule is heated to 950 ◦C and kept there for ten days. After a temperature quench to
0 ◦C the tube is opened and the material crushed. Another heating cycle to 950 ◦C for at
least four days followed by a temperature quench to 0 ◦C ensures homogeneous formation
of the 1T polytype. X-ray analysis proofs the formation of the desired 1T polytype and
the metallic polycrystalline powder is subsequently used as the starting material for single
crystal growth. For the chemical vapor transport growth iodine serves as the transport
agent in a differentially heated furnace with the hotter section kept at 950 ◦C and the
cooler part kept constant at 900 ◦C. The process is carried out in closed quartz ampoules
with 20 mm in diameter and 200 mm in length. Excess sulphur concentration of 1-2 mg/cm3

is present to ensure homogeneous crystal growth and thermal conductivity necessary for
the thermal quench. Finally, in most cases metallic crystals of up to 1 cm in diameter are
obtained.

Like about two-thirds of the TMDs, tantalum disulfide assumes a layered structures of
sheets with a thickness of three atoms in the form S-Ta-S [Le77]. The strong covalent
intra-layer bonding within those sheets is contrasted by weak van der Waals-type of in-
teraction between the layers. This structural anisotropy maps into a pronounced anisotropy
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in physical properties such as conductivity, mechanical stability and electronic structure.
The weak interlayer coupling across the van der Waals gap allows for pronounced cleav-
ability in parallel to the layers as well as adatom intercalation of various types; with the
latter the electronic and structural properties of the host material can be carefully tuned
[Faz79, Die99].

Within one layer, two different metal-ligand coordinations form the basis of multiple
polytypes: Trigonal prismatic and orthogonal, sketched in figure 4.2. To retain full trans-
lational symmetry along the c-axis, several layers might be necessary; this number of slabs
is given as a preceding number in the notation of the polytype. Together with the point
symmetry of the unit cell (extended over all layers), being either trigonal (T ), hexagonal
(H) or rhombohedral (R), the number of slabs form the common notation of the polytype,
e.g. 1T and 2H, see figure 4.2 1.

temperature range in [K] angle betw.

phase on cooling on warming rec. CDW vector q q and a∗
0 [◦]

N T > 543 T > 543 – –

IC 543 > T > 353 543 > T > 353 0.283a∗
0 + 1/3c∗

0 φ = 0

NC 353 > T > 187 353 > T > 285 0.245a∗
0 + 0.068b∗

0 + 1/3c∗
0 φ ≈ 12.3

T – 285 > T > 230 no value in lit. –

C 187 > T 230 > T 0.2308a∗
0 + 0.0769b∗

0 + 1/13c∗
0 φ ≈ 13.9

Table 4.1. The CDW phases in 1T -TaS2 and their respective reciprocal lattice vectors:
The values for q and φ are subject to change even within the denoted phase and are therefore
given as approximative values. Here, N denotes the normal metallic phase (without CDW) and
IC and NC stand for the incommensurate and nearly commensurate CDW state. Below 187 K a
commensurate CDW evolves, called the C phase. Upon heating, a triclinic T phase is observed.
Values for q are taken from [Spi97]. The transition temperatures for the different phases vary
within a few degrees according to literature [Ish91, Ish91, Dai95]. See also figure 4.1 (b).

In the high temperature phase, i.e. above 543 K, 1T -TaS2 is of CdI2 structure type with
lattice constants a0 = b0 = 3.36 Å and c0 = 5.90 Å and spacegroup P3m̄1 [Jel62]. This
structure serves as the basis for a cascade of different CDW associated superstructures
appearing upon lowering the temperature [Wil75], see figure 4.3.

Here, for presentation purposes, only the hexagonally packed Ta-atoms of one layer are
sketched; for they are (i) predominantly affected by the CDW reconstruction and (ii) the
modulation amplitudes for the Ta-atoms are largely constraint within the layer, in other
words, there is no buckling of the Ta-plane. However, the reconstruction in the Ta-plane
involves displacements of the sulphur atoms perpendicular to those planes, causing a peri-
odic swelling of the 1T -TaS2 layers [Bov03]. Additionally, the indicated amplitudes of the
reconstruction are exaggerated for better visibility.

1Still there is place for different stacking arrangements, for example in the case of the 2H polytype,
three different stackings have been observed [Wil69, Le77]. In order to unambiguously identify possible
differences in stacking, a third lower case (a,b,c,...) is introduced, which will be of importance in section
4.3. It shall be pointed out that the wealth of polytypes is so rich, that we follow the notation common
to current literature, sacrificing on crystallographic accuracy.
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Figure 4.3. Real space illustrations and measured diffraction patterns of 1T -TaS2 in
its various CDW phases: For clarity only the tantalum atoms are sketched, since they are
mainly affected by the CDW associated PLD. On the other hand the sulphur atoms relax the
induced in-plane reconstruction by buckling perpendicular to the layers (with minor amplitudes).
In addition the amplitudes of the atomic displacements are exaggerated for presentation purposes.
Upon cooling (sketched from top to bottom) the crystal undergoes three CDW phase transitions
beginning in the normal state, through the incommensurate (IC), the nearly commensurate (NC)
and the final commensurate (C) CDW phase. In the latter, the sketched hexagram encloses the
13 atoms forming the commensurate unit cell. Lattice and modulation vectors are indicated, as
well as the corresponding changes in the diffraction pattern. The small out-of-plane component
of the CDW modulation vector are not shown, for details see text and table 4.1. The indicated
white squares in the diffraction patterns of the IC and NC phases serve as a reference frame for
the location of the satellite reflection and will be referred to in section 4.2.

In the metallic phase above TIC = 543 K the hexagonal lattice of the tantalum atoms
produces a hexagonal diffraction pattern, with its bright reflections referred to as main
reflections (MRs) in the further course, see top panels in figure 4.3.

At ambient pressure and below TIC = 543 K an incommensurate (IC) CDW evolves, which
is spatially homogeneous, but not in registry with the underlying lattice, see figure 4.3. Here,
the modulation wave vectors are aligned along the hexagonal high symmetry directions of

62



4 Structural Dynamics in 2D Charge Density Waves

the host lattice. In the diffraction pattern, six weak superlattice reflections (SLRs) occur
around each MR. From now on, the acronym SLR will be used synonymously for superlattice
reflection and satellite reflection. For the later understanding of the experimental data, it
is important to note that the symmetry directions of the satellite pattern are parallel to
the ones of the intense MRs, i.e. φ = 0, see table 4.1.

Upon further cooling, the nearly commensurate (NC) CDW phase evolves below TNC =
353 K. This phase is heterogeneous in real space, with commensurately modulated domains
separated by unmodulated domain walls, according to the discommensuration model II
by Ishiguro et al. [Ish95]. The size of these domains is temperature dependent and is
growing upon further cooling. The sketch is drawn for a domain size of n = 2, present at
room temperature. The integer n indicates the length of the edge of the hexagon domain,
measured in multiples of the supermodulation period of

√
13 · |a0|. This domain size and

shape correspond to an idealized model proposed in the literature [Ish95, Spi97]. In the
diffraction pattern, the NC phase can be recognized by an intensity increase of the satellite
reflections and an abrupt rotation of the satellite pattern by φ ∼ 11 ◦ around each of the
MRs. Additionally, even fainter second order SLRs are resolvable, see figure 4.4 (c). The
satellite pattern rotates further upon cooling, reaching φ ∼ 12.3 ◦ as the domains grow (see
table 4.1).

Finally, below TC ≈ 187 K a commensurate (C) CDW evolves over the entire crystal,
accompanied by the appearance of a Mott phase. Here, the satellite pattern gains further
intensity and rotates into its lock-in position with an angle of φ = 13.9 ◦ with respect to
the MR pattern.

The phase transition temperatures and their respective hysteresis values together with
the reciprocal lattice vectors are summarized in table 4.1.

4.1.2. Experimental Details

To track the photoinduced structural response in 1T -TaS2, a free standing, 30 nm thin
film of this compound is excited and probed with ultrashort optical- and electron pulses,
respectively. The experimental setup is described in detail in chapter 3. As the data
presented in this chapter have been measured at three different sites (University of Toronto,
University of Stellenbosch, University of Konstanz), the experimental key features will be
readdressed at the relevant positions in the text which might be repetitive for the attentive
reader, but hopefully beneficial for the contextual understanding.

Using an ultramicrotome2, equipped with a diamond knife3, thin films with lateral dimen-
sions of 200µm × 200µm and homogeneous thickness of less than 30 nm are manufactured.
Taking advantage of the pronounced cleavability of 1T -TaS2 along the van der Waals

gap, the films are cut such that the film normal is parallel to the crystallographic c-axis,
see figure 4.2. After placement onto a TEM mesh (hole size ∼ 100×100µm2), the slabs are
quite stable and can be handled for various experiments. A transmission electron micro-
scope (TEM) contrast image of one of those films can be seen in the inset of figure 4.4 (b).
Further details on sample preparation and characterization can be found in section 3.3.

Here, the slab is excited by 140 fs, λ = 387 nm pulses and probed by . 250 fs, 50 keV
electron bursts at a repetition rate of 1 kHz. Thus an overall temporal resolution of . 300 fs
(FWHM) is achieved. The sample is cooled with a liquid nitrogen cold finger down to 200 K,
which is deep in the NC phase, well separated by ∼ 150 K from the NC-IC phase transition

2Leica EM FC6 Microtome.
3diATOME ultra 45◦.
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Figure 4.4. CDW in 1T -TaS2 and diffraction pattern from UTED: In a simplistic sketch
(panel (a)) 1T -TaS2 is shown with its main CDW constituents, the Ta ions (red) and the conduc-
tion electron density (blue); with respect to the high temperature, N phase, the electron density
and the lattice show a R13.9(

√
13×

√
13) superstructure within the commensurate domains of the

NC phase. The patches symbolizing the atomic lattice and the electron density are cropped to
better illustrate both modulations independently form each other. Panel (b) displays the diffrac-
tion pattern of the NC phase at T = 200 K as obtained in the UTED experiment (averaged over
280, fully saturated 16 bit images) from the sample shown in the inset at the bottom. The basic
reflections are indicated. Further details on the satellite reflections can be taken from panel (c),
which is a symmetrized cutout of the (310) reflection in order to get rid off the asymmetric back-
ground. The three CDW wave vectors together with their second order reflections are indicated,
with q1 spanning an angle of 12◦ to the (100) direction.

temperature at 353 K. As sketched in figure 4.3 the NC phase consists of commensurate
domains, which are separated by metallic, unmodulated domain walls. A schematic of the
periodic lattice distortion (PLD) and the modulation in conduction electron density is given
in figure 4.4 panel (a): Intrinsically for CDWs, both the conduction electron density and
the atomic lattice are periodically modulated, which has been individually measured by e.g.
STM and various diffraction techniques [Tho94, Spi97]. Here, the modulation amplitudes
are strongly exaggerated for better visualization. In panel (b) a diffraction pattern of the
NC phase taken from the UTED experiment is shown. The hexagonal symmetry of the
1T -TaS2 sample can be recognized by the hexagonal pattern of the MRs. On a closer look,
each MR is surrounded by six weak satellite reflections, emphasized in the zoom-in shown
in panel (c). This panel was symmetrized by sixfold rotation in order to better map out
the weak satellite reflections against the inhomogeneous background and to also show the
second order satellite reflections, exemplary indicated by q1−q2. From the used logarithmic
intensity scale one might already be able to guess that the satellites’ intensities only make
up a few percent of the main reflections’ intensities; however this ratio is subject to increase
for larger values of |q|.

In order to address the photoinduced changes of the crystal structure, diffraction images
at different time delays between the arrival of the optical pump- and the electron probe
pulses are taken. For normalization purposes, images with no excitation have been taken
for each time delay. The induced changes are extracted by comparison of the two images.
For strong enough excitation, yet in the reversible regime, each reflection shows some char-
acteristic transient intensity change, originating from the photoinduced lattice dynamics.
This shall be examined in the following.
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4.1.3. Ultrafast Suppression and Recovery Dynamics of the NC CDW
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Figure 4.5. Transient diffraction intensity- and reflectivity changes upon excitation
with F=2.4 mJ/cm2: The five stills in the center of the panel (a) show the averaged & nor-
malized change in diffraction intensity within the dotted square in figure 4.4 (c) for various time
delays. The peculiar shape of the normalized diffraction patterns is elaborated in detail in the
supplementary material to [Eic10a]. The origins of the transients for satellite reflection (blue
spheres), main reflection (red spheres) and inelastic background (IB1 & IB2, black spheres) are
indicated in the central still. Upon photoexcitation the whole diffraction pattern exhibits a dis-
tinct bipolar change, with the SLR intensity suppressed and MR- & IB-intensities increased.
Following these initial intensity redistributions, SLR- and MR traces recover with bixeponential
characteristics, whereas the IB intensity remains increased. Solid lines are obtained from least
squares fitting the model traces to the data (details see text). Panel (b) shows the transient
normalized reflectivity change at the wavelength of λ = 800 nm (brown, offset for presentation
purposes) and the associated fit (dashed black). Upon photoexcitation two distinct relaxation
timescales are observed which are superimposed by coherent oscillations. The Fourier spectrum
of the coherent part is shown in the inset, with a phonon mode at ∼ 2.1 THz and the amplitude
mode at ∼ 2.3 THz as identified in the literature [Dem99, Per08, Duf76].

Since transient intensity changes in individual reflections suffer from a low SNR, averaging
over corresponding areas in reciprocal space was performed4. An automated algorithm finds
the coordinates of the MRs, extracts a segment of this area including the first order SLRs
and averages this snippet over all identified main reflections. This area is indicated in figure
4.4 (c) by the dashed square. It will be shown in the later course of this chapter that the
approach of superimposing different diffraction orders is legitimate under the circumstances
given and the interpretations made.

The inset of figure 4.5 (a), shows five such stills of averaged and normalized changes in the
diffraction pattern in a pseudocolor plot. In these averaged frames, three distinct regions
with characteristic transient intensity changes can be identified, indicated in the central of

4This technical limitation has been overcome in the mean time, allowing for observation of transient
intensity changes in individual diffraction spots with higher SNR as demonstrated in section 3.2.2.
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4.1. Order Parameter Dynamics in the NC Phase of 1T -TaS2

the five stills: Here, the red circle indicates the MR, the blue und the black circles highlight
the SLR and the inelastic background (IB) locations. For the IB two locations (IB1 & IB2)
are indicated, which show the identical dynamics apart from different amplitudes. Already
from these frames one can clearly see the suppression of the satellite intensity and the
simultaneous intensity gain in the main reflections followed by some weak intensity gain
in the inelastic background. Here, a fluence of F = 2.4 mJ/cm2 initiated the ultrafast
suppression and rise of the SLR and MR. On average the SLR’s intensity drops transiently
by ∼40 %, the average intensity gain of the MR is ∼15 % and the IB raises by ∼6 %. The
SLR’s offset at negative time delays stems from cw heating: Even one millisecond after
photoexcitation the temperature in the film is still somewhat higher than the cold finger.
This fact is actually not surprising, since the films are only weakly van der Waals coupled
to the copper mesh via the small interface to the copper TEM grid. Whereas this offset
has been observed in all the measurements in the following work, it is corrected for in the
traces from now on.

After having reached their respective extremum, SLR and MR curves recover to their
initial intensities on two distinct timescales, whereas the IB remains increased. The fact
that the IB does not recover within the observable time window suggests that the heat
conduction from the sample to the cold finger takes even longer than that. On the other
hand the IB is not as sensitive to temperature as the SLR intensities, as seen from the pre-
time-zero data points. Intriguingly the inelastic background clearly rises several hundred
femtoseconds later than the onset of the changes in the MR and the SLR.

In panel (b) of figure 4.5 the transient normalized change in optical reflectivity at a
wavelength of 800 nm is plotted. Here, the sample is kept at the same temperature and the
same excitation fluence is applied as in the electron diffraction measurement. The initial
rise within 100 fs is followed by an exponential decay on the order of 150 fs and a subsequent
slower decay with a time constant of ∼ 4 ps, to a certain offset value. After that, further
dynamics in reflectivity change are mainly dominated by the cooling rate.

Before addressing the observed peculiarities of the photoinduced changes in diffracted
intensities, it is essential to study the few available equilibrium data to make ourselves
familiar with what to expect in diffraction patterns, when a CDW is present. In this regard,
the following subsection shall make a short detour to be able to discuss the timeresolved
diffraction data.

Diffraction Intensities in Equilibrium: Influence of Debye-Waller-Effect and CDWs

In simple metals, the diffracted intensities of certain reflections are characterized with
respect to temperature by the so called Debye-Waller (DW) factor (see details in section
3.1.6): In short, the simplified DW contribution (isotropic motions, harmonic interatomic
potential, pure compound, ...) to the diffracted intensity can be written as an additional
factor of the form [Shm07]:

I(T ) ∝ I0 × exp(−g2T ). (4.1)

Here, I0 is the scattered intensity at T ≈ 0 K and g is the reciprocal lattice vector. The
implications of the DW factor are best visualized along the temperature dependent diffrac-
tion data for aluminum shown in figure 4.6 (a): For increasing temperatures, the diffraction
intensities are exponentially suppressed with steeper slopes for higher diffraction orders.

