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Abstract

This work investigates the ultrafast electron dynamics in low-dimensional materi-
als using femtosecond time- and angle-resolved photoemission techniques. In low-
dimensional materials, the electronic wave functions are confined to one and two
dimensions, (1D) and (2D). This electron confinement can lead to (i) quantum size
effects, where the physical properties of a solid state material depend decisively on
the size of the considered system, and to (ii) many-body phenomena, where electron-
electron correlation and coupling to other excitations such as phonons can result in the
formation of broken-symmetry ground states like charge density wave (CDW) or su-
perconducting phases. Besides the fundamental scientific significance, low-dimensional
materials become increasingly important with the advent of nanotechnology. In this
work, several well-defined prototypical quasi-2D and quasi-1D model systems have
been studied.

The quantized band structure and electron dynamics of the occupied and un-
occupied quantum well states (QWSs) in the quasi-2D model system Pb/Si(111)
have been investigated with two-photon photoemission (2PPE) and photoemission
spectroscopy (PES) directly in the time domain. The general trend of the hot elec-
tron lifetimes in the unoccupied QWS is confirmed to be governed by Fermi liquid
theory. To describe all observed population decays quantitatively, the quantized elec-
tronic system has to be taken into account since the simultaneous population decay
and build-up in two adjacent QWSs favors inter-subband scattering from the higher
lying into the lower lying state. The investigation of the dynamics of the highest oc-
cupied QWS in Pb/Si(111) with time-resolved PES revealed an ultrafast electronic
stabilization due to the excitation of electron-hole pairs that induce a sudden change
of the screening of the ion cores and displacively excite a coherent phonon mode in the
film direction. Potential anisotropies of the hot electron lifetimes of self-assembling
metallic quasi-1D nanowires in 4×1-In/Si(111) were investigated using time-resolved
2PPE and a novel position-sensitive electron time-of-flight technique, which was de-
veloped as part of this work for efficient angle-resolved photoemission studies of low-
dimensional materials with anisotropic band structure. Finally, collective excitations
of the electron and lattice system in the prototypical quasi-1D CDW compound TbTe3

have been explored with time- and angle-resolved PES. The temperature-, fluence-
and k-dependence of the transient band structure in the CDW nesting region at the
Fermi level reveals an oscillation of the valence band, which is assigned to the exci-
tation of the amplitude mode of the CDW phase of TbTe3. At the highest fluences
investigated, the charge-ordered CDW melts within 100 fs, evidenced by the ultrafast
closing of the CDW gap in the band structure at the Fermi level and the transient
recurrence of a nearly free electron dispersion.
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Deutsche Kurzfassung

Diese Arbeit untersucht die ultraschnelle Elektronendynamik in niedrig-dimensionalen
Materialien mit Femtosekunden zeit- und winkelaufgelösten Photoemissionstechniken.
In niedrig-dimensionalen Materialien sind die elektronischen Wellenfunktionen auf ein
und zwei Dimensionen beschränkt, (1D) und (2D). Diese Einschränkung der Elek-
tronen kann dazu führen, dass es (i) zu größenbedingten Quanteneffekten kommt,
bei denen die physikalischen Eigenschaften eines Festkörpers entscheidend von der
Systemgröße abhängen, und (ii) zu Vielteilchen-Phänomenen, bei denen Elektronen-
Elektronen-Korrelation und die Ankopplung an andere Anregungen wie Phononen
zur Bildung von Grundzuständen mit gebrochener Symmetrie wie etwa Ladungsdich-
tewellen (charge density waves, CDWs) oder supraleitenden Phasen führt. Neben der
grundlegenden wissenschaftlichen Bedeutung gewinnen niedrig-dimensionale Materia-
lien mit dem Aufkommen der Nanotechnologie zunehmend an Bedeutung. Mehrere
wohldefinierte, prototypische quasi-2D und quasi-1D Modellsysteme wurden in dieser
Arbeit untersucht.

Die quantisierte Bandstruktur und Elektronendynamik der besetzten und unbe-
setzten Quantentrogzustände (quantum well states, QWSs) in dem quasi-2D Modell-
system Pb/Si(111) wurde mittels Zwei-Photonen Photoemissionspektroskopie (2PPE)
und Photoemissionspektroskopie (PES) direkt in der Zeitdomaine untersucht. Die all-
gemeine Tendenz der heißen Elektronen-Lebensdauern in den unbesetzten QWSs folgt
der Theorie der Fermi-Flüssigkeiten. Um alle beobachteten Bevölkerungszerfälle quan-
titativ zu beschreiben, muß die quantisierte elektronische Struktur berücksichtigt wer-
den, da der gleichzeitige Populationszerfall und -aufbau in zwei benachbarten QWSs
Inter-Subband Streuung vom höher liegenden in den tiefer liegenden Zustand na-
he legt. Die Untersuchung der Dynamik des höchsten besetzten QWSs in Pb/Si(111)
mittels zeitaufgelöster PES ergab eine ultraschnelle elektronische Stabilisierung durch
die Anregung von Elektronen-Loch Paaren, die eine plötzliche Änderung der Abschir-
mung der Ionenkerne induzieren und eine kohärente Phononen-Mode in der Filmrich-
tung anregen. Potenzielle Anisotropien der Lebensdauer heißer Elektronen in sich-
selbst-organisierenden metallischen quasi-1D Nanodrähten in 4×1-In/Si(111) mittels
zeit- und winkelaufgelöster 2PPE untersucht. Dazu wurde ein neuentwickeltes Spek-
trometer für positions-empfindliche Elektronen Flugzeit-Spektroskopie angewandt,
das im Rahmen dieser Arbeit für effiziente winkelaufgelöste Photoemissionsstudien
von niedrig-dimensionalen Materialien mit anisotroper Bandstruktur entwickelt wur-
de. Die kollektiven Anregungen des Elektronen- und Gittersystems in dem quasi-
1D CDW-Material TbTe3 sind mit zeit- und winkelaufgelöster PES analysiert wor-
den. Die Temperatur-, Fluenz- und k- Abhängigkeit der transienten Bandstruktur im
Verschachtelungsbereich der CDW am Fermi-Niveau offenbart eine Schwingung des
Valenzbandes, die der Anregung der Amplituden-Mode der CDW-Phase von TbTe3

zugeschrieben wird. Bei der höchsten untersuchten Fluenz schmilzt die CDW-Phase
innerhalb von 100 fs, was durch das ultraschnelle Schließen der CDW-Bandlücke am
Fermi-Niveau und die transiente Rückkehr einer quasi-freien Elektronendispersion an-
gezeigt wird.
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1 Introduction and Motivation

Why Study Low-Dimensional Materials?

Modern technology creates an insatiable demand for faster processor speeds, greater
computing and storage capabilities, and improved functionality of integrated semicon-
ductor devices. Over the last 40 years, this increasing demand was likewise anticipated
and accommodated by Moore’s Law [Sch97], which predicts a doubling of the tran-
sistor density of an integrated circuit every 18 months. Accordingly, Moore’s Law
forecasts an exponential decrease of the size of transistor structures, shrinking the
size of functional structures into the nm length scale. Although Moore’s Law was
repeatedly challenged over the last years [Pee00], to date, the worlds smallest tran-
sistor features linear structure sizes of 45 nm and employs Hafnium-infused high-k
metal oxide gates [Int08]. For the year 2022, the International Technology Roadmap
for Semiconductors [ITRfS07] predicts structure sizes of < 10 nm and < 1 nm thick-
ness of the metal oxide gate layer. Beyond this point, the emerging technology of
self-assembling functional structures in the nm regime might provide control on even
smaller length scales [Bar05]. Also, innovative technologies for photovoltaic light con-
version employ thin-film structures [Lin04] or dye-sensitized solar cells [Naz93], where
the relevant processes of carrier excitation and charge separation occur at few atom
thick semiconductor interfaces.

All these developments lead inevitably into a nanoscale regime, where the quantum
nature of matter has to be considered. The macroscopic physical properties of a low-
dimensional solid state material can be dominated by quantum mechanical effects, be-
cause the symmetry of the electronic structure is reduced from three dimensions (3D)
to two dimensions (2D) or one dimension (1D) due to an anisotropic atomic bond-
ing equivalent to a spatial confinement of the electronic wave functions. Such an
electron confinement can result in a discontinuous change of the macroscopic physi-
cal properties as function of the system size, so-called quantum size effects (QSEs).
Moreover, the electron confinement in low-dimensional materials can lead to many-
body phenomena, where a strong electron-electron (e-e) correlation and a significant
electron-phonon (e-ph) coupling result in the formation of broken-symmetry ground
states like charge density wave (CDW) or superconducting phases. These technologi-
cally important aspects of low-dimensional materials are intimately linked to questions
that are of fundamental physical significance. A recent report of the Office of Science
of the Department of Energy in the USA identifies the following five grand challenges
in basic energy sciences [Fle07]:

1. Control material processes at the level of atoms.

2. Design and perfect the directed synthesis of new forms of matter with tailored
properties.

3. Understand and control the remarkable properties of matter that emerge from
complex correlations of atomic and electronic constituents.
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1. Introduction and Motivation

4. Master energy and information on the nanoscale to create new technologies with
capabilities rivaling those of living things.

5. Characterize and control matter away - especially far away - from equilibrium.

In fact, this thesis work addresses several of these fundamental challenges with the
investigation of the ultrafast non-equilibrium dynamics in low-dimensional materials
where a strong correlation of atomic and electronic properties is observed. Explic-
itly, several well-defined model systems with a low-dimensional electronic structure
such as ultrathin epitaxial metal films and self-assembling metallic nanowires were
investigated with femtosecond time- and angle-resolved photoemission techniques at
the crossover regime from 3D to 2D and 1D. Before introducing the low-dimensional
model systems studied in this work, the next section gives an overview of the experi-
mental concepts.

Time- and Angle Resolved Photoemission

Why Employ Femtosecond Time-Resolved Photoemission?

Many fundamental microscopic scattering processes such as e-e or e-ph scattering in
solids are governed by strong interactions and hence occur on an ultrafast timescale
ranging from attoseconds to picoseconds. This fact requires the appropriate tools to
explore the relevant time and energy scales on which the fundamental processes of
interest take place. Time-resolved photoemission spectroscopy (PES) techniques are
based on a pump-probe approach and provide a tool for the study of transient non-
equilibrium states in the femtosecond (fs) regime directly in the time domain. These
methods are well-suited to obtain information about the fundamental quasi-particle
scattering dynamics that ultimately determine the non-equilibrium properties of a
material.

Conventional angle-resolved photoemission spectroscopy (ARPES) is a long-standing
technique that has contributed significantly to the understanding of the electronic
ground state properties of solid state materials in the last decades [Hüf95, Dam03]
since it provides direct access to the single particle spectral function in reciprocal k-
space and thus enables a comprehensive analysis of the band structure. In a time- and
angle-resolved photoemission spectroscopy (tr-ARPES) experiment, the ground-state
of a system is optically excited by an intense fs pump laser pulse and the transient
evolution of occupied part of the band structure is monitored by direct photoemission
with a time-delayed probe laser pulse. This approach permits direct access to the
transient band structure in k-space, adding significant information on the collective
excitations of a system that can hardly be inferred from the spectroscopic analysis of
the electronic ground state alone. This brings novel insights into the energy relaxation
dynamics of occupied electronic states and their coupling to other quasi-particles such
as phonons and magnons [Bov07].

The well-established method of time- and angle-resolved two-photon photoemis-
sion (2PPE) spectroscopy [Fau95, Pet97b, Wei02b, Zhu04, Güd05] permits the effi-
cient characterization of the unoccupied part of the band structure. 2PPE experi-
ments employ ultrashort laser pulses to transiently populate unoccupied electronic
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states above the Fermi level. The use of ultrashort fs laser pulses allows a natu-
ral implementation of a pump-probe scheme to monitor the energy and momentum
relaxation of the excited electron population directly in the time domain.

Comparing the time-resolved methods of 2PPE and ARPES, the excitation den-
sities that are usually employed in 2PPE are in the order of � 10−2, whereas the
strong pump pulse in tr-ARPES can excite a significant fraction of up to 10% of the
valence electrons near the Fermi level. Accordingly, for 2PPE a single particle picture
applies where excited electrons present perturbations that do not interact with each
other. In this case, the unoccupied bands are unaltered by the optical excitation and
present a fixed stage for the electron dynamics. In contrast, the higher excitation
densities created in tr-ARPES can induce collective phenomena as, for example, the
electronic screening is abruptly changed. Such correlated processes affect the band
structure itself and turns it into a transient quantity.

Position-Sensitive Electron Time-of-Flight Spectrometer

An integral part of this work was the development and implementation of a novel
position-sensitive electron time-of-flight (pTOF) spectrometer, which determines both
in-plane electron momenta of the photoemitted electrons along with their kinetic
energy. The capability to simultaneously detect both in-plane electron momenta
presents a considerable improvement of the existing imaging concepts established
in photoemission spectroscopy [Spe, Roe] and facilitates the study of the electron
dynamics in low-dimensional materials with a regularly anisotropic band structure.
The investigations of asymmetries in the hot electron lifetimes in the quasi-1D band
structure of 4×1-In/Si(111) presents the application of the developed pTOF technique
to the time- and angle-resolved study of hot electron dynamics.

Low-Dimensional Model Systems

Ultrathin Epitaxial Lead Films: Pb/Si(111)

Ultrathin epitaxial films of the sp-band metal Pb on Si(111) present a quasi-2D model
system where the electronic wave functions are efficiently confined to the metal film by
the global bandgap of the semiconducting substrate. The electron confinement in the
metal film breaks the periodicity along the surface normal and forms quantum well
states (QWSs) occurring at discrete energies in the occupied and unoccupied parts of
the quantized band structure. The orientation bandgap on metal surfaces also facili-
tates electron confinement and results in QWSs that present interesting model systems
for the study of QSEs in 2D [Pag99, Oga02, Dil04, Oga04, Weg05, Mat06, Mat08].
The system Pb/Si(111) has been studied intensively by scanning tunneling microscopy
(STM) [Ote02], PES [Upt04b, Dil06] and density functional theory [Wei02a], since it
exhibits a rich variety of pronounced QSE. Among these are the preference of ”magic”
island heights [Zha98, Hup01] due to electronically assisted growth, also observed in
the formation of the ”devils-staircase” phases [Hup03], oscillations of the transition
temperature of the superconducting state [Guo04] as well as oscillations in the direc-
tion and magnitude of the Hall effect [Vil02]. All these properties sensitively depend
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1. Introduction and Motivation

on the film thickness such that a change of coverage by 1 monolayer (ML) translates
into variations of these quantities. The reported oscillation period of 2 ML can be
directly linked to the modulation of the electron density at the Fermi level due to the
quantization of the 6pz Pb bulk bands. In this respect the system of Pb/Si(111) may
be regarded as a prototype for the observation of QSE in a quasi-2D material. The
electronic structure of Pb/Si(111) is readily controlled by the film thickness, which
qualifies it as an ideal candidate for the investigations of the hot electron dynamics
at the crossover from 3D and 2D.

The hot electron lifetimes in sp-band metals are governed by inelastic e-e scattering
processes and in general well-described by Fermi liquid theory (FLT), which considers
the electronic screening of the quasi-particle interactions as well as the phase space
available for scattering [Pin66]. FLT predicts a quadratic scaling law of the inelastic
e-e scattering Γ of the excited quasi-particle, Γ ∝ ξ2, with respect to the excess energy
above the Fermi level ξ = E − EF . As the dimensionality of the electronic system is
lowered, competing effects contribute to a change of the quasi-particle lifetime. On
the one hand, the screening in lower dimensions is less effective and thus the strength
of the screened Coulomb interaction increases, leading to more intense scattering. On
the other hand, the energy and momentum space that is available for e-e scattering
decreases with the dimensions of the electron system and hence the scattering rate
reduces. For a 2D electron gas, FLT predicts a logarithmic correction to the quadratic
scaling law of the inelastic scattering rate [Giu05].

This work investigates the inelastic e-e scattering rates in the unoccupied QWSs of
Pb/Si(111) with time-resolved 2PPE spectroscopy. The dynamics of occupied QWSs
are studied with time-resolved PES. The hot electron dynamics in ultrathin quasi-2D
metal films raises many interesting questions: How well is the quantized electronic
structure captured by the current theoretical models? Is FLT applicable to such
ultrathin metal films, and if so, is an explicit consideration of the quasi-2D sym-
metry required? How does the electron confinement in the substrate influence the
hot electron decay due to electron transfer? How are the microscopic scattering pro-
cess affected by the quantized band structure? Is it possible to launch a collective
excitation in the ultrathin sp-metal film with intense fs laser pulses?

Self-Assembling Metallic Nanowires: 4×1-In/Si(111)

The self-assembling metallic Indium nanowires on the 4× 1 reconstructed In/Si(111)
surface [Bun99, Kum00] realize a quasi-1D model system that allows to extend the
study of the dimensionality dependence of the hot electron lifetimes into the regime
of highly anisotropic 1D band structures. The anisotropic coupling of the electronic
wave functions with respect to the high-symmetry directions of the atomic chains gives
rise to a strongly anisotropic, essentially 1D topology of the band structure in 4×1-
In/Si(111), which becomes manifest in a Peierls metal-to-insulator phase transition
at lower temperatures [Yeo99, Gal01, Sun08]. With respect to the lifetimes of hot
electron distributions, one might expect significantly longer lifetimes perpendicular
to the nanowires due to decreased wave function overlap and phase space normal to
the atomic chains resulting in inefficient e-e scattering [Rüg07].
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This thesis work presents a time- and angle-resolved 2PPE study of possible
anisotropies of the hot electron lifetimes in 4×1-In/Si(111). The hot electron dy-
namics in quasi-1D metallic nanowires poses problems such as: How large are the
scattering rates of hot electrons in such linear metallic structures? How are the hot
electron lifetimes distributed in k-space? Is the structural anisotropy reflected in
the k-dependence of the hot electron lifetimes? How much do the substrate bands
contribute to the electron dynamics in such metallic nano-structures?

Prototypical Charge Density Wave Compound: TbTe3

The prototypical CDW compound TbTe3 is a quasi-1D model system that is par-
ticularly suitable for the study of emerging collectivity in low-dimensional materials
with strongly correlated phononic and electronic degrees of freedom. TbTe3 is a bi-
nary metal compound that crystallizes in a layered structure [Ru06b], where the wave
function overlap along the high-symmetry directions of the quadratic Te planes re-
sults in the diamond-shaped electronic structure of the valence band [Lav05]. At low
temperatures, TbTe3 undergoes a Peierls metal-to-insulator transition into a CDW
phase, which is driven by a coupled instability of the electron and lattice system and
the near perfect nesting of the Fermi Surface [Grü94]. The opening of a bandgap at
the Fermi level due to a strong coupling of the electron and lattice degrees of freedom
and minimization of the total energy is observed by angle-resolved photoemission
spectroscopy [Gwe98, Bro04, Gar07, Bro08]. From the theoretical point of view, the
CDW formation is based on a divergence of the Lindhard response function at the
Fermi level that occurs in quasi-1D materials [Grü94, Mal05, Joh08]. This CDW
phase transition and the corresponding structural and electronic changes have also
been studied by various experimental techniques such as electron diffraction [DiM95],
x-ray diffraction [Kim06, Ru08], STM [Fan07] and Raman spectroscopy [Lav08].

The collective dynamics of the coupled electron and lattice system in RTe3 are ad-
dressed with a time- and angle-resolved PES study of the occupied band structure of
TbTe3 in the vicinity of the Fermi wave vector. Here, several fundamental questions
are of interest: Is it possible to optically excite an coupled electron and lattice dynam-
ics in the CDW phase that can directly be followed in k-space? Can the intense laser
pulse trigger a phase transition from the insulating CDW phase to the metallic state?
What is the signature for an ultrafast phase transition in k-space? How long does it
take to melt the frozen-in CDW phase and how does the e-ph coupling contribute to
such a non-equilibrium dynamics?
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2 Theoretical Background
This chapter introduces the fundamental theoretical concepts for the present work on
the ultrafast electron dynamics in low-dimensional solids.

First, the discussion focuses on the occurrence of quantum size effects (QSEs) in
quasi-2D ultrathin epitaxial metal films. Here, the formation of discrete quantum
well states (QWSs) due the broken periodicity along the surface normal leads to a
confinement of the electronic wave functions in the metal film [Chi00, Mil02b]. In
general, the QWS and their influence on the macroscopic physical properties are
well described by a particle-in-the-box model. After specifying the characteristic
features of the QWSs in Pb/Si(111), the manifold of QSE observed in Pb/Si(111) is
introduced. The quantized band structure in Pb/Si(111) leads to pronounced QSEs
such as the occurrence of ”magic” island heights [Zha98, Hup01], the modulation of
the work function [Kir07], surface reactivity [Ma07], and superconductivity transition
temperature [Guo04].

Secondly, the Peierls metal-to-insulator phase transition is considered. In low-
dimensional electronic systems anisotropic band structure with quasi-2D or 1D sym-
metry are regularly encountered [Grü94]. Such band structures allow to nest certain
regions of the Fermi Surface (FS) with a single perturbation vector,resulting in the
opening of a bandgap at the Fermi level and a doubling of the periodicity of the unit
cell. The resulting charge density wave (CDW) phase presents a coupled instability
of the electron and lattice system that is governed by the divergence of the Lindhard
response function at low temperature. After the discussion of the collective excita-
tion modes of the CDW phase, the quasi-2D CDW model system of TbTe3 [Bro04] is
introduced.

The understanding of the microscopic electron scattering processes that redis-
tribute and equilibrate the excess energy on an ultrafast timescale, is discussed in
the context of Fermi liquid theory (FLT) [Pin66]. The study of low-dimensional elec-
tronic systems requires the consideration of the dimension dependence of the electron
scattering processes, which is detailed in appendices B and C. Finally, the theoreti-
cal foundations of photoemission spectroscopy (PES), which is the principle research
method employed in this thesis work, are presented. Here the emphasis lies on fem-
tosecond time- and angle-resolved two-photon photoemission (2PPE) and time- and
angle-resolved photoemission spectroscopy (tr-ARPES).
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2. Theoretical Background

2.1 Quantum Size Effects in 2 Dimensions

Many macroscopic physical properties are lin-

Figure 2.1: Quantum size effects oc-
cur for small particle numbers.

ked to the electronic band structure like resis-
tance, reflectivity, work function and reactivity
to name just a few. For a large ensemble of par-
ticles these properties change continuously when
the particle number is changed. When the num-
ber of particle’s involved reaches the quantum
limit such that the spatial extend of the system
is of the order of the particles de-Broglie wave-
length QSEs become manifest in discrete, dis-
continuous changes of the physical properties as
depicted in Fig. 2.1.

2.1.1 General Properties of Quan-
tum Wells

A favorable experimental approach to ob-

Figure 2.2: Probability distribution |Ψ|2
of the first four particle-in-the-box wave
functions along the z-axis.

serve such QSEs are quantum wells of ultra-
thin metal films with only a few monolayers
(MLs) thickness. When the electrons of a
metal are confined to a 2D film with a few
Å height, the extend of the electronic wave
functions is comparable to the Fermi wave-
length of metals [Kit04, Ash76, Web08]. QSEs
become observable as the electrons are con-
fined in the direction perpendicular to the
film by potential barriers at the interfaces.
The resulting standing electron waves give
rise to 2D QWSs, which occur only at dis-
crete energies and wave vectors along the film
direction [Chi00, Mil02b].

The particle-in-the-box model is the
simplest approximation [Nol04] to describe
the eigen-functions Ψ and eigen-energies E
of the QWSs in the z-direction normal to the
surface [Chi00, Mil02b]. The particle-in-the-
box model cannot be expected to be quanti-

tatively exact or account for all QSEs, however it can give an intuitive access to the
problem and emphasizes the fundamental importance of the QWSs for the occurrence
of QSE. The potential for a well of width L is assumed to be constant for 0 ≤ z ≤ L
and infinite elsewhere, as shown in Fig. 2.2. Then the wave vectors kn are quantized
with integer quantum number n, the eigen-functions are standing sinusoidal waves
and the eigen-energies scale with n2:
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Figure 2.3: Phase-accumulation model. The confined electron accumulates a phase according
to its energy in each round trip in the well. The reflectance and the phase shift at the interface
and the surface are given by ri, φi and rs, φs, respectively.

(2.1) kn =
nπ

L
, Ψ ∝ sin

(nπz
L

)
, E =

~2k2
n

2me
=

~2

2me

(nπ
L

)2

.

The phase-accumulation model allows to take more realistic, i.e. finite and
rounded potential boundaries into account [Chi00]. This facilitates the comparison
to experiments on real model systems, which present a substrate and vacuum inter-
face. The phase-accumulation model takes this into account by introducing a phase
shift φ upon reflection at the interfaces to the wave function [Ech78], which decays
exponentially into the vacuum and substrate. The allowed wave vectors, which result
in constructive interference for one round trip in the well, are given by the Bohr-
Sommerfeld rule:

(2.2)
∮
p dz = ~

∮
k dz = 2πn~ ⇒ 2kΘd+ φs + φi = 2πn .

The total film thickness L = Θd is expressed in terms of the ML coverage Θ and
the inter-plane distance d of the film. The phase shifts at the film surface and the
film-substrate interface are given by φs and φi, respectively. This is illustrated in
Fig. 2.3, where an electron accumulates a phase φ = pz according to its momentum p
in the well. Constructive interference and standing waves occurs for an accumulated
phase of 2πn.
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The phase shifts at the interfaces are generally energy-dependent and determined
by the model potential at the respective interface. The image potential (IP) at the
film-vacuum interface can be described as in [Oga05]:

(2.3) VIP = − e2
0

4πε0
1
4z

,

which is created by the polarization in the metal surface due to an electron in front of
the surface [Jac99]. The corresponding phase shift is then approximated by [McR79,
McR81, Mil02b, Oga05]:

(2.4) φs = π

(√
3.4

EV − E
− 1
)

,

where EV denotes the vacuum energy in units of eV.
The substrate, which supports the ultrathin films in the experiments, must exhibit

a bandgap to confine the electrons in the direction toward the substrate. This can
be an Shockley-inverted (orientation) bandgap [Sho39] in case of a metal substrate
or a global bandgap in case of a semiconductor or insulator. The approximation
of such a bandgap within this so-called two-band-model yields for the phase shift
[Smi85, Luh02, Oga05]:

(2.5) φi = Re
[
− arccos

(
2
E − EL
EU − EL

− 1
)]

+ φ0 .

EL and EU denote the lower and upper edge of the bandgap, respectively. The
constant phase offset φ0 is in general unknown and represents a fit parameter. Elec-
tronic states, which are degenerate with substrate bands, are not truly confined to
the film as they extend into the bulk crystal and thus are termed quantum well
resonances (QWRs) [Chi00].

Interestingly, Chulkov et al. describe a hybrid approach that combines the simple
intuitive notion of the rigid, infinite potential boundaries with the phase shift of the
wave function experienced in a well with finite boundaries [Oga05]. The starting point
is relation (2.1), in which the width of the well L is replaced by an effective width
L′ = L + δ. This takes the penetration of the wave function into bulk and vacuum
into account, which effectively widens the well by δ. The effective penetration δ is
related to the phases upon reflection at the interfaces (equations (2.4) and (2.5)) and
hence an energy-dependent quantity. This approach is delivers results similar to the
phase accumulation model.

2.1.2 Quantum Well States of Pb/Si(111)

The following paragraphs introduce some fundamental properties of the Si substrate
and the Pb adsorbate as well as of metal/semiconductor interfaces before focusing on
the QWSs in more detail.

The semiconducting Si(111) substrate with its global bandgap facilitates the
electron confinement to the metal film. This point is of major importance for the study
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Figure 2.4: (a) Unit cell of Si. The 111-surface plane is indicated as gray-shaded area and
exhibits a 3-fold symmetry. (b) Band structure of Si along the Γ-X and Γ-L directions
[Che89]. The gray shaded area indicates the global bandgap of Si.

of ultrafast electron dynamics in supported ultrathin films. Time-resolved studies on
QWSs in Ag/Fe(001) [Oga02] revealed excited electron lifetimes of ≤ 9 fs although
sharp QWSs were observed and indicated a high degree of spatial confinement. This
can be understood by the influence of orientation bandgap that facilitates confinement
only at the Γ-point. In outer regions of k-space, however, unoccupied bands of the
metal substrate exist, which can present an efficient decay channel. The lifetimes
of 5 − 150 fs determined in the present work emphasize the importance of electron
confinement in a global bandgap for time-resolved studies.

Silicon crystallizes in diamond structure with a lattice constant of a0 = 5.43 Å
[Kit04, Web08] as shown in Fig. 2.4(a). The next neighbor distance amounts to
ann =

√
3a0/4 = 2.351 Å; the next neighbor distance in the [111] lattice plane is

given by a
[111]
nn = a0/

√
2 = 3.84 Å. The truncation of the crystal leaves one unsatu-

rated dangling bond per three surface atoms, see Fig. 2.4(a), because of the directional
alignment of the covalent bonds in semiconductors. These dangling bonds are satu-
rated by a (

√
3 ×
√

3)R30◦-Pb/Si(111) reconstruction as described in chapter 3.3.1.
The reconstructed surface serves as smooth wetting layer with only minor corrugations
and allows to grow epitaxial Pb films on Si(111).

The indirect bandgap in Si amounts to EG =1.11 eV at room temperature, whereas
the direct bandgap at the Γ-point is 3.4 eV [Kit04] as sketched in Fig. 2.4 (b) along
the Γ-X and Γ-L directions. The optical excitation in the experiments on Pb/Si(111)
are in the range of 2 eV such that only multiphoton absorption or phonon assisted
excitation of carriers are possible. The bandgap therefore not only maximizes the
electron confinement but also minimizes the scattering of excited electrons into the
QWS compared to substrates with orientation bandgap.

The metallic Lead adsorbate is a fourth main group metal with Z = 82
and electron configuration [Xe]4f155d106s26p2, which provides 4 valence electrons,
6s2 + 6p2. Pb can be regarded as a quasi-free electron metal with sp-bands that
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2. Theoretical Background

Figure 2.5: (a) The fcc unit cell of Pb contains 4 atoms. Two adjacent (111) crystal planes
with inter-plane distance d[111] = 2.86 Å are indicated. (b) The band structure of Pb is shown
along high-symmetry directions. (c) The first Brillouin zone of Pb with high symmetry points
marked. The relevant Fermi vector kF parallel to the [111] direction is given in (b) and (c).
[Lan76, Hor84]

disperse through the Fermi level making it attractive as a simple metallic model
system. Pb crystallizes in a densely packed cubic fcc structure with a lattice constant
of a0 = 4.95 Å [Kit04, Web08] as sketched in Fig. 2.5 (a). The epitaxial growth of
Pb on Si(111) defines the inter-plane distance along the [111] direction in Pb as the
height of 1 ML

(2.6) d[111] = a0
1√
3

= 2.86 Å ≡ 1 ML .

The next neighbor distance in the [111] lattice plane is given by a
[111]
nn = a0/

√
2 =

3.50 Å. In general, the significant lattice mismatch of the Si substrate and the Pb
adsorbate of 8.8% presents a problem for the growth of epitaxial films, which is
overcome by introducing an intermediate (

√
3×
√

3)R30◦-Pb/Si(111) reconstruction
that serves as wetting layer.

The 6s and 6p valence electrons of Pb form two hybridized bands, which are
separated by a low-lying sp-bandgap at 4 − 7 eV below EF . The completely filled
s-band at 12− 7 eV does not contribute to the electronic structure around EF . The
half-filled 6pz-band that disperses along L-Γ becomes quantized in an ultrathin film
and forms the QWSs.

Exact knowledge of the Fermi vector kF along the quantization direction L-Γ is
required for the precise understanding of periodicity of the QWSs in Pb/Si(111).
The literature value from measurements of the De-Haas-van-Alphen effect is given by
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2.1. Quantum Size Effects in 2 Dimensions

kF = 1.59 Å−1 [And65]. Since the 6pz-band is back-folded from the second Brillouin
zone with the band bottom at the L-point it is necessary to consider the back-folded
p-like Fermi vector kLΓ

F and not the s-like measured from the Γ-point [Wei02a] as
indicated in Fig. 2.5(b). Using the inter-plane distance d111 for the back-folding the
Fermi vector kF and the Fermi wavelength λF are calculated to:

(2.7) kLΓ
F = kF −

π

d111
= 0.49 Å

−1 ⇔ λLΓ
F = 12.8 Å .

The electron density in Pb, which will be important for the discussion of the
electron dynamics, is determined by the number of 4 valence electrons per Pb atom
and the lattice constant a0. In 3D the density is given by n(3D) = 13.2·1028 m−3, in 2D
by n(2D) = 3.77 · 1019 m−2. This corresponds to a density parameter of r(3D)

s = 2.30
and r(2D)

s = 1.74 for 3D and 2D, respectively, see appendix B. Pb has a high electron
density, resulting in an efficient screening and facilitates the comparison with theory,
see chapter 2.3.1 and appendix C.

A Schottky barrier [Sch38, Mot39] is formed in a metal/semiconductor interface
due to the alignment of the interfacial Fermi levels EIF

F of metal and semiconductor at
the interface. This is shown schematically in Fig. 2.6 for the case of a p-semiconductor
and a low work function metal, which is the relevant case for Pb/p-Si(111). The Fermi
level alignment is associated with a charge transfer across the interface, which creates
a space charge region and thus leads to band bending at the interface [Iba90, Mön01].

The sign and amount of the transfered charge is closely related to the strength of
the intrinsic chemical bonding of the metal and semiconductor species at the surface.
Generally the bonding of metals to semiconductors is so strong that already minute
(0.001 ML) metal coverages determine the charge transfer and the band bending in
the semiconductor. Hence, the Fermi level is pinned with respect to the semiconductor
bands and does only depend on the metal species itself, not on the metal concentration
[Iba90, Mön01].

For a low work function metal on top of a p-semiconductor, as in Pb/p-Si(111),
the charge transfer proceeds from the metal to the semiconductor. The metal states
serve as donors and free holes in the p-type valence band (VB) act as acceptors.
The holes in the metal are efficiently screened within the first atomic layer and the
surface polarization does not perturb the metallic bands close to the surface. The
charge transfer hence only affects the band bending in the near surface region of the
semiconductor. The excess electrons combine with free holes in the p-semiconductor
to form a hole depleted space charge region. The spatial extend of the space charge
region in the semiconductor is governed by Poisson’s equation and can be estimated
to be mesoscopic with typical dimensions of 0.1− 1 µm.

The charge redistribution creates an electric field perpendicular to the surface,
which shifts the vacuum level as well as the valence band edge (VBE) and conduction
band edge (CBE). The electric field in the space charge region can facilitate the
charge separation of electron-hole (e-h) pairs that have been optically excited across
the bandgap. In this sense, the Pb/Si(111) surface serves as a simple photovoltaic
device [Bac76, Mön01]. In the 2PPE measurements this results in a surface photo
voltage (SPV) shift of the spectra as discussed in chapter 5.4.1.
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2. Theoretical Background

Figure 2.6: Schottky contact at a metal/p-semiconductor interface. (a) Before contacting
the vacuum levels EV are aligned and the Fermi levels EF differ by the work function
difference EBB = Φsc − Φm. (b), (c) Upon contacting electrons flow from the metal to the
semiconductor, which recombine with the free holes in the CB of the semiconductor and
creates a hole-depleted surface charge region. In the Schottky-Mott model the amount of
charge transfer and so the band bending are determined by the work function difference EBB .
(b) shows a Schottky contact for large work function and (c) for a smaller work function,
which leads to smaller and larger band bending, respectively.

The electric field presents an effective barrier for holes that propagate from the
semiconductor to the metal and hence serves as a diode, see Fig. 2.6. In the Schottky-
Mott picture [Sch38, Mot39, Iba90, Mön01] the barrier height ΦSB for a p-semiconductor
is given by:

(2.8) ΦSB = EF − EVBE = I − ΦM = EBB + (I − ΦSC)

EVBE denotes the VBE at the interface, I the ionization potential of the semiconduc-
tor, ΦM and ΦSC the work functions of metal and semiconductor, and EBB = ΦSC−ΦM

the band bending. It has been shown experimentally that this model is oversimpli-
fied as it neglects interface states like metal-induced gap states (MIGS) that reduce
the dependence on the metal work function significantly [Iba90, Mön01]. The prin-
ciple mechanism of charge transfer at metal/semiconductor junctions, however, can
be qualitatively understood with the Schottky-Mott model. This will be important
for the discussion of the coverage dependence of the SPV in Pb/Si(111), which is
modulated by the work function oscillations, see chapter 5.4.1.

The quantized Pb/Si(111) band structure is shown schematically in Fig 2.7(a)
for a Pb film with thickness d. The substrate band structure is depicted in Fig. 2.7(b)
along the in-plane Γ-M and the out-of-plane Γ-L directions. Well-defined QWSs are
expected for the gray shaded area of the Si total bandgap. This is in contrast to
states, which are degenerate with bands of the Si crystal, that develop broad and dif-
fuse QWRs. In the Γ-M direction in the surface plane a quasi-free electron dispersion
is expected that gives rise to 2D parabolic bands, E ∝ k||.

One very important characteristic in quantum well systems is the periodicity of the
QSE modulations as function of film thickness. The periodicity is directly linked to
the ratio of inter-plane distance and Fermi wavelength in the quantization direction.
As the occurrence of new QWSs at EF is responsible for the variation of the physical
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Figure 2.7: (a) Quantized band structure of Pb/Si(111). The 6pz band in Pb is quantized
along the L-Γ direction and forms discrete 2D QWSs that are delocalized in Γ-M direction.
The states which fall into the global bandgap of the Si substrate (b) give rise to well-defined
QWSs, whereas the states, which are degenerate with Si bulk bands form diffuse QWRs.

properties the coverage difference ∆Θ for the Fermi level crossing of two subsequent
states is evaluated from equations (2.2), (2.6) and (2.7):

(2.9) ∆Θ =
λF

2d[111]
=

π

kF d[111]
= 2.24 ML .

For every 2.24 ML increase of film thickness a QWS crosses EF and becomes occupied.
If, for example, the highest occupied quantum well state (hoQWS) is far from EF for
an odd coverage Θ then it will be close to EF for an even coverage Θ + 1 and so on.
The nearly integer relation of inter-plane distance d[111] and Fermi wavelength λF
results in pronounced 2 ML odd-oven oscillations of the density of states (DOS) at
EF . This is the driving force for the oscillatory changes of the physical properties with
each ML step like the superconductivity transition temperature [Guo04], workfunction
[Kir07], surface reactivity [Ma07] and many more observed in numerous experiments
[Jak71, Jal88, Jal92a, Jal92b, Bud00, Pfe00, Yeh00, Su01, Cha02, Ote02, Pfe02, Vil02,
Wei02a, Czo03, Jia03, Czo04, Upt04b, Upt04a, Zha05, Ma06, Jia07, Zha08].

Microscopically, only integer ML coverages can exist. The difference of ∆Θ− 2 =
0.24 ML creates a slight shift of the QWS binding energies, which becomes manifest in
a beating pattern. The relation 4×∆Θ = 4× 2.24 ML≈ 9 ML predicts a 9 ML beating
period, which is observed in numerous experiments [Upt04b, Zha05, Jia07, Kir07].
After 4 QWSs have crossed EF , the beating of the odd-even behavior switches the
coverage with a QWS close to EF from odd to even and visa versa.

Fig. 2.8 shows the exemplary angle-resolved photoemission spectroscopy (ARPES)
intensity of 10 ML Pb/Si(111) along the Γ-M direction in comparison to a density
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2. Theoretical Background

Figure 2.8: ARPES intensity of 10 ML Pb/Si(111) along the Γ-M direction in comparison to
a DFT slab calculation (solid lines). The highest occupied quantum well state ∼ 200 meV
below EF exhibits a sharp peak due to the confinement in the global Si bandgap. However,
this states is anomalously localized in the lateral film direction with an effective mass m? =
8me. The origin of this effect is still debated in literature [Upt05, Dil06].

functional theory (DFT) slab calculation [Dil06]. The confinement of the metal elec-
trons by the global Si bandgap explains the different line shapes and intensities
for the confined hoQWS at E − EF = −0.2 eV and the degenerate hoQWS+1 at
E − EF = −1.5 eV.

The major observation in Pb/Si(111), however, is the pronounced difference of
many physical properties for adjacent coverages. A change of the coverage by 1 ML
results in drastic changes of the physical properties of Pb/Si(111) and the character-
istic odd-oven 2 ML oscillation period as reviewed in the next chapter. These features
distinguish Pb/Si(111) as an excellent model system for the study of QSEs.

2.1.3 Quantum Size Effects in Pb/Si(111)

Ultrathin lead films on silicon have been studied with numerous surface sensitive
techniques like ARPES, scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS). These studies reveal that Pb/Si(111) can in fact be regarded as
the 2D model system for the observation of QSEs. This section reviews the extensive
theoretical and experimental literature and emphasizes the fundamental importance
of the quantized band structure with its 2D QWSs as the driving force of all QSEs in
Pb/Si(111).
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2.1. Quantum Size Effects in 2 Dimensions

The work function and surface reactivity are fundamental properties of
metal surfaces. An early theoretical work to study QSEs in ultrathin metal films
was a self-consistent study of a jellium slab in vacuum [Sch76]. Schulte as well as
Feibelmann et al. [Fei83, Fei84] predicted oscillations of the work function with the
period of the Fermi wave vector along the quantization direction. The oscillations are
driven by the periodic occurrence of QWSs at EF and the associated surface dipole
due to the modulated spill out of electrons [Smo41, Lan70, Lan71]. It took, however,
almost thirty years of advances in surface preparation techniques to observe these work
function oscillations [Pag02]. In the present work such work function oscillations in
Pb/Si(111) have been observed and could be directly linked to the DOS observed by
PES [Kir07].

Conductivity experiments [Jak71, Jal88, Jal92a] were the first to observe QSEs
in Pb/Si(111) as pronounced oscillations of the conductivity. These were attributed
to the quantization of the electronic band structure perpendicular to the film. Further
temperature and coverage dependent studies [Pfe00, Pfe02] indicate that a smooth -
because annealed - Pb/Si interface facilitates the observation of QSEs. Furthermore,
Jalochowski et al. [Jal88] observed oscillations in the reflection high energy electron
diffraction (RHEED) intensity with 2 ML period, which indicate a bilayer growth
mode that is also driven by the quantized electronic structure.

Magic island heights, preferred cluster heights or bilayer growth modes manifest
such an electronically driven growth. Preferred island heights have been first theoreti-
cally predicted for Pb/Si(111) by Zhang et al. [Zha98]. First STM [Bud00, Su01] and
combined low energy electron diffraction (LEED) experiments [Hup01, Cha06] ob-

Figure 2.9: Topographic STM Image of the ”magic” island heights of 3 ML Pb deposited on
Si(111). Taken from [Hup01].
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served the preference of certain so-called ”magic” island heights for 3, 5, 7 ML above
the wetting layer. Here, the growth conditions allow a complex interplay of diffusion
and electronic repulsion due to the discrete QWSs. The magic heights reflect the
minimization of the electronic energy when the hoQWS is far from EF [Ote02]. Fur-
thermore, surface x-ray diffraction (SXRD) studies [Czo03, Hon03, Czo04] and DFT
calculations [Oga04] for Pb on Cu(111) confirm this interpretation and identify the
quantized band structure as origin of the preferred island heights. The film stability
was also studied with PES [Man02, Upt04b, Upt04a, Zha05], where only films with
a hoQWS far from EF are stable with respect to annealing. Similar effects were also
observed in Ag/Fe(001) with photoemission [Luh01].

Devils Staircase phases are another aspect of an electronically driven growth
mode that leads to self-assembling surface structures. For a 2D system a multitude
of theoretically infinitely many different surface reconstructions are realized within a
very small coverage window. In fact, Pb/Si(111) is one of the best realizations of such
a behavior in 2D. In the coverage range of 1.2− 1.3 ML more than a dozen different
reconstructions were observed by STM [Hup03, Yak04, Ste06].

Even more quantum size effects are observed in Pb/Si(111). These are the
modulation of the superconductivity transition temperature reported by Guo et al.
[Guo04], which is closely related to the modulation of the electron-phonon (e-ph)
coupling strength [Zha05]. Also, the magnitude and sign of the Hall coefficient [Vil02]
is modulated with 2 ML period. Again, these QSEs are driven by the quantized
bands and the resulting oscillatory DOS at EF . The wealth of QSEs studied under
equilibrium conditions as well as the comprehensive understanding of the decisive role
of the QWSs establish Pb/Si(111) as a highly attractive model system for the study
of ultrafast electron dynamics and their dimensionality dependence at the crossover
from 3D to 2D.
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2.2. Charge Density Waves

2.2 Charge Density Waves

Density waves are broken symmetry ground states that can form at low temperatures
in low-dimensional materials or in metals with high densities of states at the Fermi
level n(EF ). The strong and anisotropic electron-electron (e-e) and e-ph coupling
results in CDWs with a spatially modulated electron density1. The charge-ordered
CDW phase is a type of coupled electronic-lattice instability that often competes
with other low-temperature ground state phases such as superconducting phases. The
transition to the ordered state is driven by the condensation energy ∼ n(EF )∆2. The
order parameter ∆ is defined as the energy gap for single-particle excitations opened
by the phase transition.

The fundamental concept of the CDW formation involves a periodic modulation
in the density of the electronic charges with a characteristic spatial distortion ~r that
does not transform according to the symmetry group describing the ionic positions.
The driving force of this coupled electron-lattice instability is the reduction of the
kinetic electron energy as a consequence of a spontaneous periodic modulation of
the crystalline lattice with an appropriate (often incommensurate) wave vector ~q in
reciprocal space.

The reason for a given material to develop a CDW is the so-called nesting of the
Fermi surfaces of a low-dimensional material, which results in a diverging response
of the electron system to a lattice perturbation at the Fermi wave vector kF . Many
low-dimensional materials exhibit anisotropic Fermi surfaces with pronounced nest-
ing vectors that result in CDWs. Well-known examples are transition metal dichalco-
genides like NbSe3 and TaSe3, transition metal bronzes like K0.03MoO3, and quasi-1D
organic conductors like Bechgaard’s salt TTF and Krogmann’s salt KCP. The concept
of a nesting vector for the formation of CDW state and its implications for the band
structure are discussed in the following sections.

2.2.1 Peierls Transition

The transition to the CDW state is often termed a Peierls metal-to-insulator transition
[Pei29, Pei30a, Pei30b, Frö54, Pei55] because at least part of the Fermi surface is
gapped out and can not be regarded as metallic anymore. This section presents the
basic CDW mechanism for the idealized example of a chain of atoms in 1D [Grü94].

The simplified description by a 1D chain of atoms with parabolic band dispersion
up to the zone boundary and uniform charge density ρ according to the nearly free
electron gas (NFE) approximation, see Fig. 2.10(a), captures the essential physics of
the metal-to-insulator transition. This simplified model provides an intuitive access to
coupled electron-lattice dynamics of the CDW compound TbTe3 discussed in chapter
7. The atomic chain is presumed to be ideally metallic with a half filled band. Thus
kF is located in the middle of the Brillouin zone far away from the zone boundary.
The perturbation of the coupled electron and lattice system with a distortion of

(2.10) q = 2kF

1The discussion of spin density wave (SDW) phases with a spatially modulated spin density is
beyond the scope of the present work.
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2. Theoretical Background

Figure 2.10: Peierls metal-to-insulator phase transition. (a) Idealized metallic 1D atomic
chain with half filled band and kF far away from the zone boundary. The charge density ρ
is constant above the phase transition temperature and the lattice periodicity is given by a.
(b) The doubling of the lattice periodicity to 2a due to a distortion with q = 2 kF results
in modulated charge density. Accordingly, new bandgaps open up at ±kF and result in an
insulating electronic structure. After [Grü94].

results in a Peierls instability: New bandgaps open at the Fermi surface, ±kF , because
of the doubling of the crystal periodicity, as sketched in Fig. 2.10(b). Thus, the bands
are gapped out at ±kF and the electronic system becomes insulating. Since the group
velocity vanishes in at the Brillouin zone boundary, vgroup = ∂E/∂k = 0, the wave
function in the zone boundary are standing waves and result in a spatially modulated
electron density:

(2.11) ∆ρ(x) ∝ ∆ cos(2kFx+ ϕ) , λ0 =
π

kF
.

The period of the modulation λ0 = π/kF is exactly the same as the original distortion.
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The density modulation can be regarded as a macroscopically populated, frozen-in
lattice distortion with the CDW wave vector q. The e-ph coupling is also reflected in a
renormalization of the phonon spectrum in the CDW state, known as Kohn-anomaly
[Koh59, Wol62], such that the phonon dispersion exhibits a dip at q = 2 kF .

The physical mechanism for the CDW is the nesting of the Fermi Surface (FS) due
to a coupling with the perturbation vector q = 2 kF . In 1D, the FS is very simple: it
consists of two points at ±kF and a wave vector q = 2 kF can perfectly nest these two
points, resulting in a bandgap. The Peierls transition can be understood as coupled
instability of electron and lattice degree of freedom minimizing the total free energy:

(2.12) MIN = Eelectronic + Elattice .

Clearly, the impact of the FS nesting mechanism on a given band structure depends on
the dimensionality of the coupled electron and lattice system, which shall be discussed
in the context of the linear response theory.

The Lindhard response function χ(~q), some times known as general suscepti-
bility, governs the CDW mechanism with its pronounced dependence on dimension-
ality and temperature [Lin54, Grü94]. χ(~q) describes the response of a nearly free
electron gas to a periodic perturbation potential

(2.13) φ(~q) =
∫
d~r φ(~r) e−i~q·~r

with the perturbing wave vector ~q. The induced charge density

(2.14) ρind(~q) = χ(~q)φ(~q)

is proportional to the potential and the Lindhard response function as is given by

(2.15) χ(~q, T ) =
∫

d~k

(2π)d
f(T,~k)− f(T,~k + ~q)

E(~k)− E(~k + ~q)
.

The quantity f(T,~k) describes the electron distribution and introduces a temperature
dependence of the response function. The dependence on the dimensionality d applies
to the integration itself and the divergence of the denominator for E(~k) = E(~k + ~q).

The induced charge density will itself cause an induced variation in the potential
at the same wave vector due to a redistribution of the electrons:

(2.16) φind(~q) = −g ρind(~q) .

Here g is the electron-phonon coupling constant2, which is assumed to be indepen-
dent of q and a small quantity in this weak-coupling analysis. Proceeding further,
the external perturbation potential φext and the internal, induced potential φint are
substituted for φ in equation (2.14) and yield:

(2.17) ρind(~q) = χ(~q)[φext(~q) + φind(~q)] .

2The dimensionless e-ph coupling constant is defined by λ = g2n(EF )/(~ω2kF ).
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Figure 2.11: (a) Dimensionality dependence of the response function χ(q) at T = 0 K
normalized to the value at q = 0. The response function varies smoothly at 2 kF for a 3D
system. In 2D, the first derivative exhibits a discontinuity at 2 kF , whereas the response
of a 1D system diverges at 2 kF . (b) Temperature dependence of the normalized response
function. A significant response is only expected for sufficiently low temperatures kBT � ε0.
After [Grü94].

This leads to the mean field induced charge density

(2.18) ρind(~q) =
χ(~q)φext(~q)
1 + gχ(~q)

,

which suggests an instability of the charge density due to a divergence for g χ = −1.
Since the e-ph constant g is typically a small number, the actual formation of a CDW
requires a large negative value of the general susceptibility. A large value of χ can
be realized in materials where large portions of the FS are nested by a single wave
vector q as this leads to divergence of the denominator in equation (2.15).

The Fermi surface nesting is closely related to the dimensionality dependence
of the response function χ in equation (2.15), as discussed in Fig. 2.11(a). A smooth
variation of the response at 2 kF is expected for a 3D system, also a 2D system presents
a continuous change of the response, whereas the response of a 1D system diverges
at 2 kF . Exactly this divergence of the response function is the driving force for the
formation of the CDW phase in low dimensional materials.

Focusing on the case of 2D electron systems that occur in layered materials, two
limiting cases for the FS nesting can be distinguished. For an isotropically interacting
2D electron system, the FS is a circle of diameter kF , as depicted in Fig. 2.12(a). A

22



2.2. Charge Density Waves

Figure 2.12: (a) Imperfect FS nesting in case of isotropic two-dimensional coupling resulting
in a circular 2D FS. (b) Almost perfect FS nesting in a system with highly anisotropic
coupling that results in a quasi-1D FS [Grü94].

single perturbation wave vector of q = 2 kF can only nest two single points on the
FS, which results in a negligible change of the response function χ. In contrast, an
electronic system with anisotropic coupling exhibits also an anisotropic band disper-
sion. This results in a quasi-1D FS as shown in Fig. 2.12(b). This quasi-1D FS can
be nested to a significant extend by a single wave vector, resulting in a large response
χ(q = 2 kF ) to the perturbation.

Consequently, materials with (i) a layered structure and (ii) anisotropic in-plane
interaction, which results in a layered quasi-1D electron gas, are of interest for the
study of the CDW formation. One prominent example is the Lanthanide Tri-Telluride
series RTe3 to which TbTe3 belongs. The RTe3 series exhibits a wealth of CDW
phenomena as will be discussed in section 2.2.3.

The temperature dependence of the response function is introduced by the
distribution function in equation (2.15). In case of T = 0, as discussed in Fig. 2.11(a),
the response function in 1D diverges at q = 2 kF and reaches an infinite value. The
actual temperature dependence, however, renders the response to be finite at 2 kF :

(2.19) χ(2kF , T ) = −e2
0 n(EF ) ln

1.14ε0
kBT

Here, ε0 is an arbitrarily chosen energy cutoff, usually ε0 = EF . The temperature
dependence of the response function is shown in Fig. 2.11(b), where a strong response
is only observed for sufficiently low temperatures kBT � ε0.

The Bardeen-Cooper-Schrieffer (BCS) theory [Bar57a, Bar57b] can be ap-
plied to the CDW phase transition as the condensation of Cooper pairs due to a
coupling of a lattice distortion to the electronic system and a minimization of the
total energy is closely related to the CDW phase transition [Grü94]. BCS theory
provides explicit expressions for the relation of the order parameter ∆ and mean field
phase transition temperature

(2.20) 2∆ = 3.52 kBTBCS
CDW

23



2. Theoretical Background

Figure 2.13: (a) Idealized DOS at kF for the CDW phase. The full bandgap 2 ∆ for single
particle excitations scales linearly with the phase transition temperature. (b) Temperature
dependence of the order parameter ∆. After [Grü94].

as well as for the CDW phase transition temperature

(2.21) kB T
MF
CDW = 1.14 ε0 exp

(
−1

g n(EF )

)
,

which depends exponentially on the electron density n(EF ) and the strength of the
e-ph coupling g. The order parameter ∆ is defined as the CDW gap around EF .
Fig. 2.13(a) depicts the DOS around EF for the gapped CDW state. Fig. 2.13(b)
shows the temperature dependence of the order parameter itself with its well-known
signature for BCS behavior:

(2.22)
|∆(T )|
|∆(0)|

∝

√
1− T

TMF
CDW

.

2.2.2 Collective Excitations

The basic mechanism of the CDW formation, as sketched in the previous section,
is founded on the coupling of electron and lattice degrees of freedom and the mini-
mization of the total energy. In the framework of the second quantization, the CDW
ground state is a coherent superposition of various e-h pair states. The emergence of
the CDW phase thus is a collective phenomenon and one of the fundamental prop-
erties of such a strongly correlated material. Directly linked to this collective inter-
action in the CDW ground state is the question of the collective excitation modes of
the CDW state. The investigation of these collective excitations can be accomplished
with tr-ARPES, which measures the temporal evolution of the single-particle spectral
function, as detailed in chapter 2.4.7.
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2.2. Charge Density Waves

Figure 2.14: Collective excitations of
the CDW state. Top: Phase shift of
the modulated electron density ρ with
respect to the CDW groundstate mod-
ulation. Bottom: Amplitude modula-
tion of the CDW. After [Grü94].

The collective excitations are treated in the long-wavelength limit of the Ginzburg-
Landau theory. Here, the order parameter is a complex quantity ∆ = |∆|eiφ with
amplitude and phase. Returning to simple 1D atomic chain from Fig. 2.10 two collec-
tive excitations modes of the coupled electron and lattice system are expected. These
collective excitations are (i) the phase mode (phason) and (ii) the amplitude mode
(amplitudon). In real space, the phason can be viewed as a unidirectional shift of the
ion core positions resulting in a shift of the CDW with respect to the underlying lattice
without change of the magnitude of the charge modulation ρ, as depicted in Fig. 2.14.
The amplitudon modulates the amplitude of the lattice distortion itself, which in turn
leads to a change of the CDW amplitude and thereby also to a modulation of the gap
size ∆.

Figure 2.15: (a) Dispersion of the CDW phase ωφ(q) and amplitude mode ωA(q) [Lee74].
Here, λ is the dimensionless e-ph coupling constant2. (b) Temperature dependence of ωφ
and ωA for q = 0. Only the amplitudon exhibits a temperature dependence. After [Grü94].
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2. Theoretical Background

Figure 2.16: Photographs of several Lanthanide-Tellurium crystals [Fis08]. The small ticks
on the scale denote mm. The Lanthanide Tritelluride series belongs to a whole family of
binary alloys with different oxidation states of the Lanthanide. The upper panel denotes the
lattice constants in Angstrøm along the RTe3 series [Vil91, Ru08].

The dispersion of the two fundamental collective excitation modes with quasi-
momentum is sketched in Fig. 2.15(a). The phase mode ωφ(q) is the excitation of an
acoustic, low-energy mode with linear dispersion around q ≈ 0. The amplitude mode
ωA(q) is the optical, high-energy excitation mode of the system, which shows only a
weak dispersion. The frequency of the amplitude mode shows an explicit temperature
dependence in the long wavelength limit q = 0, as sketched in Fig. 2.15(b), and follows
the BCS relation of equation (2.22), whereas the phason frequency is constant up to
the phase transition temperature.

For the discussion of the tr-ARPES measurements on TbTe3 in chapter 7, the
amplitude mode is most important as it modulates the magnitude of the CDW itself
and thus the order parameter |∆| as a function of time. The modulation of |∆| is
localized in the CDW nesting region and provides a clear experimental signature in
the transient spectra.

2.2.3 A Tunable CDW System: RTe3

For the tr-ARPES experiments, TbTe3 was carefully chosen for numerous reasons.
TbTe3 belongs to the Tritellurides series RTe3 of prototypical CDW compounds,
whose physical properties can be quasi-continuously tuned by variation of the Lan-
thanide R. RTe3 are layered (2D) materials which are grown via binary melt as de-
scribed in [Ru06b] and summarized in chapter 3.3.2.

The CDW in RTe3 was first observed by DiMasi et al. by transmission electron mi-
croscopy [DiM95]. The ground state properties of the CDW phase have been studied
with various techniques like heat capacity, susceptibility, and electrical resistivity mea-
surements [Ru06b], variable temperature x-ray diffraction [Mal05, Ru06a, Ru08], Ra-
man scattering [Sac06, Lav08], STM [Fan07] and ARPES. Especially, high-resolution
ARPES provides valuable information on the exact size, position and symmetry of
the CDW gap [Bro04, Shi05, Gar07, Bro08] by analysis of the single particle spectral
function A(~k,E) in the frequency domain, see chapter 2.4.3.
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2.2. Charge Density Waves

Figure 2.17: (a) CDW phase transition temperature in RTe3 from conductivity measurements
[Ru08]. The heavier Lanthanides exhibit a second CDW bandgap at very low temperatures.
(b) Gap size in RTe3 from ARPES measurements [Bro08]. Clearly, both properties scale
with the lattice parameter.

The tunability of the lattice parameter (Fig. 2.16) due to substitution of the
Lanthanide R in the binary metal RTe3 results in a quasi-continuous variation of the
wave function overlap. The wave function overlap determines the electron density
at the Fermi level n(EF ), which is also termed chemical pressure. According to
equations (2.21) and (2.20), the increasing chemical pressure n(EF ) raises the phase
transition temperature and enlarges the energy gap ∆. Fig. 2.17 shows the CDW
transition temperature extracted from conductivity measurements [Ru08] and the
gap size [Bro08] as function of the Lanthanide R. The pronounced gap of several ∆ =
100 meV and the CDW phase transition temperature can be tuned by substitution
of R within TCDW = 100− 400 K.

Qualitatively, the variation of TCDW and ∆ as function of the substituent R is
understood by the influence of the chemical pressure n(EF ): As one moves from the
lighter to the heavier elements in the Lanthanide series, see Fig. 2.16, the lattice
parameter decreases because of the well-known Lanthanide contraction3. This results
in an increasing wave function overlap equivalent to an increasing electron density
n(EF ), which in turn leads to a rising TCDW and ∆.

A quantitative comparison to the BCS results, however, reveals a significant de-
viation of the transition temperature. In case of TbTe3, the BCS phase transition
temperature is calculated from the gap size of 240 meV [Bro08] and equation (2.20)
to be TBCS

CDW = 1600 K. This is about 5 times more than the experimental value of
T exp

CDW = 336 K [Ru08]. The significantly lower phase transition temperature can
be rationalized by the observation that only part of FS are gapped out and thermal
fluctuations hamper the CDW formation. Both effects result in a lowering of TCDW.

3Any given compound of the rare earths is very likely to crystallize with the same structure as
any other rare earth. However, the lattice parameters become smaller and the crystal denser as
the compound proceeds across the series. This contraction of the lattice parameters is known as
the lanthanide contraction, which originates from an increasing screening of the core electrons with
increasing number of 4f -electrons
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2. Theoretical Background

The crystal structure and band dispersion of RTe3 are closely related, and
well described in a tight binding (TB) model with 2D symmetry that facilitates the
experimental analysis of the equilibrium properties [Bro04, Shi05, Gar07, Bro08]. The
RTe3 crystal structure, as shown in Fig. 2.18(a), is RTe3 is weakly orthorhombic with
space group Cmcm [Mal05, Mal06, Ru08, Ru06b] and constructed from the basic
building block of a square Te plane and a buckled RTe slab. The small orthorhombic
distortion of the Te square shrinks from a = 4.405 Å and c = 4.420 Å in LaTe3 to
a = 4.302 Å and c = 4.304 Å in DyTe3 [Ru06a, Ru08]. In the RTe3 crystal one RTe
slab resides between two largely decoupled Te planes. Two of these building blocks
are stacked up along the b-axis. Here, the usual convention is used where the b-axis is
perpendicular to the Te square in the (a, c) plane that is parallel to the Te planes. The
experimental values for RTe3 are b = 25.7 Å and a ≈ c = 4.3. . . 4.5 Å [Ru06a, Ru08].

Since the planar square net of Te atoms is rotated by 45◦ with respect to the RTe
slab and has only half the area, two different unit cells in real space are used: The
larger 3D unit cell is defined by the R atoms of the buckled slab (green in Fig. 2.18),
whereas the smaller 2D unit cell is given by the square Te plane (purple). For the
description of the band structure in reciprocal space, see Fig. 2.18(c), this results in
a larger 2D Brillouin zone corresponding to the Te square, which is rotated by 45◦

with respect to the smaller 3D Brillouin zone. The 3D Brillouin zone is based on
the R atoms of the slab and defines the reciprocal in-plane vectors a∗ = 2π/a and
c∗ = 2π/c.

The band structure can be calculated using the linear muffin-tin orbital method
(LMTO) [Lav05], which reveals 18 bands between E −EF = 2 eV and −6 eV. These
bands correspond to three Te 5p orbitals from each of the 6 Te per unit cell. However,
only 4 bands cross EF , which are derived from the 5px and 5pz Te orbitals in the (a, c)
plane. These 4 bands form the VB and are well isolated from other bands. Thus,
the shape of the FS is solely determined by the Te 5p orbitals. The calculated and
measured band dispersions are well reproduced by a much simpler 2D TB model of
the in-plane Te 5p orbitals. The TB model considers only two perpendicular chains of
5px (red) and 5pz (blue) orbitals, as depicted in Fig. 2.18(b). The coupling constants
t|| and t⊥ describe the parallel and perpendicular coupling with respect to the chains.
In this calculation the size (a, c) of the 3D unit cell are the only parameters that
explicitly depend on the Lanthanide substituent R. Assuming a perfectly square Te
plane and neglecting the coupling of px and pz as well as inter-plane coupling along
the b-axis yields the dispersion relations in the (a, c) plane:

Ex(kx, kz) = −2 t|| cos
2(kx + kz)

a
− 2 t⊥ cos

2(kx − kz)
a

− EF

Ez(kx, kz) = −2 t|| cos
2(kx − kz)

a
− 2 t⊥ cos

2(kx + kz)
a

− EF .
(2.23)

The Fermi level EF = −2 t|| sin(π/8) is fixed by the band filling, which amounts to
5/8 electrons per Te p orbital [Bro08]. The TB coupling constants are adjusted to
reproduce the LMTO calculation [Lav05], which is accomplished for t|| = −1.9 eV
and t|| = 0.35 eV. The two Te planes in RTe3 are distinguishable, see Fig. 2.18, which
is not described within the TB model and lead to two sets of so-called bilayer split
bands that are not shown in Fig. 2.18(c) and Fig. 2.19.
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2.2. Charge Density Waves

Figure 2.18: (a) The crystal structure of RTe3 [Ru06b] is composed of square Te planes and
buckled RTe slabs. Note that the b-axis in the space group Cmcm of RTe3 is perpendicular
to the Te plane with b = 25.7 Å� a ≈ c = 4.3. . . 4.5 Å [Ru06a, Ru08]. (b) Real-space model
of the square-planar Te sheet with 2D (purple) and 3D (green) unit cells of the Te planes and
the RTe slab, respectively. The Te px (red) and py (blue) orbitals and the coupling within
the TB calculation are indicated. (c) FS calculated in the TB model. The extended 2D
and reduced 3D Brillouin zone are indicated. The small perpendicular coupling |t⊥| � |t|||
results in two sets of quasi-1D bands and an almost rectangular FS.

The FS calculated in the TB model is shown in Fig. 2.18(c) in an extended and
reduced zone scheme. Since the TB bands are constructed from only one Te plane,
they have the periodicity of the larger 2D Brillouin zone and are folded back with
respect to the smaller 3D Brillouin zone, as depicted in Fig. 2.19. Due to anisotropic
coupling, |tpara| � |tpara|, each chain of Te 5p orbitals results in quasi-1D band. The
presence of two 5p orbital chains results in the 2D FS that is constructed from two
independent orbital chains.

The LMTO calculation and the TB model agree very well to high-resolution
ARPES data [Bro04, Bro08] for the band dispersion around EF . The intensity of
the back folded bands is very small, which reflects the small 3D coupling of the sys-
tem. Specifically, the excellent description of the in-plane Te 5p orbitals indicates a
weak coupling to the RTe slab and underlines the 2D character of RTe3 compounds.
The TB model does not capture the coupling of the px and pz orbital chains to each
other. This inter-chain coupling leads to an avoided crossing of the p bands and thus
splits the FS into an inner square and 4 outer electron pockets. The inner square is
located in the reduced 3D zone, the four electron pockets are situated in the tips of
the extended 2D zone, (not shown in Fig. 2.18(c) and Fig. 2.19, see [Bro08]). For an
introductory discussion of the nesting-driven CDW formation in RTe3, however, the
inter-chain coupling can be neglected.