In contrast to this well understood and experimentally confirmed classical DW scenario,
few data exists on compounds which exhibit a CDW. Panel (b) of figure 4.6 shows the
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Figure 4.6. Temperature dependent diffraction intensities in Al and 1T -TaS2: The diffrac-
tion intensities of the main reflections in Al (panel (a)) show a classical Debye-Waller behavior
according to (4.1). In contrast, panel (b) depicts the measured intensities of the MRs in 1T -
TaS2, while heating the sample through the NC-IC phase transition. From room temperature to
TNC = 353 K the MRs already gain intensity, indicating that the reduction in PLD amplitude
outweighs the intensity reduction by the Debye-Waller effect. Crossing the NC-IC phase tran-
sition, the reflections gain intensities by up to a factor of three with respect to their intensities
in the NC state. This can be explained by the decreasing intensity ratio of MRs to SLRs for in-
creasing diffraction angles, where SLRs eventually even become brighter than the respective MRs.
Entering the IC phase at TNC releases these intensities into the MRs, whereas the IC SLRs only
absorb little intensity. In this regard, it is most intuitive to look into the measured & simulated
diffraction patterns in figure 4.9. N.B. The intensities of SLRs could not be detected in this case
due to strong fluctuations [Mor81]. Data for panel (a) and (b) taken from [Nic66] and [Mor81],
respectively.

intensities of different MRs in 1T -TaS2 with respect to temperature, where the NC-IC phase
transition at TNC = 353 K is crossed. The temperature behavior is completely different to
the case in aluminum. This is due to the presence of a CDW (and its associated PLD):
As already discussed, the induced supermodulation of the underlying lattice leads to the
appearance of SLRs, which effectively transfer scattered intensities out of the MRs. In fact
Overhauser showed that for small PLD amplitudes |A| and small CDW vectors qCDW

the SLR intensity is proportional to [Ove71]

ISLR ∝ (A · qCDW)2 . (4.2)

This shows that already a small amplitude PLD can transfer considerable diffraction in-
tensities out of the MRs and into the SLRs. Additionally, the temperature dependence of
the intensities in the MRs might be completely dominated by the evolution of the PLD
amplitude outweighing the influence of the Debye-Waller effect.

Moreover, (4.2) sets the basis that from the measured SLR intensities the amplitude of
the PLD can be estimated, which serves as a CDW order parameter [Kag89, Gru94].
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4.1. Order Parameter Dynamics in the NC Phase of 1T -TaS2

The fact that the MRs gain considerable intensities while heating the sample through the
NC-IC phase transition (see figure 4.6 (b)) is best motivated by the diffraction pattern shown
in figure 4.4 (b). For larger |q| values, the intensity ratio of MRs to SLRs decreases steadily,
until MRs and SLRs reach comparable intensities; for even higher scattering angles, which
are not accessible in this case, MR/SLR<1, i.e. the satellites becom stronger in intensity
than the MRs of the similar diffraction order. This comes naturally from the crystal affected
by a periodic super modulation as shown analytically in the 1D case by [Ove71] and can
be simulated in the 2D case, as shown later in figure 4.9.

To summarize this short detour: Both, PLD amplitude and DW-factor affect intensities
in MRs and SLRs, with the latter described by (4.2). The delicate interplay of these two
effects shall be the topic in the following. We will propose a route to effectively disentangle
the influence of the PLD amplitude and the DW effect on the diffracted MR- and SLR
intensities, providing direct access to the coherent dynamics of the CDW order parameter.

Fit Model for Transient Intensity Changes in MRs and SLRs

Before motivating the fit model to be used, let us have a quick glance at figure 4.5. The
measured transients suggest that the dynamics can be well fitted with exponential processes.
This seems to be the simplest approach to describe the data, whereas it is not obvious that
the atomic motions should be governed by exponential dynamics; especially under the
circumstances that strongly excited coherent atomic motions are suggested to be launched
upon photoexcitation. Keeping this in mind, the data can still be surprisingly well fitted
with different exponential contributions, as outlined below:

The initial intensity drop and simultaneous intensity gain in the SLRs and MRs, respec-
tively, is resolved with high temporal resolution in figure 4.7 for two excitation densities. In
fact, these initial dynamics can be explained by a coherent suppression of the PLD ampli-
tude. Shortly after, however, the inelastic background begins to increase and at t = 0.2 ps
the MRs start to loose their previously gained intensity. Here, incoherent atomic motions
lead to an increase of the DW-factor, effectively transferring intensity out of the Bragg

reflections and into the IB. Indeed, the SLR traces remain suppressed up to t = 0.5 ps.
Whereas the IB remains constant thereafter, MR and SLR traces recover on a picosecond
timescale, which can be understood as a recovery of the PLD amplitude. Finally the SLR
and MR traces demonstrate a relaxation on the nanosecond timescale (see figure 4.5 (a)).

While the MR and SLR traces are affected by both, the coherent suppression of the PLD
amplitude and the increase in the DW factor, the IB only contains DW contributions. It is
thus the easiest trace to describe. Here the temporal evolution of the normalized inelastic
background intensity IIB(t) is approximated by5

IIB(t) = 1 +H(t− t02)δD
(

1 − exp
(

− t−t02

τDW

))

. (4.3)

Here, H(t) denotes the Heaviside function, t02 the temporal onset of the observed intensity
changes, δD the normalized intensity gain and τDW its time constant. Prior to fitting this
curve to the data it is convoluted with a Gaussian with FWHM of the experiment’s temporal
resolution. This way the experimental response function is considered when fitting the
model to the measured data and the quoted timescales are thus already deconvoluted. The

5In the following we assume normalized intensities of the IB, SLR and MR. In other words, all traces are
normalized to their respective values prior to photoexcitation.
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experimental observation that the IB raises distinctly later than the onset of the SLR/MR
trace is accounted for by allowing t02 to be fitted independently from t0.

The transient normalized intensity changes in the SLR and MR can be modeled by the
product of two terms, ζSLR/MR(t) accounting for the coherent and η(t) for the incoherent
part, i.e.:

ISLR/MR(t) = ζSLR/MR(t) · η(t). (4.4)

This way we follow the well known Debye-Waller approach, where a |q|-dependent at-
tenuation factor η(t) is multiplied to the diffracted intensity, see (4.1). Here, the |q|-
dependence is not accounted for, since the plotted transients are averaged over multiple
diffraction orders and the primary interest lies in the determination of the timescales6. In
principle the functional form of η(t) is identical to (4.3), besides the change of sign:

η(t) = 1 +H(t− t02)δC
(

exp
(

− t−t02

τDW

)

− 1
)

(4.5)

In (4.5) the normalized intensity gain is described by δC. By the coherent suppression of
the PLD amplitude |A|, diffraction intensity is transferred from the SLRs into the MRs; this
is accounted for by ζSLR/MR(t). As already mentioned, the intensity of the SLR depends
quadratically on the PLD amplitude (see (4.2)), which is incorporated in equations (4.6) and
(4.7). This phenomenological approach models the coherent dynamics with an exponential
suppression followed by a biexponential partial recovery, as suggested by the experimental
observation (see figure 4.5 (a)):

ζSLR(t) = 1−H(t−t0)
[

δA
(
exp

(
− t−t0

τ

)
−1
)
+δAR

(

2−exp
(

− t−t0
τR

)

−exp
(

− t−t0
τRL

))]2
(4.6)

ζMR(t) = 1+H(t−t0)
[

δB
(
exp

(
− t−t0

τ

)
−1
)
+δBR

(

2−exp
(

− t−t0
τR

)

−exp
(

− t−t0
τRL

))]2
(4.7)

Here, t0 denotes the onset of the observed dynamics. In equation (4.6) the first summand
within the square brackets describes the suppression of the PLD amplitude by δA with a
timescale of τ . The second summand models the partial recovery of the suppressed PLD
amplitude to δA − δAR with the two timescales τR and τRL. Similarly, equation (4.7)
describes the initial intensity gain of magnitude δB of the MR on τ . Again, recovery
dynamics with τR and τRL with a remainder of δB − δBR follow. The relaxation on the
second time constant is estimated to proceed with τRL ≈ 2 ns (see 4.5) but is not of relevance
in the short time scans. In the form of the product written in equation (4.4), numerically
convoluted with a Gaussian with FWHM of the temporal resolution, this model is able
to describe all experimental transients. Two exemplary curves for the temporal evolution
of ISLR/MR(t) (equation (4.4)) and their respective constituents η(t) (equation (4.5)) and
ζSLR/MR(t) (equations (4.6) and (4.7)) are given in figure 4.7, panel (c) and (d).

In order to fit the traces of SLR and MR, first the IB transient is fitted by expression
(4.3). From this, the temporal onset of the incoherent process τ02 and its exponential
timescale τDW are determined. These values are used as fixed parameters for fitting the
curves given by (4.4) to the SLR and MR traces. To improve the confidence level of the
fit parameters, a global fitting routine7 is used. Both curves, i.e. SLR and MR are fitted
simultaneously with shared parameters of τ, τ0, τR and δC. This way, the challenges of (i)
rather noisy data sets and (ii) parameter rich fitting model can be best met.

6The observed, |q|-dependent traces will be analyzed in the further course of this chapter using a numerical
simulation.

7Software: Origin R© 9.1, nonlinear curve fitting with Levenberg-Marquardt iteration algorithm.
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Figure 4.7. Transient intensity changes & fitted model curves for two fluences: Panel
(a) shows the transient intensity changes in the IB, SLR and MR at an excitation fluence of F =
2 mJ/cm2. Panel (b) shows the same transients but for doubled excitation density, demonstrating
a linear response in intensity changes. In both panels, the distinct time delay between the onset
of changes in SLR/MR and IB of τ0 − τ02 ≈ 300 fs is apparent. Furthermore, MR transients reach
their maximum about 200 fs prior the SLRs’ minimum. The solid lines represent fitted curves
according to the model described in the text, using a global routine for simultaneous fitting of
the MR and the SLR traces with shared parameters. In panels (c) and (d) the resulting fit curves
for the highest fluence are reproduced together with the comprising fitting terms. I.e. panel (c)
shows the MR fit curve (red) being a product of the coherent ζ(t) and the incoherent η(t) part,
as well as panel (d) showing the SLR fit curve (blue) and its constituents.

Figure 4.7 shows transient changes in the diffracted intensities of SLR, MR and IB, for
fluences of 2 mJ/cm2 and 4 mJ/cm2, given in panel (a) and panel (b), respectively. As
already demonstrated in figure 4.5 the IB transients rise substantially later with respect
to the onset of the changes in SLR/MR. In fact, from the fit t0 − t02 ≈ 300 fs is obtained.
This value is not altered within confidence level between the two fluences shown here. In
fact the time delay between t0 and t02 suggests that the majority of large-|q| phonons
are generated via anharmonic phonon decay of the strongly excited coherent amplitudons.
If they were dominantly generated by electron-phonon coupling there should be no such
distinct temporal offset.

The initial fast rise/decay times for all three transients are best fitted with a time constant
on the order of ∼ 150 fs, i.e. τDW ≈ 150 fs and τ ≈ 150 fs for the IB and the MR/SLR curves.
This is clearly beyond the temporal resolution of the experimental configuration; however,
the observed initial ultrafast intensity loss of the SLRs and coincident intensity gain of
the MRs can be explained assuming a coherent suppression of the amplitude of the PLD.
The fastest timescale for that scenario would be 1/4 of the period of the totally symmetric
amplitude mode (ν = 2.3 THz), which is ∼ 110 fs.

From the purely optical pump probe experiment, owing to its high SNR, the coherent
excitation of the amplitude mode is observed, see figure 4.5 panel (b). Indeed, the strong
electron phonon coupling is an intrinsic property of CDWs [Gru94, Joh08]. In addition,
tr-ARPES data suggest an electron-phonon energy transfer on a timescale of 150 fs [Per06].
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Following the temporal evolution shown in panels (a) and (b) in figure 4.7, it can be seen
that the MR transients reach their maximum at t ≈ 0.2 ps, whereas the minimum of the
SLR traces is reached only at t ≈ 0.4 ps. At this time, already significant incoherent atomic
motions are launched. These are directly measured by the inelastic background, although
this signature represents predominantly the increase of large-|q|, incoherent phonons. Simi-
larly to a temperature increase of the system, this incoherent atomic motions can be treated
like a Debye-Waller (DW) effect, as already discussed before. As a matter of fact, these
incoherent motions8 will reduce the scattered intensities in all Bragg reflections. In this
case, the DW factor leads to the characteristic asymmetry in the SLR and MR traces since
it further reduces the SLR intensity and on the other hand almost cancels the initially
gained diffraction intensity in the MRs; the functional form of this process is sketched in
figure 4.7, panels (c) and (d).

Although at t ≈ 200 fs some considerable amount of energy is transferred to phonons,
the system is still not yet in equilibrium, as a distinct relaxation of both, the SLR and the
MR traces can be observed. It seems natural to assign this process to the recovery of the
PLD amplitude, whose expectation value is initially reduced due to the strong generation of
amplitudons; from a global fit of the SLR and MR transients according to equation (4.4) a
timescale of τR ≈ 660 fs is obtained. Indeed, the linewidth of the amplitude mode is about
∆ν̃ ∼ 10 cm−1, as determined by Raman-scattering at 230 K [Duf76]. From ∆ν̃ = 1

2πcτA

[Dem10], the amplitudon lifetime τA can be estimated to be on the order of 500 fs, suggesting
that the recovery of the SLR trace might originate from the anharmonic decay of the initially
strongly excited amplitude mode. In fact, the optical pump probe experiment (panel (b),
figure 4.5) clearly exhibits a biexponential decay, common to ultrafast optical experiments
on CDWs [Dem99, Yus08, Sch10], with the second, longer relaxation timescale being on the
order of ∼4 ps. Considering the uncertainties in determining the amplitudon lifetime from
Raman-scattering and the limited time window of the UTED data fitted by this simple
model, it seems reasonable to assume the relaxation timescale τR to be on the order of
∼ 1 ps.

From the fact that the UTED data provide direct measure of the amplitude of the
PLD, which essentially serves as an order parameter of the CDW, the observed relaxation
timescale τR represents the relaxation dynamics of the coupled electron-lattice order pa-
rameter. In contrast, the initial ∼ 150 fs relaxation timescale obtained from transient reflec-
tivity measurements seems merely governed by the reestablishment of the electron density
modulation, effectively transferring energy to the lattice system on τDW [Tom09b, Sch10].

Together with measured ultrafast transient reflectivity changes and published tr-ARPES
data, the time resolved structural information from UTED suggests that the commonly ob-
served biexponential recovery dynamics in CDWs [Dem99, Dea11, Sto14] can be attributed
to two effects: The initial ultrafast relaxation on the ∼ 150 fs timescale seems a purely
electronic relaxation whereas the second timescale on the order of ∼ 1 ps describes the
relaxation dynamics of the coupled electron lattice order parameter, where the electrons
adiabatically follow the atomic motion.

The demonstrated transients, obtained via averaging over multiple diffraction orders
yield on the one hand increased SNR and thus provide for increased confidence levels
for determining the relevant timescales. On the other hand, compromising on SNR and

8In the following, the terms incoherent atomic motions and Debye-Waller-effect will be used synony-
mously.
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analyzing |q|-dependent dynamics allows for detailed insights into the coherent-incoherent
phase space of optically launched atomic motions. This shall be matter of discussion in the
following section.

4.1.4. Disentanglement of Coherent and Incoherent Atomic Motions from
|q|-Resolved Transient Diffraction

In the beginning of section 4.1.3 it was stated that reflections of different diffraction orders
would constitute roughly the same dynamics, thus justifying averaging over all diffraction
orders for improved SNR. Let us readdress this statement by first looking into the dynam-
ics of different diffraction orders and second by analyzing apparent differences in signal
amplitudes and thus advancing the understanding of the optically launched processes.

Figure 4.8, panels (a) and (b) display the same data as shown in figure 4.7, however only
MRs with the same value of |q| are averaged, as well as the associated SLRs9. The main
characteristics from the averaged data are rediscovered in each trace: The transient maxima
of the MRs are reached well ahead of the minima of the SLR traces and the rise in the IB
transient happens only ∼ 300 fs after the onset of the changes in SLR/MR transients. It
is intriguing that the SLR curves are all suppressed by roughly the same amount, apart
from the first two diffraction orders. In fact the deviating suppression level of the first
two diffraction orders with respect to the higher eight orders is an artefact due to the high
noise background close to the (000) reflection (see figure 4.9). At the same time, in this
experimental configuration, the diffraction pattern is so tight, that it is difficult to spatially
separate diffracted reflexes from each other and the background, as can be seen in figure
4.4 (c). These two facts have proven it impossible to find a correct automatic background
substraction for the first two diffraction orders, resulting in a poor normalization condition.
Indeed it is shown by the data from an improved experimental setup with higher spatial
resolution that the first two diffraction orders of the SLRs follow the others within error
bars, see figure 3.12. Additional support for similar suppression levels for all SLR diffraction
orders will be coming from the simulation results presented later in this section; it can be
shown that if the deviating suppression levels for the first two SLR diffraction orders were
true, massive intensity losses in the MRs are to be expected, which is not observed.