The FS nesting in RTe3 is discussed on the basis of the TB model and the re-
sulting quasi-1D band structure. The experimentally determined perturbation vector
qCDW = (0, 0, 2/7) is an unidirectional lattice distortion [Kim06, Fan07]. The STM
measurements on CeTe3 [Kim06] and TbTe3 [Fan07] suggest that q is incommensu-
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2. Theoretical Background

Figure 2.19: Fermi surface nesting vector q in RTe3 and TB bands as in an extended zone
scheme. The dashed bands indicate the back folding into the 3D zone. The nesting vector
q is given in the larger 2D (purple) and smaller 3D (green) Brillouin zones. The resulting
Peierls gaps in the FS are indicated by gray shaded areas.

rate. Much more so, temperature-dependent SXRD on RTe3 reveal that the CDW
wave vector qCDW remains incommensurate over the entire measured temperature
range [Ru08, Grü94]. Previous ARPES experiments on RTe3 [Bro04, Bro08, Gwe98]
reveal that sections of the FS that are nested by the distortion vector qCDW are in-
deed gapped. The perturbation vector is of similar magnitude and oriented in the
same direction, along the c-axis throughout the RTe3 series. The FS nesting along the
c∗-axis is depicted in Fig. 2.19 in extended and reduced zone schemes. The distortion
vectors q and c∗ − q in the extended and reduced Brillouin zone scale linearly with
the reciprocal lattice vector c∗

(2.24) qCDW ≈

{
5
7 c
∗ extended zone scheme

c∗ − q = 2
7 c
∗ reduced zone scheme

The preference of the c-axis over the a-axis observed in the unidirectional CDW
phase transition in RTe3 is surprising since the FS exhibits an almost perfect 4-fold
in-plane symmetry, see Fig. 2.18(c), and one might expect a bidirectional CDW phase
transition along both axes.
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The CDW formation is driven by the minimization of the total energy. The ionic
deformation by q during the CDW transition increases the lattice energy. This energy
increase is overcompensated by the electronic response for this particular deformation
q that lowers the electronic contribution to the total energy and results in the CDW
phase being the ground state at low temperatures. This coupled electron-lattice
instability can only lead to a phase transition if spontaneous perturbations occur that
introduce small spontaneous distortions. If such a spontaneous perturbation results
in a large response of the electronic system this in turn increases the initial distortion
and drives the phase transition [Grü94]. Metaphorically speaking, the spontaneous
perturbations allow the system to ”explore” the total energy space and seek the
configuration of minimal energy.

The unidirectional CDW in RTe3 thus indicates that the observed nesting vector
qCDW corresponds to the largest possible response χ(qCDW) of the electronic system
to the lattice distortion. Accordingly, the system exhibits a CDW phase transition
in the direction of the largest response at low temperatures. The small orthorhombic
distortion in RTe3 distinguishes the a∗ and c∗-axis and might account for the uni-
directional behavior due to an effectively stronger response. A LMTO calculation
of the response function for the undistorted lattice corroborate this interpretation
since the two peaks along the a∗ are smaller than the peaks along the c∗ [Ru08]. It
turns out that a bidirectional so-called ”checkerboard” phase with two perpendicular
distortion vectors competes with the unidirectional ”stripe” phase [Yao06, Fan07] for
the heavy Lanthanides. In the ”checkerboard” phase a second bandgap in the per-
pendicular direction is observed for very low temperatures [Ru08], see Fig. 2.17(a).
The authors argue that for sufficiently large values of the e-ph coupling, only the
wave vector q along c∗ is favored due to a larger response χ(q) and an unidirectional
CDW is observed. Essentially, a single wave vector along the c∗-axis gaps out the
FS so efficiently that not enough of the FS is left for a simultaneous ordering in the
perpendicular a∗ direction. Moreover, a recent theoretical investigation of FS nesting
driven CDW formation in RTe3 suggests that also nesting at energies below and above
EF as well as k-dependent e-ph coupling plays a role in the CDW formation [Joh08].
Nevertheless, the simple theoretical picture of the FS nesting presented in Fig. 2.12
may be applied to the RTe3 family where the CDW formation is driven by the FS
nesting in the vicinity of EF along a single perturbation wave vector q.

Summarizing, the RTe3 family is a good example for a nesting driven CDW in a
quasi-1D band structure. The layered crystal structure results in square Te planes
that are largely decoupled from buckled RTe slabs. Hence, the band structure around
EF is well described by a 2D TB model, which is based on two independent chains of
5px and 5pz orbitals of the Te plane. The FS nesting and the CDW formation can be
described within the relatively simple TB model. The excellent agreement of theory
and ARPES experiments [Lav05, Bro04, Moo08] for RTe3 family is ideal to extend the
ARPES measurements into the time domain and directly address questions regarding
collective excitations and even an ultrafast melting of the frozen-in CDW phase.
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2.3 Electron Dynamics in Reduced Dimensions

This section discusses the elementary scattering processes of quasi-particle excitations
in a solid that will be analyzed by time-resolved 2PPE in chapter 5 and 6 before
turning to the implications for electron systems confined in reduced dimensions. The
central quantity is the decay rate Γ of an excited quasi-particle (electron or hole) in
the frequency domain. According to [Ech00, Ech04, Pit04, Chu06a] there are several
different contributions to the total decay rate:

(2.25) Γ = Γe-e + Γ1e + Γe-ph + Γe-def .

Inelastic Electron-Electron Scattering Γe-e is the most important contribution
in metals for large excitation energies E − EF � kBT . Hot electrons scatter
with cold electrons close to EF and simultaneously create an electron-hole pair.
The equal masses of the scattering partners gives rise to an large energy transfer,
which creates a distribution of scattered secondary electrons. The redistribution
of energy and momentum is observed as decay of the excited quasi-particle
population.

Elastic Electron-Electron Scattering Γ1e changes the electron momentum but
not the energy. The elastic scattering therefore contributes to the line width via
dephasing and can induce a population decay by electron scattering to substrate
bands.

Electron-Phonon Scattering Γe-ph is the rate of phonon absorption or emission
and dominates the temperature dependence of equation (2.25). The transfered
energy typically amounts to a few meV and a large change of parallel momen-
tum can occur such that electrons scatter to different k|| momenta in the final
state. The energy transfer to the lattice subsystem dominates for low excitation
energies E − EF � kBT .

Electron-Defect Scattering Γe-def describes the transfer of energy and momen-
tum due to scattering with imperfections of the crystal structure, such as defects,
impurities and potential corrugations at interfaces. This scattering process can
be approximated to be a quasi-elastic redistribution of momenta.

In this work, quasi-2D ultrathin epitaxial metal films and quasi-1D self-assembling
metallic nanowires on semiconductor substrates are studied with 2PPE at excited
state energies of E − EF ≥ 0.1 eV. Therefor, the condition E − EF � kBT is well
fulfilled at temperatures of T = 100 K corresponding to kBT = 9 meV and the
major contribution to the decay rate is expected from inelastic e-e scattering Γe-e

[Pin66, Ech00, Ech04, Pit04, Chu06a].
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2.3.1 Inelastic Electron-Electron Scattering

This discussion focuses (i) on a weak perturbation regime in the limit of single
particle excitations4, (ii) the low temperature approximation kBT � E − EF � EF
and (iii) the limit of high electron density. The high density limit gives rise to an
efficient screening corresponding to a weak interaction, which justifies the perturba-
tion treatment a posteriori. The inelastic e-e scattering is described within a system
of interacting Fermions, the Fermi liquid. The foundation of this approach is the
Landau theory of Fermi liquids, in short FLT [Qui58, Pin66].

Starting point is a single excited electron with momentum ~k1

Figure 2.20: Feyn-
man diagram of
electron ~k1 scatter-
ing with electron
~k2 due to the
screened Coulomb
interaction W .

and excess energy ξ1 = E1−EF above the Fermi level EF , where
E1 = ~2k2

1/(2m) is the energy in the NFE approximation with
effective mass m. This hot electron scatters with a cold electron
of momentum ~k2 and energy E2 = ~2k2

2/(2m) in the Fermi sea,
as sketched in Fig. 2.20. The screened Coulomb interaction W
mediates the scattering process, which must conserve energy and
momentum:

~k1 + ~k2 = ~k1

′
+ ~k2

′

= ( ~k1 + ~q) + ( ~k2 − ~q) and
(2.26)

E1 + E2 = E1′ + E2′

= (E1 + Eq) + (E2 − Eq) .
(2.27)

The decay of the excited electron k1 involves the creation of two
quasi-particle k1

′ and k2
′, and a quasi-hole k2. The transfered

momentum is given by q and the amount of energy relaxation by
Eq = ~2q2/(2m). The Pauli principle requires the initial state

k2 to be occupied and the final states k1
′ k2’ to be unoccupied. Following FLT, the

decay rate due to e-e scattering Γe-e is given by a Golden Rule like expression with
the same structure as the collision integral [Pin66]:

Γe-e =
∑

final states

w
(
~k1, ~k2, ~k1

′
, ~k2

′)︸ ︷︷ ︸
transition probability

δ
(
~k1 − ~k1

′
+ ~k1 − ~k2

′)︸ ︷︷ ︸
momentum conservation

× δσ1+σ2,σ′1+σ′2︸ ︷︷ ︸
spin conservation

δ
(
E1 − E1′ + E1 − E2′

)︸ ︷︷ ︸
energy conservation

nk2 [1− nk′1 ][1− nk′2 ]︸ ︷︷ ︸
particle number conservation

,
(2.28)

where the split-off delta functions emphasize the conservation of momentum k, spin
σ, energy E and the number of particles n, respectively.

The transition probability w is proportional to the energy phase space Ω, which
is available for scattering, and the square of the screened Coulomb interaction W 2

in a second order perturbation approach. Both quantities, Ω and W are dimension
dependent, however, with opposed effects: Ω decreases with increasing dimensionality
of the electron system participating in the scattering of excited electrons. The inter-
action strength W , however, is expected to increase with reducing the dimensionality
as the screening reduces and thus the electrons in a system with reduced dimensions
scatter more intensely as visualized in Fig. 2.21.

4In fact, this is the case in the 2PPE experiments where the relative density of excited states is
� 1%. In the tr-ARPES experiments, however, excitation densities of > 1% can be reached where
the single particle approximation may break down. 33
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Figure 2.21: Cartoon of the e-e scattering in
3D with maximum degrees of freedom. Spa-
tial confinement reduces the screening and
enhances the e-e interaction in 2D. After
[Him02].

Specifically for 2D quantum well systems, this implies competing effects for the e-e
scattering rate. On the one hand, the phase space available for scattering increases
with film thickness. On the other hand, the DOS at EF is periodically modulated by
the occurrence of new QWS as the well grows wider, which in turn leads to a change
of screening. The well-defined QWS with tunable band structure makes Pb/Si(111)
an interesting model system for the study of the competing effects of phase space and
screening in reduced dimensions and the implications for the electron dynamics in
confined structures.

Electron-Electron Scattering in 3 Dimensions

In 3D, the phase space is a sphere, filled with electrons to kF . The phase space Ω
available for scattering is given by spherical shells that scale with the excess energy ξ
due to energy conservation. The transfered momentum is determined by momentum
conservation such that a typical scattering process in 3D involves two electrons that
are well separated by 2kF in phase space, see Fig. 2.22. Further approximation of a
linear dispersion around EF , which is equivalent to a constant DOS, yields another
factor of ξ ∝ q for the k-dependence. Therefor, the scattering rate is expected to scale
with ξ2 in 3D, the prefactor is determined by W and thus ultimately by the electron
density n that influences both the phase space and the screening.

Quinn et al. [Qui58, Pin66] were the first to explicitly calculate the e-e scattering
rate for a NFE metal within the random phase approximation (RPA) and the limiting
case of high electron density5:

(2.29) Γ(3D)
e-e =

1

τ
(3D)
e-e

= a(3D) n−5/6 ξ2 with a(3D) = const

The constant prefactor a(3D) is derived in appendix C.
Numerous experiments on 3D electron systems like Cu [Sch94, Her96, Kno96,

Pet97b, Kno98b] indicate the general validity of the ξ2 scaling law following (2.29) as
predicted by 3D FLT. However, more detailed investigations [Oga96a, Ger01] reveal
that already for rather simple metals like Cu, which are dominated by NFE-like sp-
bands, deviations in the prefactor a(3D)n−5/6 occur. The description in (2.29) breaks
down completely when transition metals with localized d-bands like Ta are considered
[Kno96]. Here, an explicit consideration of the band structure is required, which can
not be provided by the FLT. Finally, transport effects due to diffusive and ballistic

5The 3D electron density n = n(3D) is measured in units of m−3.
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Figure 2.22: Typical e-e scattering process in 3D. An excited electron ~k1 scatters with an
electron ~k2 in the Fermi sea. This creates to quasi-particles ~k1

′
and ~k2

′
, and one quasi-hole

~k2. Energy conservation constricts the phase space available for scattering two a spherical
shell of thickness 2ξ.

electron transport [Aes00] have to be taken into account for bulk single crystals. These
transport contributions were clearly identified in a thickness dependent study [Lis04b]
of thin Cu films on Si with ∼ 10 nm thickness.

First principle methods can take the band structure of the crystal or the surface
explicitly into account and thereby overcome the limitations of FLT. One method is
the GW -approximation [Cam99, Cam00, Ech00, Lad03, Ech04, Pit04, Zhu05, Chu06a,
Mön06], which is summarized in appendix C. The basic idea is as follows: Since the
quasi-particle states are not eigen-states of the system, the quasi-particle energy is
complex and the imaginary part is a measure of energy and momentum transfer to
the Fermi sea. The probability of scattering between two electrons is constrained by
energy and momentum conservation, and the phase space. The GW -approximation
projects the imaginary part of the self-energy onto the excited state and sums over
the phase space of initial and final states. This allows the explicit consideration of
the band structure with, for example, surface states and orientation bandgaps.

One limitation for a realistic first principles calculations is the computational cost
that arises for structure with large unit cells or complex structured interfaces. This
limitation also applies to Pb/Si(111), which requires consideration of the underlying
wetting layer as well as the substrate. The large number of electrons with a com-
plicated interface still hinders the ab-initio treatment of the electron dynamics in
Pb/Si(111) [Chu08].
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Electron-Electron Scattering in 2 Dimensions

The e-e scattering rate in 2D is determined by the increase of the screened Coulomb
interaction W and a simultaneous decrease of the phase space. The detailed derivation
of the e-e scattering rate in 2D and a discussion of the partially discordant theoretical
literature [Cha71, Giu82, Qia05, Qia06] is given in appendix C. The result can be
summarized with6:

(2.30) Γ(2D)
e-e =

1

τ
(2D)
e-e

= a(2D) ξ
2

n
ln
(
n

ξ

)
with a(2D) = const .

Identical to the 3D case, the e-e scattering rate scales with ξ2. The logarithmic
correction ln ξ−1 as well as the different dependence of n can be understood from the
different structure of the screened Coulomb interaction in 2D. In 3D, the screened
Coulomb interaction scales with W (k) ∝ 1/(k2 + k2

s), where ks is the Thomas-Fermi
screening vector that is determined by the electron density. In 2D, the screened
interaction is approximated by W (k) ∝ 1/

√
k2 + k2

s , which yields a logarithmic term
from the integration over the final states.

Fig. 2.23 quantitatively compares the lifetime due to e-e scattering as expected
within FLT for 2 and 3 dimensions, following the recent theoretical study of Qian et
al. [Qia05, Qia06]. The lower panel in Fig. 2.23 shows the energy-dependence of the
inelastic electron lifetimes τe-e, which exhibit only a subtle dimension dependency.
The overall trend is governed by the ξ2 scaling law and the ln term gives only a small
correction that is important for excitation energies close to EF . The upper panel in
Fig. 2.23 focus on the small lifetime difference expected for 2 and 3 dimensions. The
2D lifetime τe-e is significantly smaller than the 3D lifetime for energies ξ < 0.8 eV.
The differences of several 10 fs should allow identification of such a 2D behavior.
In contrast, the 2D lifetime is expected to be larger than the 3D case for energies
ξ > 0.8 eV. This difference, however, amounts only to a few fs and is hard to detect.

Up to now, only a few metallic quantum well systems like Ag/Fe(001) have been
investigated in time-resolved 2PPE experiments [Oga02, Mat08]. Remarkably, the
observed lifetimes in Ag/Fe(001) of < 9 fs are a factor 10 smaller than predicted
by FLT and do not scale with ξ2 although the sharp QWS indicate a high degree
of confinement. This observation can be attributed to the presence of an orientation
bandgap in the metal substrate, which presents unoccupied states in the outer regions
of k-space. Thus, efficient quasi-elastic decay channels into the substrate become
available and reduce the observed hot electron lifetimes, in which case the comparison
to FLT could be misleading. Metallic Yb(111) quantum wells on W(110) were also
studied with STS [Weg05]. The analysis of the linewidth Γ indicates 3D behavior,
which can be described with the electron density of Yb. Semiconducting quantum
well structures were studied with time-resolved optical pump-probe measurements
[Kai01], which, however, reveal no explicit 2D behavior but show the 3D ξ2 scaling
law as well. Clear deviations from the 3D FLT were only observed in the semi-metal
graphite [Xu97, Moo01], which can understood in terms of a layered 2D electron gas
[Haw87] and peculiarities of the Graphite band structure [Moo01].

6The 2D electron density n = n(2D) is measured in units of m−2.
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Figure 2.23: FLT prediction for
Pb in 3 and 2 Dimensions. Signif-
icant differences are only encoun-
tered at small excess energies ξ =
E − EF where the decay in 2D is
faster than in 3D due to the ln-
term in (2.30). The upper panel
plots the difference of the scaling
laws in 3D and 2D. These features
depend only slightly on the elec-
tron density and present an fun-
damental metallic property.

Electron-Electron Scattering in 1 Dimension

There are only few theoretical investigations of e-e scattering in 1D metal structures
[Lut61, Lut63] because the 1D Fermi liquid is a peculiar construction that exhibits
several instabilities. It is instable with respect to a lattice perturbation, which can
result in a Peierls metal-to-insulator transition with a breakdown of the FS and for-
mation of a gapped CDW state [Grü94], as discussed in chapter 2.2. Furthermore,
an ideally 1D Fermi liquid is expected to show exotic phenomena such as spin-charge
separation in the quasi particle spectrum [Lut61, Med92, Voi95, Zac98]. In this so-
called Tomonaga-Luttinger liquid, the charge is carried by holons and spinons are
carriers of the spin. The experimental proof for such phenomena in highly confined
quasi-1D metal structures, however, still remains a challenge [Seg99, Los01].

Nevertheless, Luttinger predicted a linear scaling of the inelastic e-e scattering
rate with the excess energy ξ in 1D [Lut61] :

(2.31) Γ(1D)
e-e =

1

τ
(1D)
e-e

= a(1D) ξ with a(1D) = f(n) .

There exist only a first time-resolved study [Rüg07] and a transport measurement
[Teg05] of quasi-1D self-assembling nanowires on Si(557) [Seg99, Los01], which do
not discuss the scaling law (2.31). Interestingly, the linear scaling behavior Γ ∝ ξ is
also predicted [Haw87] and observed [Xu97] for layered electron gas systems such as
graphite.
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2. Theoretical Background

2.3.2 Inter- and Intra-Subband Scattering

The discussion of the inelastic e-e scattering was based on FLT, which, by definition,
does not take the band structure into account. In fact, the only adjustable parameter
in the discussion of the FLT is the electron density n, which is not a free parameter but
fixed by the number of valence electrons and the lattice structure. This consideration
evidences that FLT may be able to describe general trends of the electron dynamics
but the details of the scattering processes have to be inferred from the band structure.

The elementary scattering processes of hot electrons have been extensively investi-
gated by time-resoled 2PPE for image potential states (IPSs) on clean and adsorbate
covered noble metal surfaces [Fau95, Pet97b, Zhu04, Fau07]. These studies reveal two
scattering processes that describe (i) scattering and energy relaxation of hot electrons
within the same band (intra-band scattering) and (ii) scattering to a different band
(inter-band scattering). Although IPS and QWS differ profoundly in many physical
aspects, the fundamental scattering mechanisms, which are governed by concepts of
wave function overlap and alike, might be relevant for a QWS system.

These two fundamental scattering processes occurring in well-defined subbands
are illustrated in Fig.2.24. The left panel depicts the dispersion of the Pb 6pz band
along the quantization direction L-Γ. The resulting quantized QWSs form delocalized
subbands in the surface plane as shown in the center panel of Fig. 2.24. The right
panel sketches the step-like increase of the DOS with the appearance of higher lying
QWSs. The central panel focuses on the inter- and intra-band scattering mechanisms
in the lowest unoccupied quantum well state (luQWS) leading to energy relaxation
of excited electrons and thereby to a decay of the excited state population.

Figure 2.24: Inter- and intra-subband scattering processes in discrete subbands. Left: quan-
tization of the 6pz Pb band along the L-Γ direction. The highest occupied QWS (hoQWS)
and the lowest unoccupied QWS (luQWS) are indicated. Center: Inter-subband scattering
luQWS→hoQWS with creation of an e-h pair due to energy and momentum conservation.
Intra-subband decay within the luQWS band creates an e-h pairs as well. Right: The density
of states (DOS) evolves in a step-like fashion in a 2D electron system. The (un)occupied
DOS (uDOS/oDOS) are marked in red and blue.
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2.3. Electron Dynamics in Reduced Dimensions

The inter-subband relaxation in the luQWS is characterized by scattering to un-
occupied parts of the hoQWS band at outer regions of k-space, luQWS→hoQWS.
According to the transfered energy, this scattering process can be elastic as well as
inelastic. The intra-subband relaxation occurs within the same luQWS subband and
decreases the parallel momentum of the excited electron, which relaxes toward the
band minimum at Γ, luQWS(k|| 6= 0)→ luQWS(k|| = 0). Both decay processes in-
volve the creation of a e-h pair in the hoQWS band due to the conservation of energy
and momentum.

Time- and angle resolved 2PPE allows to monitor the excited state population
directly in k-space and can thus discriminate inter- and intra-band scattering [Hot00,
Ber01, Ber02, Rot02, Wei02b, Bog04a, Rot04, GR05, Kir05, Fau07]. Considering the
excited state population of the luQWS at the band minimum, the inter-band decay
leads to population decay with a time constant determined by the coupling strength
and available phase space. In contrast, the intra-band decay leads to a delayed rise of
the excited state population at the band bottom since the relaxation toward the band
bottom requires the time given by the intra-band scattering rate. A k-dependent
analysis can thus identify the intra-band scattering channel by a decrease of the
delayed rise with increasing parallel momentum. If more QWSs than the lowest lying
are populated, the decay can be more complicated and involve the subsequent decay
into several states. Nevertheless, the underlying fundamental scattering processes are
given by the inter- and intra-band relaxation.
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2. Theoretical Background

2.4 Photoelectron Spectroscopy

In this work, the structure of electronic states is investigated with photoemission
spectroscopy (PES), which measures the distribution of momentum and kinetic energy
of electrons emitted by the photoelectric effect [Ein05]. angle-resolved photoemission
spectroscopy (ARPES) is best suited to study the single particle spectral function
A(k,E) of metals and semiconductors directly in k-space [Kev92, Hüf95]. ARPES is
a well established technique7 and one of the most yielding and direct probes of the
electronic band structure of materials in terms of their single-particle spectral function
A(E,~k) [Hüf95, Rei05, Dam03]. Recent advances in the study of such important
phenomena as electron correlation in high-TC Cuprates [She95, Dam03] underline its
fundamental importance for the understanding of the solid state.

PES is based on the photoelectric effect, where photons with energy hν, which
exceeds the metal work function Φ, emit photoelectrons with kinetic energy

(2.32) Ekin = hν − Φ− (Ei − EF ) .

The binding energy Ei with respect to the Fermi level EF is thus reflected in the
kinetic energy of the outgoing electrons. This allows to map out the electronic band
structure because PES conserves the in-plane (parallel) momentum k||, as will be
shown in section 2.4.3. Thus the PES intensity is given by

(2.33) I(~k||, E) = M f(E, T )A(~k||, E) ,

with transition dipole matrix element M , the Fermi-Dirac distribution f and single
particle spectral function A(k,E), which is directly connected to the Greens function

(2.34) A(~k,E) =
1
π

Im
(
G(~k,E)

)
=

1
π

Γ
(E − Ei)2 + Γ2

.

The second term specifies the spectral function for the case of a single quasi-particle
peak with binding energy Ei and intrinsic linewidth Γ.

Many-body effects in PES occur due to the strong and long-range Coulomb
interaction of electrons in a solid. The quasi particles may be visualized as ”naked”
electrons that are ”dressed” by a polarization cloud. This results in a short-range
screened interaction and a quasi particle spectrum with renormalized eigen-energies

(2.35) Σ = Re(Σ) + i Im(Σ) ,

where the real part Ei = Re(Σ) gives the binding energy in the screened potential.
The imaginary Γ = Im(Σ) part is equivalent to the natural line width and gives
rise to an exponential decay of the wave function amplitude with a time constant
τ = 1/Γ, as discussed in the context of the electron dynamics in section 2.3.1. The
tr-ARPES studies on TbTe3 actually analyzes the time-dependent spectral function
A(k||, E,∆t) according to equations (2.34) and (2.35) by observing transient changes
of the amplitude, position and width of the single particle spectral function.

7Nobel prize 1981 to Kai M. Siegbahn ”for his contribution to the development of high-resolution
electron spectroscopy”.
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2.4. Photoelectron Spectroscopy

Figure 2.25: The ”uni-
versal curve” of the
mean free path of elec-
trons that determines
the escape depth of the
photoelectrons. After
[Sea79, Kor07].

The sudden approximation assumes that the photoemission process, which
connects the initial N particle to the final N−1 electron state, occurs much faster than
it takes the electronic system to relax the excited electronic state. This assumption
is closely related to Koopmans’ theorem [Koo34, Sch03]

(2.36) E − EF = −ε ,

where the measured ionization energy E − EF equals the negative orbital energy ε
of the N -particle state as given in a self-consistent Hartree-Fock approximation. In
reality electron correlation, usually calculated by post Hartree-Fock methods, relaxes
the excited N − 1 particle state and results in so-called final state effects on the mea-
sured energies. However, the corrections arising (i) from rearrangement or relaxation
of the orbitals are comparable to (ii) the corrections from electron correlation but
of opposite sign, which explains the success of Koopmans’ theorem. The validity of
the sudden approximation has been questioned at very low kinetic energies, however,
recent photon energy dependent investigations seem to confirm its validity [Kor06].

The surface sensitivity of ARPES is a result of the finite escape depth of
electrons in solids [Sea79, Zan88]. The mean free path, as shown in Fig. 2.25, is in
first approximation material independent and a function of the kinetic energy in the
solid, which exhibits a minimum of a few Å escape depth at Ekin ≈ 20−50 eV. In the
experiments discussed here, the kinetic energy is ≤ 6 eV and the mean escape depth
amounts to ∼ 10 Å. Thus, electronic features of both the sample bulk and the surface
can be observed in these experiments.

Space charging in photoemission experiments, especially with pulsed light sources
such as a lasers, puts an upper limit on the achievable count rates. The Coulomb
repulsion of photoelectrons, which are simultaneously emitted by a strong field, can
result in spectral broadening at all kinetic energies due to deceleration of slow and
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2. Theoretical Background

acceleration of fast electrons, and a distortion of the trajectories. The space charge
effect [Gil90, Pet92, Rif93] is determined by the electron density ρ

(2.37) ρ ∝ I

∆t A
,

which is proportional to the light intensity I and reciprocal to the duration of the
light pulse ∆t and the illuminated area A. Since the ultrashort laser pulses are the
foundation of the time-resolved studies, they can not be scarified and only an increase
of the illuminated surface area can reduce the electron density. However, this is only
feasible for homogeneous samples like metal single crystals and can not be applied
to the wedged and thus inhomogeneous Pb/Si(111) samples (chapter 3.3.1) or the
relatively small TbTe3 samples (chapter 3.3.2).

2.4.1 The 3-Step Model of Photoemission

A detailed description of the photoemission process requires the consideration of all
initial and final states and thus is a complicated many-body phenomenon. There
exist, however, phenomenological approaches like the 3- and 1-step model of photoe-
mission, as depicted in Fig. 2.26. The 3-step model [Ber64b, Ber64a] separates the
photoemission process into three distinct parts:

1. Localized excitation of the electron from the initial to the final state in unoc-
cupied bands above the vacuum level. The transition is vertical in the band
structure due to the small photon momentum.

2. Transport of the photoelectron to the surface. Here, scattering processes such
as e-e or defect scattering alter the electron momentum and energy, which con-
tributes to the background of the photoemission signal. The transport induces
the energy-dependent mean free path and determines the surface sensitivity of
the photoemission process to 5− 100 Å [Sea79], see Fig. 2.25.

3. Emission of the electron into the vacuum and propagation in the vacuum to the
detector. The momentum component parallel to the surface k|| is conserved due
to the small momentum of the photon, whereas the perpendicular component
k⊥ is altered by the work function.

According to the 3-step model, the photoemission current

I(k||, Ekin) = T (Ekin)Mif D(Ei)D(Ef )

×
∫ ∞

0

dz f(T,Ei)A(k||, Ei) e−z/z0
(2.38)

is determined by the distribution function f , the DOS in the initial and final state,
Ei and Ef , respectively, the transition matrix elements Mif , a transmission function
T , and the mean escape depth z0 [Sch03]. The different energy scales are linked via
equation (2.32).
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2.4. Photoelectron Spectroscopy

Figure 2.26: (a) 3-step model of photoemission: (1) optical excitation of a wave packet that
(2) propagates to the surface and (3) emits an electron into the vacuum. (b) 1-step model:
The optical field couples a Bloch-state, which resides in the crystal, to an quasi-free inverse
LEED state, which is located in the vacuum but decays exponentially into the bulk. [Hüf95].

2.4.2 The 1-Step Model of Photoemission

The 1-step model [Pen76] allows a more detailed and integrated description of the
photoemission process. This model can be depicted as the optical coupling of a Bloch
wave inside the crystal to plane wave states in the vacuum, which decay exponentially
into the bulk crystal, see Fig. 2.26(b). This can be interpreted as the time-reversal
of an electron impinging on the metal surface with an energy-dependent penetration
depth. For that reason these final states are also termed time-reversed or inverse
LEED states ΨLEED(Ef ) [Feu78, Mah70a, Mah70b] and the photo current is given
by [Sch03]:

(2.39) I(k||, Ekin) ∝
∑
|〈ΨLEED(Ef )|W |Ψi〉|2A(k||, Ei) .

The operator W = ~A · ~p + ~p · ~A describes the interaction of the electrons with the
vector potential ~A of the light field. Perturbation theory in first order of ~A and the
dipole approximation ~A = A0 ~e e

i~k·~r ≈ A0~e yields

(2.40) W = A0~e · ∇ = A0(Ef − Ei)~e · ~r ,

where ~e is the polarization vector of the light wave with amplitude A0. Ei and Ef
are the initial and final state energies, respectively.
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2.4.3 Angle-Resolved Photoelectron Spectroscopy

The photoemission process conserves the parallel momentum8 as long as the photon
energy is significantly smaller than the electron rest energy mec

2 and no scattering in
the final state occurs. Fig. 2.27 depicts the transmission of an electron at the solid-
vacuum interface. The work function of the metal result in a so-called escape cone,
which is an apparent increase of the work function with increasing emission angle.
For k|| 6= 0, part of the energy is carried away by the parallel momentum and can
not contribute to the perpendicular component k⊥ to overcome the work function
[Hüf95, Bis06].

Figure 2.27: Photoemission of an electron with angle Θe conserves the momentum compo-
nent parallel to the surface k||, which thus is accessible by angle-resolved detection. The
perpendicular component k⊥ is altered by the work function and generally not conserved.

Measuring the photoemission intensity as function of kinetic energy and photoe-
mission angle allows to map out the in-plane band structure as function of in-plane
momentum:

k‖(Θe, Ekin) = sin Θe

√
2me

~2
Ekin

= 0.5123 Å
−1

eV−1/2 sin Θe

√
Ekin .

(2.41)

The angle-resolved detection results in detailed informations about the dispersion
of the electronic states. State-of-the-art photoelectron spectrometers, compare to
chapter 4, enable a simultaneous and thus very efficient detection of the energy and
momentum distribution, resulting in comprehensive pictures of the band structure.

8The momentum p is, strictly speaking, only proportional to the wave vector k, p = ~k. For
the sake of simplicity, this distinction is omitted in this work and the wave vector k is treated as
momentum.
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2.4.4 Two-Photon Photoelectron Spectroscopy

The equilibrium band structure is very successfully studied with direct photoemission,
which, however, can hardly supply information about non-equilibrium processes or
unoccupied parts of the band structure. The unoccupied bands may be accessed with
inverse photoemission spectroscopy (IPES) [Smi88], where monochromatic electrons
are injected into unoccupied states that relax via emission of photons. However, IPES
suffers from the low cross section of the radiative decay channel and a limited energy
resolution. Also, it does not allow to directly address the physics of non-equilibrium
processes in the time domain. Since its first experimental description9 [Lau77, Wau77]
2PPE spectroscopy has matured in the last 20 years [Gie85, Gie87, Sch91, Pad92] to a
very powerful tool for the characterization of the unoccupied band structure of clean
and adsorbate covered metal surfaces [Fau95, Pet97b, Ge98, Mil02a, Wei02b, Ech04,
Zhu04, Fau07].

In the 2PPE process photons with energies below the work function promote
electrons from initial states below the Fermi level EF into unoccupied intermediate
states above the Fermi level. Absorption of a second photon overcomes the sample
work function and electrons are photoemitted into final states above the vacuum level
Evac where the photoemission spectrum is observed. Moreover, the use of ultrashort
laser pulses in 2PPE allows a natural implementation of a pump-probe scheme to
monitor the energy and momentum relaxation of the excited electron population
directly in the time domain. This time-resolved 2PPE scheme employs a pair of
time-correlated pulses that are overlapped on the sample and thus give rise to a
time-correlated 2PPE signal.

Excitation Mechanisms

The two step nature of the 2PPE process allows several different excitation mecha-
nisms of the intermediate state k as sketched in Fig. 2.28.

(a) Resonant excitation occurs when the energy difference of initial state i and
intermediate state k coincides with the pump photon energy hνpump = Ei−Ef .
In general, resonantly pumped intermediate states lead to exaggerated peaks in
the 2PPE spectrum.

(b) Non-resonant excitation populates the intermediate state k via inelastic
scattering from another intermediate state. This excitation scheme is typical
for a continuous spectrum of initial states and dispersing states, which allow
an excitation over a wide range of k|| and may result in subsequent inter- and
intraband scattering process.

(c) Photoemission via virtual intermediate states arises from the transient sec-
ond order polarization in the presence of the strong laser fields used in 2PPE.
It can be visualized as simultaneous absorption of two photons.

9The 2PPE process is a second order phenomenon that requires considerable field strength and
thus has only become feasible with the advent of ultrashort sub-ns laser sources in the late 1970’s.
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Figure 2.28: Excitation mechanisms of 2PPE involving discrete initial, intermediate and
final states, i, k and f , respectively. (a) Resonant excitation, (b) Non-resonant excitation,
(c) Photoemission via virtual intermediate states.

The independent variation of the pump and probe photon energies hνpump and
hνprobe, respectively, enables a clear identification whether a peak in a 2PPE spectrum
stems from an initial, intermediate or final state in the 2PPE process:

Initial State i The kinetic energy of electrons from occupied initial states i,
which are photoemitted via virtual intermediate states, scales linearly with both
the pump and probe photon energy.

Intermediate State k The kinetic energy of electrons that are photoemitted
from real intermediate states k is independent from the pump photon energy
and scales linearly with probe photon energy.

Final State f The final state energy is, by definition, independent of pump
and probe photon energy.

Energy Scales in 2PPE

The different origin of peaks in a 2PPE spectrum requires a careful consideration of
the appropriate energy scale to describe the binding energy of a given state. This is
explained in Fig. 2.29, which shows two unoccupied intermediate states, and the low-
and high-energy cutoffs at the vacuum and Fermi edge, respectively. The position of
the secondary edge (a) is generated by scattered, secondary electrons that have just
enough energy to overcome the work function. The electrons at the Fermi edge (c)
are photoemitted from states near EF via virtual intermediate states and thus have
the highest possible energy in the spectrum. The width of the spectrum from its
secondary edge E(S)

kin to the Fermi edge E(F)
kin and the sum of photon energies allows to
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2.4. Photoelectron Spectroscopy

Figure 2.29: Energy scales in 2PPE together with excitation mechanism and appropriate
energy scales. Several features are highlighted (a) Low-energy cutoff at the so-called sec-
ondary edge. (b) Two intermediate states pump with visible light (VIS), hν1 and probed
with ultraviolet light (UV), hν2. (c) Intermediate state pumped with UV. (d) High-energy
cutoff at the Fermi edge.

accurately determine the sample work function:

(2.42) Φ = hν1 + hν2 −
[
E

(F)
kin − E

(S)
kin

]
Determination of the correct binding energy of an intermediate states peak re-

quires knowledge by which of the 2PPE pulses (hν1 or hν2) the state is pumped and
probed. The sequence of pump and probe pulse can be determined by the photon
energy dependence observed in the kinetic energy of the intermediate state peak.
Independently, the pump-probe sequence can be inferred from time-resolved 2PPE
measurements, see next section. The 2PPE spectrum discussed in Fig. 2.29 exhibits
an intermediate state peak at E −EF = 0.5 eV, populated by the visible (VIS) laser
pulse hν1 (red), and one intermediate state at E − EF = 3.3 eV, pumped by the
ultraviolet (UV) laser pulse hν2 (blue). Both these energy scales are linked to the
(common) Fermi edge (red and blue), as the energy difference of EF and the high-
energy cutoff must equal the pump photon energy on the appropriate intermediate
energy scale E − EF . The appropriate binding energy scales referenced to EF and
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the vacuum level EV for an initial and intermediate state peaks at kinetic energy
Ekin = P are given by the following expressions:

Ei − EF = P − E(F)
Kin

Ek − EF = hνpump + P − E(F)
Kin(2.43)

Ek − EV = P − E(S)
Kin − hνprobe

2.4.5 Time-Resolved Two-Photon Photoemission

To investigate the population dynamics of transiently populated intermediate states,
the pump-probe delay ∆t is varied by changing the optical path length. The time-
correlated10 2PPE yield as function of intermediate state energy E − EF (vertical
axis) and pump-probe delay ∆t (horizontal axis) is shown in an exemplary ”2D-plot”
in Fig. 2.31.

The pump-probe sequence used in the

Figure 2.30: Sequence of pump and probe
pulses. For positive delays ∆t, the VIS
pulse, hν1, precedes the UV pulse, hν2.

time-resolved 2PPE experiments is depicted
in Fig. 2.30. For positive delays the VIS
pump pulse, hν1, first excites the sample
and the subsequent UV pulse, hν2, probes
the transient population. For negative de-
lays the pump-probe sequence is inverted
and the UV pulse precedes the VIS pulse,
see of Fig. 2.30. According to the differ-
ent probe photon energies the appropriate
intermediate energy scale is given by the
left (right) vertical axis for positive (nega-
tive) delays. The direction into which the
population decay is observed allows to un-
ambiguously determine the pump-probe se-
quence for a given peak in the spectrum.

The left panel of Fig. 2.31 shows a 2PPE
spectrum that was obtained by integration
of the spectra around time zero delay. It ex-
hibits the lowest unoccupied quantum well

state (luQWS) as well as an image potential state (IPS). Their population dynamics
are discussed in the bottom panel. The cross correlation (XC) traces are shown in the
bottom panel and were obtained by integration over the energy windows indicated
by the color bars on the left hand side. The population of the luQWS decays toward
positive delays indicating a VIS-UV pump-probe sequence. In contrast, the IPS de-
cays to negative delays because of the reversed pump-probe sequence. The XC traces
are described with appropriate rate equation models (solid lines), see next section.
The laser pulse duration as well as the time zero delay are inferred from a fit of a
sech2 function to the hot electron distribution near EF . There, the lifetime of the
intermediate states may be neglected, which results in the measurement of the laser
auto correlation (AC) function as detailed in the next section.

10An uncorrelated background originates from 2PPE solely from the pump and probe pulse (typ-
ically a few % at time zero), which is measured separately and subtracted from the 2D-plots.
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Figure 2.31: Center: 2PPE yield of 8 ML Pb/Si(111) as function of intermediate state energy
(vertical axis) and pump-probe delay (horizontal axis) in a false color representation. The
left axis is valid for positive pump-probe delays and denotes the intermediate state energy
E−EF for VIS (hν1) pumped states. The right energy axis refers to the intermediate energy
scale for UV (hν2) pumped states and thus is appropriate for negative pump-probe delays.
Right: 2PPE spectrum from a vertical cut between −110 and 200 fs. The lower lying peak
at E−EF = 0.6 eV originates from the lowest unoccupied QWS (luQWS), which is pumped
with hν1. The higher lying peak arises from an image potential state (IPS), which is pumped
with hν2. Therefore its binding energy E−EF = 3.3 eV is given by the left energy axis. The
small feature at E − EF = 1.1 eV stems from a neighboring coverage and is not discussed
here. Bottom: Cross correlation (XC) traces for luQWS, IPS and the hot electrons at the
Fermi edge, from which the time-zero of the pump-probe delay and the laser cross correlation
is inferred by a fit of a sech2 (solid line). The XC traces were obtained from 200 meV wide
horizontal cuts as indicated by the color bars on the left.
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2.4.6 Analytic Description of the Population Decay

The description of the transient population of an excited continuum of metal states
is complicated and can hardly be done within analytical models. The quantization of
the band structure and the formation of discrete QWS in Pb/Si(111), however, allows
to discus a discrete 3-level system consisting of initial, intermediate and final state.

Such an optically coupled 3-level system is described by the optical Bloch equa-
tions [Lou83], which enable a full quantum-mechanical description including effects of
a coherent polarization, which is relevant for resonant excitation conditions [Her96,
Kno98a, Wol99, Bog02, Bog04b]. This approach requires exact knowledge of the
dephasing parameters of the system, which have to be extracted from linewidth mea-
surements and are not accessible by analysis of the population decay only.

In case of a non-resonant excitation, which can be realized by the choice of excita-
tion photon energies, the optical Bloch equations simplify to a set of classical, coupled
rate equations:

ṅi = −|Vik(t, τ)|2 ni + Γ1nk(2.44)

ṅk = |Vik(t, τ)|2 ni − |Vkf (t, τ)|2 nk − Γ1nk(2.45)

ṅf = |Vkf (t, τ)|2 nk .(2.46)

The optical Bloch equations and the derivation of the rate equations is detailed in
appendix D. The population densities of the initial state i, the intermediate state k
and the final state f are denoted by nx. The probabilities for the transition x→ y in
the presence of the optical field are given by |Vxy|2 and the pump-probe delay by τ .

Γ1 is the inelastic scattering rate from the intermediate to the ground state, k → i.
After decay of the optical excitation (Vxy = 0), Γ1 describes an exponential decay of
the intermediate state population. In an ideal metal, without defects and electron-
phonon coupling, the inelastic decay rate is assumed to be equivalent to the inelastic
e-e scattering rate Γ1 = Γe-e

For sufficiently small excitation densities, ni can be approximated as constant and
|Vkf (t, τ)|2 nk can be neglected. Integration yields the 2PPE response function for
the intermediate state k

(2.47) I2PPE
k (τ) ∝

∫ ∫
dt′ dt′′I1(t′)Rk(t′′ − t′) I2(t′′ − τ) .

Here, I1(t) and I2(t) denote the transient envelopes of the pump and probe laser pulses
and Rk(t) the response function of the intermediate state k. Using the definition of
the XC function of both laser pulses [Rul98]

(2.48) FXC(t) =
∫
dt′I1(t)I2(t− t′) ,

which is equivalent to a convolution of both laser pulses, finally yields for the 2PPE
response as function of pump-probe delay τ

(2.49) I2PPE
k (τ) ∝

∫
dt FXC(t− τ)Rk(t) .
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Figure 2.32: Diagram of a 3- and 4-level system with initial, intermediate and final states
i, k, f . (a) Decay scheme of a 3-level system. (b) Decay scheme of a 4 level system. The
population in nk,2 fills the probed population nk,1 with a rate Γ12. (c) Representation of the
two intermediate states of a 4-level system by a system of coupled water reservoirs.

The XC function FXC(τ) is obtained from the decay of hot electrons at large excess
energies (E−EF > 2 eV) since the excitation proceeds via virtual intermediate states
without a finite lifetime. If the lifetime is infinitely small, the response function of
the system is a δ function, Rk(t) = δ(t), and (2.49) reduces to the XC function in
(2.48). For a 3-level system with finite lifetime of the intermediate state the response
function is given by

(2.50) R1(t) = Θ(t)n(0)
1 e−Γ1t with Γ1 =

1
τ1

,

which describes the exponential decay of the initial population density n(0)
1 = n1(t =

0) of the intermediate state k with a lifetime of τ1. Θ(t) denotes the Heaviside
function. The description of the population dynamics in the QWSs with a 3-level
system is only correct if a single QWS is populated by the pump laser field. This
condition is not always fulfilled, the Pb layers exhibit several unoccupied QWS that
can be coupled to each other, and dispersing states can present intra-band decay
channels. This situation can be modeled by a 4-level system with two intermediate
states, shown schematically in Fig. 2.32.

The populations in the two coupled intermediate states k1 and k2 decay with rates
Γ1 and Γ2, respectively, into the ground state. Additionally, the second state k2 is
coupled with a rate Γ12 to the intermediate state k1. Neglecting the optical coupling
of k1 and k2 by the laser field, the rate equations for the population densities are:

ṅ1(t) = −Γ1 n1(t) + Γ12 n2(t)(2.51)
ṅ2(t) = −(Γ12 + Γ2) n2(t)(2.52)
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Figure 2.33: Response function of a 4-level system (2.54) for different ratios of τ1 to τ12 and
constant 10n

(0)
1 = n

(0)
2 and τ2 = 100 fs. For large τ1 and small τ12 a delayed rise of the

population is encountered (upper curves). The opposite case of small τ1 and large τ12 leads
to a bi-exponential decay. The slopes at later delays are given by Γ1 and Γ′2 = Γ12 + Γ2,
respectively.

The coupled rate equations replace equation (2.45) and are solved analytically to yield
the response functions R1(t) and R2(t) of both intermediate states:

R1(t) = Θ(t)
(
n

(0)
1 e−Γ1t + n

(0)
2 C

(
e−Γ1t − e−Γ′2t

))
(2.53)

R2(t) = Θ(t)
(
n

(0)
2 e−Γ′2t

)
with(2.54)

Γ′2 = Γ12 + Γ2 and C =
Γ12

Γ′2 − Γ1
,

where Γ′2 describes the total decay rate of the second intermediate state k2. The
population densities at t = 0 are given by n(0)

1 and n
(0)
2 , respectively.
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Fig. 2.32(c) depicts a simple analogy of the coupled 4-level system. The popula-
tions n1 and n2 are represented by fluid levels in the two water reservoirs, the decay
channels are given by openings at the bottom of the reservoirs. The flow speed (ṅx(t))
is proportional to the opening (Γx) and the fill level (nx), in accordance with (2.51)
and (2.52). The lower lying reservoir n1 is refilled by the flow Γ12 from the higher
lying reservoir n2. This refilling is also influenced by the flow Γ2 out of the higher
lying reservoir. This influence of Γ2 on the refilling of n1 allows to obtain informations
on the population decay n2, which might not be directly probed.

The description of a 4-level system utilizes 5 free parameters (n(0)
1 , n(0)

2 , Γ1, Γ2,
Γ12) and thus requires a careful and critical interpretation of the results. However,
there are two limiting cases for the response function R1(t), which can be clearly
distinguished as discussed in Fig. 2.33. (I) A delayed rise of the n1 population is
observed for Γ1 < Γ′2, which results in C < 0 in (2.53). After a delayed population
build up due to scattering k2 → k1, the subsequent decay proceeds at a rate Γ1. This
decay mode is similar to the radioactive decay of a parent nuclide into a daughter
product [MK94]. (II) A bi-exponential decay of n1 is observed for Γ1 � Γ12 and thus
C > 0. The fast initial decay is determined by Γ1 and the slope of the subsequent
decay is given by Γ′2 = Γ2 + Γ12. Finally, for Γ2 = Γ12 = 0 the response function
(2.50) of the 3-level system is obtained.

2.4.7 Time- and Angle-Resolved Photoemission Spectroscopy

Time- and angle-resolved photoemission spectroscopy (tr-ARPES) is a relatively new
experimental technique that was first described in the mid 1980’s [Fuj84, Fan92,
Hai95]. It provides unique information about non-equilibrium dynamics of the oc-
cupied band structure. Compared to purely optical pump-probe schemes, tr-ARPES
has the advantage to detect these transient signals directly in reciprocal space. Thus
it is free of any model dependent assumptions because it combines the measurement
of the single particle spectral function A(k, ω) in the frequency domain with informa-
tion about collective excitation modes in the time domain. This can be summarized
by an extended spectral function A(k, ω,∆t), which is measured in a tr-ARPES ex-
periment. Part of this thesis work deals with the observation of a collective CDW
excitation mode in a strongly correlated material (chapter 7).

The tr-ARPES scheme employs fairly strong pump pulses in the range from
Fpump = 40 µJcm−2 to Fpump = 2 mJcm−2 to perturb the occupied band struc-
ture by excitation of a significant amount of carriers11. The subsequent UV laser
pulse with photon energies larger than the sample work function probe the transient
band structure below EF as well as the excited carriers above EF . This is depicted
in Fig. 2.34(a).

Fig. 2.34 discusses the excitation and subsequent equilibration of the transient
electron population around EF . Before arrival of the pump laser pulse, the electron
distribution is characterized by a thermal Fermi-Dirac distribution with an electronic
temperature Tel equal to the macroscopic sample temperature T0 = Tel. At time

11Typically a few % of the electrons at EF are excited, which is several orders of magnitude larger
than the excitation densities reached in 2PPE. Lisowski et al. [Lis04a] discuss excitation densities
of 18% of the electrons at EF .
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Figure 2.34: (a) Time-resolved photoemission. An intense pump pulse with 1.5 eV photon
energy creates a significant11 population of hot electrons above EF . The time-delayed UV
pulse with hν = 6 eV probes both the transient change of the occupied band structure as
well as the short lived population of states above EF . (b) Sketch of the time-dependent
distribution function and of the thermalization process [Lis05a]. The excitation around time
zero projects part of the equilibrium electron distribution, which initially is described by
a Fermi-Dirac distribution of temperature T0, into states above EF . Inelastic scattering
of these excited carriers reestablishes a Fermi-Dirac distribution at a higher temperature
Tel > T0.

zero, the pump pulse excites electrons into unoccupied states above EF and creates a
transient non-thermal electron distribution, which is not described by a Fermi-Dirac
statistic. Due to inelastic e-e and e-ph scattering this non-thermal distribution evolves
within 10 − 100 fs [Fan92, Ret02, Lis04a] into a Fermi-Dirac distribution of higher
electronic temperature Tel > T0, where the electronic temperature can reach several
1000 K [Fan92, Ret02, Lis04a]. This whole process is termed thermalization.

The electronic system is still not equilibrated with the phonon system, which acts
as heat bath. Further e-ph scattering equilibrates the electron and phonon system on
time scales of > 1 ps, depending on excitation density and the e-ph coupling strength.
The whole sequence of excitation and thermalization may be described within a so-
called two-temperature model [Ani74, Ret02] that treats the electronic and phononic
systems as coupled heat baths. However, a precise description requires an explicit
consideration of transport processes as well [Ret02, Lis04a, Lis05a].

The high excitation densities in the tr-ARPES experiments and the associated
high electronic temperatures can have drastic impact on the occupied band structure.
On the one hand, the sudden drop of electron density around EF changes the Coulomb
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interaction due to an change of the number of electrons and the associated screening.
Since the ion cores react to the surrounding electronic potential, this can lead to the
excitation of collective modes in the time domain such as coherent phonons [Bov04,
Bov06, Bov07, Lis05b, Per06, Lou07, Per07, Per08, Sch08]. On the other hand, tr-
ARPES measures the single particle spectral function, just as conventional ARPES
does. The unique capability of tr-ARPES now is the simultaneous observation of these
two complimentary regimes, as it allows to directly monitor the change of the single
particle spectral function in the time domain upon collective excitation of correlated
modes.

The tr-ARPES data is evaluated according to the outline presented for time-
resolved 2PPE. Vertical cuts along the energy axis yield single spectra as function
of pump-probe delay, which then, for example, can be fitted with Lorentzian peaks
and a Fermi-Dirac distribution. This yields parameters such as the transient peak
amplitude, width and position as well as the electronic temperature. Horizontal
cuts along the pump-probe axis result in XC traces that characterize the transient
population of occupied and unoccupied states.
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3 Experimental Details
To study the ultrafast electron dynamics in low-dimensional metallic structures with
femtosecond time-resolved one- and two-photon photoemission, it is necessary to com-
bine femtosecond laser spectroscopy with epitaxial growth of metal films in situ.

The amplified Ti:Sa laser system provides ultrashort laser pulses to excite and
subsequently probe the transient evolution of the sample band structure by two-
photon photoemission (2PPE) as well as by time- and angle-resolved photoemission
spectroscopy (tr-ARPES). The epitaxial Pb/Si(111) samples for the 2PPE investiga-
tions were prepared by metal evaporation and characterized with low energy electron
diffraction (LEED) and photoemission spectroscopy (PES) in an ultrahigh vacuum
chamber. The TbTe3 crystals for the tr-ARPES measurements were grown and char-
acterized by Ian Fisher and Zhi-Xun Shen and coworkers from the Stanford University
as part of our collaboration. The transient one- and two-photon photoemission spectra
are collected with a electron time-of-flight (TOF), where the in-coupled laser pulses
generate the photoelectrons.

A vital part of this work was to design, implement and commission a novel position-
sensitive electron time-of-flight (pTOF) spectrometer, which is tailored to deal very
efficiently with k-dependent anisotropic electron dynamics. Such anisotropic elec-
tron dynamics are important for one- and two-dimensional band structures in low-
dimensional, strongly correlated materials. This part of the thesis is described in
chapter 4. The hard- and software components are listed in appendix G.
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3.1 Laser Setup

The first main building block of the time-resolved photoemission setup is the commer-
cially available amplified laser system (Coherent) as sketched in 3.1. A 18 W1 Verdi
continuous wave (cw)-laser (V-18) [Coh07] pumps a Mira seed oscillator (Mira 900-B)
[Coh93] and a regenerative amplifier (RegA) (RegA 9050) [Coh97]. The RegA pulses
(800 − 830 nm, 300 kHz, 5 µJ/pulse, 55 fs after compression) can drive two optical
parametric amplifiers (OPAs), which are tunable in the visible (VIS) and infrared (IR)
spectral range. Subsequent second harmonic generation (SHG) extends the accessible
spectral range further into the ultraviolet (UV). The RegA pulses can alternatively
supply the optical path for tr-ARPES with 205 nm probe and 820 nm pump pulses
in the µJ range and overall < 100 fs time resolution.

The operation principle of the laser system as well as more specific design con-
siderations of the optical paths are summarized in appendix E. More details re-
garding the generation and control of femtosecond laser pulses can be found in
[Dem03, Rul98, Boy92, Tre02], the manuals [Coh07, Coh93, Coh97, Coh94], and in
previous thesis works [Kno97, Den99, Hot99, Gah04, Lis05a, Stä07].

Figure 3.1: Optical path of the femtosecond laser system. A 18 W Verdi cw-laser (V-18)
pumps a Mira seed oscillator and a regenerative amplifier (RegA 9050). The RegA pulses
can drive two OPAs or alternatively supply the tr-ARPES optical path. Thus, the laser
system is quasi-continuously tunable in the range from 200− 1600 nm. See appendix E for
details.

1The V-18 Verdi laser replaced a 5 W V-5 Verdi laser for pumping the Mira oscillator and a 10 W
V-10 Verdi laser for pumping the RegA amplifier in January 2007. This increased the cw power by
80%.
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3.1.1 Generation and Amplification of fs-Laser Pulses

The amplified fs-laser system with two different tunable OPAs enables bichromatic
2PPE experiments in which the photon energies of pump and probe pulse can be cho-
sen independently. This allows to populate intermediate states via resonant optical
excitation or non-resonant transitions. For the 2PPE experiments it is also necessary
to avoid direct photoemission and adapt the maximum photon energy to the sam-
ple work function. The OPA 9450 (visible optical parametric amplifier (VIS-OPA))
[Coh94] delivers tunable VIS pulses (460− 760 nm, 55 fs at 150 nJ/pulse); the OPA
9850 (infrared optical parametric amplifier (IR-OPA)) [Coh94] generates ultrashort
infrared pulses (1100−1600 nm, 30 fs at 500 nJ/pulse). The range of photon energies
is then further extended into the UV by SHG in β-barium-borate (BBO) crystals.
Frequency doubling of the VIS-OPA output yields 230− 380 nm. The VIS-OPA was
used in the 2PPE experiments on Pb/Si(111) and 4×1-In/Si(111) due to its easier
handling and tunability.

Alternatively, the RegA output can be used for tr-ARPES at 820 nm pump and
205 nm probe wavelength (6 eV probe energy). The pump pulse duration is given by
the RegA pulses of 55 fs, the probe pulses are limited to about 80 fs pulse duration.
The upgraded1 RegA system provides up to 1 µJ pumping power at the position of
the sample. This excitation regime allows to trigger collective many-body dynamics
like optically induced ultrafast phase transitions in highly correlated materials [Per06,
Per08, Sch08] and high-Tc superconductors [Kor06, Per07]. The photon flux in the
205 nm probe beam is in the order of 1013 photons/s and thus comparable with third
generation synchrotron undulator light sources [Kor06]. This facilitates an efficient
characterization of the occupied band structure at 6 eV photon energy. The tr-ARPES
path was used in the experiments on Pb/Si(111) and TbTe3.

3.1.2 Pulse Incoupling

The next step is the incoupling of the laser pulses into the ultrahigh vacuum (UHV)
chamber and establishment of spatial and temporal overlap of pump and probe beam
in the focus of the acceptance cone of the TOF. A detachable breadboard houses the
delay stage (Physik Instrumente), the focusing optics, a pinhole for finding the spatial
overlap, a fast photodiode to constrict the temporal overlap, and a charge coupled
devices (CCD) camera (The ImagingSource) to capture beam profiles, see Fig 3.2.
The computer-controlled delay stage, which delays the probe pulse with respect to
the pump pulse with < 0.5 fs precision and repeatability, is positioned in the VIS
path of the time-resolved experiments. The tunability of the OPA system as well
as photon energies in the range of ∼ 200 nm do not permit the use of commercial
high-reflection dichroic mirrors. The Aluminum mirrors, which are used in the UV
path, however, have a reflectivity of 80%. This leads to significant intensity losses
and calls for a minimal number of UV mirrors.

Pump and probe beam are independently focused onto the sample surface by two
lenses. Both beams are adjusted to equal size for the 2PPE experiments (see Fig. 3.3)
to suppress the uncorrelated background in the 2PPE spectra. For the tr-ARPES
experiments the probe beam is adjusted to be smaller than the pump beam to ensure
a homogeneously excited sample and to avoid broadening of the spectra, which can
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Figure 3.2: Incoupling of the pump and probe beams into the UHV chamber. The time-
correlated beams, which are delayed on a delay stage, are independently focused onto the
sample in front of the TOF entrance aperture by two lenses. The spatial overlap is established
in a pin hole outside the chamber. The beam profiles are acquired in a UV sensitized CCD
camera. The temporal overlap is constricted with a fast photodiode.

occur on inhomogeneous sample surfaces. The incoupling geometry is quasi-collinear
to similarly avoid interferometric conditions and minimize the temporal broadening
due to a non-collinear geometry. The sample is brought to the nominal distance of
3 mm in front of the entrance aperture of the TOF. The visible beam, which is
observed with an optical microscope equipped with a CCD camera, is first aligned to
fix the beam position in the focus of the acceptance cone of the TOF. The single color
2PPE count rate can additionally be used to align the beam in case of a homogeneous,
defect free surface.

The focus position of the pump beam is transfered via a flip mirror to a pin hole
of 100 µm diameter. The pinhole is positioned at exactly the same distance d to the
flip mirror as the sample surface, see Fig. 3.2. The position of the pin hole itself is
determined by maximization of the power transmitted through the pinhole. The UV
beam, which is visualized with optical brightener on paper cards, is aligned to also
be transmitted through the pinhole, which ensures the spatial overlap on the sample.
A second flip mirror directs the beams to CCD camera. The CCD chip has been
sensitized for UV radiation by removing the entrance window of the CCD chip. The
CCD image is used to determine the pump and probe beam profiles and thus the laser
fluence, see Fig. 3.3. The intense laser beams are dimmed with neutral density filters
to avoid damage of the CCD.

The temporal overlap of the pump and probe pulse is initially checked with an
ultrafast photodiode and a broadband oscilloscope with regard to a time reference
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signal from the RegA. The coarse overlap to within 1 cm optical path length dif-
ference, corresponding to 10 ps time difference, is adjusted with the mirror positions
on the optical table. The correlated 2PPE signal is found comparably easy by fast
scanning the delay stage in a range of ±10 ps and monitoring the 2PPE signal, which
increases by up to three orders of magnitude at zero delay. The spatial overlap is
then maximized by fine tuning of the laser pointing with the incoupling mirrors.

To find the correlated tr-ARPES signal is, however, a much more difficult task as
a very small spectral changes in the order of 10−3 − 10−5 have to be detected. This
can not be accomplished by scanning the delay and monitoring the count rate, but
requires to sample spectra for each delay and (manually) search for a signature of
hot electrons in the unoccupied states, or binding energy shifts in the occupied band
structure. Experience has shown that TaS2 is best suited for the overlap search in
tr-ARPES experiments [Per06, Per08], due to a well-resolved hot electron signal and
long-lived coherent phonon modes which modulate the bands near EF . In a typical
search for temporal overlap in a tr-ARPES experiment the delay is scanned in the
range of ±20 ps and 400 spectra have to be acquired, see appendix E for details.

3.1.3 Pulse Characterization

The wide tunability of the laser setup requires several optical spectrometers to char-
acterize the spectral properties of the beams. The VIS and UV spectra from the
VIS-OPA can be acquired anywhere on the laser table with a computer-controlled
fiber-optic grating-spectrometer (B&M), see Fig. 3.4. The IR spectra are measured
with a separate IR laser spectrometer (APE Wavescan). The 205 nm pulses are char-
acterized with a grating monochromator (LOT-Oriel ANDOR). Recently, the RegA
setup was equipped with a so-called Grenouille, which allows the simultaneous deter-
mination of beam profiles, spectral profiles and a frequency-resolved optical grating
trace in the wavelength range 1100 − 700 nm. This allows a very efficient align-
ment of the stretcher-compressor where the pulse duration and the spectral profile
are optimized simultaneously. Details can be found in [Tre02, Tre07].

The beam profiles from the CCD camera are evaluated by a fit of two Gaussian
beam profiles, as shown in Fig 3.3. This yields the full width at half maximum
(FWHM) of the beams, which are typically 100 − 150 µm. The laser fluence is
calculated from the transmission of the incoupling window T = 0.95, the cw power
P , the laser repetition rate R ≈ 300 kHz, the FWHM a and b of the laser spot, and
the azimuth and polar (manipulator) angles α and β according to

(3.1) F =
T P

R

cosα cosβ
π a b

The manipulator angle β (45◦ in normal emission) takes the elliptic projection of the
beam profiles onto the sample surface into account. The angle α is only non-zero
for the tr-ARPES experiments on TbTe3, which used slanted posts with α = 45◦,
see chapter 3.3.2. Typical fluences in the 2PPE experiments are in the range of
1− 2 µJ/cm2 for the UV and 20− 60 µJ/cm2 for the VIS beam. The fluence of the
800 nm IR beam in the tr-ARPES experiments was in the range of 0.1− 3 mJ/cm2.

The evaluation of the electron dynamics in the transient spectra requires precise
knowledge of the zero pump-probe delay as well as the temporal laser pulse shape and
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Figure 3.3: Typical beam profiles in the 2PPE experiments. The fluences for both the VIS
pump beam (red) and the UV probe beam are indicated.

pulse duration. This is obtained from a cross correlation (XC) of the 2PPE signal from
pump and probe pulse on the sample in the UHV chamber. This procedure is much
more direct and reliable than the (optical) determination of the pulse characteristics
on the laser table.
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Figure 3.4: Typical laser spectra of the VIS-OPA output and the frequency doubled UV
pulses. The mean photon energy as well as the FWHM with the corresponding Fourier limit
from equation (3.6) are given.

The XC of the laser pulses is conveniently obtained on single crystal surfaces that
exhibit an occupied surface state, like Cu(111). The photoemission process proceeds
via a direct two-photon process if the photon energies are chosen to avoid any resonant
transitions into real intermediate states. The virtual intermediate state involved in
the direct two-photon process is only populated for an infinitesimal amount of time.
The measured intensity XC FXC(t), which corresponds to the convolution of both the
pump and probe transient intensities I1(t) and I2(t)

(3.2) FXC(t) =

+∞∫
−∞

dt′I1(t)I2(t− t′)

can be approximated with an intensity auto correlation (AC) FAC(t) of two identical
pulses if pump and probe are of comparable duration [Rul98]. For the commonly used
Gaussian and sech2 pulse shapes 2 this gives:

(3.3) FXC(t) u FAC(t) =


3(x cosh x−sinh x)

sinh3 x
sech2 pulse shape

e−x
2

Gaussian pulse shape.

2Normally, ultrafast oscillators generate sech-pulses, whereas fs-amplifiers deliver Gaussian pulse
profiles.
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The characteristic time x = t/T is connected to the FWHM of the AC trace in
the time domain ∆τ

(3.4)
∆τ
T

=


2
√

ln 2 sech2

2 asech
(

1√
2

)
Gaussian.

Interestingly, the ultrafast community has agreed to use the more optimistic sech2

pulse shape [Rul98] as this results in the shortest pulse duration. The laser pulse
duration is defined as the FWHM of the intensity profile in the time domain ∆t for
a given FWHM ∆τ of an AC trace:

(3.5) ∆t ∆τ =


1.543 sech2

1.414 Gaussian.

The temporal width in the time domain ∆t can be compared to the spectral bandwidth
in the frequency domain, defined as FWHM of the laser spectrum ∆ν. This can
serve to verify that the laser pulses are Fourier-limited, i.e. that all laser modes
are coherently coupled and contribute to the pulse, see Fig. E.3 in appendix E. The
time-bandwidth product then is constant and given by:

(3.6) ∆ν∆t = const =


0.3148 sech2

0.4413 Gaussian.

If the surface under investigation lacks an occupied surface state, the hot electron
signal at energies E − EF ≥ 2 eV can still be used in a comparable fashion. At
intermediate state energies E − EF ≥ 2 eV the excited electron lifetime is ≤ 10 fs,
which does not show up in a peak shift or broadening of the XC traces because the
laser pulse duration exceeds 40 fs. Thus the lifetime is negligible compared to the
pulse duration and equation (3.3) may be applied.
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3.2 Ultra High Vacuum Chamber

The study of well-defined single crystal surfaces requires to work in ultrahigh vacuum
(UHV) conditions of p . 10−10 mbar to minimize the adsorption of rest gas atoms.
The time to build up a monolayer (ML) coverage is ∼ 10 h at 10−10 mbar but only a
few seconds at 10−6 mbar [Zan88]. The photoelectron spectroscopy requires that the
mean free path of the photoemitted electrons is large compared the drift distance in
the TOF spectrometer.