Whereas normalization is very crucial for the weak SLRs the high intensity MRs do not
suffer too much from an insufficiently accurate determined background.

In contrast to the equal suppression of all SLR traces, the transient intensity gains in
the MRs increase over one order of magnitude when going from |q̂| = 1 to |q̂| = 4.6.
This will be an important clue when determining the trajectories in the two dimensional
coherent-incoherent phase space in the next section.

In order to better address the question whether or not the dynamics do change from one
diffraction order to another, panels (c) and (d) of figure 4.8 show the renormalized transients
of panels (a) and (b), respectively. Here, each of the MR/SLR traces is normalized to their
respective transient maximum/minimum in order to make deviations evident for different
|q̂| values.

9For simplicity, the normalized absolute value of the reciprocal lattice vector |q̂| will be used, given by
|q̂| = |q|/|qa0

|. The clustering of reflections with the same |q| is indicated in the simulated diffraction
pattern in figure 4.9, panel (b), where each MR is labeled with the respective |q̂| value.
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Figure 4.8. Transient intensity changes in different diffraction orders: Panel (a) & (c) and
(b) & (d) show induced changes for all observable diffraction orders at an excitation fluence of
F = 2 mJ/cm2 and F = 4 mJ/cm2 (same dataset as shown in figure 4.7). In panels (a) and (b)
the traces for SLR, IB and MR are offset from each other for presentation purposes. Here, the
SLR traces are within error bars suppressed by the same amount, apart from the normalization
artefact of the first two diffraction orders (see text for details). For the MRs the intensity gain
changes by one order of magnitude from |q̂| = 1 to |q̂| = 4.6. The onset of the increase of
the IB is apparently delayed for all diffraction orders with respect to the onset of the MR/SLR
transients. In panels (c) and (d) the same SLR and MR traces of panels (a) and (b) are shown,
however renormalized: Each of the MR/SLR traces is normalized to their respective transient
maximum/minimum. This way minute changes in the dynamics for different orders are better
visible. In fact, after about 500 fs upon photoexcitation the intensities in higher diffraction orders
for SLRs and MRs are more strongly suppressed than for lower diffraction orders. This effect can
be explained by the recovery of the PLD amplitude and the increased contribution of incoherent
atomic motions to higher diffraction orders (see text for details). N.B.: All transients in panels
(a) & (c) and (b) & (d) are from the same measurement, respectively.

Although the SNR is substantially lower than for the averaged curves shown in figure 4.7,
several important trends can be addressed: The SLR traces reach their respective minimum
later with increasing diffraction order, which is due to the increased dominance of the DW
effect for larger |q| values. This is best understood going back to figure 4.7 (d), showing
the model curve for the normalized SLR intensity ISLR(t) and its two components, η(t) and
ζSLR(t). If, as suggested by the Debye-Waller expression (4.1), the effect of incoherent
atomic motions on Bragg reflections increases with increased |q|, the amplitude of the η(t)
term should increase. As a consequence, the transient minimum of ISLR(t) = ζSLR(t) · η(t)
will shift to later times (see figure 4.7 (d)). The influence of a change in the PLD amplitude
|A| on SLRs with different |q̂| is not readily accessible. However, from the numerical
simulation presented in the following section it can be seen that SLRs of larger |q̂| are less
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4.1. Order Parameter Dynamics in the NC Phase of 1T -TaS2

affected by a change in the PLD amplitude.
For the same reason, the different SLR traces constitute a clear intensity trend between

∼ 1 ps and ∼ 2 ps, with the larger |q|-valued traces being stronger suppressed. This trend
can also be observed for the MR traces, where again incoherent atomic motions affect higher
diffraction orders stronger than lower orders due to the characteristic |q|-dependence of the
DW effect (4.1).

Thus, apart from different amplitudes for the MR traces and some slight alternation of
the relaxation time scales, the averaging over all diffraction orders is justified, especially
with regard to the high number of fitting parameters.

Influence of Phasons on SLR Intensities

The question of how the intensities of superlattice reflections are affected by temperature
and collective excitations of the CDW is actually still under discussion and only few frag-
mentary data is available. Historically speaking, the absence of SLRs in the diffraction
pattern of the CDW compound potassium [Ato69] was attributed to an “enormous Debye-
Waller factor” [Ove71] for SLRs supposedly originating from the excitation of phasons, the
sliding modes of incommensurate CDWs (details on phason modes see section 2.1.5). This
extension of the DW factor modifies the intensities in the SLRs only, leaving the MR inten-
sities unaltered [Ove71]. Although more than ten years later the same authors found SLRs
in diffraction patterns of potassium [Gie86], evidence for a phason Debye-Waller factor has
been claimed in several diffraction studies, which however still face controversial discussion
[Sma07].

For completeness, the basic concepts of phason DW factors together with experimental
observations are briefly summarized, following the discussion led by van Smaalen [Sma07];
in doing so, the later introduced numerical simulation of the observed dynamics is put on
a more solid ground.

In a general approach to the Debye-Waller effect (4.1) each atom µ of the unit cell is
addressed by an individual Debye-Waller factor Tµ

DW [Sma07]. If phasons are present,
which are not suppressed by excitation gaps or pronounced damping, they are supposed to
have a pronounced effect on the intensities of the SLRs. In particular, the DW-factor of
atom µ can be written in the form of a product; here, next to the conventional phonon-
mediated factor Tµ

phonon an additional phason DW-factor Tphason is considered, yielding
[Sma07]:

Tµ
DW = Tphason × Tµ

phonon (4.8)

For the phason DW-factor Tphason Overhauser proposed the relation [Ove71]

Tphason = exp(−Bφh
2
4), (4.9)

where Bφ is the phason atomic displacement parameter and h4 is the index of the super-
lattice reflection of interest.

On a different approach Axe showed in 1980 [Axe80] that the presence of phasons leads
to an effective renormalization of the amplitude of the PLD. From the renormalized PLD
amplitude, the phason contribution to the overall DW-factor reads

Tphason = exp(−Bφh4(h4 − 1)). (4.10)
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As can be seen from (4.9) and (4.10), the additional phason DW factor leaves the intensities
of the MRs unaltered and only reduces the SLR intensities (index h4)10. As Overhauser

initially argued, this effect can be so large that satellite reflections might be too weak to be
observed, which has since been contradicted by many diffraction experiments on modulated
crystals showing distinct SLRs [Sin76, Tsu77, Wit87]. Apparently low-energy phasons are
diffusive modes and are gapped, or the phason temperature parameter Bφ is simply small
in amplitude11.

Although several claims on the observation of phason DW factors of the form of (4.9) and
(4.10) have been made, these studies remain inconclusive [Sma07]: It could be shown that
the temperature dependence of SLR intensities of Rb2ZnCl4 can be explained by a variation
of the CDW modulation functions rather than by a phason DW-factor [Ara97b, Ara97a].
Meyer et. al. showed that in the structure refinement of [NH3(C3H7)]2MnCl4 modulated
temperature parameters can describe the temperature-dependent diffraction pattern better
than applying any of the expressions (4.9) and (4.10) [Mey94]. Overall, the limited access
to high-angle reflections and/or the omittance of second-order or even higher SLRs can be
compensated by phason DW-factors; but clearly, the introduction of a phason DW-factor
then only mimics the lack of high-order harmonics in the structure model [Ara96, Sma07].
In general the effect of phasons on the diffracted intensities is small or not addressable as
such.

Therefore, when simulating the diffraction pattern of the crystal in the following para-
graph, no SLR-exclusive DW factors will be considered. In fact the data can be surprisingly
well described with the simple approach to be outlined in the following. Interestingly, even
in this highly non-equilibrium experimental configuration, no evidence for the excitation
of phasons is obtained. Though this might be due to the reduced SNR with respect to
equilibrium state-of-the-art X-ray studies [Spi97], it suggests that phasons are gapped, or
their atomic displacement parameter Bφ is too small to leave a distinct signature.

Numerical Model of Coherent & Incoherent Atomic Motions – Equilibrium

In order to understand the observed |q|-dependent dynamics in SLRs and MRs (see again
figure 4.8), a hexagonal lattice with a PLD is simulated, subject to two effects: First,
the amplitude of the PLD is reduced in a coherent fashion. Second, the amplitude of the
incoherent, i.e. quasi-thermal atomic motions is increased. Both degrees of freedom span
the, what will be called from now, coherent-incoherent phase space of the lattice. From the
thus modeled lattices, their respective diffraction patterns can be obtained by taking the
absolute square of their Fourier-transform12.

Along these lines, only the layers of the PLD carrying heavy Ta atoms are considered
for the simulation, as they are mainly affected by the CDW modulation [Spi97] and scatter
electrons dominantly in contrast to the low-Z sulphur atoms (see Rutherford scattering

10The derivation of the expression (4.9) and (4.10) is tedious but straightforward. Since however this
discussion is mainly carried out to give a complete overview on the topic, only the resulting DW-factors
are quoted. As we will see, the existence of a phason-DW term is not necessary to describe the obtained
experimental data, which would make detailed derivation obsolete.

11Common to literature, the phason temperature parameter Bφ is also referred to as atomic displacement
parameter.

12Of course, the differential elastic scattering cross section (3.13) needs to be considered for the case of
1T -TaS2 in order to reproduce the diffraction pattern. However, as we will be solely interested in the
interpretation of intensity changes, this factor cancels out. For the same reason, other peculiarities of
electron diffraction (“excitation error”, etc.) can be neglected.
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cross section (3.5)). The periodic deformation vectors in the ab-plane of the hexagonal Ta
lattice due to the CDW are obtained from the gradient field of the simple potential P (l1, l2)
given by (4.11). Here, l1 and l2 are the indexes of the lattice sites within the layer. This
potential was chosen such that it resembles the NC phase’s commensurate domains with
their R13.9(

√
13 ×

√
13) superstructure, yielding

P (l1, l2) = A [cos(q1,CDWL) + cos(q2,CDWL) + cos(q3,CDWL)] , (4.11)

with qi,CDW = |qi,CDW| ·R (13.9◦ + (i− 1)·120◦) û for i = 1, 2, 3.

Accordingly L =




l1

l2



 indicates the position vector of the hexagonal lattice sites in the

ab-plane (see figure 4.3) and A is the amplitude of the potential. R(·) denotes the rotation
matrix in two dimensions and û is one of the three normalized unit vectors along the high
symmetry directions of the hexagonal lattice. Together with their absolute value |qCDW| =
0.2774 a∗

o [Spi97] the three CDW wave vectors qi,CDW are thus rotated by 13.9◦ away from
the hexagonal high symmetry directions. From the potential (4.11) the two-dimensional
displacement vector for each lattice site L is obtained by calculating the gradient of P (l1, l2).
For the modulation amplitude a value of 8 % of the lattice constant is taken, using measured
values from the literature [Spi97].

To be able to address incoherent atomic motions, random displacement vectors are
added to each lattice position. In equilibrium, this approach corresponds to increased
temperatures, leading to the conventional Debye-Waller effect. The displacement vec-
tors are randomly directed in the ab-plane and their absolute values are Gaussian dis-
tributed. For the experimental equilibrium temperature of T ≈200 K the full-width-at-half-
maximum (FWHM) of the Gaussian distribution amounts for ∼ 0.3 % a0 [Spi97].

The diffraction pattern from a hexagonal lattice, subject to a PLD with amplitude of
8 % and thermal motions of amplitude ∼ 0.3 % a0 (FWHM) is plotted in figure 4.9 (b).
Here, each of the main reflections is labeled by its |q̂|-value. For direct comparison an
experimental diffraction pattern is plotted in figure 4.9 (a). The simulated diffraction
pattern reproduces the experimental one astonishingly well, keeping in mind the simplified
approach, the minimalist deformation potential (4.11) and the neglect of the scattering
cross section.

In the measured diffraction pattern, the brightest diffraction spots are the ones for |q̂| =
1.7. This is a peculiar property of a more square-like deformation potential in contrast to the
harmonic approximation (4.11) used here. A distinct difference between the two patterns is
the radially decreasing background intensity in the experimental diffraction pattern which
is absent in the simulated diffraction pattern13.

13The background intensity stems mainly from inelastically scattered electrons close to the main beam and
residual laser light in the UHV chamber. Inelastic scattering can not be addressed in this simple model,
yet.
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Figure 4.9. Experimental & simulated diffraction pattern: Panel (a) displays a diffraction
pattern, averaged over 280 experimental, fully saturated 16 bit UTED images. The simulated
diffraction pattern is shown in panel (b). Here, the hexagonal Ta lattice is subject to a PLD given
by the gradient field of (4.11) (amplitude 8 % a0) and Gaussian-distributed, random motions
(0.3% a0 FWHM). The MRs are labeled by their respective |q̂| value. The image in panel (b)
serves as reference pattern to study the influence of two different effects on the diffraction pattern,
shown in panels (c) & (d): Here the normalized change in the diffraction pattern is displayed for
a reduction in PLD amplitude from 8 % a0 to 6 % a0 (panel (c)) and an increase in amplitude
of random motions from 0.3 % a0 to 1.5 % a0 FWHM (panel (d)), respectively. For presentation
purposes, in both panels only SLRs and MRs with intensities above a certain threshold are plotted
in order to avoid division by zero; this is the reason that some of the six SLRs around each of the
MRs are missing. From panel (d) follows that MRs with the same |q̂| value and their associated
SLRs are equally suppressed by the increase in amplitude of thermal motions. In panels (e) & (f)
the normalized changes in MRs and SLRs for all |q̂|-orders are plotted with respect to a continuous
PLD amplitude quench. Strictly speaking, from all SLR traces only the |q̂| = 1 trace shows a
quadratic dependency on the PLD amplitude, as suggested by Overhauser’s approximation
(4.2). MRs gain intensities by up to a factor of two. See text for details.

However, the characteristic intensity ratio between associated SLRs and MRs is reason-
ably well reproduced. To be specific, the six closest SLRs around each MR show a peculiar
intensity trend: Here, the outermost SLRs, i.e. the ones with increased scattering wavevec-
tors are more intense than the inner ones, observed in both the experimental and simulated
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4.1. Order Parameter Dynamics in the NC Phase of 1T -TaS2

diffraction pattern. This fact is of great importance for the experiment, since in general only
these outer superlattice reflections accumulate enough scattering intensity to be detectable
in non-averaged diffraction patterns.

Although a high resolution X-ray study employs up to 21 harmonics to refine the defor-
mation potential [Spi97], the approach of using only three harmonics for the deformation
potential (4.11) serves as the basic model for the widely accepted theoretical work by
Overhauser [Ove71]. In fact, as will be seen during the further course of this section,
this simplified model qualifies very well to model changes in diffraction intensities, whereas
absolute intensities suffer from the application of this simplified potential.

Before directly simulating the measured transient intensity changes in SLRs and MRs let
us have a look at the effects on the diffraction pattern from the two structural processes
just introduced: (i) decrease in PLD amplitude and (ii) increase in amplitude of random
motions. The outcome of these structural modifications are displayed in figure 4.9 (c) &
(d):

Panel (c) of figure 4.9 shows the normalized change in the diffraction pattern for the
case of the PLD amplitude being suppressed from 8 % to 6 %. Here only reflections with
intensities above a certain threshold are plotted in order to avoid division by zero during
normalization. The scattered intensity into MRs increases with diffraction order, see e.g.
indicated main reflections for |q̂| = 1 . . . 4 and panel (e). In contrast the associated outer
SLRs are strongly suppressed for |q̂| = 1 and relatively weaker for |q̂| = 4, see panel (f).
E.g. for |q̂| = 1, the outer satellite reflections loose about ∼ 40 % intensity whereas for
|q̂| = 4 the outer SLRs only loose ∼ 20 %. As suggested by [Ove71] only the intensity in
low diffraction order SLRs resemble a quadratic relation with respect to the amplitude (see
(4.2) and the fit for |q̂| = 1 in panel (f)).

Figure 4.9 (d) displays the influence of an increase in amplitude of random motions on
the diffraction pattern, while the PLD amplitude remains unaltered. Again, normalized
changes in SLRs and MRs (of a certain, minimal threshold) with respect to the simulated
T = 200 K diffraction pattern of panel (b) are plotted. In equilibrium, this change would
simply originate from an increase in temperature, with a fixed PLD amplitude. To be
precise, the FWHM of the Gaussian distributed random motions is increased from 0.3 % a0

to 1.5 % a0. Striking characteristics seen here are the equal normalized changes in MRs and
their associated (outer) SLRs. I.e. in the case that there is no phason-DW factor present,
MRs with, say |q̂| = 4 are quite similarly suppressed as their associated SLRs.

The increase in amplitude of random motions is well within realistic values. For compar-
ison, the Lindemann-criterion for melting assumes typical amplitudes for random motions
of 15 % a0 to 30 % a0 [Lin10]. Once random motions become larger in amplitude, the crystal
melts14.

Numerical Model of Coherent & Incoherent Atomic Motions – Dynamics

With the above model at hand, detailed simulations of the two dimensional coherent-
incoherent phase space and its implications on the diffraction pattern are possible. In
the following we will show how the coherent suppression of the PLD amplitude on the
one hand and the increase in the amplitude of random motions on the other hand can
be disentangled. This is suggested from fitting phase space trajectories to the measured
transients.