The whole UHV setup is firmly mounted to the air-damped laser table to ensure
stable beam pointing. The vacuum chamber is separated by a gate valve into two
independently pumped vessels of preparation and spectrometer level as sketched in
Fig. 3.5. The chamber is also equipped with a sample transfer and storage system
(not shown), which allows to exchange samples without breaking the UHV conditions.
A high sample throughput is especially relevant for the work with Silicon samples,
which degrade rapidly upon flashing, and TbTe3, where the surface is prepared by
cleavage of single crystals in UHV. All pumps of the UHV system are lubricant-free
to avoid any hydrocarbon contaminations.

Figure 3.5: UHV chamber with tools for surface preparation and characterization. In- and
outcoupling windows are made from UV-transmitting MgF2. Both TOF spectrometers can
be retracted to work at the same laser focus.

The preparation level is evacuated to 7 · 10−11 mbar by a turbo-molecular
pump (Pfeiffer) connected down stream to a turbo pump (Pfeiffer), which is combined
with a four-stage membrane pump unit (Pfeiffer). The preparation level is equipped
with various tools for surface preparation and characterization. For the growth of
ultrathin metal films several tools have been used: a low energy electron diffraction
(LEED) optic (Specs) to characterize the symmetry and surface quality, a home-
built, water-cooled Knudsen cell for metal evaporation, a Quartz balance (Inficon)
for the calibration of the evaporation rate, a retractable shutter to block parts of
the metal vapor, and an IR pyrometer (Impac) for the measurement of high sample
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Figure 3.6: Drawings and photographs of the sample holder and sample boats for crystal
transfer. (1) Silicon wafer. (2) Ta-mount. (3) Transferable sample boat. (4) Sapphire
plates. (5) Gold-plated Cu-blocks (fixed to the cryostat). (6) Current leads. (7) Cryostat.
(8) Thermocouple. (9) Thermocouple connection. (10) Cu(111) single crystal. (11) Ta wires.

temperatures of T > 1000 K [Tim93]. Additionally, the preparation level is equipped
with tools for preparing metal single crystal surfaces, such as a sputter gun (Specs),
an electron bombardment heater, a gas dosing system with pinhole- and leak-dosers,
and a quadrupole mass spectrometer (QMS) (MKS Instruments) for the residual gas
analysis.

The spectrometer level is pumped down to < 3 · 10−11 mbar by a Titanium
sublimation pump (Riber) and an ion getter pump (Riber) when the gate valve is
closed. With open gate valve a pressure of < 5 · 10−11 mbar in the spectrometer level
is ensured.The main items in the spectrometer level are the conventional electron
TOF spectrometer and the pTOF, compare to chapter 4.

The manipulator is equipped with a 400 mm long Helium-flow-cryostat (Cry-
oVac), which connects the upper preparation level with the lower spectrometer level.
The stationary part of the sample holder is mounted to the cryostat, which is housed
in a differentially pumped rotation feed through that allows a 360◦ rotation of the
sample. The manipulator can laterally move by ±12.5 mm and vertically by 400 mm.
All three manipulator axes are equipped with stepper motors, which allow to move
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Figure 3.7: Drawings and photograph of the slanted sample posts that were used for the
tr-ARPES measurements on TbTe3. Left panel: Back side from where the goniometer is
accessed. Center panel: Front side housing the sample. Right panel: Close-up on the slanted
sample post made from phosphor-bronze. (1) exchangeable sample boat (2) Al goniometer
for in-plane rotation (3) insertion device to connect the sample post and sample boat (4)
CuBe springs to hold goniometer setup in place (5) Hex nut to rotate the sample post in-plane
(6) sample post (7) small single crystal on the slanted sample post.

the sample with ±10 µm precision. The sample can be cooled to < 100 K with liquid
N2. Liquid He cooling allows to reach 40 K sample temperature. The Si and Cu(111)
single crystal samples were annealed with direct current heating of the sample in the
sample boat. The TbTe3 samples were cleaved in situ and did not require any further
treatment.

The sample holder is shown in Fig. 3.6. All sample holder parts are manufac-
tured from non-magnetic materials like Aluminum (Al), Copper (Cu), Titanium (Ti),
Tantalum (Ta), and ceramics to ensure the absence of magnetic fields for the TOF
measurements. The left hand side depicts a rectangular Silicon wafer mounted be-
tween two Ta sheets in the exchangeable sample boat. The right hand side shows the
exchangeable sample boat, which is equipped with a Cu(111) single crystal mounted
in between two Ta wires. Both parts of the sample boat are electrically insulated but
thermally well connected to the cryostat by 0.5 mm thick Sapphire plates. W/Rh
(Type C) thermocouple wires were used in the experiments with Pb/Si(111). The
non-magnetic W/Rh alloy thermocouple wires tolerates temperatures of T > 2000 K
and thus is well suited for the Si preparation. The sample transfer requires a cus-
tomized thermocouple connection to avoid contact potentials.

The sample boat is a versatile design [Lis05a] as it accommodates wafer samples,
commercial single metal crystals as well as smaller single crystals on a small post.
Such single crystal samples of only a few mm2 size, like TbTe3 and BSSCO, can
be glued by vacuum-compatible epoxy-glues onto a post shown in Fig. 3.7, which
was designed and built by Felix Schmitt from the Stanford University in the context
of our collaboration. The post can be slanted and is freely rotated by the screw
driver, which is installed for the sample transfer. Thereby the geometric restriction
of angle-resolved photoemission spectroscopy (ARPES) at low photon energies can
be overcome and wave vectors of up to 0.5 Å−1 at hν = 6 eV in any direction of the
Brillouin zone become accessible (See chapters 4 and 7). All measurements on TbTe3

were performed with 45◦ slanted posts.
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3.2.1 Conventional Time-of-Flight Electron Spectrometer

One of the key elements of the time-resolved photoemission setup is the electron
electron time-of-flight (TOF) spectrometer, where the correlated pump and probe
beams are overlapped in time and space and TOF electron spectra are recorded in an
angle resolved manner as function of pump-probe delay. This section briefly discusses
the conventional electron TOF, which was built in the Fritz-Haber-Institute of the
Max-Planck-Gesellschaft and extensively described by Knoesel and Hotzel [Kno97,
Hot99]. However, the basic concepts of electron TOF measurements discussed here
will be the foundation for the pTOF spectrometer that is described in chapter 4.

The conventional electron TOF spectrometer, as shown in Fig. 3.8 consists of a
field free Al drift tube with a 1.5 mm large aperture at the conical flight tube tip and
a chevron stack of 40 mm micro channel plate (MCP) for single electron detection.
After a drift length of 297 mm the electrons transverse a first grid and are accelerated
with +15 V toward a second grid at +570 V in front of the MCPs. The second grid
supplies the energy necessary to launch an electron avalanche in the channels of the
MCPs, which are biased at +2.1 kV.

Each electron launches an electron avalanche that results in a charge cloud of
106− 107 electrons. The voltage signal from the charge cloud can be outcoupled with
a capacitor (i) at an anode structure on the back of the MCPs that gathers the charge
cloud or (ii) directly at the MCPs since the electron avalanche results in a sudden
voltage drop across the MCPs. The voltage pulses with a few mV amplitude and a
few ns pulse duration are amplified in a broadband amplifier (Ortec) directly after
the outcoupling.

All parts of the setup like the flight tube, tip and grids are coated with Graphite
(Contact Chemie) to ensure a homogeneous work function of ∼ 4.3 eV. The whole
TOF spectrometer is housed in a 2 mm µ-metal casing to shield residual magnetic
fields, which influence the electron trajectories and thus the TOF at the low kinetic
electron energies of a few eV. The shield has cut-outs for the manipulator and the laser

Figure 3.8: Convectional electron TOF spectrometer with 300 mm drift length and 40 mm
diameter MCPs after [Kno97].
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beam entering with 45◦ angle, as seen in Fig. 3.8. The opening for the manipulator
allows to rotate the sample by±40◦ and thus enables angle-resolved studies in k-space.

3.2.2 Data Acquisition

The data is acquired and analyzed in real time using two different computer systems:
One high-performance work station is exclusively dedicated to the novel pTOF spec-
trometer, which produces a significant data stream of up to 14 MByte/s. This part of
the data acquisition and analysis is discussed in chapter 4. The second computer ac-
quires the TOF data of the conventional electron spectrometer and controls all other
electronic instruments.

The TOF is determined from the time difference of a start signal from a fast
photodiode in the optical beam path and a stop pulse that is outcoupled from the
MCPs. A fast discriminator and amplifier (Ortec) generates nuclear instrumentation
module (NIM) pulses that serve as start pulses. The typical width of the NIM start
signal is 10 ns and the root-mean-square (rms) jitter of the leading edge amounts
to 50 ps. The outcoupled signals from the MCPs show a broad distributions of
amplitudes and thus have to be discriminated in a constant-fraction-discriminator
(CFD).

The start and stop pulses are fed into a multi event time-to-digital converter
(TDC) (FAST Comtech) and sampled with 250 ps resolution and 38bit sample depth.
13bits of the measurement interval in the FAST card are used to sort the TOF into
8192 equidistant bins of 250 ps width, which results in an overall discretization error of
< 500 ps. The multihit capability of the FAST card allows to sample multiple events
within one laser cycle of > 3.3 µs duration without electronic deadtime. Nonetheless,
the electronic deadtime of the CFD amounts to 10 ns and presents a bottle neck.
In principle, this can introduce systematics distortions of the peak shape due to
saturation of the TOF spectra. However, such distortions have not been observed.
The multihit capability leads to a situation where the maximal measurable count rate
is practically only limited by space charging in the laser focus, see chapter 2.4.3.

The measuring computer is equipped with a multi-functional data acquisition
card (National Instruments, NI), which combines eight differential A/D converters,
two D/A converters, two 24bit counters, eight logic channels and ten programmable
digital channels. The measurement software is based on the graphical NI LabView
6.x front end to acquire the TOF spectra, actuate and coordinate the manipulator,
the laser beam shutters, and the delay stage.

For time-resolved studies, the optical path length of the visible beam is controlled
by a delay stage (Physik Instrumente). Typically, the time-resolved 2PPE measure-
ments consist of 100−200 single spectra at subsequent delays, whereas the tr-ARPES
data sets generally are larger and comprise up to 400 transient spectra. The com-
puter drives the delay stage to each predefined delay step and spectra are acquired
for typically 500− 1000 ms. Two mechanical laser shutters in the beam paths block
the pump and probe beam separately after each delay scan and acquire spectra of
the uncorrelated background. The delay scan is repeated up to 100 times and the
transient spectra are averaged to obtain high signal-to-noise (S/N) ratios significantly
better than 1000 : 1 after background subtraction.
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Figure 3.9: Electronic signal processing in the time-resolved experiments.

The achievable S/N level limits the physical questions that can be addressed and
thus is of high importance for the time-resolved experiments. The S/N ratio in general
is determined by the counting statistics δN = 1/

√
N of each transient spectra at a

given delay. Specifically, this is a function of many parameters such as the long-term
(> 1 h) stability of the manipulator and the laser jitter. The influence of theses
instabilities can be partly compensated by increasing the number of delay scans.
However, fine structures in the spectra will be washed out due to mechanical and
optical fluctuations and the maximum time for a delay scan is limited by the lifetime
of the sample in UHV. The sample quality itself also influences the S/N ratio as very
flat and homogeneous samples tend to have only a low uncorrelated back ground.
Rougher and inhomogeneous samples can create a significant amount of secondary
electrons due to excitation of surface enhanced plasmons, which lowers the S/N ratio.

In the time-resolved experiments, the count rates of 20−300 kHz were maximized
up to the space charge limit by adjusting the laser fluence and monitoring the position
of the high-energy cutoff at the Fermi edge, which reacts very sensitively to space
charging. Here, space charge induced shifts at EF of up to 20 meV were tolerated.
This weak space charging can be neglected compared to the finite energy resolution
of the TOF spectrometer and the significant laser bandwidth, but ensures the highest
possible counting statistics.

3.2.3 Data Analysis

The TOF t from the photoemission event to the arrival at the detector is directly
correlated to the kinetic energy Ekin of these non-relativistic3 electrons:

(3.7) Ekin =
me

2

(
L

t

)2

= 2.4828 eV ns2 mm−2 · L
2

t2
,

3The kinetic energy is small compared to the energy equivalent of the electron mass mec2 � Ekin.

70



3.2. Ultra High Vacuum Chamber

Figure 3.10: Potential gradients between sample and spectrometer. The spectrometer is
permanently grounded, whereas the sample can be biased with a voltage Ubias, which is
important to adjust the difference of vacuum energies for angle-resolved TOF measurements.
The kinetic energy is always measured with respect to the vacuum level of the spectrometer.
The vacuum level of the sample defines the low-energy cutoff.

where L is the constant, field-free drift distance. The electrons have to overcome the
potential barrier e0U due to the difference of sample and spectrometer work function,
Φsample and Φspec., respectively, as well as an applied bias voltage Ubias

(3.8) e0U = Φsample − Φspec. + e0 Ubias .

Fig. 3.10 shows a potential diagram between sample and spectrometer. The angle-
resolved detection of the photoelectrons requires to offset the difference of vacuum
energies (U = 0) by applying a bias voltage of e0 Ubias = −(Φsample−Φspec.) to ensure
a field free region between the sample and the spectrometer and thus unperturbed
electron trajectories.

The TOF signal of the electrons is measured from the start pulse of a fast photo-
diode in the laser beam path and the stop pulse from the MCPs of the spectrometer.
This time t′ differs by a constant offset t0 from the actual TOF t because the opti-
cal and electric signals need different propagation times to the timing device. Using
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Figure 3.11: Effective k||-acceptance as function of kinetic electron energy Ekin due to the
averaging over conventional TOF spectrometer after [Gah04].

equations (3.7) and (3.8) yields:

(3.9) Ekin =
me

2

(
L

t− t0

)2

− (Φsample − Φspec.)− e0UBias

Here, the initial acceleration due to the potential barrier U is approximated to
occur instantaneously and also the final acceleration at the grids in front of the MCPs
is neglected. However, these simplifying assumptions are empirically well justified
[Hot99]. The timing offset t0 is obtained from a so-called bias series by adjusting t0
as a free parameter in a series of spectra that were taken at different bias voltages.
In the variable transformation from TOF to kinetic energy t → E the change of
intensities has to be taken into account:

(3.10)
dN

dE
=
dN

dt

∣∣∣∣dEdt
∣∣∣∣−1

=
dN

dt

t3

meL2

The energy resolution of the TOF spectrometer is, according to equation (3.7),
energy dependent and mainly determined by the timing accuracy, uncertainty of the
drift length and imperfections of the spectrometer work function. This is discussed
in detail in the context of the new position-resolving TOF spectrometer, see chapter
4.1.4. Hotzel estimates the absolute error to be ∆E = 13−19 meV for kinetic energies
of Ekin = 0.5−2.5 eV [Hot99]. However, the time-resolved spectra do not exhibit such
fine structures due to the convolution with the laser bandwidth of < 50 meV. The
low-energy cutoff at the secondary edge is only influenced by the homogeneity of the
sample and thus can serve as a measure for the energy resolution of the spectrometer.
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The k-space resolution is determined by the acceptance angle of the spectrometer,
which is calculated from the diameter of the MCPs and the drift tube length to be 7.6◦.
This opening angle still allows precise angle-resolved measurements [Hot00, Gah02,
Kir05, Per07, Sch08]. However, the spectra will be averaged over the acceptance
angle, which also results in spectral broadening in case of dispersing states. As seen
in Fig. 3.11, this averaging over the acceptance angle thus leads to an effective k||-
acceptance as function of kinetic electron energy as estimated by Gahl [Gah04]. For
a peak at Ekin = 2 eV and a sample rotation angle of 10◦ the peak is centered around
0.12 Å−1 but has been averaged in the range 0.08 − 0.17 Å−1 as indicated by the
blue bar in Fig. 3.11. This is one of the motivations to develop a position-resolving
electron TOF spectrometer, which allows to efficiently determine the photoemission
angles with high precision, see chapter 4.
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3.3 Sample Preparation

3.3.1 Preparation of Ultrathin Epitaxial Metal Films

The time-resolved spectroscopic investigation of quantized electronic states in ultra-
thin epitaxial metal films requires to grow structures with low defect densities. This is
because electron-defect scattering events at corrugated interfaces may alter the total
observed decay rate.

Silicon Preparation

Figure 3.12: Silicon 7×7 reconstruction. (a) Atomically resolved STM image [Tao04]. (b)
Ball and stick model of the reconstructed surface [Bol93].

The semiconducting Si substrate is chosen for the study of the ultrafast electron
dynamics in ultrathin metal films since (i) it facilitates the energetic confinement of
the metal electrons in the region of the global Si bandgap,see chapter 2.1.2, and (ii)
it minimizes the absorption of light with a photon energy below the direct bandgap
[Lan76]. The light absorption of the substrate leads to excited carriers, which can
scatter into the unoccupied states of the metal film. Furthermore, the preparation of
Si under UHV conditions is a well documented [Hat00], technically exploited process
on which large parts of the semiconductor industry rely. This ensures the availability
of high quality wafer substrates, which do not require any additional preparation
steps, except the cutting of the wafers to their final size.

The Si samples are cut from Boron p-doped single-sided polished 4 inch wafers
with 500 µm thickness and a specific resistance of ∼ 15 Ωcm (MaTeck). The wafers are
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Figure 3.13: (a) The wafer samples of 26 × 4 mm2 size are cut from commercial p-doped
4 inch Si wafers. (b) Side view of the sample boat. The Si wafer is mounted between Ta
pieces and fixed with Ti screws.

cut to the desired size of 26× 4 mm2 in a customized Polyethylene box, which allows
to precisely transfer the crystal orientation as indicated by the primary wafer flat to
the Si samples, see Fig. 3.13. The polished side of the wafer disk is cut along a ruler
from the backside with a diamond pen. The < 4 mm wide stripes are then trimmed to
a length of 22− 26 mm. The resistance of the samples at room temperature amounts
to 2 kΩ, which thus are well suited for PES studies. The Si samples are mounted in
the sample boat between a 2 mm Ta block and a 0.1 mm Ta sheet that can be pressed
onto the samples and ensures a good electric contact. The thermocouple, which is
important for the low temperature metal deposition, is either clamped in between the
Ta block and the sample boat or is glued to the back of the Silicon crystal with a
UHV-compatible ceramic glue (Kager Industrieprodukte Ultar-Temp 516).

The Si surface reacts very sensitively to contamination by forming undesired re-
constructions with metals like Chromium, Nickel and Cobalt. Hence, it is necessary
to avoid such metals in the sample holder design and the preparation process. The
cutting produces small Si dust particles that are removed by blowing with dry and
clean N2 gas or rinsing with ultrapure deionized water. Finally, the sample boats
are transfered via the load lock into the sample magazine and backed at 110 C◦ for
> 12 h to ensure UHV conditions upon transfer.

The surface of the Si samples is prepared by direct current heating that leads
to the formation of the famous 7×7-Si(111) reconstruction. Upon annealing in the
temperature range 600 − 900 C◦ the Si(111) surface forms the 7×7 reconstruction
[Bin82, Bin83, Ham86] with 49 surface atoms per unit cell, shown in Fig. 3.12. This
allows to minimize the free surface energy by saturation of the dangling bonds of the
unreconstructed 1×1 surface. For that purpose a relatively high voltage of U ≈ 150 V
is applied to the sample in a current limited mode (I ≤ 0.01 A) to slowly heat the
sample. The rising temperature creates exponentially more free carriers and leads to
a sudden decrease of the resistivity and thus an increasing current and temperature,
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Figure 3.14: Temperature and pressure transients during the initial 7×7-Si(111) preparation.
The pressure rise at ∼ 700 K is due to the desorption of adsorbates, whereas the pressure
peak at > 1200 K stems from the desorption of Si and SiC at high temperatures.

as seen in Fig. 3.14. This is termed the ”ignition” of the sample as one switches from
the voltage to the current controlled section of the preparation cycle.

The temperature is raised stepwise to 1200 K where the several µm thick SiO2

layer, which protects commercial Si wafers, is desorbed. Then the sample is flashed
for < 10 s to 1400 K to sublime the uppermost Si layers and SiC contaminations. The
pressure rise during the flash indicates the cleanliness of the Si substrate and should
be below 5 · 10−9 mbar, see Fig. 3.14. After flashing, the temperature is quenched
with > 5 K/s to 1200 K and then slowly lowered by −1 K/s to 970 K. The slow
cooling of the surface leads to the formation of the 7×7-Si(111) reconstruction, which
can be annealed for ∼ 30 min at 970 K to form large defect free terraces. Normally,
about five of these preparation cycles are required for a negligible pressure increase.
The Si samples degrade upon flashing and are discarded after typically 10-15 flashing
cycles.

The long range quality of the clean 7×7-Si(111) reconstruction is inspected with
LEED. Fig. 3.15 shows a LEED image of the 7×7 reconstruction. The six inter-
mediate spots along the three high symmetry directions evidence the seven-fold re-
constructed structure. The sharp spots and the low inelastic background indicate a
good surface quality. The LEED images are evaluated quantitatively to yield the next
neighbor distance
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Figure 3.15: LEED image of the 7×7-Si(111) reconstruction. The reciprocal 1×1 zone is
indicated and the 6 intermediate spots are well visible. The slight distortions at the upper
edge of the image are introduced by imperfectly shielded magnetic fields in the preparation
level of the UHV chamber.

(3.11) ann =
hD

2s sinα0

√
2meEkin

,

where D is the full diameter of the LEED image, s is the distance of the first order
spots from the center of the image, 2α0 is the full opening angle of the LEED optic, and
Ekin the kinetic energy of the impinging electrons. For the Si(111)-7×7 reconstruction,
the experimentally determined next neighbor distance of ann = 3.86 Å is in good
agreement to the theoretical value of 3.84 Å, see chapter 2.1.2.

The 7×7 reconstruction extends over three atomic layers and introduces a buck-
ling of the surface. Thus, metal films grown directly on the 7×7 reconstruction
tend to be rough and, of course, are not ideally suited for the study of the elec-
tron dynamics. This problem can be overcome by the formation of an intermediate
metal-Si reconstruction that serves as a wetting layer and reduces the significant
lattice mismatch. This allows to grow epitaxial films that are well suited for PES
[Upt04b, Upt04a, Upt05, Dil06, Dil07].
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Figure 3.16: Schematic drawing of the β-(
√

3×
√

3)R30◦-Pb/Si(111) reconstruction [Cha03]
that serves as a smooth wetting layer for the epitaxially grown Pb film on top. The adsorption
site with minimal energy is found to be of T4 symmetry and the next neighbor distance is
calculated to be 7.0 Å.

Formation of a Wetting Layer

Generally, the adsorption of a few ML of metal atoms onto a semiconductor sur-
face will induce a reconstruction of the surface due to the directional long range
interaction of the covalent semiconductor bonds and the dangling bonds associated
with an unreconstructed surface [Mön01]. Specifically for Pb/Si(111), numerous well
ordered low coverage phases have been observed depending on coverage and sub-
strate temperature using reflection high energy electron diffraction (RHEED) and
LEED [Hor99, Pet99b, Ste06], scanning tunneling microscopy (STM) [Sle99, Sle00,
Hup02a, Bri05, Bri07] (compare to the formation of the devil’s staircase phases pre-
sented in chapter 2.1.3), PES [Car92, Kar92, Dud04, Cho07] and density functional
theory (DFT) [Hup02b, Cha03]. The β-(

√
3×
√

3)R30◦-Pb/Si(111) reconstruction is
most interesting for the subsequent growth of epitaxial Pb films on Si.

Fig. 3.16 visualizes the (
√

3 ×
√

3)R30◦-Pb/Si(111) reconstruction in a ball and
stick model [Cha03]. This reconstruction has received significant attention in the
literature as it can serve as a well defined model system for the study of the Schottky
barrier formation [Lou76, Lou77, Hes90, Car92, Kar92], see chapter 2.1.2. It can
be noted that the literature does not clearly distinct between the densely packed α-
(
√

3×
√

3)R30◦-Pb/Si(111) with 4/3 ML nominal coverage and the β-(
√

3×
√

3)R30◦-
Pb/Si(111) with 1/3 ML nominal coverage, where the later is being used as wetting
layer.

Pb with a melting point of 600.6 K [Kit04, Ash76, Web08] is well suited for the
evaporation under UHV conditions using a Knudsen cell. The Knudsen cell was
designed and built in the Fritz-Haber-Institute of the Max-Planck-Gesellschaft and
consists of a Boron Nitride crucible that is surrounded by heating coils and enclosed
by a water cooled Cu aperture. All heated parts of the Knudsen cell are surrounded by
a water cooled shielding to ensure low outgasing of the setup. This allows to operate
the Knudsen cell at p < 5 ·10−10 mbar. The evaporation temperature of 790−840 C◦
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Figure 3.17: LEED image of the β-(
√

3×
√

3)R30◦-Pb/Si(111) reconstruction. The 30◦ tilted
reciprocal

√
3×
√

3 zone is indicated (green) along with the 1×1 unit cell (red).

of the Knudsen cell is controlled by a PID controller (WEST Industries) within an
accuracy of ±0.5 K. Typical evaporation rates are 0.7 ML/min, which were constant
within a few % variation. The emission rate of the cell at the sample position is
monitored with a retractable Quartz balance4.

To form the β-(
√

3 ×
√

3)R30◦-Pb/Si(111) reconstruction, 2 − 3 ML Pb are de-
posited onto the freshly flashed 7×7-Si(111) reconstruction at a substrate temperature
of 100 K. After deposition, the surface assumes a 1 × 1 hexagonal symmetry as the
Pb adatom diffusion is hindered at temperatures < 130 K [Hup01]. Then the sample
is heated to ∼ 600 K to desorb excess Pb and introduce enough free energy to form
the β-(

√
3 ×
√

3)R30◦-Pb/Si(111) reconstruction. This annealing step is performed
directly in front of the LEED optic to follow the formation of the reconstruction in
real time.

Fig. 3.17 shows the LEED image of the β-(
√

3×
√

3)R30◦-Pb/Si(111) reconstruc-
tion after cooling the sample to 100 K. The unreconstructed 1×1 unit cell (red) and
the reconstructed

√
3 unit cell (green) are indicated. Again, the sharp spots and the

4The Quartz balance is a water-cooled Quartz crystal vibrating at its eigen-frequency. The
adsorption of atoms induces a change of the crystal mass and thus of the eigen-frequency that can
be measured with high precision. Using the surface mass density of the evaporated metal, the eigen
frequency is converted to a film thickness. To obtain an tenfold higher precision of the film thickness
reading, only the tenth of the metal density is used in the evaluation. This results in 0.1 Å thickness
resolution.
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low inelastic background indicate a long range order with low defect density. The
experimentally determined next neighbor distance of ann = 7.03 Å is in good agree-
ment with the expected value of 7 Å for the reconstruction with 1/3 ML nominal
coverage. The long-range quality of the (

√
3×
√

3)R30◦-Pb/Si(111) reconstruction is
of importance for the subsequent preparation of the epitaxial Pb films, which extend
over a macroscopic length of ∼ 10 mm and thus require an excellent film quality.

Preparation of Smooth Pb Wedges

On the (
√

3×
√

3)R30◦-Pb/Si(111) reconstruction wedges of epitaxial Pb layers with
hexagonal symmetry are grown. The use of wedges allows (i) to perform very efficient
and consistent measurements of several different ML coverages on a single sample sur-
face [Kaw99] and (ii) to study nearly exactly integer ML coverages with little adatoms.
The later is important for the investigation of femtosecond electron dynamics in ul-
trathin metal film since excess Pb adatoms introduce additional scattering channels
[Rot02, Wei02b, Rot04] that may the electron-electron (e-e) scattering processes.

The preparation scheme of the Pb wedges is shown in Fig. 3.18 and exemplified for
a typical Pb wedge of 8−13 ML thickness assuming an evaporation rate of 1 ML/min.
At the beginning, the whole sample, which offers 10 mm of usable space, is placed
for 8 min in the center of the Pb evaporation cone and 8 ML are grown on top of
the (

√
3×
√

3)R30◦-Pb/Si(111) reconstruction. Then the sample is retracted behind
the shutter with a speed of 2 mm/min and 10 µm step width. Thus, after a time of
13 min only the right side of the sample is still exposed to the Pb beam, resulting in
a film thickness of 8 ML at the left and 13 ML at the right side of the sample with a
quasi-continuous thickness variation in between.

Figure 3.18: The homogeneous Pb wedges are prepared by evaporation of Pb from a Knudsen
cell. (a) A retractable shutter blocks part of the Pb vapor such that a lateral movement
of the sample results in a continuous variation of the dosing time and a wedge with atomic
resolution. (b) photograph of the setup in UHV, the individual parts are labeled.

80



3.3. Sample Preparation

Figure 3.19: LEED image of 10 ML Pb/Si(111)-(1×1) film. The hexagonal 1×1 unit cell is
indicated.

The whole preparation procedure, including the formation of the
√

3 reconstruc-
tion, is performed at a substrate temperature of < 100 K to quench the Pb adatom
diffusion on the surface [Hup01]. These diffusion processes lead to the formation of
the so-called ”magic” island heights, compare to chapter 2.1.3, and hinder the growth
of smooth epitaxial films. Also the photoemission experiments were performed at
< 100 K to avoid the rupture of unstable film thicknesses below 10 ML coverage
[Zha98, Zha05]. This allows to also study ultrathin film with only 1 ML coverage
above the wetting layer.

In the preparation of the wedges, the laser spot size of ∼ 100 µm has to be taken
into account. The spot size limits the final spatial resolution in the photoemission
experiments and thus the achievable coverage resolution. To avoid a crosstalk of
subsequent coverages, which smears out the discrete nature of the quantum well states
(QWSs), shallow wedges with a slop of < 0.5 ML/mm have been prepared. This leads
to an effective thickness resolution of < 0.05 ML/spectrum, when single spectra are
acquired at a spatial separation of 100 µm, comparable to the laser spot size. The
final calibration of the coverage distribution as function of the sample position is
crosschecked by comparison of the binding energies of the occupied QWSs to a DFT
calculation [Wei02a], as detailed in chapter 5.3.

The long range order and symmetry of the Pb/Si(111)-(1×1) surface was inspected
with LEED, as shown in Fig. 3.19. The LEED image exhibits a three-fold surface
symmetry. The next neighbor distance of ann = 3.62 Å is larger than the bulk Pb
value of 3.50 Å, which might be explained by the slight distortions observed in the
LEED image.
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3. Experimental Details

3.3.2 Preparation of TbTe3

The TbTe3 samples for the tr-ARPES studies have been grown and characterized in
the groups of I. R. Fisher and Z.-X. Shen from the Stanford University in the context
of our collaboration. This section briefly reviews the growth procedure of the binary
alloy and discusses the cleavage of TbTe3 under UHV conditions.

Crystal growth of TbTe3

Figure 3.20: The phase diagram of GdxTey according to [Mas96]. The marked area indicates
the region for the formation of GdTe3. L indicates the liquid phase.

Large RTe3 crystals (R = rare earth element) are grown via a self-flux technique by
slow cooling of a binary R and Te melt [Shi05, Ru06b]. Fig. 3.20 shows an exemplary
phase diagram of GdxTey as function of the Te concentration [Mas96]. The marked
area indicates the Tritelluride phase, which forms across almost the entire rare earth
series except for Eu and Yb. As expected from the stoichiometry of RTe3, 71 − 75
atomic percent of Te are required to crystallize GdTe3 below 835 ◦C. The resulting
crystals are typically flat, according to the layered structure of RTe3, and a few mm2

in size as shown in Fig. 2.16. The crystals are soft like layered Graphite and require
careful handling since most members of the rare earth series easily oxidize. Thus the
crystals were handled in a N2 purged glove-box during the preparation procedure and
stored under UHV conditions in the sample magazine.
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3.3. Sample Preparation

Cleavage of TbTe3

Figure 3.21: Preparation procedure for the cleavage of TbTe3 under UHV conditions. (1)
45◦ slanted post. (2) Ag-epoxy glue. (3) TbTe3 single crystal. (4) The sapphire plate is
fixed with Ag-epoxy glue to the sample. (5) The ceramic cleavage pin is glued with Varian
Torr Seal to the sapphire plate. Not shown: The cleavage pin is fixed with a Ta wire to the
sample boat. The front side of the sample boat is coated with Graphite.

To obtain a clean, well-ordered and macroscopically homogeneous surface for the tr-
ARPES studies, the TbTe3 crystals were cleaved under UHV conditions. The TbTe3

crystals are oriented and mounted to break along the b-axis, compare to Fig. 2.18,
exposing a flat Te plane. The preparation of the TbTe3 crystals for the cleavage
involves two steps: First, the symmetry of the crystals has to be analyzed with Laue
diffraction and second, the oriented crystals have to be mounted precisely on the
slanted post, see Fig. 3.7. From the Laue pattern the relative orientations of the
a, c-plane, see chapter 2.2.3, can be inferred. This allows to align the TbTe3 single
crystal on the slanted post. This alignment is crucial to reach the outer regions of
the Brillouin zone at the low photon energies used in the tr-ARPES experiments, see
chapter 7.

The mounting of a crystal on a slanted post, Fig. 3.7, requires about 5 steps, as
detailed in Fig. 3.21. The TbTe3 single crystal (3) is glued with silver-epoxy glue
(Polytec PT EPO-TEK-H20E) (2) on the 45◦ slanted post from Phosphor bronze (1).
The silver-epoxy glue is a good electric and thermal conductor due microscopic silver
particles. This ensures the absence of surface charging in the ARPES experiments.
At this point, the orientation of the high symmetry crystal axis with respect to the
sample post can be checked again with Laue diffraction and realigned if necessary,
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Figure 3.22: Microscope images of different TbTe3 samples on the slanted sample post. (a)
Almost ideal cleave (The black spot in the image center are due to dust on the microscope
objective.) with a flat surface indicated by the homogeneous reflection. The crystal surface
is only buckled at the very edge. (b) Too little of this samples was left on the post to be
measured. (c) A severely buckled surface is observed by the twinkling of the crystal. Both
the samples in (b) and (c) were not suited for the tr-ARPES measurements.

resulting in a precise alignment. On top of the attached sample a 0.5 mm thick
sapphire plate (4) is glued with silver-epoxy glue. This sapphire plate distributes
the forces of the cleavage process evenly across the soft crystal and thus minimizes
the buckling of the cleaved surface. Then the ceramic cleavage pin (5) is glued to
the sapphire plate with high-strength Varian Torr Seal. The different glues locate
the predetermined break point in the TbTe3 crystal. The cleavage pin is fixed with
a 1 mm diameter Ta wire (not shown) to the sample boat (i) to avoid the cleavage
pin to fall onto the gate valve, blocking the access to the spectrometer level, and (ii)
to be able to recycle the remains of the TbTe3 on the sapphire plate. Finally, the
whole front of the sample boat is coated with Graphite (Contact Chemie) to ensure
a homogeneous work function and avoid the charging of the sample in the ARPES
experiments. The sample boats were then transfered into the sample magazine, where
they were baked at 110 C◦ for > 12 h.

The quality of the cleave is inspected with an optical microscope and ARPES. In
Fig. 3.22 typical microscope images of a nearly ideal cleave (a) and insufficient cleaves
(b) and (c) are shown. In some cases, the crystal did not stick sufficiently well to the
sample post and the remaining pieces of the samples were to small for angle-resolved
investigations (b). In other cases the (layered) crystal surface was too buckled for
the tr-ARPES measurements (c). A buckling of the surface not only smears out the
band structure due to loss of angular resolution, but also generates large amounts of
secondary photoelectrons due to plasmon excitation at the rough interface. Since a
large uncorrelated pump-only background covers the small changes in the transient
band structure, samples with a buckled surface were discarded as well. These high
requirements on the surface quality for tr-ARPES were only met by every 5 − 10th

cleave.
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4 Position-Sensitive Electron
Time-of-Flight Spectrometer
To study the ultrafast dynamics with photoemission techniques in low-dimensional
materials exhibiting anisotropic band structures requires to resolve the photoelectron
spectra along different directions in k-space. On the one hand, the angular resolution
can be introduced in a conventional photoemission setup by rotating the sample with
respect to the spectrometer axis. On the other hand, modern imaging techniques
enable angle-resolved photoemission studies without change of the sample geometry.
Moreover, imaging techniques allow a simultaneous detection of both in-plane electron
momenta and hence facilitate the efficient determination of the band structure along
all in-plane directions.

This chapter introduces a novel electron time-of-flight (TOF) photoelectron spec-
trometer, which is based on such an imaging technique. The position-sensitive elec-
tron time-of-flight (pTOF) spectrometer is developed to simultaneously analyze low
energy electrons photoemitted from solid surfaces in an energy- and angle-resolved
manner. To achieve this, a field free drift tube with an acceptance angle of ±11◦

perpendicular to the spectrometer axis is combined with 2D position-sensitive de-
tection of photoelectrons, which is realized by a micro channel plate (MCP) stack
and a delay-line anode for position encoding. Here, the design considerations and
principles of operation including analysis of multiple events per light pulse are pre-
sented. The last part discusses the actual performance of the pTOF spectrometer,
which is demonstrated by photoemission from a Cu(111) single crystalline surface by
ultraviolet (UV) femtosecond laser pulses at 6.2 eV photon energy.
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4. Position-Sensitive Electron Time-of-Flight Spectrometer

4.1 Design Considerations

Angle-resolved photoelectron spectroscopy using UV radiation is a well established
experimental technique to study the bulk and surface electronic structure of solids
[Kev92, Hüf95]. Femtosecond time- and angle-resolved two-photon photoemission
(2PPE) spectroscopy has contributed significantly during the last two decades to
the understanding of elementary scattering processes and relaxation dynamics in ex-
cited electronic states on solid surfaces [Fau95, Pet97b, Ech04, Zhu04, Fau07]. In
particular, angle-resolved 2PPE has proved to be a powerful tool for the study of
ultrafast intra- and inter-band relaxation dynamics in image potential states of clean
and adsorbate-covered metal surfaces [Hot00, Kir05, Wei02b, Güd05]. Moreover, the
band dispersion of localized and delocalized excited states and the respective energy
relaxation dynamics have been probed at metal-molecule interfaces by angle-resolved
2PPE spectroscopy directly in the time domain [Mil02a, Ge98, Gah02].

More recently, time- and angle-resolved photoemission spectroscopy (tr-ARPES)
has emerged [Ani74, Fan92, Hai95] as a promising tool for the study of non-equilibrium
phenomena in metals [Lis05b, Bov06, Bov07, Lou07]. Since tr-ARPES measures
the single particle spectral function directly in the time domain, it is well suited
to address effects of strong electron-electron correlation, the electronic coupling to
other degrees of freedom, and collective excitation modes of such a coupled system
[Per06, Per07, Per08]. Most of these phenomena occur in materials with a highly
anisotropic band structure, making k-resolved studies necessary to sample the pre-
sumably anisotropic electron dynamics in the relevant parts of the band structure.
The work on 4×1-In/Si(111) and TbTe3, see chapters 6 and 7, highlights the need for
an efficient, simultaneous detection of both in-plane momentum components. Since
the nesting driven charge density wave (CDW) in TbTe3 gaps out certain parts of the
Fermi Surface (FS), the analysis of the ground state properties and collective CDW
excitation modes can only proceed in the adequate parts of the band structure, which
are not accessible in normal emission [Sch08].

Conventionally, such angle-dependent studies are performed by rotating the sam-
ple with respect to the spectrometer axis, which is only applicable to spectrometers
with sufficiently small acceptance angles. In general, such angle-resolved measure-
ments can only be performed at the pivotal point of the sample manipulator and
are difficult to perform on inhomogeneous samples such as the Pb/Si(111) wedges
studied in chapter 5. This approach yields an individual spectrum per photoemis-
sion angle, i.e. for one particular electron momentum parallel to the surface [Hüf95].
Two commonly used experimental approaches for the angle-resolved energy analysis
of photoelectrons are electrostatic energy analyzers, which are compatible with quasi-
continuous light sources, and electron TOF spectrometers [Lan73, Kno97, Hot99,
Lis04a] requiring pulsed light sources.

Recently introduced electrostatic analyzers enable very efficient simultaneous angle-
and energy-resolved measurements as the angular distribution of the photoelectrons
can be dispersed onto a 2D detector: Thereby the photoelectron emission intensity
is recorded as function of one angle after energy selection in the hemisphere. The
electrostatic lens system used for the imaging may be adapted to electrons of low
kinetic energies which makes these imaging-type hemispherical analyzers very well
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suited for angle-resolved 2PPE spectroscopy using laser light sources [Spe, Güd05].
In this approach, the dispersion of photoelectrons along one of the two independent
directions of the 2D detector represents the kinetic energy. The dispersion along the
second direction refers to the angular dependence of the photoemission intensity along
a selected in-plane direction x of the sample surface and yields the band dispersion
with momentum kx. To analyze the second in-plane electron momentum component
ky requires to rotate the sample and to record a series for various (but fixed) values of
ky. The schematic experimental geometry and the kinematic parameters measured in
an angle-resolved photoemission experiment are shown in Fig. 4.3 Also, the dynamic
range of 1 : 4000 of the established 2D electrostatic analyzers is limited by the 12 bit
precision of the employed charge coupled devices cameras [Spe].

Here, a 2D imaging detector is combined with the conventional TOF concept
to obtain a 2D pTOF spectrometer. This instrument analyzes the kinetic electron
energy Ekin along both in-plane electron momenta kx and ky of electronic Bloch
states in a solid. This spectrometer allows to map out the respective band disper-
sions of occupied and unoccupied electronic states with angle-resolved photoemission
spectroscopy (ARPES) and 2PPE. Since both in-plane momentum components and
the kinetic energy of each photoelectron is determined simultaneously in a ”single
shot”, no rotation of the sample or the spectrometer is required. Particularly for
systems exhibiting a highly anisotropic band structure, as for example in CDW ma-
terials like RTe3 or quasi-1D nanowires [Yeo99, Rüg07], a simultaneous analysis of
two perpendicular directions in the surface plane is advantageous. Furthermore, the
electronic discrimination of the signals allows to reach signal-to-noise (S/N) ratios of
1 : 105 and better.

The first concept of a pTOF electron spectrometer for angle-resolved photoemis-
sion was introduced by Haight et al. [Hai88] using a 64 sector anode. However, the
parallel signal processing and data analysis involved did not favor a widespread use
of this particular technique. The implementation of a pTOF spectrometer has be-
come more practicable with the development of modern concepts of high-performance
charged-particles imaging techniques [Oel01, Jag02c, Jag02a, Jag02b, Hat04, Cos05,
Roe], which have been developed for and successfully used widely in cold target recoil
ion momentum spectroscopy (COLTRIMS) [Ull03]. The concept of an angle-resolved
TOF spectrometer was already successfully employed in coincidence studies of elec-
trons photoemitted from a Cu(111) surface [Hat04, Hat08]. However, the spectrome-
ter from Ref. [Hat04] is optimized for acceptance of electrons in 2π solid angle by use
of a projection method. Very recently, a photoelectron microscope in combination
with an imaging energy filter for momentum resolved photoelectron detection has
been reported as well [Krö08].

Here, a pTOF electron spectrometer is presented, which was especially designed
and constructed to facilitate the high-resolution analysis of low-energy electrons with a
few eV kinetic energy. The presented pTOF spectrometer design includes the required
hardware and software for data analysis to cope with multi-hit events. This makes the
developed pTOF an ideal tool for the investigation of ultrafast electronic phenomena
in solids and at their surfaces probed by femtosecond laser light sources.
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4. Position-Sensitive Electron Time-of-Flight Spectrometer

4.1.1 Hardware Implementation

Fig. 4.1 shows a schematic drawing of the pTOF spectrometer with a sketch of the
electronic data acquisition. The geometric parameters of the setup are a field free
drift tube of length z = 200 mm combined with a chevron-mounted MCP stack of
80 mm active diameter. The acceptance angle spans ±11◦ when the pTOF spec-
trometer axis is oriented parallel to the surface normal. Rotating the sample by 11◦

with respect to the spectrometer axis allows to extend the maximum acceptance to
θ =22◦ in one particular direction. The opening of the entrance aperture of 1.9 mm
is carefully matched to the sample-aperture distance of 3.0 mm and the acceptance
angle. The drift tube itself is made from vacuum-compatible aluminum to avoid re-
manent magnetic fields in the drift region. The aperture and the inside of the drift
tube are graphite-coated to achieve a homogeneous work function of the pTOF spec-

Figure 4.1: (a) Schematic drawing of the pTOF electron spectrometer. A partially absorbed
light pulse generates photoelectrons which propagate through a field-free flight tube. They
are detected by a two-dimensional position-sensitive detector based on a microchannel plate
(MCP) stack and a delay line anode. The mesh shields the flight tube from the electric fields
applied to the detector. The six timing signals from the three wire layers, the MCP and the
light source are amplified (AMP) and digitized in constant-fraction-discriminators (CFD)
to be recorded by a time-to-digital-converter (TDC). (b) Photograph of the fully assembled
pTOF spectrometer without the µ-metal housing.
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Figure 4.2: Oscilloscope screens of the analog TOF signal after amplification but before
digitization in the CFD. (a). A matched impedance results in a single peak that leads to a
well defined trigger (green line). The ringing of the signal, indicated by two limiting red lines,
can be neglected. (b) Identical conditions as in (a) but with 10 Ω impedance mismatch. A
spurious peak is generated at a distance of 30 ns due to a reflection at the outcoupling circuit.
Also the ringing has increased significantly, the original pulse can not be discriminated from
reflections.

trometer as the kinetic electron energy is directly referenced to the vacuum level of
the surrounding, see Fig. 3.10.

The 2D impact positions and TOF of the photoelectrons are recorded by a 2D
position-sensitive detector based on a commercially available delay-line readout con-
cept (RoentDek, [Jag02c, Roe]). Each electron hit is amplified by a Chevron MCP
stack and the resulting electron cloud is collected by three meandering anode wires ro-
tated by 60◦ with respect to each other. The analysis of the signal propagation times
across the wire structure yields the in-plane positions. The MCP front is biased with
+300 V to attract the electrons after traversing the field free drift tube. The MCP
back is biased with +2500 V to yield the voltage required for charge amplification of
2200 V across the MCP stack. The anode wires have the highest positive potential
with +3000 V to attract the charge cloud emitted from the MCPs. Additionally, the
holder is floating at +2750 V to expand the charge cloud in between the MCPs and
anode wires. The whole spectrometer setup is placed in a µ-metal housing (SAM
Products) of 1.5 mm thickness to prevent deflection of the photoelectrons by residual
magnetic fields (not shown in Fig. 4.1).

The signals from the MCP backside and the six anode wires are carefully coupled
out by individual electronic circuits, which yield a voltage pulse of a few meV ampli-
tude and 1−2 ns width for each detected electron. The matching of the impedance of
the Lecher wires of Z ≈ 120 Ω to the outcoupling circuits is crucial, especially for the
analysis of multiple events. Fig. 4.2 shows two oscilloscope screens of the TOF signal
coupled out from the MCP back for the case of perfect and imperfect impedance
matching. An impedance mismatch results in spurious peak replicas and increases
the ringing of the signal at later times, which results in a situation where the original
hits can hardly be discerned from fake signals due to reflections.
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The subsequent electronic devices process six anode signals from the three wire
layers of the Hexanode, the MCP signal tMCP, and a time-reference signal tlaser from
the laser light source. The out-coupled analog signals are first fed to broad-band am-
plifiers, which are combined on-board with constant-fraction-discriminators (CFDs)
(ATR19, RoentDek) to digitize the signals. The digitization in the combined ampli-
fier/CFD is another important step to obtain clean and reliable position and timing
information. For an ideal analog signal without any noise the amplifier levels are high
and the thresholds for the discrimination are low to be sensitive to weak hits. As the
S/N ratio is finite in reality, the amplifier levels are carefully lowered and the CFD
thresholds are raised to avoid triggering on reflections but still obtain a high detection
efficiency.

The digital signals from the CFDs are send to an eight-channel PC-based multi-
stop time-to-digital converter (TDC) (TDC8HP PCI card, RoentDek) with < 100 ps
time resolution and 25 ps least-significant-bit, which is run in common start mode.
The eight timing signals are processed online in real-time by customized C++-based
routines, which utilize LabView 8.x and Igor Pro 6.x as front-end software. Ad-
ditionally, the raw data may be saved into a list-mode-file format for later off-line
analysis, see section 4.2.

4.1.2 Principle of Operation

A typical photoelectron emission geometry at a solid surface is sketched in Fig. 4.3.
The sample surface plane is defined as the xy-plane and the surface normal is oriented
along z. Photons of energy hν are incident under an angle ϕ with respect to the surface
normal and thus photoelectrons of momentum ~k are emitted. The out-of-plane angle
θ of photoemission is defined with respect to the surface normal and the in-plane
emission angle φ with respect to a high-symmetry crystal axis. The experimentally
measured quantities are the photoemission angles θ and φ, and the kinetic energy
Ekin, which are determined by analysis of the TOF, as detailed in chapter 3.2.1.

The drift distance in equation (3.9) is replaced by d =
√
x2 + y2 + z2 to account

for the elongated flight distance in off-normal emission1. Explicitly, the kinetic energy
is a function of the position coordinates (x, y) and the TOF t:

Ekin(t, x, y) =
med

2

2(t− t0)2
=
me

(
r2 + L2

)
2(t− t0)2

= 2.4828 eV ns2 mm−2 · x
2 + y2 + L2

(t− t0)2
,

(4.1)

where r2 = x2 + y2 denotes the electron position on the detector and z = L the
length of the drift tube. Normally, the spectrometer axis is oriented parallel to the
surface normal and the lateral positions x and y are thus determined by the polar
and azimuthal emission angles θ and φ via

1In the conventional TOF spectrometer without position analysis this correction is omitted and
the actual flight distance d is underestimated by 1/ cos θ with the consequence of a systematic error
in the energy determination. The systematic error, however, amounts to 1.8% for the opening angle
of 3.5◦ and thus can be neglected.
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Figure 4.3: (a) Sketch of the experimental geometry and kinematic parameters in an angle-
resolved PES experiment, hν: photon energy, ϕ: angle of incidence, θ and φ: out-of-plane
and in-plane photoemission angle, ~k: momentum of the photoelectron, k|| and k⊥: in- and
out-of-plane electron momenta. (b) Position-resolved detection of the photoelectron after
traversing the field free drift tube of length L.

tan θ =

√
x2 + y2

z
(4.2)

tanφ =
y

x
.(4.3)

The electron wave vectors kx and ky are calculated from the x- and y-component of
the electron velocity, respectively:

~k||(x, y, t) =
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(4.4)

4.1.3 Time-of-Flight Analysis

The acquisition and analysis of the TOF is slightly different to the conventional
concept, presented in chapter 3.2.3 where only the offset t0 due to different signal
propagation times had to be taken into account. The HP8TDC-PCI board is triggered
in a common-start mode by the MCP signal to only record actual2 electron hits. The

2If the laser pulse would serves as trigger input it would create large amounts of empty data.
Assuming a laser repetition rate of 300 kHz and an event rate of 30 kHz only 10% of the data
comprise factual events.
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Figure 4.4: Analysis of the TOF in the pTOF spectrometer. The MCP signal serves as
trigger for the TDC and the timing of the subsequent laser pulse is recorded. Top: The
time-of-flight TOF for single hits is calculated from the difference of the laser cycle duration
tLaser and the arrival time of the next laser pulse tPD. Bottom: The occurrence of multiple
hits per events makes a distinction of cases necessary since the second hit can stem form the
next laser pulse. The gray shaded area indicates the duration of the armed trigger, which
is chosen slightly shorter than tLaser. The vertical lines indicate the arrival time of the laser
pulse at the sample.

reference signal from the photodiode thus samples the time difference to the next
laser pulse. The correct TOF with respect to the laser pulse that photoemitted the
electron is obtained from the inverse laser repetition rate tLaser, which has to be known
precisely3, as discussed in Fig. 4.4. Additionally, multiple events per laser cycle result
in detection of electrons from the subsequent laser pulse and lead to a distinction of
cases for the electron time-of-flight TOF

(4.5) TOF =

{
tMCP − (tPD − tLaser) for tMCP < tPD

tMCP − tPD for tMCP ≥ tPD

The duration of the armed trigger frame as well as the trigger dead time is defined
to be slightly below the time of a laser cycle tLaser corresponding to inverse laser
repetition rate.

3The laser repetition rate is continuously logged using a LabView interface. This allows to reach
an relative uncertainty of < 10−5 for tLaser.

92



4.1. Design Considerations

4.1.4 Energy and Momentum Resolution

The overall experimental accuracy ∆t in the TOF analysis and the drift length L
ultimately determine the achievable energy resolution:

(4.6) ∆Ekin =

√(
dE

dt

)2

∆t2 +
(
dE

dr

)2

∆r2 ≈

√
8E3

kin

me

∆t
L

.

Here, the uncertainty of the in-plane position determination ∆r ≈ 0.2 mm, which
in turn is determined by ∆t, see section 4.1.5, can be neglected compared to the
timing uncertainty ∆t. Hence, the energy resolution is largely determined by the
precision of the TOF measurement as the length of the drift tube is fixed by the
geometrical considerations regarding the acceptance angle. The length of the drift
tube is a trade-off between a preferably high acceptance angle and a drift length still
enabling an energy resolution ≤ 10 meV.

The precision of the TOF measurement itself is determined by both the jitter of the
electronic start pulse from the laser source and the accuracy of the stop pulse from the
MCP. The timing signal from the laser source is generated by a fast photodiode with
< 100 ps signal rise time and a root-mean-square (rms) jitter of 50 ps. The accuracy
of the MCP signal is limited to 100 ps by the bandwidth of the amplifiers and the
TDC resolution such that the overall resolution of the TOF analysis is estimated to be
∼ 200 ps. This translates into an energy resolution of ∆E ≈ 5 meV at Ekin = 2 eV,
shown as thick solid line in Fig. 4.5. A more conservative estimate of ∆E ≈ 10 meV
at Ekin = 2 eV includes imperfections of the work function of the spectrometer,
uncertainties of the drift distance z, and the unaccounted acceleration of the electrons
in-between the grid and MCP stack.

In Fig. 4.5(a), ∆Ekin is depicted as a function of Ekin for various time resolutions
∆t ≤ 1 ns and for a constant drift length d = 200 mm as employed in the pTOF
spectrometer. For example at Ekin < 4 eV the energy resolution can be kept well
below 10 meV, provided that the time resolution is better than 0.2 ns. Time-resolved
photoemission experiments can not necessarily benefit from a much higher energy res-
olution as the spectral bandwidth of the femtosecond laser pulses amounts to typically
10− 50 meV.

The momentum resolution ∆k|| depends on the accuracy of the lateral position
determination ∆r and the temporal resolution of the TOF measurement ∆t and can
be estimated from equations (4.1) and (4.4) to be:

(4.7) ∆k|| ≈ k||

√(
∆r
z

)2

+
2Ekin

me

(
∆t
z

)2

.

With a conservative estimate for the position resolution of ∆r ≈ 0.2 mm and a time
resolution of ∆t ≈ 200 ps the maximum error of the momentum coordinates amounts
to ∆k|| ≤ 0.002 Å−1 for all momenta k|| ≤ 1 Å−1 and kinetic energies Ekin ≤ 10 eV.
The absolute error of the momentum determination as function of Ekin and k|| is
indicated in Fig 4.5(b) as gray scale intensity. For example, for an emission angle of
22◦ and a kinetic electron energy of Ekin = 2 eV the maximum parallel momentum
is given by k|| = 0.2714 Å−1 with a momentum resolution of ∆k|| = 3.1 · 10−4 Å−1.
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Figure 4.5: (a) Energy resolution ∆Ekin as a function of Ekin as given by equation (4.6)
for various time resolutions ∆t ≤ 1 ns and constant drift length d = 200 mm. The thick
solid line represents the energy resolution expected for a typical time resolution ∆t = 0.2 ns
of the pTOF spectrometer (see text). (b) Accessibility of the parallel wave vector k|| as
a function of Ekin for various acceptance angles θmax of the spectrometer. The thick solid
curve (θmax =22◦) shows the geometric limit of the developed pTOF spectrometer (see text).
The momentum resolution as given by equation (4.7) is indicated by the underlying gray
scale and is < 0.002 Å−1 for all kinetic energies and momenta plotted.

Typical kinetic electron energies for a 2PPE experiment are Ekin = 1 eV, 2 eV and
4 eV, which allow to access k|| < 0.19 Å−1, 0.27 Å−1 and 0.38 Å−1, respectively. At
first glance, the accessible region of k-space seems to be confined to the center of the
Brillouin zone. The option to rotate the sample or use slanted sample posts, however,
extends the range of operation toward the Brillouin zone boundaries.

4.1.5 Delay-Line Anode

Several designs of two-dimensional anodes for the position read-out of MCPs have
been established, but only few of them are capable to analyze multihit events4, which
is crucial for laser-induced photoemission spectroscopy using amplified femtosecond
laser pulses. One concept is the delay-line read-out for position determination, im-
plemented in the pTOF spectrometer.

The working principle is shown in Fig. 4.6 for a simplified single wire layer and
summarized in the following (for further details see [Sob88, Jag02a]). The amplified
charge cloud from the MCP stack, which is generated upon impact of a single photo-
electron, is collected by parallel wound wire layers of the delay-line anode structure.
Upon impact it produces two charge pulses counter-propagating toward the ends of
the respective wire. Each layer consists of a pair of copper wires, the so called ”ref-
erence wire” and ”signal wire”, which generally is kept at a slightly more positive

4A multihit event occurs when more than one electron is detected within one laser cycle of a few
µs.
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Figure 4.6: Position encoding in 1D using a delay line anode. The electron cloud e from the
MCP is collected on the signal wire and two current pulses u1 and u2 propagate to the wire
ends. The hit position is determined from the propagation time difference of the two signals
measured with respect to the MCP signal.

voltage (∼ 50 V) than the reference wire to collect the electron cloud. The ends of
reference and signal wires of each layer are bundled in Lecher-wires and connected
to the electrical feedthroughs. The difference of currents in signal and reference wire
is then coupled out via a current transformer to yield a short voltage pulse at the
respective wire end. The spatial position U along one wire is determined by the dif-
ference between the timing signals u1 and u2 of each wire end, which are referenced
to the MCP signal tMCP as time-zero:

(4.8) U = cu [(u1 − tMCP)− (u2 − tMCP)] ,

where cu is the effective signal propagation speed perpendicular to the meandering
wire structure. The signal propagate along the wire with a speed of 2/3 c but due
to the meandering wire structure, the effective propagation speed is reduced to the
order of ns/mm, which can be accurately measured with modern timing instruments.

The charge cloud is expanded in-between the MCP stack and the anode structure
and covers several wires of a layer. These overlapping signals increase the position
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resolution by interpolation of the center-of-mass of the charge cloud. Thus the position
resolution is not limited by the ∼ 1 mm spacing between the wires of a layer but by the
product of time resolution ∆t and the propagation velocity cu. For the pTOF setup
with MCPs of 80 mm diameter the propagation speed is of the order of 0.7 mm/ns.
The overall time resolution is mainly limited by the electronic timing precision of
100 ps, which enables a position resolution < 0.2 mm and thus a corresponding
angular resolution of ∆θ <0.06◦. In fact, this high angular resolution can compete
with state-of-the-art hemispherical electron analyzers, which also reach <0.1◦ angular
resolution.

To determine the position in two dimensions a second delay-line structure has to
be implemented in the perpendicular direction to form a cross-type anode. This is
sufficient for the position determination of single hits but has serious disadvantages
in multihit operation [Jag02c]. This limited multihit capability may be overcome by
introduction of a third layer, which gives the anode a hexagonal shape and the name
Hexanode. As shown in Fig. 4.1, three independent and mutually isolated wire layers
are wound at an angle of 120◦ to each other. This makes it necessary to project the
hexagonal in-plane coordinates U , V and W of each layer onto the Cartesian in-plane
coordinates x and y. Explicitly, the Cartesian coordinates x and y are calculated
from the hexagonal coordinates according to

xuv = U yuv =
U − 2V√

3

xuw = U yuw =
2W − U√

3
(4.9)

xvw = V +W yvw =
W − V√

3
,

when the x direction is defined to coincide with the U hexagonal coordinate [Jag02c].
This coordinate transformation directly expresses the redundancy of the Hexanode
design as the x and y position can be inferred from any two of the hexagonal coordi-
nates independently.

4.1.6 Trajectory Simulations

This section discusses numerical simulations of the electron trajectories in the pTOF
spectrometer, which have been performed with the SimIon 7.0 software package from
the Idaho National Engineering and Environmental Laboratory. The simulations
are intended to optimize the geometry of the drift tube aperture and estimate the
effects of a finite difference ∆Φ of sample and spectrometer vacuum levels. The
trajectory simulations were carried out by assuming a certain potential difference of

Figure 4.7 (facing page): Numerical electron trajectory simulations with SimIon 7.0. (a) The
electron trajectories are straight lines for aligned vacuum levels of sample and spectrometer,
and the effective acceptance angle is given by the geometrical acceptance angle of ±11◦.
(b) A positive vacuum energy difference decelerates the electrons and thereby decreases the
effective acceptance angle to 9◦ on the MCPs. (c). A negative vacuum energy difference
accelerates the electrons and therefor increases the effectively sampled angular spread to 12◦.
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Figure 4.8: Close-up of the trajectories at the aperture where a finite vacuum energy differ-
ence forms an electron lens in the aperture. Shown for a negative (forward) bias voltage.

sample and spectrometer and calculating the spatial potential distribution assuming
a cylindrical symmetry of the pTOF drift tube assembly. The potential grid had a
step size of 0.1 mm in each direction. The refined self-consistent potential then is
used to propagate the electrons in small discrete time steps.

In Fig. 4.7 three exemplary sets of trajectory simulations are shown for different
vacuum energy differences ∆Φ = Φspec. −Φsample + e0 Ubias, as indicated. The upper
panel depicts the situation for equal vacuum levels of sample and spectrometer and
a kinetic electron energy of 0.1 eV. The electrons are emitted at emission angles
ranging 5 from 0◦ up to 90◦ and the TOF of the electrons is encoded by timestamps
at a distance of 10 ns. The electrons propagate on straight lines since no electrostatic
potential alters the trajectories. The 90◦ emission cone emitted from the sample is
blocked by the aperture at the tip and the angular spread of the electrons in the drift
tube spans 11◦. Then the electrons traverse the mesh and are accelerated by the
electric field of the front MCP, biased at +300 V. Here, the skimmer at the outer
edge of the drift tube is important to avoid electrons being deflected and thereby
deteriorating the angular resolution, as detailed below.

The center panel of Fig. 4.7 depicts the simulation for a vacuum energy difference
∆Φ = +0.5 eV, which decelerates the electrons, and a kinetic electron energy of
1.0 eV, typical for time-resolved studies at low photon energies. The equi-potential
lines are indicated in a logarithmic fashion with the numerical values given in eV.
Compared to the case of no vacuum energy difference, the deceleration decreases the
spread of the electron trajectories from 11◦ to 9◦. The bottom panel of Fig. 4.7
shows the opposite arrangement with a vacuum energy difference of ∆Φ = −0.5 eV,
which accelerates the electrons toward the spectrometer, and a kinetic electron energy

5Due to the cylindrical mirror symmetry electron emission in the range from 0◦ to -90◦ has been
omitted.
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Figure 4.9: Close-up of the trajectories at the outer edge of the MCPs. (a) Electrons passing
at the outer edge of the mounting of the mesh can be deflected and decrease the angular
resolution. (b) The sharp edged skimmer blocks the outer electron beam and prevents
deflections without sacrificing the 11◦ acceptance angle.

of 1.0 eV. The equi-potential lines exhibit the same symmetry and shape but with
reversed sign. Due to the acceleration of the electrons, the angular spread increases
from 11◦ to 12◦.

Focusing on the aperture of the drift tube, a close up in Fig. 4.8 shows 1 eV
electrons traversing the drift tube tip. Here, a negative vacuum energy difference
is discussed, a case which is commonly encountered for negatively biased samples,
compare to Fig. 3.10. The equi-potential lines indicate that the space in between the
sample and the tip of the TOF can be approximated by a plate capacitor configuration.
This allows to (i) minimize the effects of a finite vacuum energy difference and (ii)
apply analytical corrections for the electron trajectories in the case of such differences
[Hen08]. The close up also highlights the electrostatic electron lens that forms in the
aperture itself. Here, the optimization of the diameter and the depth of the aperture
are important. The simulations result in a minimum field penetration for an aperture
diameter of 1.9 mm and a depth of the hole of 2.0 mm, which still allows an efficient
electron transmission at a fixed sample-tip distance of 3 mm.

The panels (a) and (b) of Fig. 4.9 discuss the electron skimmer at the outer edge of
the mesh in front of the MCP stack. These simulations were performed for electrons
with 1 eV kinetic energy and no vacuum energy difference. As depicted in Fig. 4.9(a),
electrons with ∼11◦ photoemission angle passing the outer edge of the drift tube hit
the mounting ring of the mesh, which deflects some electrons toward the center of
the MCPs. This results in loss of spatial resolution and worsens the S/N ratio, and
hence has to be avoided. Without sacrificing the 11◦ acceptance angle of the pTOF,
a sharp edged electron skimmer is introduced as mount for the mesh. Its sharp edge
skims the outer part of the electron emission cone without allowing deflection.
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4.2 Software Implementation

The underlying principle of data acquisition connects the electron time-of-flight t
with the two position coordinates (x, y) for each event to yield the kinetic energy
Ekin(x, y, t) and parallel momentum ~k||(x, y, t), see equations (4.1) and (4.4). This
requires to store and process each event separately. Only after analysis the data can
be sorted into histograms, the so-called binning.

The real-time analysis at event rates beyond 10 kHz is even more demanding and
requires high-performance software, which is dedicated to the specific task of position
calculations and kinematic conversions including the multihit analysis outlined below.
Each event consists 136 Byte if 3 hits on 8 channels are acquired and creates fairly large
data sets of 1.4 GByte per 107 events. This translates to a data rate of 14 MByte/s
for an event rate of 100 kHz and storage and analysis of a single event must proceed
in < 10 µs. This demanding real time analysis reaches the limits of the currently
employed hard- and software.

Moreover, the statistic nature of the single particle counting in photoemission
has to be considered. For a given number of counts N , the stochastic uncertainty
is given by δN = 1/

√
N which can be minimized by acquiring large data sets. The

pTOF distributes the counts over a 4-dimensional volume, which is spanned by energy,
two momentum axes and pump-probe delay. Compared to the conventional TOF
spectrometer the phase space is increased by a factor of ∼ 1000. The pTOF data sets
can comprise more than 5 · 108 individual events, stored in ∼ 10000 separate files,
which require several 100 GByte storage space and significant amounts of volatile
memory.

To fulfill the requirements on calculation speed and storage capacity, the the pTOF
setup is equipped with a high-performance dual processor workstation and a TByte
RAID system. Additionally, the data can be transported with large mobile hard disks.