14Melting point of 1T -TaS2 at T ≈ 3300 K.
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4 Structural Dynamics in 2D Charge Density Waves

Starting from the simulated equilibrium diffraction pattern shown in figure 4.9 (b), the
amplitude of the PLD is gradually suppressed over 20 discrete steps, while independently the
amplitude of random motions is increased, again over 20 steps. The resulting intensities
in SLRs and MRs for all observable diffraction orders, i.e. for |q̂| = 1 to |q̂| = 4.6, are
normalized to their respective equilibrium diffraction intensities, shown in panel (b).
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Figure 4.10. Simulated intensity changes in |q̂| = 1 and |q̂| = 4.4 MRs and SLRs from
coherent and incoherent atomic motions: For both diffraction orders the normalized-to-
equilibrium diffraction intensities in SLRs and MRs are given in a pseudocolor contour plot.
Starting from the NC phase, the PLD amplitude is continuously decreased via 20 steps from
8 % a0 to 4 % a0 along the ordinate of each panel. Along the abscissa the width of the random,
Gaussian-distributed motions is increased, starting from 3 %� to 2.7 % a0 FWHM . In general
the contour lines are chosen such that each step of PLD amplitude reduction corresponds to one
intensity line; their respective value is indicated by the yellow labels. Blue and magenta lines &
dots indicate the system’s trajectories for excitations with F = 2 mJ/cm2 and F = 4 mJ/cm2,
respectively. Here, dots represent positions in phase space suggested by measured data while
the lines are linear interpolations of adjacent dots. The gray labels to the dots indicate the
time in picoseconds obtained from fitting the trajectories to the measured transients (see figure
4.12). Most certainly all blue and all magenta trajectories are identical, respectively; however,
for presentation purposes the time labels for the blue (magenta) trajectories are only given in the
top (bottom) panels (details see text).

The resulting normalized intensity maps for a complete PLD suppression and a signifi-
cant increase in the amplitude of incoherent motions are summarized in figure A.5 in the
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4.1. Order Parameter Dynamics in the NC Phase of 1T -TaS2

appendix. However, the experimental relevant section in phase space is recalculated with
increased resolution and plotted in figures 4.10 and 4.1115. Here the PLD amplitude is
reduced from 8 % a0 to only 4 % a0 while the amplitude of random motions is increased up
to 2.7 % a0 FWHM.

Due to the richness of information obtained from this comprehensive simulation, let us
start the discussion with only two diffraction orders, plotted in detail in figure 4.10. Here
the normalized intensities for |q̂| = 1 and |q̂| = 4.4 SLRs (top panels) and MRs (bottom
panels) are shown. The abscissa and the ordinate in each panel correspond to the amplitude
in random motions and the PLD amplitude, respectively. The normalized intensities are
color-coded with the contour levels indicated by the yellow labels.

Neglecting for now the magenta and the blue lines and their associated labels, several
peculiarities can be addressed already from these two diffraction orders (the intensity panels
of the in-between diffraction orders are given in figure 4.11).

First, let us follow the PLD amplitude suppression alone, where the |q̂| = 1 SLR normal-
ized intensity demonstrates a quadratic dependency on the amplitude, see figure 4.9 (f). The
suppression of the |q̂| = 4.4 SLR however follows a distinctly different intensity-amplitude
relation: For moderate amplitude reduction, a smaller relative intensity reduction of the
SLRs is observed with respect to the |q̂| = 1 SLR. Only close to the complete amplitude
quench all SLR curves merge at zero intensity. The respective MR traces gain up to a
factor of 2 in intensity upon full suppression of the PLD amplitude. The |q̂| = 1 MR trace
mirrors the quadratic amplitude relation of the associated SLR trace (figure 4.9 panel (c)).

Second, when increasing the amplitude of random motions, SLRs of different |q̂|-values
demonstrate pronounced differences, see figures 4.10 and 4.9. Namely the |q̂| = 1 SLR
intensity map shows almost no gradient along the direction of the abscissa, meaning that
this diffraction order is highly insensitive to increased thermal motions. Such behavior is
expected from the Debye-Waller effect, with its characteristic |q|-dependency given in
(4.1). Only for the higher order SLRs, a distinct gradient along the abscissa is established,
however with decreasing magnitude for stronger amplitude suppression. In other words,
the stronger the reduction of the PLD amplitude, the weaker the influence of incoherent
motions on the SLR intensity16.

Next, let us turn to the intensity changes in all observable diffraction orders, shown in
figure 4.11. From these 20 intensity maps, possible trajectories in the coherent-incoherent
phase space are found by fitting parameterized trajectores to the experimental data.

In this regard the measured transients shown in figure 4.8 (a) and (b) are replotted in
figure 4.12, together with the simulated intensities (solid lines) obtained by following dis-
tinct trajectories in the coherent-incoherent phase space. In figure 4.11 the trajectories for
fluences F = 2 mJ/cm2 and F = 4 mJ/cm2 are given as blue and magenta filled circles,
respectively. The discrete positions are linearly interpolated by connecting lines. In figure
4.10 the trajectories are labeled with the respective times (in ps) obtained from fitting them
to the experimental data. Following theses two trajectories in all intensity maps, the mea-
sured transients can be reproduced extremely well, considering the crude approximations
made.

15This procedure is necessary due to the limited computational power available and the unsophisticated
coding skills of the author.

16The increased jitter in the intensity maps for large incoherent amplitudes, seen in figures 4.9 and A.5 is
due to the fact that only a very limited number of atomic scatterers could be considered in the simulation
for computational reasons. Especially for reduced PLD amplitudes but increased amplitudes of random
motions, the deviation from a well defined Gaussian distribution due to limited statistics becomes more
apparent in the simulated diffraction patterns.
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Figure 4.11. Simulated intensity changes in all observable MRs and SLRs subject to
coherent and incoherent motions: For diffraction orders |q̂| = 1 to |q̂| = 4.6 the normalized-
to-equilibrium diffraction intensities in SLRs and MRs are shown (details and higher resolution
plotted in figure 4.10). Starting from the equilibrium NC phase, the PLD amplitude is con-
tinuously decreased via 20 steps from 8 % of a0 to 4 % of a0 along the ordinate of each panel.
Along the abscissa the width of the random, Gaussian-distributed motions was increased, start-
ing from 3 %� to 2.7 % a0 FWHM. The blue and magenta filled circles and lines indicate the
coherent-incoherent phase space trajectories for excitations of F = 2 mJ/cm2 and F = 4 mJ/cm2,
respectively. The associated times of the trajectories are given in figure 4.10 (see text for details).
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4.1. Order Parameter Dynamics in the NC Phase of 1T -TaS2

Although there are minor deviations between the measured and the simulated transient
intensity changes, which are mainly caused by normalization issues, the general trend of
the curves can be reproduced: we observe (i) roughly similar transient suppression of all
SLR intensities and (ii) the increase in maxima of the transient intensity change in the
MRs by over one order of magnitude. Also the mutual intensity relation of transients for
different |q̂| values during the relaxation between ∼ 1 ps and ∼ 2 ps can be approximated.
In absolute numbers, the found trajectories suggest an average suppression of the PLD
amplitude from 8 % a0 to 6.4 % a0 and 5.0 % a0, for fluences of F = 2 mJ/cm2 and F =
4 mJ/cm2, respectively. However, especially in the simulated curves for F = 2 mJ/cm2

shown in figure 4.12 (a) the limited simulated resolution becomes apparent.
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Figure 4.12. Measured transient intensity changes reproduced by modeling coherent
and incoherent atomic motions: The data (stars) displayed in both panels are reprinted from
figure 4.8 (a) and (b), whereas simulated intensity changes are given by lines. For each fluence,
the simulated curve is obtained by fitting one global trajectory in the coherent-incoherent phase
space to the experimental data. Both such obtained trajectories are given in figures 4.10 and 4.11.
The rather large discrete step size for the simulated transients is due to the limited computational
power available for the simulation. However, all main characteristics of the measured transients
can be reproduced allowing for effective disentanglement of coherent and incoherent processes.
N.B. The data for the |q̂| = 1 and |q̂| = 1.7 SLRs are not included due to the previously discussed
normalization artefact, however their simulated curves are.

Of special interest is that the experimental data suggest a distinct time delay between
the coherent and incoherent atomic motions, since the inelastic background is observed to
rise only ∼ 300 fs later with respect to the onset of the changes in SLR and MR traces
(see figure 4.7). However, in order to fit the measured intensity changes with simulated
values, the amplitude of incoherent atomic motions need to be continuously increased while
the PLD amplitude is reduced. Indeed it seems plausible that while the PLD amplitude
is suppressed, simultaneously incoherent |q| = 0 phonons are generated. This is not in
contradiction to the observed IB curves, since IB traces capture the population dynamics
of incoherent, large-|q| phonons (as discussed earlier).

From the obtained phase space trajectories, the dynamics of the CDW order parameter is
obtained (see figure 4.13). Here, the temporal evolution of the normalized PLD amplitudes
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are shown for two excitation densities (top panel of figure 4.13). Interestingly the PLD
amplitude recovers within 2 ps to almost its equilibrium value, which can not be concluded
from only the diffraction intensities given in figure 4.12. The increase in amplitude of
random motions is shown in the bottom panel of figure 4.13. The suggested amplitude
reduction for t & 1 ps is discussed further down in the text.

Figure 4.13. Order parameter and incoherent motions: The top panel shows the temporal
evolution of the normalized PLD amplitude A(t) for two excitation densities. In the bottom panel
the increase in random motion amplitude is shown. Both components are obtained from fitting
phase space trajectories to the measured transients, see figures 4.10 & 4.11.

An additional consistency check of the simulation results, especially in view of the found
trajectories, comes from deploying a simple relation between the amplitude of the incoherent
atomic motions and temperature. The temperature factor for isotropic atomic vibrations
reads

BT =
8π2

3
〈u2〉, (4.12)

where 〈u2〉 indicates the mean squared amplitude of the atomic motions [AN01]. Neglecting
quantum mechanical zero-point motion, BT is directly proportional to temperature, i.e.

T ∝ 〈u2〉. (4.13)

For a fluence of 4 mJ/cm2, the temperature increase in the sample is roughly doubled in
comparison to F = 2 mJ/cm2 (following thermalization of the initially excited electronic
system with the lattice). From (4.13) the increase in the mean amplitude of random motions
should be a factor of

√
2, going from the weaker to the stronger of the two excitation
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densities. Indeed, from the implied trajectories indicated in figure 4.11 a maximum increase
of
√

〈u2
2 mJ/cm2〉 = 1.38 % a0 and

√

〈u2
4 mJ/cm2〉 = 1.98 % a0 (for F = 2 mJ/cm2 and F =

4 mJ/cm2, respectively) is found, yielding a ratio of
√

〈u2
4 mJ/cm2〉/

√

〈u2
2 mJ/cm2〉 = 1.43.

Talking about the amplitudes of incoherent motions, let us briefly discuss one feature
which is apparent in both trajectories in figures 4.10 and 4.11: The last points of both,
blue and magenta trajectories show a distinct reduction in amplitude of the incoherent
motions, as opposed to earlier times (for example see the blue trajectories in figure 4.10
for the indicated times between 0.3 ps and 2 ps). It is hard to imagine that at e.g. ∼ 2 ps
after photoexcitation the sample is already subject to cooling. It most likely hints at a
weak point in the simulation, where probably the assumption of well defined, Gaussian-
distributed random amplitudes is insufficient.

For the sake of completeness let us briefly address the erratic normalization for the
|q̂| = 1 and |q̂| = 1.7 superlattice reflections, mentioned in the beginning. In the case
of F = 4 mJ/cm2, the minimum value of the |q̂| = 1 SLR transient is 70 %, yielding a
reduction in PLD amplitude of 6.6 % a0 (see first panel of figure 4.11). In order for the e.g.
|q̂| = 4.4 SLR trace to reach the measured intensity minimum of ∼ 50 %, the amplitude
of incoherent motions needs to reach ∼ 2.4 % a0 FWHM. However, at this position in the
coherent-incoherent phase space the simulated intensity of the associated MR is suppressed
to ∼ 50 %, which is in stark contrast to the measured ∼ 130 %. This presents another
indication for faulty normalization of the |q̂| = 1 and |q̂| = 1.7 SLRs17.

Although the presented simulation is based on major simplifications and assumptions,
it describes the observed intensity changes in the diffraction pattern surprisingly well. It
might serve as a basis to cover more complex structural information like domain structures,
interlayer coupling or population dynamics of anisotropic q 6= 0 phonons, with detailed
experimental data to come.

4.1.5. Implied Real Space Dynamics

In an effort to sketch the resulting dynamics from the obtained data figure 4.14 shows real
space snapshots of the suggested photoinduced dynamics. Upon laser excitation, the energy
is absorbed by the electronic system, initially leading to a suppression of the CDW’s elec-
tronic part. Based on intrinsically strong electron-phonon coupling, the PLD is suppressed,
leading to an intensity loss in SLRs and a concomitant intensity gain in the MRs on a
∼ 150 fs timescale. Simultaneously, incoherent phonons with |q| ≈ 0 are launched, while
the electronic modulation of the CDW is partially reestablished due to the still partially
modulated lattice. Interestingly enough, if there was no temporal hierarchy between the
launch of coherent and incoherent processes the distinct maximum in the MR transients
could not be observed; imagining a dominant DW factor for instance, the MR traces would
only be reduced in intensity and not evolve the distinct transient maximum. Already a few
hundred fs after photoexcitation, incoherent phonons with large |q|-values are excited via
anharmonic phonon decay of the strongly excited amplitude mode. This leads to a strong
intensity reduction in MRs and SLRs, thus raising the number of inelastically scattered
electrons. The initially suppressed PLD amplitude recovers on a timescale of ∼ 1 ps and
in fact describes the order parameter relaxation as the electrons adiabatically follow the
atomic motions.
17The experimental evidence for normalization artifacts was given earlier in figure 3.12.
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Figure 4.14. Real space illustration of the implied dynamics: In equilibrium, both the lat-
tice (Ta atoms in red) and the conduction electron density (shading in blue) are subject to a com-
mensurate modulation (t = −1 ps). Upon photoexcitation with a 140 fs laser pulse, the electronic
distribution is quasi instantaneously excited out of equilibrium and the long range correlation of
the electronic part of the CDW is destroyed (t = 0.1 ps). The disturbed electron distribution
launches the q = 0 amplitude mode, since the restoring force for the permanent modulation
is weakened. This drives the lattice towards the unmodulated state with increased symmetry
(t = 0.3 ps). In parallel, the population of |q| 6= 0 phonons is increased, by (i) electron-phonon
coupling and dominantly by (ii) anharmonic phonon decay of the strongly excited amplitude
mode, rising the mean squared amplitude of incoherent atomic motions (t = 1 ps). At the same
time, the suppressed CDW amplitude recovers and leads to a partially reestablished modula-
tion already a few ps after photoexcitation, although accompanied by large amplitude incoherent
atomic vibrations (t = 4 ps).
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4.2. NC-IC Phase Transition Dynamics in 1T -TaS2

After having obtained first insights into the suppression and relaxation dynamics of a CDW
order parameter from a structural point of view, let us next study the dynamics following
excitation that is strong enough, to drive a phase transition. Here, the characteristics of
the optically induced phase transition between the nearly commensurate (NC) and the
incommensurate (IC) CDW phase will be studied.

4.2.1. Experimental Details

The experiments on the photoinduced phase transition in 1T -TaS2 have been carried out
at Stellenbosch University, comprising the following experimental details: Excitation of the
sample is provided by 775 nm, 150 fs laser pulses at a repetition rate of 1 kHz. About 1000
electrons per bunch (energy 30 keV) are applied to probe the sample, providing an overall
temporal resolution of 600 fs. A 22±3 nm thin slab of 1T -TaS2 is used as a sample, providing
extremely homogeneous excitation. In order to be able to address the phase transition at
TNC = 353 K, the sample is kept at ∼ 305 K. In this experimental configuration, only ten
main reflections are accessible.

Before addressing any specifics of the NC-IC phase transition in 1T -TaS2 let us quickly
recall the characteristics of both phases in real space and electron diffraction patterns fol-
lowing table 4.1 and figure 4.3: While cooling, the IC phase spans the temperature region of
543 K down to 353 K and the NC phase exists between 352 K and 187 K, separated from each
other by a first order phase transition. Whereas in the IC phase the CDW supermodulation
wave vector is incommensurate to the host lattice but parallel to the hexagonal symmetry
axes, the NC phase evolves a discrete domain structure, with commensurately modulated
domains and discommensurated domain walls: In the commensurate domains, the CDW
wave vector is rotated by 13.9 ◦ with respect to the hexagonal symmetry directions. The
domain walls serve as an unmodulated discommensuration network between the strongly
modulated domains. Apart from the fact that the SLRs’ intensities in the IC phase are
about half of the intensities of the NC phase, the NC SLR pattern is accordingly rotated
by ∼ 13.9 ◦ against the MR pattern (see figure 4.3), serving as a well defined criterion to
distinguish between the two phases.

Prior to optically driving the NC-IC phase transition in 1T -TaS2, equilibrium diffraction
patterns at different temperatures across the phase transition have been taken. The inten-
sities of SLRs in the NC and the IC phase, INC(T ) and IIC(T ) are plotted vs. temperature
in figure 4.15 (a). Here, apart from some minor reduction the first order character of the
phase transition at TNC = 353 K is clearly demonstrated, where within a few Kelvin INC

completely vanishes in favor of IIC. In the further context, transient intensity data of the
NC and IC SLRs will be normalized to their equilibrium value defined by I0

NC = INC(338 K)
and I0

IC = IIC(365 K), respectively.

4.2.2. Genesis of New Order

In a similar approach to the one described in detail in 4.1.3, all observable Bragg reflections
are averaged: The sections around each of the MRs comprising the first order SLRs are all
superimposed, thus allowing for a substantial increase in SNR of the extracted transients. In
the following, when referring to different transients, always averaged transients are implied
unless otherwise stated.
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The photoinduced phase transition represented in the diffraction data can be best moni-
tored following two distinct superlattice reflections contained within the white square in the
two middle diffraction patterns of figure 4.3. This area of the diffraction pattern is displayed
in figure 4.15 (b) for different time delays; an applied pump fluence of F = 2.1 mJ/cm2 leads
to a complete suppression of the NC phase. Remarkably, the NC superlattice reflection
(encircled in purple) completely vanishes within one picosecond and quite instantly a first
signature of the IC superlattice reflections (encircled in orange) is established.

335 340 345 350 355 360 365

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

temperature [K]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

I
NC

/I0 
NC  

< 0 ps 1 ps 100 ps 1000 ps10 ps

(b)(a)

(c)

-1 0 1 2 3
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.4

0.8

MR
IC CDW
NC CDW

time [ps]

NC

IC

I
IC
/I0

IC

ΔI
IC
/I

IC
0

ΔI
MR

/I 0
MR

ΔI
NC

/I 0
NC

×10

Figure 4.15. Characteristics of the NC-IC phase transition in 1T -TaS2: Panel (a) shows
the NC and IC SLR intensity evolution with temperature. Both diffraction intensities are nor-
malized to their respective values at T = 338 K (I0

NC) and T = 365 K (I0
IC), whereas the ratio of

2:1 between the two of them is represented in the scaling of the two ordinates. The measurement
was carried out in the UTED setup, however in thermal equilibrium without a pump laser. The
Heaviside curves (including some minor reduction when approaching TNC) serve as guides to
the eye. In panels (b) and (c) characteristics of the photoinduced, ultrafast phase transition are
shown: Panel (b) displays stills of diffraction images at different times; the chosen position in
reciprocal space is indicated by the white squares in the two central diffraction patterns of figure
4.3; the purple and orange circle indicate the position of the SLRs in the NC and IC phase,
respectively. Panel (c) shows the transient evolution of the intensities of the MR, the NC and
the IC SLR at a fluence of 2.1 mJ/cm2. Solid lines are fitted curves, see text for discussion on fit
model and timescales.

In panel (c) the initial ultrafast dynamics of the main, the NC superlattice and the IC
superlattice reflections are shown: Here, the intensity of the NC SLRs drops to zero within
a timescale of ∼ 150 fs (resolution limited), whereas on the same timescale the intensity
of the MRs transiently gains 8 %. The gain in MR intensity subsequently settles at about
1 % on a similar timescale of ∼ 150 fs (resolution limited). This fast suppression can be
attributed to the launch of incoherent atomic motions effectively decreasing the Debye-

Waller factor. The IC SLRs seem to gain intensity slightly delayed with respect to the
onset of the two other traces. This delay however is not quantitatively addressable within
confidence levels. The initial growth dynamics of the intensity in IC SLRs can be fitted by
an exponential rise with the timescale of ∼1.5 ps.

The above quoted timescales are obtained from global fits to the data, along with the
model discussed in section 4.1.3 and equations (4.4) to (4.7). The fit curves are adjusted
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such that here normalized changes in intensities are plotted, whereas equations (4.4) to
(4.7) describe normalized intensities. Moreover, the terms covering relaxation dynamics in
(4.6) and (4.7) have been canceled by setting δAR = 0 and δBR = 0, which in turn also
allows to fit the IC curve with inverted sign.

Introducing the Fitting Model

Before analyzing the transition dynamics for different fluences and on longer timescales, let
us briefly discuss two peculiarities of the presented data: Firstly, the low gain of 8 % in the
MR trace might prima facie be surprising, especially in comparison to the results plotted
in figure 4.7, where a partial suppression of the CDW leads to a ∼ 30 % intensity gain
in the MR trace. However, not only is the starting temperature in this case about 100 K
higher than in the previous measurements, but also only the ten innermost reflections
are detected, i.e. diffraction orders with |q̂| = 1 and |q̂| = 1.7. The reason for this is
an increase in q-resolution to accurately address adjacent SLRs of different CDWs. In
addition the reduced temporal resolution results in a decrease of the detected maximum
signal amplitude. Secondly, changes in the weak inelastic background can not be detected
in this measurement. The reason for this is that for the |q̂| = 1 and |q̂| = 1.7 diffraction
orders the noise is substantial due to the close vicinity of the (0,0) beam. Furthermore, for
30 keV electrons (previously 50 keV) there is a decrease in the probability of electrons being
transmitted, especially if they have already lost energy due to inelastic scattering events
[Wil09].

Although the IC phase nucleates within the first picosecond upon photoexcitation the
phase transition is not completed yet, since IIC(1 ps) has not reached its high temperature
equilibrium value. In order to get more detailed insights into the phase transition dynamics,
transient intensity changes are measured up to 1.2 ns after photoexcitation, for variable
excitation densities (see figure 4.16). Motivated by the observed biexponential dynamics
(figure 4.16) the previously introduced fitting model (see section 4.1.3) is accordingly refined,
yielding the following expressions for the normalized intensity changes for both SLRs (NC
and IC):

∆INC(t)/I0
NC = −H(t− t0) ·

[

δA1

(

exp
(

− t−t0

τ1,NC

)

− 1
)

+ δA2

(

exp
(

− t−t0

τ2

)

− 1
)]2

(4.14)

∆IIC(t)/I0
IC = H(t− t0) ·

[

δB1

(

exp
(

− t−t0

τ1,IC

)

− 1
)

+ δB2

(

exp
(

− t−t0

τ2

)

− 1
)]2

(4.15)

Here, τ1,NC and τ1,IC describe the initial suppression and growth dynamics of the NC and
IC phase, respectively. The second stage, describing further intensity suppression/growth
is characterized by the timescale τ2. The terms in square brackets effectively describe the
change in averaged PLD amplitude in both phases, with δA1 & δB1 achieved on τ1,NC &
τ1,IC and δA2 & δB2 achieved on τ2. The effect of incoherent atomic motions on both SLR
intensities is neglected in this case, since (i) τ2 is not affected by the sub-ps DW effect and
(ii) the intensity alternation of |q̂| = 1 and |q̂| = 1.7 SLRs is minor (see figures 4.11 & A.5
and associated discussion). Prior to fitting, both curves are convoluted with a Gaussian of
FWHM = 600 fs, accounting for the temporal resolution. In order to increase the confidence
levels of the fit results, again a global fitting routine was applied, where the NC and IC
traces of the same fluence share the fit parameter τ2.
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Figure 4.16. Photoinduced phase transition dynamics in 1T -TaS2: Upon photoexcitation
with different fluences, the NC SLRs’ intensities (empty squares, bottom panel) are suppressed
in favor of the buildup of the IC SLRs’ intensities (full circles, top panel). The initial ultrafast
suppression of the NC phase happens on a resolution limited timescale on the order of ∼ 150 fs,
whereas the buildup of the IC phase proceeds on ∼ 1.5 ps time constant, for all fluences. After
that the traces show a distinct fluence dependence: While for the highest fluence of 2.1 mJ/cm2

the NC phase remains completely quenched, the IC phase is established within 50 ps after which
the IC SLRs have reached their full equilibrium intensity I0

IC. For lower fluences, the NC phase is
initially only partially quenched, but vanishes on the timescale τ2 to the benefit of the IC phase.
Only for the lowest fluence, the phase transition is not completed at 1 ns after photoexcitation
and remains in a mixed phase state. The solid lines are global nonlinear least squares fits to
the data, with the exponential timescales and errorbars indicated. See text for details on the fit
curves.

Two-Step Phase Transition Dynamics

Figure 4.16 shows the transient intensity changes upon photoexcitation for four different
fluences, ranging from 0.8 mJ/cm2 to 2.1 mJ/cm2. As already discussed previously the fits
yield τ1,NC ∼ 150 fs and τ1,IC ∼ 1.5 ps, displaying no fluence dependence (within error bars).
The second exponential timescale τ2 is however distinctly fluence dependent; it becomes
shorter the more energy is deposited in the sample. In this regard it seems most intuitive
to start the discussion with the highest fluence, i.e. 2.1 mJ/cm2: Here the NC phase is
completely suppressed within a picosecond and remains quenched for at least up to 1.2 ns.
Following the initial seeding within ∼ 1.5 ps the IC intensity reaches its full equilibrium
intensity on τ2 ≈ 50 ps. Indeed, at ∼ 1 ns after photo-excitation the diffraction pattern is
identical in both angular orientation and intensity to that of the sample thermally heated
into the IC phase (see figure 4.15, panel (a)), indicating that the light-induced NC-IC phase
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transformation is completed. After this the deposited heat in the sample can diffuse to the
sample holder during one millisecond and the crystal can adopt the NC state again, until
the next pulse arrives.

Turning to the two next lower fluences, i.e. 1.3 mJ/cm2 and 1.0 mJ/cm2 shown in figure
4.16, the IC phase is fully established at the expenses of the NC phase with τ2 ≈ 90 ps and
τ2 ≈ 110 ps, respectively (see values and confidence level in figure 4.16). For the lowest
fluence (0.8 mJ/cm2) the pump pulse establishes a mixed phase state of the sample on
τ2 ≈ 230 ps, which seems stable within the observed time window.

Although not quantitatively accessible due to reduced SNR, the buildup of the IC inten-
sity appears slightly delayed with respect to both, the suppression of the NC phase (see
figure 4.16) and the rise of the MR intensity (see figure 4.15, panel (c)). This observation
seems to confirm that there is no generalized coordinate connecting the two phases. In other
words, unlike for e.g. an incommensurate-to-normal phase transition, here the two phases
(NC and IC) can not be connected with atomic motions corresponding to the amplitude
mode. It seemingly needs an increased population of incoherent phonons for the nucleation
of the IC phase, as demonstrated earlier, were the inelastic background similarly rises only
a few hundred femtoseconds later.
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Figure 4.17. Excitation profile within the sample: Indicated is a side view of the 22 nm thin,
free standing film (gray), with its front and back surface located at 0 nm and 22 nm, respectively.
The film is subject to laser excitation from left to right, where at negative values of x the normal-
ized incoming electric field amplitude (red) and the reflected normalized electric field amplitude
(blue) lead to a standing (intensity) wave (skewed green line). The scenario inside the film is sim-
ilar, where prior to determining the intensity profile, the incoming (red) and the reflected electric
field amplitude (blue) are allowed to interfere with each other, giving rise to an excitation profile
which is extremely homogeneous (less than 10 % intensity variation within the film). Only the
transmitted intensity does not show interference effects since there is only one transmitted wave
assumed. N.B.: The shape of the displayed intensity profile in the film is extremely insensitive
with regard to changes in film thickness and/or optical constants by up to 30 %.

Excitation Profile and Kinetics of the Phase Transition

Before addressing the distinct fluence dependence of τ2 a few words on the excitation profile
in the free standing film and its thermodynamics should be spent. This is deemed necessary
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even more so as τ2 is in the range of the typical heat diffusion timescale in this compound18.
From transmission measurements (∼ 17 % at 775 nm) and the measured complex index

of refraction (see ellipsometry results in appendix A.2) the film thickness can be estimated
to be 22±3 nm. The transmitted intensity was simulated using the transfer matrix method
considering multiple intern reflections [Yeh05]. From knowing the film’s thickness and opti-
cal constants quite accurately, the excitation profile along the film depth can be determined.
When considering the size of the discontinuity in the refractive index at the crystal sur-
faces and the fact that the film’s optical thickness is comparable to the wavelength the
interference of the incoming and reflected waves has to be considered. In doing so the
overall intensity distribution within the film deviates quite considerably from the distri-
bution where interference is not accounted for. In figure 4.17, the incoming and reflected
temporally averaged electric field amplitudes are shown. From the interference of both the
total internal intensity distribution is obtained (green line spanning from the front- to the
backside of the film). Including the uncertainty resulting from measuring the film thickness
a maximum intensity variation from the front to the back surface of the film of . 10% is
obtained. The excitation gradient in the direction parallel to the film surface is less than
∼ 5 % due to the large beam waist of 350µm (FWHM of the pump beam).

It is instructive to estimate the temperature increase ∆T in the thin film from the
absorbed fluence and the specific heat, yielding ∆T ≈ 65 K . . . 185 K for fluences F =
0.8 mJ

cm2 . . . 2.1 mJ
cm2 . For details on the calculation see appendix A.219. The question at

which time after photoexcitation a quasi-equilibrium temperature can be assigned to the
film is indeed challenging. From the measurement of the transient inelastic background (see
e.g. figure 4.7) a thermalization timescale on the order of a few picoseconds is suggested. In
this regard, the intensities in the NC and IC SLRs measured at 2.5 ps after photoexcitation
are plotted in panel (b) of figure 4.18 (filled spheres, lines are guide to the eye). In con-
trast to the pronounced first order character of the phase transition displayed in thermal
equilibrium (see figure 4.15) the light induced NC SLR intensity is continuously quenched,
characteristic of a second order transition. However, when looking into the same reflections
about one nanosecond later (filled triangles in figure 4.18 (b)), a clear first order character
with respect to the fluence is established. In fact, the transition right after photoexcitation
seems to demonstrate a different type of order, due to strongly excited coherent atomic
motions. The crystal is superheated, since for a fluence of e.g. F = 1.4 mJ

cm2 both, energy
conservation and diffracted SLR intensities (at t= t0+1 ns) demonstrate a temperature of
> 420 K in the film. Clearly, the phase transition achieved on the ultrafast timescale is
different to the one obtained by simple heating. Superheating is a well-known effect and
has recently been observed in the ultrafast melting of ice, where a temperature of 290 K
was optically induced without melting the ice within 250 ps [Igl06]. The achieved SLR

18From Fourier-analysis of the 1D heat equation the timescale τDiff for heat diffusion in the sample can
be roughly estimated as τDiff = cpρd2/κ. From literature the specific heat cp ≈ 300 J

kg K
[Suz85], the

density ρ ≈ 7000 kg

m3 [Spi97] and the thermal conductivity κ = 5 W
m K

[Nun85] are known. For a film
thickness of d ≈ 22 nm, τDiff is on the order of few hundred ps. However, the used thermal conductivity
was determined within the ab-plane, since no value for κ along c-direction can be found in the literature.
Due to the pronounced anisotropy of 1T -TaS2, it is very likely that heat conduction along the c-axis is
strongly reduced, leading to an increased “thermalization” timescale. In any case, this estimation merely
draws attention to a possibly competing effect if the excitation density was not as homogeneously as
demonstrated here (see figure 4.17).

19At this stage it should be noted that the approximated temperature increase is only a rough estimate,
since it relies on several error prone parameters; e.g. the fluence depends quadratically on the beam
radius, which is in general not easily accessible in the UHV chamber.
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Figure 4.18. Kinetics of the IC phase buildup: Panel (a) depicts the relation between the
long exponential timescale τ2 with respect to the quasi-temperature achieved in the film (see
text), in the form of an Arrhenius plot. The quasi-equilibrium temperature is calculated from
the optical constants (see appendix A.2), the published specific heat [Suz85] and the measured
fluence F . From the slope of the linear fit the energy barrier for the IC formation dynamics is
determined to be Ebar ≈ 170 ± 100 meV, comparable to the published value [Su12]. In panel
(b) the normalized intensity changes in the IC and NC SLRs are plotted vs incident fluence at
two distinct times after excitation, namely at 2.5 ps and 1 ns. The yellow vertical stripes indicate
the two phase transition temperature regions at TNC and TIC. Whereas the NC phase can be
completely quenched on the ps timescale for F &2 mJ/cm2, the intensity in the IC SLRs remains
at roughly 1/2 of I0

IC, even for increased fluences. Interestingly, the intensity reduction of the IC
SLRs for F > 2.6 mJ/cm2 can be explained by excitation of the sample into the metallic state. At
t= 1 ns the phase transition is achieved for fluences greater than 1 mJ/cm2. Clearly the sample
is superheated for fluences in the range of ∼1.2 mJ/cm2 to ∼1.8 mJ/cm2.

intensities at t = t0 + 1 ns indicates that for F = 1.0 mJ
cm2 a stable IC phase is established

with a sample temperature of 390 K. In view of the ongoing discussion on the energetics of
ultrafast phase transition [Tom09b, MV11], this result suggests that in order to completely
achieve the transition the optically delivered energy is similar to the thermal energy.