4.2.1 The cEvent Class

To obtain a flexible high-performance implementation of the signal processing and
storage, a C++ class was designed an implemented6. The C++ class cEvent provides
all tools (i) to characterize, adjust and calibrate the signal input by means of control
coordinates, to (ii) actuate external devices such as the laser beam shutters and the
optical delay stage, and to (iii) perform all coordinate transformations to obtain angle-
and time-resolved electron spectra in real time. The last point is of importance for
the alignment of the laser beam in the focus of the acceptance cone of the pTOF. The
separation of the back-bone functionality of the cEvent class from the front-end that
submits the adjustable parameters, and retrieves and displays the processed data is
necessary due to the high data rates and the large data volume. Additionally, the
functionality of the cEvent class has to be implemented only once and can used by
different front ends, see next section 4.2.2.

The cEvent class first checks the validity of each registered event and proceeds to
calculate the time and space coordinates from the TDC raw data, which finally yields

6The final implementation of the cEvent class as outlined here was realized in a marvelous fashion
by Laurenz Rettig.
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Figure 4.10: Working principle of the cEvent class. After initialization and memory alloca-
tion, each event is checked for its consistency using control coordinates. The time and space
coordinates of valid hits finally yield the kinetic energy and parallel momenta. Different
coordinates are saved to different data volumes.

the kinetic energy and the parallel momenta. The coordinates of each individual event
then are sorted into separate three-dimensional histograms. The real and reciprocal
space coordinates are binned into data volumes termed Uxyt and Ue2k, respectively.
The bin sizes are fixed by the initialization procedure. On the one hand, larger bins
result in less occupied memory and increase the counting statistics in each bin. On the
other hand, the effective resolution decreases with increasing bin width. Generally,
bin widths of 1 mm and 0.2 ns for the real space coordinates result in 200 MByte
memory requirements for Uxyt. Bin widths of 0.002 Å−1 and 5 meV for Ue2k are
usually sufficient and result in 100 MByte memory requirements for each data set.

Fig. 4.10 depicts the signal processing of the cEvent class as outlined in the fol-
lowing. To begin the data acquisition several parameter sets are initialized as outlined
below. A complete list of the pTOF parameters with a detailed description of their
function is given in appendix F.

kinetic parameters supply calibration data for the detector and coordinates con-
version.

binning parameters define the size of the data volumes by passing the smallest and
largest bin, and the bin width.

gating parameters assign criteria for the validation of the events and gating of the
coordinates, see below.

advanced parameters are necessary for the advanced multihit reconstruction, see
chapter 4.2.3.

The initialization provides all parameters necessary for the data acquisition and
analysis and allocates the volumes for storage of the processed data. Each event of
136 byte consists of the TDC hit register, containing the 32 bit timing information
of 3 hits on 8 channels, a 32 bit counter array, summarizing the number of hits per
channel, and a global 64 bit timestamp, used for the evaluation of the event rate.
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Figure 4.11: Relation of sample and pTOF coordinate system. The primed sample coordinate
system (a) is first rotated about the y’ axis by an angle φ, which corresponds to a rotation of
the manipulator (b). Then the sample is tilted around the new x’ axis by an angle Θ, which
can be realized by a tilted mounting of the samples or a slanted sample post (c). Finally,
the sample is rotated around the z’ axis by an angle Ψ, which is an in-plane rotation of
the sample and important for samples with anisotropic band structures (d). The unprimed
coordinate system of the spectrometer is depicted at the right.

After the TDC raw data is transfered to the class, the control coordinates are cal-
culated for a check of the data consistency. Among these the consistency indicator
(CI) and the time-sum of each layer is determined. The CI is a 6 bit mask, in which
each bit resembles one wire end of the Hexanode and indicates if a signal has been
coupled out on the specific wire end. The bit mask thus displays on which channels
signals were retrieved and which signals have been lost. The time-sum exploits that
the total propagation time across a specific wire is constant. The time sum usum of,
for example, the U layer is defined as

(4.10) usum = (u1 − tMCP) + (u2 − tMCP) = const

for both timing signals u1 and u2 which are referenced to the MCP signal as time-zero,
as indicated in Fig. 4.6. Then the time and space coordinates are calculated from the
time information of each layer and the MCP signal. The calculation can proceed in
two ways: If at least two signals from two layers have been retrieved, equations (4.8),
(4.9) and (4.5) are used; otherwise an advanced multihit reconstruction routine is
employed, see section 4.2.3. At this point, a gating can be applied, which sorts out
the valid hits according to certain criteria such as the active MCP radius, the CI and
the time-sums. The validated hits are saved into the Uxyt data volume.

After determination of the real space coordinates the reciprocal coordinates are
calculated according to equations (4.1), (4.4) for each validated event. To take a
rotation of the sample coordinate system into account, the full vacuum wave vector
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~k = (kx, ky, kz)7 in the sample coordinate system is determined. The conventions
regarding the axes orientation and sequence of rotations is discussed in Fig. 4.11.
The three subsequent rotations are described with a rotation matrix

(4.11) R =

 cosψ sinψ 0
− sinψ cosψ 0

0 0 1

1 0 0
0 cos θ sin θ
0 − sin θ cos θ

cosφ 0 − sinφ
0 1 0

sinφ 0 cosφ


Here, a passive transformation is used, which rotates the coordinate system itself.
The primed wave vector in the sample coordinate system is given by multiplication
with the rotation matrix R:

(4.12) ~k′ =

k′xk′y
k′z

 = R ·

kxky
kz


The rotated parallel momentum components k′x and k′y, and the kinetic energy are
binned into the Ue2k data volume. This evaluation algorithm is successively applied
to each individual event.

After binning and saving of all events of a data set, the data volumes are sliced
to obtain two-dimensional cuts that can be displayed as intensity matrices. This is
realized by integration of the data volumes along one or more predefined directions and
yields, for example, the band dispersion along a both in-plane directions I(E, kx) and
I(E, ky), energy spectra I(E) and constant energy surfaces I(kx, ky) with E = const.
The global timestamp of each event is used to normalize all data volumes and slices
to the count rate and the bin width of all dimensions8.

4.2.2 Igor Pro and LabView Front Ends

The measurement software is programmed with National Instruments LabView 8.5
and enables to control the TDC data, the storage of the raw TDC data to hard disk,
the integration of the cEvent C++ class, and the display of the processed data in real
time. The hardware driver interface and the cEvent class are implemented with a
dynamic link library (.dll) that is called by LabView.

For data acquisition, the TDC hardware buffer is enabled and reads data for
∼ 0.5 s. The data stream is processed in real time by the cEvent class and saved
simultaneously to a binary list-mode-file (lmf) format, which is commonly used in
high-energy physics. Slices of the multidimensional data volumes are extracted in
between the acquisition cycles and displayed in the LabView front end, while the
TDC hardware buffer continues to acquire data. The regions for the extraction of
the sliced data can be defined interactively in the front end, which enables an actual
analysis in real time. After finishing a measurement the extracted spectra can be saved
to disk in a Wavemetrics IgorPro compatible binary file format (.ibw). Additionally,

7The kz component describes the normal momentum component in vacuum, which must not be
confused with the perpendicular momentum k⊥ inside the crystal that is generally not conserved in
the photoemission process.

8An increase of the bin width at constant count rate leads to more counts in a each bin, which is
accounted for by normalization to the bin width. This results in units of Hz/eV or Hz/Å−1.
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the LabView front end controls, displays and stores the conversion parameters and
control coordinates.

To obtain time-resolved data sets, one instance of the cEvent class is created for
each pump-probe delay point, which contains all events at the particular delay. Addi-
tionally, one instance of cEvent is defined for acquisition of uncorrelated background
spectra. Then the optical delay stage is moved to the delays. Data is acquired for
∼ 1 s at each delay point, which is transfered to the corresponding instance of the
cEvent class and saved to a separate lmf for each delay. A typical time resolved mea-
surement contains 100 delay points and can comprise more than 100 scans of the delay
axis, which results in 104 lmf files and a data volume of a few 10 GByte, depending
on the count rate. Angle-resolved cross correlation (XC) traces are obtained by inte-
gration of the photoemission yield in a k-space cube, {∆E,∆kx,∆ky}, as a function
of pump-probe delay. The offline analysis may proceed either by loading the lmf files
into the LabView front end and saving the processed data into the binary IgorPro
.ibw format, or by using a separate command line tool. The command line tool is
based on the cEvent class as well and generates IgorPro .ibw files but lacks any inter-
active controls and displays. Especially, the lack of the interactive slicing of the data
volumes is a severe drawback. Therefore, an interactively controlled implementation
of the cEvent class into an IgorPro plug-in (XOP) has been realized6.

4.2.3 Reconstruction of Multihit Events

The use of the pTOF spectrometer for photoemission experiments employing laser
light sources with several 100 kHz repetition rate requires the ability to detect multihit
events with more than one hit in a time range of ∼ 100 ns. For illustration, consider
two photoelectrons, which are emitted with the same kinetic energy and out-of-plane
photoemission angle θ, but at a different in-plane angle φ, see Fig. 4.3. This could be
a typical photoemission signature from an electronic state delocalized in the surface
plane which gives rise to a sharp peak in the angle-resolved photoemission spectrum.
Consequently, these two photoelectrons will hit the MCP at different positions at
nearly the same time. The strength of the pTOF spectrometer with the Hexanode
detector is to retrieve Ekin, kx and ky of two or even more hits A fundamental concept
for the multihit operation is based on the time-sums [Jag02a, Jag02c], which are
defined as the total propagation time across a specific wire and thus are constant for
each layer, see equation (4.10). The time-sum of a certain hit not only serves as a
test if the signals on both ends of the anode wires have been coupled out consistently,
but also provides the redundancy needed for the analysis of multihit events.

If two or more electrons hit the detector within the pulse-pair resolution ∆T <
10 ns of the TDC system only one MCP signal is registered. In the following several
different situations for multihit events are discussed: (i) If the TOF of both electrons
differ by ∆T or more, the hits are easily disentangled if the positions are not identical.
(ii) If the positions are identical their TOF difference must be larger than ∆T . Albeit
this might at first glance look like a severe limitation, it is not a serious problem,
since the analysis procedure clearly identifies such events by inconsistencies of timing
and position signals and discards them. Thus, the following will focus on the case
where the TOF is identical but the spatial positions are sufficiently different as defined
below.
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Figure 4.12: (a) One dimensional position determination in single hit limit. One electron
cloud e is collected on the signal wire and two current pulses u1 and u2 propagate to the
wire ends, which are directly analyzed to yield the position. (b) One dimensional position
determination in multihit operation. Two electron clouds e and e′ hit one layer of the delay-
line anode at the same time but at different positions. The timing signals reaching the one
end of the delay-line wire (u1, u′1 or u2, u′2) can be resolved as long as the time coordinates of
the subsequent particles differ by the pulse-pair resolution of the detector system (see text).

Consider one layer of the delay-line detector where two electron clouds e and e′ hit
the detector at different positions, as shown in Fig. 4.12(b). Each electron produces
two current pulses u1, u2 and u′1, u′2, which propagate toward the two ends of the
layer. If the arrival time of two electrons differs by less than the total propagation
time across the layer, given by the time-sum, some of the signals may not be in the
correct time order or some signals are lost due to temporal overlapping. The anode
signals can be discriminated if the position coordinates of subsequent particles differ
by more than the product of the effective signal propagation speed cu and the pulse-
pair resolution ∆T . The missing MCP timing signal t′MCP is reconstructed from the
time-sum usum of the specific layer:

(4.13) t′MCP =
1
2

(u′1 + u′2 − usum) .

In this situation the pulse-pair dead time of the detector system can effectively be
reduced to zero.

In the case of a conventional cross-type delay-line anode the lower limit on the
particle distance of cu · ∆T ≈ 7 mm creates a cross-shaped region which is insensi-
tive to multihit events [Jag02c]. The strength of the Hexanode design is the use of
the additional information from the redundant third wire layer to reconstruct and
verify hits, which are in too close spatial proximity on the other two wire layers to
be retrieved [Jag02c]. Thus, the Hexanode design reduces the corresponding region
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Figure 4.13: Dependence of the time-sum on the raw layer position in ns. As evidenced by
the panel on the right side, the center of mass of the time-sum (gray area) is centered at
0 ns9, whereas the slices extracted at ±40 ns raw layer position (red and blue), as indicated
by the color bars on top, are shifted. The position-dependence of the time-sums is corrected
by fitting a Lorentzian line to the time-sums. The individual time-sums also exhibit a fine
structure with two separate peaks that are averaged out in the center of mass of the time-sum.

insensitive to multihit events significantly to a circle of ∼ 7 mm diameter [Jag02c].
Consequently, the severe limitation of a cross-shaped dead region is overcome as the
third Hexanode layer adds the redundancy to extend the operation into the multihit
regime beyond the limit of the electronic pulse-pair dead time.

The fundamental concept for the reconstruction of multihit events outlined so
far can be extended even further to not only retrieve missing MCP signals but also
reconstruct inconsistent or lost layer signals. This extended multihit reconstruction is
accomplished by an advanced multihit reconstruction routine Resort64.dll, which
was designed and programmed by Achim Czasch from RoentDek [Jag02a, Roe06].
As depicted in Fig. 4.12(b) the sequence of the out-coupled signals may be reversed
at the respective wire ends such that the time-sums for both electrons e and e’ are
inconsistent. Consequently, both events are discarded in a single hit analysis. In a
multihit analysis, the time-sums are used to recover the correct sequence of signals,
leading to valid time-sums for both electron hits.

Another problem in the multihit operation are missing signals due to (i) over-
lapping of multiple signals within the dead time of the combined CFD-TDC chain,
(ii) weak hits, (iii) reflections at the out-coupling devices. The advanced multihit
reconstruction routine supplies 20 different methods to sort the valid hits and recon-
struct missing signals. The first 14 methods are conservative: Starting from a fully
recorded hit with all 6 anode signals and the MCP signal (method no. 0) to partly
resolved hits with 5 anode signals and a missing MCP signal (method no. 13), only
redundant information is used. Nevertheless, at high event rates in the regime of
100 kHz the sorting and reconstruction of the multihit events is important to obtain
a high acquisition efficiency and avoid systematic distortion of the spectra. The more
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advanced methods no. 14-20 are used for events where even more anode signals have
been lost and are more speculative since no redundancy of the Hexanode is left to
perform consistency checks. An extreme example is method no. 19 where only one
signal from each layer and no MCP signal is available. Even though the standard sin-
gle hit evaluation could neither determine the positions nor the TOF, the advanced
reconstruction retrieves both in-plane positions and the TOF. Of course, these very
advanced methods are risky as they tend to produce ghost hits and usually are not
used for data evaluation.

The evaluation of the raw data with the advanced reconstruction routine requires
to characterize the anode hardware in detail and supply this information to the recon-
struction software, as detailed in appendix F. In order to recover the proper sequence
of valid hits and discard reflections the maximum propagation times on each Hex-
anode layer, the electronic dead times of the anode and MCP channels, and, most
importantly, the correction of the position dependence of the time-sums has to be
known.

Fig. 4.13 depicts the time-sum9 of the W-layer as function of the raw position on
the W-layer, given in ns. Evidently, the time-sum is not simple constant as suggested
in equation (4.10) but depends on the position on the layer. This is explained by
the different electric permeability ε of the ceramics that support the Cu wires of the
anode structure, which slightly modulates the propagation speed in the wires. This
variability of the time-sum has to be corrected since the advanced reconstruction
routine relies on the precise knowledge of the time-sums. The correction is realized
by fitting the center of the time-sum with a Lorentzian line as function of the raw layer
position and passing the correction values to the advanced reconstruction algorithm.

9For numerical reasons, the time-sums are shifted to be centered around 0 ns in the advanced
reconstruction algorithm.
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4.3 Performance of the pTOF Spectrometer

The performance of the pTOF spectrometer is demonstrated with an energy- and
angle-resolved study of electrons photoemitted from a Cu(111) surface by femtosecond
laser pulses of 6.2 eV photon energy. The exemplary data set discussed in the following
consists of 107 events and was recorded within 344 s. The experiment was carried
out under ultra high vacuum (UHV) conditions with a base pressure < 10−10 mbar.
The Cu(111) surface was prepared by standard procedures of repeated cycles of Ar+

sputtering at 700 eV ion energy for 5 min followed by annealing at a temperature
of 700 K for 20 min [Mus82]. The good surface quality was confirmed by a sharp
low energy electron diffraction (LEED) pattern with low background and a small line
width of the Cu(111) surface state in the photoemission spectrum. The femtosecond
laser system used here is described in chapter 3.1.1 and appendix E

The laser beam hits the Cu(111) sample at an incidence angle of ϕ =45◦ with
respect to the surface normal. The photoemitted electrons pass the entrance aper-
ture and the field free drift region before the position-sensitive detector records the
lateral positions and the TOF. The kinetic energy and in-plane momenta of the de-
tected photoelectrons are analyzed based on the pTOF technique described in the
previous section. To ensure unperturbed trajectories of the photoemitted electrons
the vacuum energies of sample and pTOF spectrometer have to be carefully matched.
The difference in vacuum energies of the Cu(111) sample with a work function of
Φ = 4.90 eV [Kno98a] and the graphite-coated pTOF spectrometer with a work func-
tion of ∼ 4.4 eV was offset by applying a small bias voltage of +0.5 V from a battery
to the sample.
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Figure 4.14: TOF electron spectra taken at hν = 6.2 eV at the Cu(111) surface integrated
over various emission angles θ as indicated. The inset shows a logarithmic representation of
the same data set.
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Figure 4.15: Photoelectron spectra integrated over circular regions in the kxky-plane as
indicated. The right-hand scale with logarithmic intensity scale emphasizes the high- and
low-energy cutoffs at the Fermi (Ekin ≈ 1.4 eV) and secondary edge (Ekin ≈ 0.1 eV),
respectively. Please note the excellent S/N ratio of > 104 obtained in this measurement.

Fig. 4.14 shows TOF spectra integrated over various acceptance angles of ±4◦,
±8◦, and ±11◦, which corresponds to an effectively used MCP diameter of 26 mm,
54 mm and 70 mm. The different spectra were generated out of one data set by
applying different cuts in the off-line analysis. The pronounced peak in the TOF
spectrum between 300 ns and 400 ns, which is observable at all acceptance angles,
originates from the occupied surface state of the Cu(111) surface. The sharp cutoff
for < 300 ns corresponds to the fastest electrons at the Fermi level EF . The signal at
> 400 ns is due to secondary electrons of low kinetic energy, which have undergone
elastic and inelastic scattering. In the following, we will focus on the well-defined
surface state peak in the photoemission spectra and the features observed in the
energy domain.

The binding energy and the band dispersion of the Cu(111) surface state have been
extensively studied by direct photoemission [Rei01] and time-resolved 2PPE [Kno98a]
spectroscopy. At a sample temperature of 300 K the binding energy of the surface
state referenced to the Fermi level EF is observed to be E−EF = −0.39(1) eV with an
natural line width of 62(4) meV [Kno98a]. The band dispersion of the Cu(111) surface
state is characterized by an effective electron mass of m∗ = 0.412(1)me [Rei01].
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Figure 4.16: (a)/(b) Color-coded photoemission intensity as function of in-plane momentum
kx and kinetic energy Ekin generated by a ∆ky = ±0.02 Å−1 wide cut in the kxky-plane.
A Lorentzian fit yields the positions of the peak maxima as indicated by open circles to
guide the eye. The raw data in panel (a) is normalized to the peak intensity and yields
the representation in panel (b). Right: Spectra extracted at normal, kx = 0.00 Å−1, and
non-normal emission, kx = 0.05 Å−1, showing the dispersion of the Cu(111) surface state
towards EF .

In Fig. 4.15 kinetic electron energy spectra are shown, which have been averaged
over circular regions of k|| ≤ 0.01 Å−1 up to 0.1 Å−1 in the (kx, ky)-plane as indicated.
The low-energy cutoff at the secondary edge corresponds to the electrons of low kinetic
energy which are barely excited above the vacuum level, whereas the high-energy
cutoff is given by the electrons of high kinetic energy originating from EF . The
sample work function is calculated from the difference of low- and high-energy cutoff
and the photon energy to be Φ = 4.945(10) eV. The observed 10%-90% width of
∼ 10 meV of the secondary edge indicates a smooth and uncorrugated surface, which
is corroborated by the sharp surface state. Since the width of the secondary edge is
determined by the spectrometer resolution as well as the homogeneity of the work
function, the spectrometer resolution can indeed be assumed to follow equation (4.6)
without significant broadening due to imperfections of the pTOF.

The pronounced peak at a kinetic energy of E − EF ≈ 1 eV originates from
the occupied surface state of Cu(111). A fit of a Lorentzian peak convoluted with a
Gaussian instrument-function of 20 meV FWHM yields a binding energy of E−EF =
−404(10) meV and a line width of 80(4) meV for k|| ≤ ±0.01 Å−1 (dotted line).
This in agreement with previous work on Cu(111) at room temperature [Kno98a].
The binding energy rises to E − EF = −409(10) meV and the line broadens to
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83(5) meV when the data is integrated over a circle with k|| = 0.1 Å−1 radius (solid
line). Fig. 4.16 shows a color-coded plot of the photoemission intensity as function of
binding energy and kx wave vector, which was generated by a ∆ky = ±0.02 Å−1 wide
cut in the (kx, ky)-plane. In this specific experiment the maximum kinetic electron
energy is given by hν − Φ ≈ 1.3 eV, which allows to access parallel wave vectors
with k|| ≤ 0.1 Å−1, see Fig. 4.5. The raw data in Fig. 4.16(a) is normalized to the
Lorentzian peak intensity to make the peak dispersion well visible in Fig. 4.16(b).
Within the region of accessible momenta the Cu(111) surface state peak shows a
dispersion which can be followed over the whole k-range. Significant deviation from
the expected parabola are only revealed for |kx| ≥ 0.09 Å−1, corresponding to the
outermost parts of the circular detector. The origin of this deviation is currently
under investigation. In principle, these distortions could be explained by electron
deflection at the skimmer or in the drift tube itself, compare to section 4.1.6.

In Fig. 4.17 the surface state dispersion of the data set in Fig. 4.16 is analyzed. The
peak positions of the surface state (open circles) were determined by a Lorentzian line
fit of the energy spectra for all discrete wave vectors with |kx| < 0.09 Å−

1
. Due to a

slight misalignment of the Cu(111) crystal surface with respect to the pTOF axis, the
dispersion curve had to be shifted by kx = +0.0045 Å−1 to yield the minimum of the
parabola at kx = 0 Å−1. This small misalignment of the crystal actually underlines
the high resolution that can be obtained with the pTOF spectrometer as deviations
in the order of a few < 10−2 Å−1 can be identified and quantified. A least square fit
of a free-electron parabola (solid line) yields a binding energy at the band bottom of
E −EF = −406(5) meV and an effective electron mass of m∗ = 0.408(5)me, in good
agreement to literature values [Kno98a, Rei01].
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4.3.1 Comparison to Conventional TOF Spectrometer

The performance of the pTOF spectrometer is further evaluated by comparison to the
results from the conventional TOF spectrometer described in chapter 3.2.2. The angle-
resolved measurements on the identical Cu(111) single crystal with the conventional
TOF were realized by rotating the sample in front of the TOF spectrometer. Fig. 4.18
shows the angle resolved spectra for emission angles of ±20◦ in a waterfall plot and
as color-coded photoemission yield. In this representation, the photoemission angles
can be assigned to the parallel wave vectors only for specific kinetic energies. For
the kinetic energy of the Cu(111) surface state, the accessible range is given by k|| =
±0.2 Å−1
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Figure 4.18: (a) Dispersion of the Cu(111) surface state measured with the conventional TOF
spectrometer described in chapter 3.2.2. The rotation of the sample by ±20◦ with respect
to the spectrometer axis allows to access parallel momenta of up to 0.2 Å−1 at 1 eV kinetic
energy, see Fig. 4.5. (b) Lineshapes of the Cu(111) surface state at k|| = 0 Å−1 acquired
with the conventional TOF (black) and the novel pTOF (red). To account for the slightly
different bias voltages in both experiments, the TOF spectrum was shifted by 83 meV.

The linewidth of the Cu(111) surface state of 106(5) meV at normal emission
increases to 286(10) meV at an emission angle of 20◦. Fitting the surface state
dispersion with a free electron parabola yields an effective electron mass of m∗ =
0.401(7)me and a binding energy of E −EF = −0.410(10) eV at the minimum of the
parabola. These values are in good agreement with literature [Kno98a, Rei01] and
the values determined with the pTOF. The smaller linewidth of the pTOF spectra
is evidenced in Fig. 4.18(b) and indicates a superior energy resolution of the pTOF,
which is explained by the significantly better timing accuracy of the TDC10.

The slightly smaller background of the conventional TOF at low kinetic energies
might be ascribed to different surface roughness due to different sample preparation

10The HP8TDC card from RoentDek enables 100 ps resolution with 25 ps least-significant bin,
whereas the FAST card that is utilized in the convectional electron TOF spectrometer operates with
250 ps resolution.
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Figure 4.19: Distribution of multihit events with 1, 2, and 3 hits per event as function of
the event rate. The solid curves represent the results of a stochastic model based on a
Poisson-distributed photoemission probability. The dashed curves are linear extrapolations
of the multihit probability at low event rates. Here, the finite ratio of multihits in the limit
of vanishing event rate is surprising.

at different days. Nevertheless, the S/N ratio obtained with the pTOF spectrometer
is better then 104 as evidenced in Fig. 4.15 and hence ideally suited to detect small
transient changes in the spectra. Furthermore, The comparison of Fig. 4.16 and
Fig. 4.18(a) emphasizes the superior angular resolution of the pTOF spectrometer.
The seemingly small angular acceptance of the pTOF spectrometer of ±11◦ can be
extended by rotation of the sample, compare to Fig. 4.11.

4.3.2 Discussion of the Multihit Capability

As detailed in section 4.2.3, the ability to detect and analyze multihit events with more
than one particle arriving in one laser cycle, is crucial for laser-based photoemission.
The data set analyzed above comprises 107 events and was recorded within 344 s at
an event rate of 29 kHz and a laser repetition rate of 300 kHz. The advanced multihit
analysis software was able to detect 10.245 · 106 individual hits in this data set, of
which 7.259 · 106 (70.9%) hits could be analyzed by the 14 redundant reconstruction
methods described in section 4.2.3. These valid hits are composed out of 6.643 · 106

(91.5%) first hits, 585 · 103 (8.1%) second hits and 29 · 103 (0.4%) third hits. In total
a significant multihit rate of 8.5% is observed which emphasizes the importance of
multihit detection, even though in average only every tenth laser pulse photoemits an
electron at this specific event rate.
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Figure 4.20: (a) Semi-logarithmic plot of the TOF correlation function CorT12 = T2 − T1

with (blue) and without (red) the advanced reconstruction routine. (b) The photoemission
intensity as function of the in-plane position correlation CorXY12 = {X2 −X1, Y2 − Y1} is
depicted within the electronic dead time ∆Tdead The sections of the Hexanode, which are
insensitive for multihits within ∆Tdead, are indicated by yellow lines.

To analyze the multihit capability in more detail, the probability of multihit events
was systematically studied by variation of the event rate11 upon changing the laser
fluence. Fig. 4.19 shows the relative hit rates as function of the event rate, which
underline the importance of the multihit analysis as event rates of ∼ 100 kHz leads
to a fraction of ∼20% multihits. A single hit analysis would have to discard this
significant fraction of events and thus is inefficient. Focusing on low event rates of
< 30 kHz, the occurrence of double hits is surprising since in average only every
10th laser pulse photoemits an electron. Extrapolating the data for < 90 kHz to the
limit of vanishing event rate yields a ratio of 94.(8)% single hits and 4.5(1)% second
hits. Hence, a stochastic Poisson model systematically overestimates the single hit
probability and underestimates the double hit probability. This counterintuitive be-
havior could be explained by laser fluctuations that significantly increase the event
rate for a few µs but are not detected by a standard rate meter with a time con-
stant of > 1 ms. Another explanation involves the correlation of two photoemission
events. Here, the energy of an absorbed electron or photon is shared between two
emitted electrons. Such two-electron emission events are studied with Auger coinci-
dence electron spectroscopy [Haa78, Bar96, Kir95], which focuses on so-called (e, 2e)
reactions, whereas two electron photoemission spectroscopy investigates (γ, 2e) reac-
tions [Her98, Hat04, Hat08]. The study of these phenomena requires to determine the
mesoscopic temporal structure of the laser pulses and perform coincidence analysis of
the energy-sharing in double hit events. However, the detailed study of these multihit
events is beyond the scope of the present work.

11Only hits, which have been recorded on at least two of the three anode layers, were analyzed to
ensure a reliable data set
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The multihit capabilities, as discussed in chapter 4.2.3, rely to a large extend
on the redundant Hexanode design with three wire layers and the time-sum based
reconstruction of multihit events beyond the electronic dead time. To exemplify
these advantageous capabilities, the TOF correlation function CorT12 = T2 − T1 is
plotted in Fig. 4.20(a) for a data set acquired with 29 kHz event rate. Here, T1

and T2 denote the TOF of the first and second electron, respectively. Without the
advanced reconstruction routine (red), no second hit can be recorded within the total
electronic dead time of the digitizing electronics of ∆Tdead ≈ 22 ns. In contrast,
the time-sum based multihit reconstruction (blue) not only recovers hits within the
electronic dead time CorT12 < ∆Tdead, but also increases the number of valid hits
for CorT12 > ∆Tdead by almost an order of magnitude. The latter is explained by
the reconstruction of missing and mixed up anode signals, which is provided by the
advanced reconstruction routine [Roe06].

Fig. 4.20(b) shows the spatial correlation function CorXY12 = {X2−X1, Y2−Y1}
of the in-plane position {X1, Y1} and {X2, Y2} of the first and second hit, respec-
tively. The hits depicted were exclusively reconstructed within the electronic dead
time ∆Tdead. The ∼ 7 mm wide sections of each Hexanode layer, which are insensi-
tive to multihits within ∆Tdead, are indicated by yellow lines. The Hexanode is only
”blinded” in the center, in the outer regions the third redundant layer can supply the
necessary information for the reconstruction.
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Conclusions

In conclusion, a novel position-sensitive TOF electron spectrometer was designed,
implemented and tested, which enables simultaneous energy- and angle-resolved pho-
toemission experiments by pulsed laser sources. The spectrometer is capable to record
the in-plane impact position along with the TOF of the photoemitted electrons and
thereby determines the complete electron velocity vector in ”a single shot”. The
two-dimensional detector allows determining both polar and azimuthal photoemis-
sion angles with high precision and can perform angle-resolved experiments without
any compromise in energy resolution. Furthermore, the complete hard- and software
implementation of the spectrometer is optimized to analyze multihit events, which
is crucial for laser-based photoemission experiments. The capabilities of the pTOF
spectrometer enable efficient investigations of ultrafast electron relaxation dynam-
ics in low-dimensional materials surfaces that regularly exhibit anisotropic quasi-2D
and quasi-1D band structures. A first experiment employing the pTOF spectrome-
ter for time-resolved 2PPE investigates the k-dependence of hot electron lifetimes in
quasi-1D metallic nanowires in 4×1-In/Si(111) and is presented in chapter 6.
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5 Ultrafast Dynamics in Quantized
Pb/Si(111) Bands

The quantum well states (QWSs) (or subbands) in epitaxial Pb films on Si(111)
present a quasi-2Ḑ model system. The occupied QWSs have been studied by laser-
induced photoemission spectroscopy (PES) at 6 eV photon energy. The binding ener-
gies of the QWS were found in good agreement with density functional theory (DFT)
calculations for a freestanding Pb slab. The unoccupied QWS in Pb/Si(111) have
been investigated with monochromatic two-photon photoemission (2PPE) at a pho-
ton energy of ∼ 4 eV. Up to four unoccupied QWSs as well as an image potential
state (IPS) are identified and analyzed as a function of Pb thickness. In contrast
to the occupied QWSs, the binding energy of the unoccupied QWSs systematically
deviates from DFT calculations, which suggests to improve the theoretical modeling
by taking the Si substrate explicitly into account. Furthermore, an oscillation of the
work function with a period of 2 ML was observed as a function of film thickness,
which correlates nicely with the oscillatory electron density at the Fermi level EF
determined from the photoemission spectra.

The ultrafast electron dynamics in the unoccupied QWS of Pb/Si(111) has been
investigated by femtosecond time-resolved 2PPE. Using 1.9 eV photon energy for op-
tical excitation electron-hole pairs are formed in the Pb film and in the Si substrate.
The hot electron population in the QWS exhibits a bi-exponential decay. The slower
decay component with decay times of 130 fs and 900 fs is attributed to delayed filling
of the states in the adlayer due to electronic relaxation in the Si(111) substrate. The
faster decay of 5 − 140 fs is caused by electron-electron (e-e) scattering in the Pb
film. At a first glance, the extracted decay times increase toward EF as predicted
by the Fermi liquid theory (FLT). However, by investigation of the quantized elec-
tronic structure more detailed insight into scattering among defined subbands has
been gained. The simultaneous decay and rise in the two lowest unoccupied QWS is
attributed to inter-subband scattering. Thereby, the importance of inter-subband de-
cay in low-dimensional metallic systems is demonstrated in addition to intra-subband
scattering processes considered in FLT and derived descriptions. Moreover, the decay
times of the lowest unoccupied quantum well state (luQWS) due to e-e scattering in
the metal film exhibits a strong modulation as function of film thickness with a period
of 2 ML. The coverage dependent decay times are compared to the predications of
FLT for two and three dimensional electron systems. Interestingly, the modulation
of the lifetimes can be understood within 3D FLT by consideration of the quantized
binding energies of the QWS and the phase space available for scattering.