Having ruled out the option that the observed longer timescale τ2 might simply originate
from heat diffusion dynamics allows us to revisit its origin in the context of formation
dynamics of the IC phase. In order to do so, the globally fitted values for τ2 and the
calculated, increased temperatures are displayed in the form of an Arrhenius plot in
figure 4.18 panel (a). Despite the uncertainties in determining τ2 (see error bars given in
figure 4.16) and the small temperature interval, the data qualitatively resembles Arrhenius

behavior, indicative of a thermally activated process in the formation of the IC phase. The
linear fit yields an energy barrier of Ebar ≈ (170 ± 100) meV, hindering the formation of
the homogeneous IC phase, probably by CDW pinning to defects [Su12]. An energy barrier
of Ebar ≈ 400 meV was found by recently published X-ray photon correlation spectroscopy
[Su12]; with view on the twelve orders of magnitude difference in experimental timescales,
the two energy barriers are quite similar.

All in all, τ1,IC can be viewed upon as the nucleation time, whereas τ2 describes the
domain growth. This observation of the two distinct timescales is quite generally to be
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expected for first order phase transitions [Pap06].

4.2.3. Atomic Trajectories Associated with the Phase Transformation

In an effort to understand the observed dynamics on a microscopic scale let us again have
a look into the equilibrium atomic positions, detailed in figure 4.3 and emphasized in figure
4.19 (a). Whereas one might expect a coherent transition from a commensurately mod-
ulated to a non-modulated phase [Hub14], this is obviously impossible in the case of the
incommensurately modulated final state given here. To be more specific, there is no gen-
eralized coordinate along which the transition could take place. In fact the unit cell in
the incommensurately modulated structure is infinite. As a way forward, the average path
length for each atom to move from its NC- to its IC position is determined with a simple
numeric model.

(b)(a)

min. 
displacement

max. 

NC

IC

(c)

(d)

Figure 4.19. Simulation of the atomic trajectories during the NC-IC transition: Panel
(a) top and bottom are zoom-ins of the lattice positions of the Ta-atoms in the NC and the IC
phase, respectively. For a larger overview of the atomic arrangements see figure 4.3. Panel (b): To
account for the infinite unit cell of the IC structure, only a small section of the crystal is plotted
and a relative phase φ between the NC and the IC modulation is introduced. The trajectories
plotted in panel (b) are obtained from 27 random variations of φ, for fixed NC positions (see text
for details). For presentation purposes three commensurate domains of size n= 2 are indicated
by the gray hexagons. Panel (d) shows a zoom-in of the trajectory plot, obtained at the edge of
one commensurate domain of the NC phase. The averaged trajectory lengths for the transition
from the NC to the IC phase are given in panel (c). Here, 216 random φ values are simulated for
improved statistics.

Here, the NC phase is modeled according to the projected discommensuration model
II by Ishiguro et al. [Ish95] with a domain size of n = 2, whereas the IC structure is
approximated by the measured wave vector from Spijkerman et al. [Spi97] (structural
details see description along figure 4.3). To account for the infinite unit cell of the IC
structure only a small section of the NC crystal is taken; additionally, we introduce a
relative phase φ between the NC and the IC modulation. With this approach, the NC
positions remain fixed, whereas the atomic coordinates of the IC phase change with φ. The
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4.2. NC-IC Phase Transition Dynamics in 1T -TaS2

value of φ is randomly varied 72 times along each of the three symmetry directions of the
underlying hexagonal lattice, yielding 216 random IC structures. For a small section of
the NC phase, the 216 trajectories between all the atomic positions of the NC- and the IC
state are determined. For presentation purposes, only 27 of these trajectories are plotted,
starting as lines at the respective atomic positions of the NC phase, see figure 4.19 (b). The
zoom-in shown in panel (d) highlights the different trajectories for atoms contained in the C
domains or in the domain walls. Already from the pattern of these line clusters, the domain
structure of the NC phase can be recognized (highlighted by the three grey hexagons). The
average trajectory length for each lattice site is plotted in a pseudocolor representation in
panel (c). This illustration suggests that atoms within the discommensuration network, i.e.
in the unmodulated domain walls, are on average much closer to their final IC positions
than atoms from inside the commensurately modulated domains. Considering this fact the
genesis of the IC phase might proceed along the following scenario:

The absorption of the femtosecond optical pulse by the electronic subsystem of the crystal
is followed by a subsequent, rapid energy dissipation via electron-phonon & electron-electron
scattering. This leads to a pronounced increase in amplitudes of coherent and incoherent
atomic motions. Including anharmonic phonon decay of the strongly excited amplitude
mode, the crystal is left in a quasi-thermalized state with a suppressed NC CDW ampli-
tude already a few picoseconds after photoexcitation. Referring to the measured data, this
state corresponds to times close to the indicated axis break in figure 4.16. At this stage the
crystal’s “temperature” is in the nearest vicinity or even above the NC-IC phase transition
(compare the extremly fast rise of the inelastic background shown in figure 4.7). How-
ever, long range order has still to be established; in fact for certain fluences the crystal is
superheated.

From the fact that the atoms in the domain walls need to rearrange least to adopt
the IC phase structure, we assume that these regions serve as nucleation sites for the IC
phase. This is supported by the observation that the C domains themselves still hold some
remaining commensurate modulation, as NC SLRs are still present. Further growth of the
IC phase needs to stem from the original C domains. However, the atomic rearrangement
amplitudes are much larger in this case and a ∼170 meV energy barrier has to be overcome,
which is attributed to the pinning to crystal defects [Su12]. From published values on the
typical defect concentrations in 1T -TaS2, which is about 1–2 defects per C domain of the
NC phase, the obtained energy barrier seems plausible [Vey94, Su12]. However, we have no
means to estimate its value microscopically.

The longer timescale τ2 corresponds to the slow IC domain growth and merger at the
expenses of the NC remainders, whereas τ1,IC describes the initial fast IC nucleation in the
former domain walls. This two step, heterogeneous nucleation process is reflected in the
roughly equal amplitudes for the fast and the slow process in the formation of the IC phase,
i.e. δA1 and δA2 in (4.15). It originates from the similar total areas of domain walls and
domains in the NC phase [Ish91, Ish95].

The suggested delay in the formation of the IC phase might indeed again reflect the fact
that the initial suppression of the NC phase is governed by the strong, coherent ampli-
tudon generation, whereas the IC phase can not be reached by a coherent trajectory. Only
anharmonic decay of those strongly excited amplitude modes will transfer energy out of
the coherent motion and into incoherent processes, allowing for nucleation of the IC phase.
Interestingly, the initial ultrafast recovery of the NC SLR intensity with a time constant
on the order of ∼ 1 ps, demonstrated in e.g. figure 4.7, is not observed even in the case for
the lowest excitation. This might be indicative that the initial nucleation of the IC phase
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effectively hinders the recovery of the NC phase on the ultrafast timescale.

The demonstrated experimental data clearly suggest that the optically induced phase
transition is in stark contrast to a purely thermally achieved phase transition. Interest-
ingly, the absorbed energy needed to overcome the phase transition is similar to the energy
needed to simply heat the system through the transition, although strong coherent dynam-
ics dominantly alter the character of the phase transition. In equilibrium the transition
from NC to IC phase happens via successive meltdown of the C domain into a finer and
denser network structure of discommensurations [Ish91, Ish95], common to C-IC transi-
tions in general [McM76, Bak82]. In contrast, the measurements presented here suggest
that the ultrafast coherent suppression of the NC phase followed by the energy transfer to
|q| 6= 0 phonons seeds the IC phase within the discommensuration network and the phase
transition thus proceeds via broadening of the discommensurated regions. This seems to
be the fastest possible pathway, as the distortion pattern of the NC phase does not di-
rectly map into the IC phases’ and thus needs some time for phasing, rearrangement and
domain growth. The demonstrated transition time of ∼ 50 ps seems exceptionally fast for
the completion of a NC-IC transition, being six orders of magnitude faster than previously
reported observations [Ham85, Eli09]. In a larger perspective, both, measured timescales
and suggested mechanisms might serve as a reference for optically induced phase transitions
in spatially inhomogeneous systems.
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4.3. Weak to Complete Order Parameter Suppression and

Recovery in the C Phase of 4Hb-TaSe2

In order to revisit the previously presented data and proposed scenarios under different
light, it seems beneficial to address the structural dynamics in a similar, yet distinctly
different CDW compound. As the classical Fermi-nesting scenario for CDW-formation
in quasi low dimensional systems was recently challenged [Joh08, Ros11, Gor12] a second,
ultrafast glance at the subject might contribute to the ongoing debate.

(a) (b)

intens. [a.u.]
10

Figure 4.20. Fermi surfaces of 1T -TaSe2:
The Fermi surface (FS) in the Γ M K-plane
as obtained from measured & normalized
ARPES data (a) and DFT calculations (b)
together with the unreconstructed and the re-
constructed first Brillouin zones. Nesting
in both, measured and calculated FSs does
not support a clear orientation and absolute
value of the observed CDW wave vector (red).
Adapted from [Bov04].

The observed CDW wave vectors (qCDW) do, quite generally, not agree to the Fermi

surface nesting vectors (2kF) [Joh08, Bor08a] found in transition-metal dichalcogenides
(TMDs), and Fermi surface geometries might only serve as qualitative explanations for
the CDW buildup [Ros11], see figure 4.20. Additionally it was shown that the divergent
electronic susceptibility is exceedingly unstable with respect to temperature, scattering and
imperfect nesting conditions [Joh08]. It is argued that strong, anisotropic electron-phonon
coupling might serve as the basis for the genesis of CDWs [Val04, Joh06, Joh08, Gab, Ros11,
Gor12].

The observed delay in the onset of the inelastic background scattering with respect to
the rise of the coherently driven atomic motions (see figures 4.5, 4.7 and 4.8) seems to
experimentally confirm a designated hierarchy in the electron-phonon coupling. Moreover
a purely one- or two-dimensional modulated system is instable with respect to thermal-
and/or quantum fluctuations and the observed CDWs are believed to be stabilized by 3D
interlayer/interchain coupling [Gru94].

4Hb-TaSe2 features an alternating stacking of T and H layers, where in the temperature
range of 600 K > T > 75 K only the T layers are forming a CDW, see table 4.2. At
room temperature the CDWs in the T layers are thus much weaker coupled to each other,
manifested by the reduced phase transition temperature with regard to the polytype which
solely consists of T layers, see figure 4.21. 4Hb-TaSe2 seems ideal to study the influence of 3D
coupling on optically perturbed CDWs. Apart from the nobel prize winning experimental
realization of single layered graphite [Nov04], the preparation of free standing, laterally
large (>100µm) single atomic layers is still an unsolved challenge.

4.3.1. Crystal Structure, Phases & Sample Preparation

Tantalum diselenide, as another member of the large transition-metal dichalcogenide (TMD)
family, consists of three-atom-thick layers, stacked along the layer normal and van der

Waals coupled to each other. The 1T and the 2H polytypes, which are sketched for the
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Figure 4.21. Resistivity and structure of 4Hb-TaSe2: Panel (a), adapted and modified from
reference [Dis76], shows the resistivity of 1T , 2H and 4Hb-TaSe2 from T ≈0 K up to T =550 K. The
resistivity of the 4Hb compound is intermediate to the one of its constituents of T and H layers.
Both phase transitions of the pure polytypes are inherited, although at reduced temperatures.
Panel (b) sketches the extended unit cell (black wire frame) with the alternating stacking of T
and H layers. The layered structure is indicated by a few additional semi-transparent T and H
unit cells, respectively.

case of the TaS2 in figure 4.2, are common. Again, the layer notation refers to the lig-
and coordination of the tantalum ions, which is of octahedral type in the T layers and of
trigonal prismatic type in the H layers. For the 4Hb polytype of TaSe2, T and H layers
alternate each other [Le77, Lud99], see figure 4.21 (b). Here the polytype of the respective
layer is indicated together with the black wire frame spanning the four-layer-thick unit
cell. Additional unit cells are sketched in order to indicate the layered structure. The
high temperature structure, i.e. where there are no CDW induced atomic deformations,
is characterized by the space group P63/mmc, with lattice parameters a0 = b0 = 3.455 Å
and c0 = 25.15 Å [Bro65, Lud99]. Over a wide temperature range (see table 4.2) only the
T layers carry a commensurate CDW, sandwiched by unmodulated H layers; however a
recent, high resolution X-ray diffraction study suggests that, although the H layers do not
carry a CDW, there exists an induced modulation with amplitudes of about 1/10 of the
ones in the T layers [Lud99].

Interestingly, not only the in-plane resistivity of 4Hb-TaSe2 lies in between the one of
the pure 1T and 2H polytype, but also both phase transitions are inherited from the
pure polytypes. The fact that both transitions occur at distinctly reduced temperatures
with respect to the pure polytypes might already hint at the importance of 3D coupling
for stable CDW formation. Below 600 K the T layers of the 4Hb polytype develop an
incommensurate (IC) CDW followed by a first order transition into a commensurate (C)
CDW state at around 410 K. Finally the H layers evolve an incommensurate CDW via
a second order phase transition at around 75 K, see figure 4.21 (a). The associated wave
vectors, together with the transition temperatures are summarized in table 4.2.
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phase temperature [K] involved layers CDW wave vector qCDW

metallic T > 600 H and T no CDW

IC CDW 600 > T > 410 T 0.265 qa0

C CDW 410 > T T 0.277 |qa0| with φ ≈ 13.9 ◦

IC CDW 75 > T H 1/3(1 + δ) qa0, δ = 0.04 at 10 K

Table 4.2. Phases in the respective layers of 4Hb-TaSe2: Upon cooling from the metallic
phase above 600 K, first the T layers build an incommensurate CDW, where the modulation
wavevector is along the symmetry directions of the host lattice. Below 410 K the T layers are
subject to a commensurate CDW, with a resulting R13.9(

√
13×

√
13) superstructure where qCDW

is rotated by an angle of φ with respect to qa0. Below 75 K the H layers are also modulated by
an incommensurate CDW, however with a different wave vector than the one from the IC phase
in the T layers [Bro65, Lud99].

As this will be of importance in the further course, special attention shall be drawn to
the first order IC-C transition at 410 K. In fact, the first order character of this transition
as shown in the resistivity curve in figure 4.21 (a) is confirmed by TEM diffraction measure-
ments (figure 4.22 (c)). The two diffraction images shown in panels (a) and (b) of figure
4.22 correspond to the starting and end point of the temperature dependent intensity mea-
surement plotted in panel (c). It has to be mentioned that TEM diffraction measurements
at elevated temperatures are prone to thermal drifts over the long illumination time (tens of
seconds), therefore SNR is reduced. Still, a clear first order transition is observed, although
at TIC-C ≈425 K, which is somewhat increased with respect to the literature values20. In the
diffraction patterns above 430 K no satellites of the IC phase could be observed, indicative
for a very minute IC PLD amplitude. The real space illustrations of the C and IC phase are
given as insets in panels (a) and (b) of figure 4.22, respectively. Here, the CDW induced
atomic displacements for the Ta-layer (which is dominantly affected by the CDW) and the
associated modulation of conduction electron density (blue shading) are indicated for the
C and the IC case.

Experimental Details

4Hb-TaSe2 single crystals with several mm in diameter were grown by chemical vapor trans-
port technique. Using an ultramicrotome21 ∼ 20 nm thin slabs were cleaved from the single
crystals and placed on TEM grids with 100µm mesh size. The details on sample preparation
are discussed in detail in section 3.3. The UTED setup comprises a Ti-sapphire amplifier
laser, where pulses of 200 fs duration at a fundamental wavelength of 775 nm were applied to
pump the sample with fluences ranging between 1 mJ/cm2 and 3 mJ/cm2. A portion of the
pulse was frequency tripled to a wavelength of 258 nm with 150 fs pulse duration, launching
photoelectrons from the cathode inside the electron gun. After acceleration to energies of
30 keV, the resulting electron pulse duration at the sample position has been independently
measured to be τel ≈ 300 fs utilizing an ultrafast streak camera [Kas10a]. Thus the overall

20The observed increased transition temperature of TIC-C ≈425 K with respect to the value published in the
literature and measured from bulk reflectivity TIC-C, lit ≈ 410 K [Dis76, Hub10] is probably due to the
thin film being superheated.

21Leica EM FC6 Microtome.
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Figure 4.22. TEM diffraction patterns of 4Hb-TaSe2: Panels (a) and (b) show TEM diffrac-
tion patterns with logarithmic intensity scale at room temperature and at 450 K, respectively.
The zoom-ins highlight the appearance of the CDW induced satellite reflections and their ab-
sence above TIC-C. Apparently the PLD amplitude of the IC phase is too small to leave an
observable signature within the dynamic range of the T = 450 K image. The blur on the right
of both diffraction pattern zoom-ins, appears when the crystal is first heated towards the phase
transition temperature and remains present after cool down. The origin of that reflection could
not be clarified. The insets at the top of panels (a) and (b) sketch the real space atomic arrange-
ments of the Ta atoms in the T layer, subject to the commensurate and the incommensurate
CDW, respectively. Here, amplitudes are exaggerated and the blue shading indicates the associ-
ated modulation of conduction electron density. Panel (c) shows the temperature behavior of the
first order SLRs together with a Heaviside fit curve, indicating the first order phase transition
at around TIC-C ≈425 K; the increased transition temperature is probably due to superheating of
the thin film.

temporal resolution of the experiment is ∼400 fs.

The laser repetition rate is 1 kHz and the sample is kept at room temperature. Up
to five diffraction orders are detected, as can be seen from the inset of figure 4.23 (a).
In order to increase SNR all diffractions orders are integrated, giving transients for the
superlattice reflections (SLRs) and the main reflections (MRs). Still, the dynamics of the
inelastic background could not be resolved, mainly due to the reduced kinetic energy of
the electrons and the overall reduced SNR, with respect to the measurements presented in
figure 4.7 and 3.12 (for details see section 4.1).

4.3.2. Order Parameter Dynamics

Figure 4.23 shows the photoinduced dynamics in SLR and MR intensities upon photoexci-
tation with variable fluences together with their respective fit curves. Again, the measured
data suggest exponential dynamics; accordingly, the previously introduced fit model will be
shortly summarized together with the adequate modifications given. Following equations
(4.3) to (4.7) the adapted model for the normalized intensity dynamics of satellite- and
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main reflections reads:

ISLR(t) = η(t)·
(
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[

δA
(
exp

(
− t−t0

τ

)
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)
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IMR(t) = η(t)·
(

1+H(t−t0)
[
δB
(
exp

(
− t−t0

τ

)
−1
)]2
)

(4.17)

with η(t) = 1 +H(t− t02)δC
(

exp
(

− t−t02

τDW

)

− 1
)

(4.18)

Again, H(t) is the Heaviside-function, t0 and t02 stand for the temporal onset of the
coherent and incoherent dynamics. The coherent suppression of the PLD amplitude is
characterized by the time scale τ , which is simultaneously describing the initial gain in MR
intensity. The recovery of the PLD amplitude is fitted with τR and the incoherent atomic
motions are described with τDW. δA and δAR describe the relative change and recovery
in PLD amplitude, whereas δB and δC represent the renormalized amplitudes in the MR
trace and the incoherent contribution, respectively. Applying a global fit routine, SLR and
MR transients are simultaneously fitted for each fluence, sharing the central parameters of
the fit model, i.e. τ , τDW, δC, t0 and t02. In doing so the obtained confidence interval of the
parameters is greatly improved, which is deemed necessary, bearing in mind the extended
number of fit parameters and the low SNR.

In this regard it should be mentioned that, although the inelastic background is not
resolved in this experiment, the model still relies on the incoherent term (4.18) to launch
at t02. Given the fact that the model is selfconsistent, t02 is left as the fit parameter with
the only constraint of t02 > t0.

The initial, resolution limited drop and rise of SLR and MR traces shown in figure 4.23
can be both fitted with a time constant of τ≈150 fs. The fastest, reversible atomic motion in
the lattice can be estimated by roughly 1/4 of the period of the associated coherent modes.
Indeed, close to wavenumbers of k= 70 cm−1 three modes can be identified as amplitudon
modes, since they show characteristic softening approaching the phase transition [Nak84].
Thus, the initial ultrafast drop and rise of the SLR and MR can be assigned to a coherent
suppression of the PLD amplitude along the trajectory and the intrinsic timescale associated
to the ν ≈ 2.1 THz amplitude modes.

However, not only the excitation of coherent atomic motions influences the scattered
intensity; in fact, the characteristic maximum of the MR traces (at t ≈ 0.5 ps) is due to
the slightly delayed launch of incoherent atomic motions, which, similar to the DW effect
in equilibrium, lead to an intensity loss in all Bragg reflections. Here, the incoherent
atomic motions reduce both the MR and SLR intensities; for a detailed understanding
on how coherent (amplitudon-guided) and incoherent atomic motions affect the diffracted
intensities in MRs and SLRs, the reader is once again referred to figures 4.9, 4.11 and A.5
and the associated sections in the text. In short, the launch of incoherent atomic agitation
resulting from anharmonic phonon decay22 and electron-phonon coupling suppresses the
SLR intensities even further and simultaneously cancels the initially intensity gain in the
MRs, both on an ultrafast timescale of τDW ≈ 150 fs.

The two components, making up for the observed transient intensity changes in MR and
SLR traces are also manifested in a distinct time delay between the maximum of the MR
and SLR traces. This delay, which accounts for up to 0.5 ps in the case of F = 2.6 mJ/cm2

seems to be a substantial proof that the phase transition, observed for this fluence, is not

22The line width ∆ν̃ of the observed amplitudon modes is on the order of 10 cm−1 [Nak84], yielding an
estimated lifetime of τA ∼ 0.5 ps from the relation ∆ν̃ = 1

2πcτA
[Dem10].
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achieved in a coherent fashion as demonstrated in the quasi-1D CDW compound K0.3MoO3

[Hub14]. Indeed, a substantial amount of large amplitude, incoherent atomic motions has
already been launched at the time when the SLR intensities completely vanish (see decay in
MR traces in figure 4.23). This is in support of a “quasi-high-temperature” scenario, where
coherent and incoherent atomic agitation contribute to achieve the phase transition23.

-100 fs
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Figure 4.23. Transient intensity changes in different Bragg reflections: Panels (a) and
(b) show the transient intensity change in the MRs and SLRs for three different fluences to-
gether with the respective model curves obtained from global fits following equations (4.17) and
(4.16). Whereas the SLR intensity is only weakly suppressed by ∼ 20 % for the lowest fluence
of 1.7 mJ/cm2, the highest fluence quenches the SLR intensity. For the intermediate fluence of
2.3 mJ/cm2 the SLR intensity recovers on a ∼ 200 ps timescale. The inset in panel (a) shows
an averaged equilibrium diffraction pattern from the UTED experiment. Upon excitation with
2.6 mJ/cm2 the deceasing SLR intensities within the first ∼ 1.5 ps can be viewed along the four
stills displayed in panel (c).

Following the transient SLR intensities over the first few tens of picoseconds upon pho-
toexcitation, no significant recovery is observed. Only on a ∼ 200 ps timescale the SLR
trace for F = 2.3 mJ/cm2 recovers back to almost its initial intensity, with a minor remain-
ing intensity offset of -10 %. In comparison to similar TMDs, where the CDW recovery
upon optical perturbation happens within ∼1 ps (1T -TaS2 [Eic10a] and 1T -TiSe2 [MV11]),
the observed relaxation takes two orders of magnitude longer. Both compounds featuring
the fast relaxation consist of strongly interlayer coupled CDWs. In the case of 4Hb-TaSe2,
the CDWs are effectively decoupled from each other due to the intermediate H layers (see

23Again, the term ‘temperature’ should be considered with care, as merely a high density of large-|q|
phonons seems populated, and the phononic system is not in equilibrium yet.
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figure 4.21) which remain unmodulated at room temperature. Whereas the exact recovery
pathway for all three systems still remains vague, the two orders of magnitude difference
in CDW reformation time suggests a delicate influence of 3D coupling on the recovery dy-
namics of optically perturbed CDWs; in other words, pronounced 3D coupling provides
for faster recovery of suppressed CDWs in the specific case of TMDs. Also, in the case of
quasi-1D CDW systems rapid CDW recovery on the few picosecond timescale is observed
[Tom09b, Yus10].

The observation of the highest fluence not displaying any signs of recovery during the
accessible time window is attributed to the fact that the C-CDW is completely quenched
and the system has crossed a first order phase transition into the IC phase. Here, latent
heat and foremost reduced heat conduction out of the weakly, van der Waals coupled
thin film bottlenecks the re-establishment of the C phase.

To visualize the quality of the obtained experimental data, the suppression of the satellite
reflections can also be monitored along the four stills shown in panel (c) of figure 4.23,
measured at F = 2.6 mJ/cm2.

From the measured complex refractive index (see figure A.3) and the optical transmission,
the temperature increase in the thin film subject to photoexcitation can be estimated, see
appendix A.1. It turns out that a fluence of F = 1 mJ/cm2 leads to a temperature increase
of ∆T ≈ 115 K. Whereas it is obvious from figure 4.23 that the phase transition is not
achieved even for a fluence of F = 2.3 mJ/cm2, it needs to be pointed out that the overall
calculation is very much error-prone, due to the uncertainties in fluence measurement and
other constants. Therefore the temperature increase can only be calculated with an error
of up to a factor of ∼ 2. Still, the obtained energy threshold to optically drive the phase
transition is in the same order of magnitude, as the energy needed to simply heat the sample
across the phase transition. This observation is in contrast to recent data suggesting a CDW
phase transition achieved with an ultrashort optical pulse of energy of 1/4 of the thermal
energy required to drive the phase transition [MV11].
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Figure 4.24. Normalized intensities of SLRs at 1 ps after photoexcitation: Panel (a) shows
the normalized intensity in the SLRs for all observable |q̂|-values, offset by 10 % for visualization
purposes each. Within SNR, all orders show similar characteristic change with respect to fluence.
Here, the fluence F is normalized to the critical fluence Fc, where the SLR intensity is completely
suppressed (Fc = 2.5 mJ/cm2). From the averaged trace (black), the normalized CDW amplitude
is calculated via equation (4.19) and plotted in panel (b). The solid curve is an analytical
approximation for the BCS gap equation, given by (4.20).
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At excitation with F = 2.3 mJ/cm2 the SLR intensity is suppressed by about 70 % for
several tens of ps, before recovering to almost its initial value. However, increasing the
fluence by only ∼ 10 % to 2.6 mJ/cm2 provides for completion of the phase transition,
characterized by the vanished SLR intensities and the absence of any recovery dynamics.
It seems that if fluence is taken as a control parameter, the phase transition on an ultrafast
timescale, say, from a few picoseconds to several tens of picoseconds after photoexcitation,
strongly deviates from the first order character demonstrated at 1 ns after excitation, or by
the static measurement shown in figure 4.22 (c).

4.3.3. The C-IC Phase Transition with Respect to Excitation Density

In order to address the observation that the C-IC phase transition appears of second order
type on an ultrafast timescale, the SLR intensity is measured at ∼ 1 ps after photoexcita-
tion, while the fluence is continuously increased, see figure 4.24 (a). Here, the individual
diffraction orders are offset by a constant value from each other for presentation purposes.
At that time, i.e. at t ≈ 1 ps, the SLR intensities are already affected by the coherent sup-
pression of the PLD amplitude and the increase in amplitude of incoherent atomic motions.
This can be seen from the fact that all diffraction orders are suppressed equally, see figure
4.24. For details on how the SLR intensities are affected by coherent PLD amplitude sup-
pression and incoherent atomic motions see figures 4.11 & A.5 and associated discussion.
The fluence is normalized to the critical fluence FC, which is assigned to the value where the
SLR intensities completely vanish. Within error bars, all diffraction orders are suppressed
evenly, which suggests that the coherent PLD amplitude reduction and incoherent atomic
motions affect the SLR intensity on a comparable level.

In order to increase SNR, the individual SLR curves are averaged for further evaluation.
From the averaged relative intensity change in the SLRs the absolute value of the PLD
amplitude |A| can be directly obtained, since for small qCDW and |A|

ISLR ∝ (A · qCDW)2 (4.19)

holds [Ove71]24.
The obtained change in PLD amplitude is shown in figure 4.24 (b). Whereas in thermal

equilibrium the phase transition at 410 K has been shown to be of strong first order type
(see [Dis76] and figure 4.22 (c)), the demonstrated fluence dependence shows a different
character. In fact the change of the order parameter, i.e. the amplitude |A| of the PLD
at t ≈ 1 ps can be well fitted by the BCS gap equation which is a characteristic second
order phase transition. The solid line plotted in figure 4.24 is obtained from an analytical
approximation of the gap equation [Mes69, Tin04]

A/A0 = tanh
(

1.78
√

Fc/F − 1
)

(4.20)

24Strictly speaking, only the intensity change of the first SLR diffraction order shall be considered for
calculating the change of the order parameter, i.e. the PLD amplitude. However, since the observed
traces in the figure 4.24 do not show significantly deviating trends, the curve, averaged over all |q̂|-
values, is taken for the sake of SNR increase. From the simulated changes in diffraction patterns subject
to coherent and incoherent atomic motions (see figures 4.11 and A.5) it can be seen that higher diffraction
orders of SLRs are initially less affected by the reduction of |A|. However, these reflections at large |q|-
values are more prone to the Debye-Waller effect, which, suggested by the data, leads to a nearly
equal suppression over all observed SLR diffraction orders. It would indeed be very interesting to
increase temporal resolution as well as the range of detectable reciprocal space, in order to address
minute differences within different diffraction orders.
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4.3. Order Parameter Suppression and Recovery in the C Phase of 4Hb-TaSe2

where the control parameter is fluence F instead of temperature and the factor of 1.78 is
obtained from fitting. This clearly suggests a non-thermal character of the photoinduced
phase transition. The fact that the well known characteristics of a thermal transition do not
match the observations of an optically, on an ultrafast timescale achieved phase transition
is indeed not too surprising; both control parameters have distinctively different interaction
pathways and it is actually far fetched to assign a state of matter far from equilibrium a
certain temperature, which is in contrast well defined for the case of a thermal transition.
In fact, a change of the character of the phase transition with different control parameters
is observed in the case of superconductors, subject to either temperature or magnetic field
as control parameter. Our observation might serve as another intriguing clue in order to
better model and understand phase transitions on an ultrashort timescale and originating
from a highly non-equilibrium starting point. Deeper understanding of this experimental
observation will need to await additional theoretical effort being put into ultrafast structural
dynamics.

Overall, the CDW in 4Hb-TaSe2 can be perturbed/quenched on a sub-ps timescale,
through strongly excited coherent and additionally generated incoherent atomic motions.
In the perturbative excitation regime, the CDW recovers on a ∼ 200 ps timescale, being
two orders of magnitude longer than in other TMDs [Eic10a, MV11]. This observation
supports the assumption that 3D coupling is important for CDW buildup, as the CDW
carrying layers in 4Hb-TaSe2 are effectively decoupled from each other by intermediate,
unmodulated sheets. To put it in other words, a purely two dimensional system without
any 3D interaction might not be able to generate a stable CDW phase25. Finally, from the
demonstrated fluence dependence of the CDW order parameter on the ultrafast timescale,
characteristics of a second order phase transition are obtained, contrasting the thermally
achieved (slow) first order transition in equilibrium.

25Even recent STM studies of CDWs in graphene sheets of e.g. CaC6 [Rah11] do not examine a truly 2D
CDW, since the sheets are placed on some sort of substrate, which is interacting with the sheets.
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Chapter 5.

Conclusions & Outlook

In summary, the results of the presented thesis cover three topics: (i) Sample preparation of
transition-metal dichalcogenides (TMDs) fulfilling UTED requirements, (ii) development of
an UTED setup & demonstrating a proof-of-principle streaking experiment and (iii) studies
of order parameter dynamics in two TMDs in various CDW states. In the following the
main outcomes are elaborated on and the possible future directions for moving the field
forward are pointed out.

Sample Preparation

Attempts to produce <100 nm thin but laterally extended samples (>100µm) via reactive
ion etching or ion milling caused pronounced doping of the samples and were thus aban-
doned. Increasing electron energies in UTED setups will however allow for thicker samples
to be measured. It is thus foreseeable that contaminated surface layers might become tol-
erable, allowing for sample preparation via the above mentioned methods. On the other
hand, increased sample thicknesses will have to face the consequences that are coming from
inhomogeneous optical excitation.

In the case of TMDs however, thin films of <30 nm and lateral dimension of >200µm
could be produced using an ultramicrotome. This is in particular due to the high cleavability
and elasticity of TMDs. Various samples were prepared with the help of an ultramicrotome
since [JR13, Klo13, Hau13, Lie14].

Development of an UTED Setup & Demonstrating Streaking

Initially, a high repetition rate (250 kHz) approach for UTED was chosen, however proved
impractical for compounds such as TMDs due to continuous wave (cw) heating. Especially
with regard to future experiments, where the CDW and/or superconducting phase only
evolves at cryogenic temperatures cw heating might be even more severe. The reduction
of the repetition rate to ∼ 20 kHz allowed for a reasonable compromise between cw heat-
ing and an extended measurement bandwidth. The obtained data in this configuration
demonstrated about one order of magnitude increase in the signal-to-noise ratio (SNR)
with respect to other experiments presented in this thesis. The lattice dynamics in the
commensurate (C) CDW phase of 1T -TaS2 were captured, with the data quality such that
the intensity changes in each of the over 70 reflections could be individually addressed with
relative accuracy of 10−3. This should allow for more detailed insights into e.g. CDW
compounds with small periodic lattice displacement (PLD) amplitudes, or other weakly
modulated compounds as e.g. magnetite.

A streaking approach was demonstrated to be able to capture structural dynamics with
an increased SNR. This concept will allow for monitoring irreversible structural dynamics in
the future, with increased electron pulse charges provided for single shot measurements. In
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our proof-of-principle experiment an overall temporal resolution of 550 fs was demonstrated.
A direct comparison to the data recorded in the conventional scanning geometry showed
that the SNR improvement is due to two factors: An increase in electron number per time
window and a reduced systematic error in the streaking approach. A scheme to reach
<250 fs temporal resolution is outlined. It is expected that the technique of streaking of
diffraction patterns will evolve as a valuable tool in low-noise UTED experiments.

Order Parameter Dynamics in 2D Charge Density Waves

The order parameter dynamics in 1T -TaS2 and 4Hb-TaSe2 have been studied for various
excitation densities and in different CDW phases.

For the case of 1T -TaS2, the optical suppression of the nearly commensurate (NC) CDW
was achieved within ∼ 150 fs. The partial recovery of the order parameter was observed
to proceed on a timescale of ∼1 ps. We proposed a simple structural model that accounts
for coherent and incoherent atomic motions, and provides for diffraction intensity maps of
the coherent-incoherent phase space. From fitting parameterized curves to the obtained
phase space we could reproduce the measured trajectories and directly access the coherent
dynamics of the CDW order parameter. Additionally, the increase in the mean squared
amplitude of incoherent atomic motions was obtained. Although the model relies on ma-
jor simplifications, its results reproduce the measured transients astonishingly well. It is
proposed that a more detailed analysis along this line will allow for deeper insights into
ultrafast order parameter dynamics in other structurally modulated systems. This refers in
particular to anisotropic atomic motions, which might at the same time become observable
from data with improved SNR.

By increasing the optical excitation density, we could drive the phase transition from the
NC to the incommensurate (IC) CDW state in 1T -TaS2. The IC phase is established in
a two-step process, where the initial nucleation happens within ∼ 2 ps. The second stage
in achieving the NC-IC transition is fluence dependent and demonstrates characteristic
Arrhenius behavior. Its timescale ranges from 50 ps to 250 ps, the shorter, the stronger
the excitation density. Simulated atomic trajectories associated with the NC-IC transition
suggest a nucleation of the IC phase in the domain walls of the NC phase. The longer
timescale describes the thermally activated domain growth into the C domains of the NC
phase, after which the phase transition is completed.

In 4Hb-TaSe2 we observed recovery dynamics of the optically suppressed commensurate
CDW on a timescale that is two orders of magnitude larger than in the case of 1T -TaS2.
We attribute this to the fact that the CDWs in this compound are shielded from each other
by intermediate, unmodulated layers. This leads to a less pronounced interlayer coupling.
With respect to the fluence, the transition into the IC phase displays a characteristic sec-
ond order behavior. In thermal equilibrium however the transition is of strong first order
type. The change of order is probably due to the strong excitation of coherent amplitude
modes. However, detailed understanding requires more theoretical effort being put into the
dynamics of photoinduced phase transitions.

Overall, it is expected that with an increasing temporal resolution the coherent dynamics
involved in the phase transitions can be better resolved. Additionally, detection of inelas-
tically scattered electrons at different values of q might allow for a direct access to the
energy redistribution dynamics which cause the (partial) breakdown of CDWs.
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Appendix A.

Appendix

A.1. Photoinduced Temperature Increase & Excitation Profile in
4Hb-TaSe2

The optical transmission of the samples under study was measured at a well-defined wave-
length with a microscope, where one ocular was used to feed the laser to the specific point of
interest and the other to monitor the spot on the sample with a CMOS camera. The beam
waist was measured to be . 5µm. This way, transmission values at different positions of
the 100*100µm film are obtained.

For the 4Hb-TaSe2 sample used in this study, the transmission is about 27 % at 775 nm.
With its complex index of refraction of n ≈ 2.8 and k ≈ 2.2 at λ = 775 nm (see figure A.3),
the thickness d can be calculated with a simple transfer matrix formalism (see e.g. [Yeh05]),
yielding d ≈ 20 nm. At this thickness, the total absorption is 50 % of the incoming fluence.
Overall, for an incoming fluence of 1 mJ/cm2 the absorbed energy density in the whole film
volume amounts to Eabs,V = 250 J/cm3.

According to literature, the value for the isobaric molar heat at room temperature
amounts to Cp = 85.6 J/(mol K) [Bol92]. The unit cell volume comprising one Ta atom
and two Se atoms reads V = a2

0
c0

4 sin(60◦) = 65 Å3, with the lattice constants a0 = 3.455 Å
and c0 = 25.15 Å. With the molar volume Vm = 39.1 cm3/mol the specific heat can be
rewritten to Cp = 2.17 J/(K cm3).

After thermalization of the initially excited electronic system and the lattice, but still
before heat conduction out of the film takes place, the equilibrium temperature of the film
can thus be estimated. I.e. from an incoming fluence of 1 mJ/cm2 a temperature increase
of ∆T ≈ 115 K is to be expected.
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Figure A.1. Intensity profile in a
thin film of 4Hb-TaSe2: Intensities
in green, see text for details.

Figure A.1 shows a side view of the 20 nm thin,
free standing 4Hb-TaSe2 film (gray), with its front
and back surface located at 0 nm and 20 nm, respec-
tively. The film is laser excited from the left, where
along the negative x-axis the normalized incoming
electric field amplitude (red) and the reflected elec-
tric field amplitude (blue) produce a standing inten-
sity wave from mutual interference (skewed green
line). Inside of the film, the incoming (red) and
the reflected electric field amplitudes (blue) inter-
fere again, which gives rise to an extremely homo-
geneous excitation profile (green line, with less than
5 % intensity variation over the x-axis). This profile
is quite robust with respect to variations in optical
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A.2. Photoinduced Temperature Increase in 1T -TaS2

constants and thickness.

A.2. Photoinduced Temperature Increase in 1T -TaS2

From the measured transmission value of ∼ 17 % (at λ = 775 nm) and together with
the complex index of refraction (see figure A.2) the film thickness d can be simulated
via the transfer matrix method (see e.g. [Yeh05]), giving d ≈ 22 nm. Along the same
line the absorbed fluence with respect to the incoming fluence for this film thickness is
Fabs = 0.5Finc. The published value for the isobaric molar heat capacity amounts to
Cp = 19 cal/(mol K) at T = 300 K [Suz85]. From the lattice constants a0 = 3.36 Å and
c0 = 5.90 Å [Jel62], the molar volume amounts to Vm = NAa

2
0c0 sin (60◦) = 34.7 cm3/mol

(Avogadro constant NA). This allows to recast Cp in the form of the isobaric volumetric
heat capacity Cp,V = 2.25 J/(cm3 K). Incorporating the transition enthalpie for the NC-IC
transition, i.e. ∆H = 122 cal/mol, the temperature increase from the incoming fluence Fc

reads

∆T = 94
K cm2

mJ
·
(

Finc − 0.1
mJ
cm2

)

. (A.1)

This applies for the sample being pumped across the phase transition.

A.3. Refractive Index of 1T -TaS2, 4Hb-TaSe2, and 1T -TaSe2 as
Obtained from Ellipsometry
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Figure A.2. Complex index of refraction for 1T -TaS2: The plotted values for n and k were
measured between λ ≈ 375 nm and λ ≈ 850 nm on several different but always freshly cleaved sam-
ples, yielding two curves (green, angle of incidence AOI = 50◦). Since the pronounced anisotropic
character of the material, the AOI was varied from 40◦ to 60◦ in the wavelength range from
750 nm-850 nm with no significant change in n and k measurable. Data are obtained with ellip-
someter Nanofilm EP at room temperature.
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A Appendix
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Figure A.3. Complex index of refraction for 4Hb-TaSe2: The plotted values for n and k
are measured between λ ≈ 400 nm and λ ≈ 1000 nm on several different but always freshly
cleaved samples, yielding two curves (blue & red, angle of incidence, AOI = 40◦). Since the
pronounced anisotropic character of the material, the AOI was continuously varied from 40◦ to
60◦ in the wavelength range from 750 nm-850 nm (not shown) with no significant change in n and
k measurable. Data were obtained with ellipsometer Nanofilm EP at room temperature.
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Figure A.4. Complex index of refraction for 1T -TaSe2: The plotted values for n and k are
measured between λ ≈ 410 nm and λ ≈ 850 nm on several different but always freshly cleaved
samples, for two angles of incidence (green & red, AOI= 60◦ & AOI= 42◦). The values do not
significantly vary between the two AOIs, but the effect of two different sample positions is more
pronounced. Data are obtained with ellipsometer Nanofilm EP at room temperature.

A.4. Simulation Results: Complete Suppression of the PLD
Amplitude
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A.4. Simulation Results: Complete Suppression of the PLD Amplitude
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Figure A.5. Simulation of coherent and incoherent contributions to the diffraction in-
tensities, full suppression of the PLD amplitude: Starting from the equilibrium NC phase,
the PLD amplitude was continuously decreased via 20 steps starting from 8 % of a0 to no PLD
at all (ordinate). Along the abscissa the FWHM of random motions was increased starting from
2 %� to 3 % of a0. The color indicates the normalized change in the respective diffraction order
for the SLR (top panels) and the MR (bottom panels). In general the contour lines are chosen
such, that each step of PLD amplitude reduction corresponds to one intensity line. The increased
jitter in the contour lines for larger amplitudes in random motions originates from the limited
computational power accessible for this simulation. It was shown, that with an increasing number
of random scatterers, the intensity jitter on the right side of each panel vanishes. For a detailed
description of the simulation results see text in section 4.1.4.
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Abbreviations

ARPES angle-resolved photoemission spectroscopy

BZ Brillouin zone

BCS Bardeen Cooper Schrieffer

BSCCO bismuth strontium calcium copper oxide

CDW charge density wave

CVT chemical vapor transport

cw continuous wave

DW Debye-Waller

EDX energy-dispersive X-ray spectroscopy

FIB focussed ion beam

FWHM full-width-at-half-maximum

FS Fermi-surface

IB inelastic background

HV high voltage

LED Light-emitting diode

MR main reflection

PLD periodic lattice distortion

RHEED reflection high-energy electron diffraction

RF radio-frequency

RIE reactive-ion etching

SC superconductivity

SEM scanning electron microscope

SLR satellite reflection

SNR signal-to-noise ratio

STM scanning tunneling microscope/microscopy
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A.4. Simulation Results: Complete Suppression of the PLD Amplitude

TEM transmission electron microscopy

TMD transition-metal dichalcogenide

tr-ARPES time- & angle-resolved photoemission spectroscopy

UED ultrafast electron diffraction

UHV ultra-high vacuum

UTED ultrafast transmission electron diffraction

1D one dimensional

2D two dimensional

3D three dimensional
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Zusammenfassung

In der vorliegenden Dissertation wird die ultraschnelle Strukturdynamik der quasi-zwei-
dimensionalen Dichalkogenide 1T -TaS2 and 4Hb-TaSe2 untersucht. Beide Systeme weisen
über einen weiten Temperaturbereich verschiedene Ladungsdichtewellen (engl. CDWs) auf.
Die Dynamik des CDW-Ordnungsparameters wird mittels ultraschneller Transmissionse-
lektronenbeugung (engl. UTED) erfasst. Bei ausreichend hohen Anregungsdichten werden
die Phasenübergangsdynamiken zwischen verschiedenen CDW-Zuständen beobachtet.

Korrelierte Systeme besitzen eine Vielzahl unterschiedlicher Freiheitsgrade, wobei bisher
ein zusammenhängendes theoretisches Verständnis für z. B. das wechselseitige Verhalten
zwischen Supraleitung und CDWs fehlt. Bei CDW-Systemen liegen sowohl eine Modulation
der elektronischen Ladungsdichte als auch eine periodische Gitterverzerrung (engl. PLD)
vor, beide resultieren aus einer besonderen Elektron-Gitter Wechselwirkung. Dadurch ist
bei CDWs ein struktureller Ordnungsparameter durch die Amplitude der PLD gegeben.

Neben ihren oft komplizierten Phasendiagrammen weisen geschichtete Übergangsmetall-
Dichalkogenide (engl. TMDs) intrinsisch eine ausgeprägte Zweidimensionalität und eine
relativ einfache Kristallstruktur auf. Außerdem, wie in dieser Arbeit gezeigt wird, können
TMDs so präpariert werden, dass sie den Anforderungen an UTED-Experimenten genügen.
Dadurch sind TMDs prädestiniert für die Untersuchung von Ordnungsparameterdynamiken
in stark korrelierten Systemen.

Bei ultraschneller Transmissionselektronenbeugung wird die strukturelle Dynamik in der
Probe durch Elektronenbeugungsbilder festgehalten, welche in zeitlicher Verzögerung zu
einem optischen Anregeimpuls aufgenommen werden. Im Fall von 1T -TaS2 wird eine ko-
härente Unterdrückung der CDW innerhalb von ∼ 150 fs nach der optischen Anregung
beobachtet. Der anschließende anharmonische Phononenzerfall sowie Elektron-Phonon
Streuung erhöhen das mittlere Auslenkungsquadrat inkohärenter atomarer Bewegungen.
Gleichzeitig erstarkt der CDW-Ordnungsparamter auf einer Zeitskala von ∼ 1 ps wieder.
Durch die simultane Aufzeichnung von über zehn Beugungsordnungen kann mit Hilfe dy-
namischer Strukturanpassung auf die kohärente Dynamik des Ordnungsparameters geschlos-
sen werden.

Es wird ein einfaches Modell zur dynamischen Strukturanpassung vorgestellt, welches
die transienten, |q|-abhängigen Beugungsintensitäten sowohl der Haupt- als auch der Satel-
litenreflexe beschreibt. Mit diesem Modell kann die Dynamik der PLD-Amplitude, also die
des CDW-Ordnungsparameters erfasst werden; hierbei werden kohärente von inkohärenten
atomaren Bewegungen entkoppelt. Durch diesen Zugang werden die induzierten Intensitäts-
änderungen in allen gemessenen Reflexen beschrieben, ohne dass ein zusätzlicher Parameter
eingeführt werden muss, der CDW-spezifische Anregungen (Phasonen) beschreibt. Dies legt
nahe, dass Phasonen entweder nicht stark genug angeregt werden können oder dass sie nur
eine sehr geringe, atomare Auslenkungsamplitude aufweisen, obwohl das CDW-System einer
starken optischen Anregung unterliegt.

Mit steigender Anregungsfluenz wird der Phasenübergang zwischen dem beinahe-kom-
mensurablen- (engl. NC) und dem inkommensurablen (engl. IC) CDW-Zustand in 1T -
TaS2 erreicht. Die NC-Phase wird dabei innerhalb von ∼ 150 fs komplett zerstört. Die
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IC-Phase entsteht leicht verzögert über einen Zweistufenprozess: Anfangs nukleiert die
IC-Phase auf einer Zeitskala von wenigen Pikosekunden, bildet sich aber erst nach einer
zweiten, anregungsdichte-abhängigen Zeitskala voll aus. Letztere liegt im Bereich zwischen
50 ps und 250 ps. Um den NC-IC Phasenübergang besser zu verstehen, werden mögliche
atomare Trajektorien von der NC- zur IC Phase simuliert. Dadurch kann auf folgendes
Entstehungsmodell der IC-Phase geschlossen werden: Zuerst nukleiert die IC-Phase an
den Domänenwänden der NC-Phase um anschließend, während eines langsameren, thermal
aktivierten Prozesses in die Domänen der NC-Phase zu wachsen. Im Vergleich zu anderen
Phasenübergängen in Zustände mit komplexer Ordnung, erscheint dieser Übergang extrem
schnell.

Der Kristall 4Hb-TaSe2 bildet bei Raumtemperatur eine kommensurable (engl. C) CDW
aus, jedoch nur in jeder zweiten Schicht, während die übrigen unmoduliert bleiben. In
diesem System erholt sich die optisch unterdrückte CDW nur auf einer Zeitskala von
mehreren hundert Pikosekunden. Dies ist um zwei Größenordnungen langsamer als in
1T -TaS2 oder in anderen, ähnlichen CDW-Systemen. Dies legt nahe, dass die geschwächte
Kopplung zwischen benachbarten CDWs aufgrund der unmodulierten Zwischenschichten
ein schnelles Wiedererstarken der CDW-Amplitude verhindert.

Mit zunehmender Anregungsdichte wird in 4Hb-TaSe2 der Phasenübergang zur IC-Phase
erreicht. Allerdings ist dieser Phasenübergang vom Typ zweiter Ordnung, wohingegen er
im thermischen Gleichgewicht einen ausgeprägten Typ erster Ordnung aufweist. Die starke
Anregung kohärenter Amplitudenmoden hat demnach einen deutlichen Einfluss auf die Art
und Weise, wie der C-IC Pasenübergang im Nichtgleichgewicht erreicht wird.

Die demonstrierte Signal-zu-Rausch Verbesserung des entwickelten UTED Setups zeigt,
dass hiermit sehr schwache, normierte Änderungen (∼ 10−3) in einzelnen Beugungsreflexen
aufgelöst werden können. Zusammen mit dem oben vorgestellten Modell zur dynamischen
Strukturanpassung können damit in Zukunft komplexere Materialien mit einer Vielzahl von
Freiheitsgraden untersucht werden.

Stichworte: Strukturdynamik, ultraschnelle Elektronenbeugung, Ladungsdichtewellen,
Übergangsmetall-Dichalkogenide.

PACS: 78.47.J–, 61.05.J–, 64.70.Rh, 71.45.Lr
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