Finally, first studies of the ultrafast dynamics in the occupied part of the quantized
Pb/Si(111) band structure were carried out with time-resolved PES employing intense
1.5 eV pump pulses with absorbed fluences in the order of 100 µJ/cm2. The shift of
the occupied QWS binding energies on a 100 fs timescale is compared to a simulation
within the two temperature model (2TM). The transient increase of the binding
energy points to an ultrafast hardening of the Pb crystal structure due to an quasi-
instantaneous change of the screening in the metal film. Moreover, an oscillation of the
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binding energy of the highest occupied quantum well state (hoQWS) at a frequency
of 2.2 THz was resolved, which coincides with a peak in the phononic density of
states (DOS) due to a longitudinal phonon along the Γ-L film direction. Thus, the
binding energy modulation is assigned to the excitation of a coherent phonon in
the film direction. This work highlights the importance of electron-phonon (e-ph)
coupling in solids, where (i) incoherent e-ph scattering leads to an equilibration of
the energy content in the electronic and phononic subsystem and (ii) coherent e-ph
coupling drives a coherent phonon mode by a displacive excitation mechanism.
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Experimental Details

The experimental setup and the preparation procedures have been described in detail
in chapter 3. In brief, epitaxial Pb films are grown as wedges (chapter 3.3.1) under
ultrahigh vacuum (UHV) conditions in two steps after substrate preparation. First,
the Si(111)-7× 7 surface reconstruction is formed. Second, the dangling Si bonds are
partially saturated by preparation of the β-(

√
3×
√

3)R30◦-Pb/Si(111) reconstruction.
Subsequently, Pb was evaporated from a Knudsen cell and epitaxial Pb(111) wedges
are grown. During preparation and photoemission experiments, the temperature was
kept at 100 K to avoid island formation and surface diffusion [Hup01]. The evapo-
ration rate was monitored by a Quartz balance and crosschecked after deposition by
comparison of the observed binding energies of occupied QWS with DFT calculations
from Wei and Chou [Wei02a]. The coverage scale derived from analysis of the PES
data then was transfered to the 2PPE experiments by overlapping the laser for 2PPE
on exactly the same spot on the sample. This procedure results in an intrinsically
correlated coverage scaling for both the PES and 2PPE experiments.

For laser based PES, photons with hν = 6.0 eV are generated by frequency quadru-
pling the output of a mode-locked amplified Ti:Sapphire laser system at 300 kHz repe-
tition rate (chapter 3.1.1 and appendix E). Laser pulses at 5.3 eV photon energy were
produced by frequency-doubling the output of an optical parametric amplifier (OPA)
driven by the regenerative amplifier (RegA). For bichromatic 2PPE experiments the
RegA output drives an OPA operating in the visible (VIS) spectral range and its tun-
able signal output is frequency doubled in a β-barium-borate crystal to generate the
second harmonic in the ultraviolet (UV) spectral range. The time-correlated pairs of
VIS and UV laser pulses are focused into the UHV chamber and spatially overlapped
on the Pb film. For 2PPE spectroscopy the pulses overlap in time. For time-resolved
2PPE spectroscopy hν1 and hν2 are delayed with respect to each other by a controlled
variation in the optical path length.

The photoelectron yield was detected by an electron time-of-flight (TOF) spec-
trometer (chapters 3.2.2 and 3.2.3). From the kinetic energy Ekin the binding energy
referenced to the Fermi level E − EF = Ekin + Φ − hν was calculated1, where Φ
denotes the work function and hν the probe photon energy.

1The binding energy scale in conventional PES is defined to be positive for bound states below
EF . However, to obtain a consistent binding energy scale for initial states at E − EF < 0 and
intermediate states at E − EF > 0 in PES and 2PPE, respectively, the term ”binding energy”
describes the energy of a given state with respect to EF .
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5.1 Structure of the Occupied QWS

In Fig. 5.1 photoemission spectra of a Pb wedge with a slope of 4.0 ML/mm are
displayed as spectra from 9 − 26 ML coverage (lower panel) which were taken at
hν = 6.0 eV with a lateral resolution of 100 µm by moving the sample in front of
the TOF spectrometer. The upper panel shows a color-coded representation of the
photoemission intensity. The data exhibit a series of occupied QWSs dispersing with
coverage, where particularly sharp states are observed in the energy range of the
indirect band gap of the Si substrate as indicated by the upper valence band edge
(VBE) at E − EF = −0.35 eV [Dil06]. These QWSs are energetically located in the
indirect Si band gap and are thus spatially confined to the Pb film as the wave function
of the QWS cannot penetrate into the substrate. At energies E − EF < −0.35 eV
much broader quantum well resonances (QWRs) are observed which are degenerate
with occupied Si bands. These states are more prominently seen in Fig. 5.4 discussed
further below. The theoretical results for the QWS binding energies from a DFT
calculation of Wei and Chou [Wei02a] for a free standing Pb film of variable thickness
are displayed as crosses in the color-coded plot of the photoemission yield. Clearly, the
DFT data agree well for all three branches of occupied QWSs observed experimentally.

The left panel of Fig. 5.1 focuses on the low-energy cutoff of the photoemission
spectra which is a direct measure of the global sample work function. In PES, the
global work function - rather than the local one - is accessible due to the macroscopic
spot size of the incident light. Contributions from different patches of the surface are
averaged which results in a finite width of the low-energy cutoff. Nevertheless, below
a coverage of 16 ML a work function modulation is clearly observed that vanishes
above 16 ML. The work function oscillations are discussed in detail in section 5.1.1.

In order to perform a proper analysis of the data it is necessary to take the finite
laser spot size into account. On a wedge with a slope of 4.0 ML/mm as in Fig. 5.1,
the laser spot size of 150 µm averages over a coverage distribution of 0.6 ML nominal
width. The observation of pronounced QWS peaks and work function modulations
at low coverage is not hindered by the averaging process which is evident from the
contrast of the PES intensity at subsequent monolayers. The intensity of the QWS
peaks exhibits a pronounced oscillation with film thickness: For an even film thickness
of 10 ML a high photoemission intensity is observed below EF , which is significantly
reduced at 11 ML and reappears at 12 ML coverage. As the coverage increases to
more than 20 ML, the averaging within the laser spot size reduces the contrast of the
discrete QWSs and the peaks merge into a continuous branch of QWSs. The absence
of the work function modulation for a coverage exceeding 16 ML is explained by

Figure 5.1 (facing page): Photoemission spectra of Pb/Si(111) for various thickness observed
on a Pb wedge of 4.0 ML/mm slope using 6.0 eV photon energy. The right panel shows a
series of discrete QWS dispersing with Pb coverage. The silicon valence band edge (VBE) is
indicated. The upper panel displays the identical data in a false-color representation. The
QWS binding energies (+) from a DFT calculation [Wei02a] are included. In the left panel
the modulation of the low-energy cutoff is highlighted which is a direct measure of the global
work function of the Pb film.
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Figure 5.2: Exemplary fit of the PES spectra for 5 ML Pb/Si(111) with 6 Lorentzian lines.
The χ2 function is indicated in the upper panel. The highest occupied QWS (hoQWS)
presents a sharp peak (blue) at E − EF = −0.24 eV and the asymmetric line shape is
explained by patches with 3 ML coverage that give rise to a hoQWS peak at E − EF =
−0.38 eV. The green shaded peaks indicate Si states that are discussed in the context of the
work function oscillations in section 5.1.1.

neighboring patches of ±1 ML in the laser spot which give an averaged contribution
and broaden the secondary edge. The decrease of the work function by 110 meV for
> 16 ML and the broadening of the QWS peaks point to a roughening of the Pb films
at these coverage.

The PES spectra are further analyzed by fitting a number of Lorentzian lines to
the spectra, which are convoluted with a Fermi-Dirac distribution of temperature
T = 100 K and a Gaussian instrument function of 50 meV width. Additionally,
an exponential decaying background due to scattered secondary electrons can be
taken into account. An exemplary fit for 5 ML Pb/Si(111) with 6 Lorentzian lines
is shown in Fig. 5.2. Clearly, the fit results in an excellent description of the spectra
evidenced by the χ2 function in the upper panel. The hoQWS presents a sharp
peak at E − EF = −0.24 eV (blue). The asymmetric line shape is explained by
patches with 3 ML coverage that give rise to an additional weak hoQWS peak at
E − EF = −0.38 eV (light blue). Four more Lorentzian lines are considered to
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Figure 5.3: QWS binding energies as function of coverage as observed by PES and calculated
by DFT [Wei02a]. The experimental QWS binding energy were determined from the peak
maxima in the photoemission spectra and the error is given by the size of the symbols (◦).
The gray shaded area indicates the fundamental Si band gap.

describe the whole spectrum appropriately. Three peaks are assigned to states of the
Si substrate (green). Due to the comparably small photon energy of hν = 6 eV the
mean free path of the photoelectrons amounts to several 10 Å, compare to Fig. 2.25
and thus also features from the band structure of the underlying substrate can be
sampled. The weak peaks at E − EF = −0.70 eV, −1.05 eV and −1.40 eV can be
seen more prominently in Fig. 5.4, where an even lower photon energies of hν = 5.3 eV
facilitates their observation. The peak at E − EF = −1.90 eV is not assigned to any
specific state and serves only to describe the spectrum completely. Finally, it is noted
that the exponentially decaying secondary electron background (yellow) does not play
a major role in these PES spectra, which supports a high crystalline quality of these
epitaxial films.

In Fig. 5.3 the binding energies determined from the fitting procedure of the
photoemission spectra are compared to the DFT calculation from Ref. [Wei02a] and
are generally in good agreement. Some deviations, especially of the QWRs, which
are not confined by the Si band gap, might be attributed to the influence of the
Si interface. In a phase-accumulation model, see chapter 2.1.1, electrons of the Pb
film are confined by the vacuum barrier and the barrier due to the energy gap of
the substrate, such that reflection at the interfaces results in two energy-dependent
phase shifts at the film surface and the film-substrate interface, given by φs and φi,
respectively. These phase shifts have to fulfill the Bohr-Sommerfeld quantization rule,
see equation (2.2). The presence of the Si interface results in an additional phase shift
of the QWS wave function due to a finite penetration of the wave function into the
substrate which in turn alters their eigen-energies.
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5. Ultrafast Dynamics in Quantized Pb/Si(111) Bands

As a result the QWS binding energies observed in very thin films of < 10 ML tend
to be larger than predicted by vacuum slab models as the penetration of the wave
function into the substrate effectively generates a wider quantum well. Especially the
quantum well resonances at E − EF < −0.35 eV experience this effective widening
of the potential well, which results in a significant increase of the binding energy
compared to a freestanding Pb slab. Turning to the QWSs confined in the narrow
energy region of the Si band gap E −EF > −0.35 eV one notices that discrete states
are observed in the uppermost branch only at coverage of 10, 12, 14, 16 ML, and in
the lower branch at 17, 19, 21, 23 ML, respectively.

This special feature of the Pb/Si(111) QWSs is explained by the influence of the
Fermi wave vector kF along the L-Γ direction, where the quantization occurs. The
periodicity of QWSs crossing the Fermi level is calculated according to equation (2.9)
to be ∆Θ = π/(kF d) = 2.24 ML, see chapter 2.1.2. This means that initially a QWS is
expected to cross the Fermi level at every 2 ML because locally only discrete, integer
numbers of ML are possible. The small difference between 2.24 ML and 2.0 ML
generates a beating effect such that at 4× 2.24 ML= 9.0 ML the hoQWS is expected
at odd and not at even coverage and vice versa. Exactly this odd-even switching
behavior is found here as the hoQWS are observed at even coverage from 10 ML to
16 ML, each separated by 2 ML. For a coverage > 17 ML the hoQWS can only be
supported in a Pb film with odd number of monolayers which is manifested by the
series of QWS from 17 to 23 ML.

In this context it is interesting to note an PES study of uniform Pb films on Si(111)
[Zha05], where this odd-even switching is reported for 13 ML and 22ML film thickness.
The results presented here show an odd-even switching at a film thickness of 16 ML,
which are in excellent agreement with the theoretical work of reference [Wei02a] where
a switching is predicted for 7 and 16 ML as well as with previous results from PES
[Dil04]. In the comparison of QWSs binding energies from different work an odd
numbered film thickness difference of 1 or 3 ML is frequently encountered. This is
explained by a variable thickness of the wetting layer ranging from 1− 3 ML [Hup01]
and different ways how studies of Pb clusters take the wetting layer into account
[Jia07]. For example, the formation of the ”magic islands” heights is explained by a
minimization of the DOS at EF , which is realized when the hoQWS is far from EF .
The ”magic islands” occur at absolute thicknesses of 15 and 17 ML (including the
wetting layer) [Ote02], which agrees well to the large distance of the hoQWS from
EF analyzed here. Summarizing, the occurrence of QWS occupation with a period
of 2.24 ML provides a natural explanation for the specific stability of even and odd
numbered film thicknesses, on account of the principle of total energy minimization
[Pag99, Pag02].

5.1.1 Workfunction Oscillations

An oscillatory behavior of the work function as a function of film thickness in ultrathin
metal films has long been predicted by calculations employing a jellium model [Sch76]
and was experimentally confirmed for the case of Ag/Fe(100) [Pag02]. Qualitatively,
the surface dipole is modulated due to a change of the electron spill-out of the hoQWS
wave function. For Pb/Si(111), the work function oscillation was theoretically re-
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5.1. Structure of the Occupied QWS

investigated recently by a DFT calculation of a freestanding Pb slab [Wei02a]. In
this work, a pronounced oscillation of the global sample work function as a function
of film thickness was resolved, which is directly correlated to the modulation of the
electron density at the Fermi level. The use of Pb wedges allows to follow the work
function modulation as the coverage is tuned quasi-continuously, as will be shown in
the following.

For a more quantitative analysis of the thickness-dependent work function changes,
Pb/Si(111) wedges with a reduced thickness gradient and thus increased coverage
resolution have been prepared. This approach reduces the problem of averaging over
different thicknesses by the finite laser spot size. The PES data taken on such a
shallow wedge of 1.50 ML/mm slope are shown in Fig. 5.4 as spectra (bottom) and
color-coded intensity plot (top). The decreased slope enhances the thickness resolution
to 0.15 ML per spectrum and the QWSs at even film thickness of 10, 12, and 14 ML
are well separated. The high contrast of the QWSs obtained is remarkable: For even
thickness intense and sharp QWSs are observed in the region of the Si bandgap,
which completely vanish at odd coverage, leaving only a continuous background from
elastically and inelastically scattered electrons. The pronounced Fermi edge observed
for all film thicknesses indicates the metallic character of the surface and the presence
of an intact Pb film. This proves that indeed the averaging due to the finite laser spot
size of the scanned region can be neglected. For such a sample a pronounced work
function oscillation is observed in the low-energy cutoff in Fig. 5.4 which is followed
over the entire wedge.

The work function as function of film thickness obtained from the spectra shown
in Fig. 5.1 and Fig. 5.4 is plotted in the lower panel of Fig. 5.5(a) in comparison to the
theoretical values of Ref. [Wei02a]. Not only is the periodicity of the experimentally
determined oscillations in good agreement with the DFT calculation, but also the am-
plitude of the modulation matches fairly well the calculated data. The work function
oscillations are further analyzed by fitting a phenomenological function [Wei02a] to
the data:

(5.1) Φ(Θ) =
A| sin(kF dΘ + φ0)|+B

Θα
+ C ,

where A, B, C, α, and φ0 are constants. The coverage Θ is in this description a
continuous variable as used in jellium models [Sch76]. For fixed interlayer spacing
d the fit yields the Fermi wave vector kF , which determines the period of the work
function modulation. The denominator Θα expresses the decreasing contribution of
each newly occurring QWS such that for Θ → ∞ the modulations disappear. The
exponent α ≈ 1 is determined in agreement with other reports [Sch76, Wei02a].

The results of the fit of the PES and DFT data are displayed in Fig. 5.5(a) as solid
and dashed lines, respectively. At first sight, a continuous change of the work function

Figure 5.4 (facing page): Photoemission spectra of Pb/Si(111) measured at 5.3 eV photon
energy on a wedge with 1.5 ML/mm slope. The Si valence band edge (VBE), the QWS
binding energies (+) and work function modulation (◦) calculated by DFT [Wei02a] are
indicated.
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5.1. Structure of the Occupied QWS

Figure 5.5: (a) Work function oscillations as a function of film thickness observed in the Pb
wedges on Si(111) deduced from the photoemission spectra of Fig. 5.1 (�) and Fig. 5.4 (◦).
The measured data was offset by +186 meV (�) and −183 meV (◦) in order to match the
theoretical predication from DFT [Wei02a]. The solid and dashed lines are fits of equation
(5.1) to the data points convoluted with a Gaussian function taking into account the finite
laser spot size. The upper panel shows the PES intensity ρ(PES) integrated over the region
E−EF > −0.35 eV of the Si bandgap. (b) Sketch of the electron spill-out at the film-vacuum
interface, which gives rise to a surface dipole p. Hence, the modulation of the electron density
due to the periodic occurrence of the QWSs results in oscillations of the work function.

as in a jellium model might appear counterintuitive because the coverage increases
locally in integer steps of 1 ML. The experimental observations are explained by the
layer-by-layer growth of the films and the finite resolution of the laser spot. As the
coverage Θ is increased on a sub-monolayer scale, a fraction 0 5 x 5 1 of the probed
region has a higher thickness which exhibits a different work function. These different
surface patches are averaged within the laser spot. For example, a Θ + x ML film
consists of fraction 1−x patches with Θ ML and x patches with Θ + 1 ML thickness.
The work function of a Θ +x ML film therefore is the weighted arithmetic average of
the work functions of a Θ and Θ + 1 ML film.

Fitting a convolution of equation (5.1) and a Gaussian instrument function for
7.8 − 15.8 ML and 9.2 − 14.0 ML results in periods of 2.2(1) ML and 2.0(1) ML
for the steep wedge in Fig.5.1 and the shallow wedge in Fig.5.4, respectively. These
periods suggests that the work function modulation is directly linked to the periodic
modulation of density of states at the Fermi level by the hoQWS. The comparison of
the position of the maxima of the work function with the appearance of the hoQWS
reveals that a confined QWS close to the Fermi level coincides with a maximum of the
work function. This is corroborated by a qualitative model of the electron spill-out
of the QWS wave function at the Pb-vacuum interface. The work function of a metal
surface depends on two basically independent contributions of the chemical potential
µ and the surface dipole barrier D [Lan70, Lan71, Leu03]:

(5.2) Φ = −µ+D = −µ− en̂ · ~p
ε0
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5. Ultrafast Dynamics in Quantized Pb/Si(111) Bands

Here, n̂ is a unit vector normal to the surface and ~p polarization vector, which
points from the negative to the positive charge spill-out and usually is oriented toward
the crystal. Since the chemical composition of the surface is constant throughout the
wedge, the surface dipole contribution must be modulated by the occurrence of the
QWSs. The electron wave functions decay exponentially into the vacuum, which leads
to a redistribution of charges at the surface and so-called Friedel oscillations [Fri54], as
depicted in Fig 5.5(b). An electron that traverses the metal-vacuum interface therefor
is attracted by the uncompensated positive charges of the ion cores and repelled by the
electronic excess charge density. This results in a linear scaling of the work function
with the dipole barrier D.

The penetration of a plane wave function Ψ of an electron with energy E < V0 at
a rectangular potential barrier with height V0 is given by [Nol04]:

(5.3) Ψ(z) ∝ exp
(
−z
√
V0 − E

)
.

Thus, a hoQWS close to EF experiences a small barrier and will have a significant
electron spill-out into the vacuum which increases the surface dipole and thereby
creates a large work function. The opposite situation of a hoQWS far from EF
generates a small electron spill-out with a small surface dipole and a small work
function. This interpretation of the work function in terms of electron density at
EF is supported by the electron density analyzed by PES. In the upper panel of
Fig. 5.5(a) the photoemission yield ρ(PES) integrated in the region of the Si bandgap
(E − EF > −0.35 eV) is shown as function of coverage for the shallow wedge. A
maximum (minimum) of the electron density appears, which corresponds exactly to
the maximum (minimum) of the work function measured for the more shallow wedge
(◦). The amplitude of this modulation is observed in the electron density and can be
linked directly to the magnitude of the work function oscillation.

Interestingly, there are conflicting reports in the literature regarding the precise
microscopic connection of the work function oscillations and the occurrence of the
hoQWS close to EF . Ma et al. and Jia et al. [Ma07, Jia07] observed oscillations
in a scanning tunneling spectroscopy (STS) study of the surface reactivity of O2

on Pb/Si(111) and interpreted this as Φ modulation. The authors argue that ”The
closer the hoQWS is to the Fermi energy, the smaller the value of the local work
function is” and explain ”The higher the film density of states near the Fermi level,
the lower the potential for electrons to escape, and hence the lower the work function.”
This argumentation, however, might confuse the spill-out of a given hoQWS with the
spill-out at EF . Only in a recent publication [Zha08] the authors reconsider their
interpretation.

To elucidate this point, a simple plane wave model of the spill-out at a rectangular
potential barrier according to equation (5.3) is depicted in Fig. 5.6. To model the Pb-
vacuum interface barrier a potential depth of V0 = 10 eV is assumed and the Fermi
level is fixed at 6 eV, which corresponds to a constant chemical potential and results
in Φ = 4 eV, comparable to the Pb bulk value. The plane wave function at z < 0
are matched at z = 0 to the exponentially decaying wave functions on the vacuum
side. The left panel depicts the electron density for the hoQWS at 11 ML and 12 ML
with the measured binding energy of E − EF = −0.90 eV and E − EF = −0.25 eV,
respectively. Clearly, for the hoQWS close to EF the spill-out S increases, which is
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Figure 5.6: Modeling the work function oscillations as extracted from PES by the spill-out
of the hoQWS. (a) A hoQWS far from EF (11 ML) results in a smaller electron spill-out
than a hoQWS close to EF (12 ML). A larger (smaller) spill-out induces a larger (smaller)
surface dipol contribution to Φ. (b) A large (small) Φ induces a small (large) electron spill-
out at EF , which is shown for an exaggerated example. Thus, the DOS(EF ) modulation is
a secondary effect caused by the change of Φ. (c) The Φ modulations (bottom) due to the
spill-out of the hoQWS are calculated from the experimental binding energies (central) and
agree nicely with the PES data. In contrast, the DOS(EF ) (top) exhibits a qualitatively
opposite behavior compared to the electron density from PES. Thus the DOS(EF ) can not
explain the origin of the Φ oscillations. See text.

evaluated by integration

(5.4) S =
∫ ∞

0

dzΨ(z)2 .

Going from 11 to 12 ML the spill-out in the model increases by 17%, whereas the ex-
perimentally determined Φ increases by 1% from 3.782 eV to 3.819 eV. Φ is estimated
within the model by assuming a linear scaling with the spill-out

(5.5) Φ ∝ S/Θ + C

similar to equation 5.1.l The modeled workfunction is depicted in the lower panel of
Fig. 5.6(c). Although the simple model calculation is not self-consistent and the QWS
induced surface dipole is treated as small perturbation, the odd-even behavior of Φ is
nicely explained by the measured energetic positions of the hoQWSs (central panel)
and the associated DOS (upper panel).

In the STS measurements under discussion [Jia07, Ma07] the DOS ±5− 10 meV
around EF is sampled and thereby the DOS for a fixed energy E = EF is evaluated.
Fig. 5.6(b) depicts the effect of a work function change on the DOS(EF ). Here,
an exaggerated example of Φ = 2 eV and 4 eV is shown since the effect on the
DOS(EF ) is fairly small (1h) for the actual workfunction variation of 1%. Within
this model of a potential barrier, a larger (smaller) work function results in an small

129



5. Ultrafast Dynamics in Quantized Pb/Si(111) Bands

(large) DOS(EF ). The DOS(EF ) is modeled as a function of coverage employing
the experimental hoQWS positions and V0 = 10 eV to determine the surface dipole
contribution to Φ due to the spill-out of the hoQWS according to equations (5.3),
(5.4) and (5.5). The modeled DOS(EF ) is compared to the measured electron density
ρ(PES) in the top panel of Fig. 5.6(c). A hoQWS far from EF results in a large
DOS(EF ), which is in accordance to the STS studies. However, the electron density
ρ(PES) and the modeled DOS(EF ) show a qualitatively opposite behavior. This leads
to the conclusion that the spill-out at EF does not induce the observed work function
oscillations. Rather, the modulation at EF is a secondary effect that is caused by the
opposed spill out of the hoQWS and the associated Φ modulation.

Summarizing, the hoQWS close to (far from) EF induces a large (small) electron
spill-out, which leads to a large (small) surface dipole contribution and a large (small)
workfunction. In turn, the large (small) work function gives rise to an small (large)
electron spill out at EF . In this respect the microscopic mechanism of the oscillatory
surface reactivity of O2 on Pb/Si(111) reported in [Ma07, Jia07, Zha08] is surprising
since the reactivity scales with the DOS only a few meV around EF , whereas the
QWSs themselves interact indirectly by modulation of the electron spill-out at EF
and do not contribute directly to the bonding.

5.1.2 Substrate Contributions

As pointed out in the context of the fitting procedure in Fig. 5.2, the increased bulk
sensitivity due to the low kinetic energy of < 1 eV of the photoelectrons generated
by the laser allows the observation of electronic states of the Si substrate. Clearly,
additional peaks below the Si VBE are observed in Fig. 5.2 and Fig. 5.4. In Fig. 5.7(a),
the oscillating binding energies of the states at E−EF ≈ −0.9 eV (A),−0.6 eV (B) and
−0.5 eV(C) are obtained from a Lorentzian line fit and displayed as solid lines. These
peaks can not be assigned to any QWSs because the binding energy of theses states is
modulated and these features are observed at all film thicknesses. Furthermore, they
exhibit no intensity modulation as function of film thickness.

Fig. 5.7(b) compares the modulated binding energies of the three states to the
workfunction modulations and the DOS at EF as determined by PES. Notably, the
oscillations of the binding energies have an about three times larger amplitude than
the work function oscillations and correlate nicely to ρ(PES), where a large DOS
induces a peak shift towards EF . The significant modulation of the binding energies
with the characteristic 2 ML period suggests that the peaks A, B and C originate from
hybridized interface states or Si bulk states, which experience a oscillatory interaction
with the metallic DOS.

The observed binding energies are compared to the data from angle-resolved
photoemission spectroscopy (ARPES) experiments at the clean 7×7-Si(111) surface,
where three non-dispersing surface state bands are observed at E−EF = −0.5 eV (S1),
−0.9 eV (S2) and−1.5 eV (S3) [Uhr85, Nor86]. The S1 state is associated with adatom
and back-bond states, whereas the S2 state stems from the rest atoms [Los00, Bar06].
In contrast to the S3 state, the S1 and S2 states strongly interact with adsorbates and
are quenched2 by the adsorption of 1 ML Pb [Wei92, Dil06]. This comparison suggests

2The ARPES study in [Wei92] was performed at hν = 21.2 eV and thus is more surface sensitive
than the measurements at hν = 5− 6 eV presented here.
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Figure 5.7: (a) PES spectra of 9 − 14 ML Pb/Si(111) as in Fig. 5.4 with three alleged Si
states A,B and C indicated. (b) The modulation of the binding energies of Si states (bottom)
has about three time larger amplitudes than the Φ oscillations (center). The binding energy
oscillations are in-phase with the DOS at EF (top).

that the peaks A and the double peak structure B,C might be derived from hybridized
S2 and S1 states, respectively, which form at the (

√
3 ×
√

3)R30◦-Pb/Si(111) recon-
struction or at the boundary of the epitaxial Pb film. This assignment is consistent
with peak at E − EF = −1.4 eV observed in the spectrum of Fig. 5.2 being derived
from the S3 state.

Turning to the fundamental physical mechanism that causes the binding energy
modulations, the ”attractive” interaction of the presumed Si states with the QWSs is
surprising, where a large DOS due to the occurrence of a confined hoQWS in the Si
bandgap shifts the binding energies towards EF . Considering the qualitative behavior
of a metal/p-semiconductor contact in the Schottky-Mott picture (see chapter 2.1.2)
an increase of electron density in the metal increases the work function due to the
enlarged electron spill-out and results in smaller band bending and vica versa, see
Fig.2.6. At least qualitatively this can explain the modulations¡ of the Si states by a
periodically modified band bending. This argumentation, however, can not account
quantitatively for the observed binding energy modulations, which are about three
times larger than the work function oscillations. In this respect, energy conservation
would be violated, which points to a more evolved mechanism that enhances the
binding energy modulations significantly. Other possible explanations could involve
the modulation of the hybridization of the Si states with Pb bands due the modulated
DOS around EF .
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5. Ultrafast Dynamics in Quantized Pb/Si(111) Bands

To resolve the issue of the modulated Si states, a first principle calculation of
the Pb/Si(111) band structure is desirable, which takes the substrate and the recon-
structed interface explicitly into account. As discussed in the following, the odd-even
behavior of the unoccupied QWS deviates significantly from a DFT calculation of a
free-standing Pb slab [Wei02a] and an ab initio study of the full Pb/Si(111) struc-
ture would facilitate the understanding of the unoccupied band structure as well.
If, however, a first principle study can take the long range effects of the semicon-
ductor depletion layers and the associated band bending into account has yet to be
investigated.
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5.2 Structure of the Unoccupied QWS

The unoccupied electronic structure of Pb/Si(111) is investigated by single color 2PPE
spectroscopy using UV laser pulses. The photon energy of hν2 = 3.75 eV is chosen
to be just below the sample workfunction, see section 5.1.1, which allows to investi-
gate most3 bound unoccupied electronic states in Pb/Si(111). Before turning to the
detailed assignment of the unoccupied states, the fitting procedures and background
subtraction are discussed.
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Figure 5.8: 2PPE spectrum for 8 ML Pb/Si(111) with linear and logarithmic intensity
scaling. The experimental data (black line) is well described by a fit (red dashed line) of
six Lorentzian peaks, an exponentially decaying background (yellow) of secondary electrons
and a Fermi-Dirac distribution that is convoluted with a Gaussian instrument function.
The fit of several subsequent 2PPE spectra from a single wedge allows a clear identification
of the unoccupied QWS (blue) even though the crosstalk of neighboring coverage leads to
additional features in the 2PPE spectrum. Moreover, an IPS in front of the Pb(111) surface
is identified (pink). To further enhance the odd-even contrast, the exponential background
is subtracted to yield background corrected 2PPE spectra (orange line). The χ2 function is
indicated.

In Fig. 5.8 an exemplary 2PPE spectrum for 8 ML Pb/Si(111) is shown in lin-
ear and logarithmic intensity scaling. The spectrum exhibits a series of six peaks of

3At odd coverages Θ > 8 ML the hoQWS is located only slightly above EF and is difficult to
access with 2PPE, especially due to the work function oscillations.
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Figure 5.9: Background correction of the 2PPE spectra for a Pb/Si(111) wedge with
1.5 ML/mm slope ranging form 4 to 9 ML. The upper panels show the color coded 2PPE
intensity of the spectra shown in a semi-logarithmic waterfall plot in the lower panel. (a)
The original data already show a well visible odd-even contrast of neighboring coverages.
(b) Subtraction of the exponentially decaying background enhances the contrast even fur-
ther and allows a clear assignment of the QWS dispersion with coverage. The open circles
indicate the Lorentzian peak position from the fit.

which five are identified as unoccupied QWSs of the Pb 6pz band. The sixth peak
E−EF = 3.44 eV is attributed to an IPS in front of the Pb(111) surface. The 2PPE
data are described very well by a fit of six Lorentzian peaks, an exponentially decay-
ing background and a Fermi-Dirac distribution that is convoluted with an Gaussian
instrument function of 50 meV width. The Gaussian function takes both the lim-
ited resolution of the electron spectrometer (∼ 10 meV) and the bandwidth of the
laser pulses (∼ 40 meV) into account. Compared to the PES data from the occu-
pied QWSs the exponentially decaying background due to scattered electrons is much
more significant and of the order of the peak intensity itself. Therefore, the original
data is fitted and the exponential background4 is subtracted. This allows to enhance
the contrast of the spectra and highlights the odd-even behavior expected for the
unoccupied QWSs. The number of five QWSs peaks is explained by a cross-talk of
subsequent coverages that occurs even for the shallow wedges of 1.5 ML/mm slope,
corresponding to 0.15 ML/spectrum resolution, see Fig. 5.12.

The crosstalk of neighboring coverages, however, does not prevent a clear as-

4The concept of an energy-dependent background subtraction is comparable to the background
subtraction algorithms introduced by Shirley [Shi72] and Tougaard [Tou93] which are frequently used
in x-ray photoemission spectroscopy.
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Figure 5.10: Photon energy dependence of two unoccupied QWS and the cutoff at the
Fermi level. The unoccupied QWS present real intermediate states, which shift with the
photon energy difference of ∆hν, whereas the Fermi edge shifts with 2∆hν, which indicates
photoemission via virtual intermediate states. The IPS at 3.0 − 3.3 eV is omitted in this
representation.

signment of the QWSs binding energies since the Pb/Si(111) wedges exhibit a high
contrast of subsequent states that is even more enhanced after subtraction of the ex-
ponential background, as discussed in Fig. 5.9. The systematic treatment of several
subsequent 2PPE spectra at different film thicknesses makes this fitting procedure
robust and enables to unambiguously identify the dispersion of all QWSs peaks with
coverage. As shown in Fig. 5.9(a) already the raw 2PPE data exhibit a well visible
odd-even contrast. However, the weak QWSs at E − EF > 1.5 eV are only barely
visible, even in a logarithmic intensity scaling. Fitting the sequence of spectra from
the wedge and subtracting the coverage dependent exponential background results in
the background corrected spectra in Fig. 5.9(b). Now, all states at all coverages can
be clearly discerned and the pronounced odd-even contrast becomes evident.

To verify that the considered QWSs are in fact unoccupied real intermediate states
it is important to analyze the photon energy dependence of the intermediate state
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Figure 5.11: Coverage dependence of the exponential background as determined from a
sequential fit of a Pb/Si(111) wedge. The amplitude increases for thicker films and the decay
length shrinks, which points to an roughening of the wedge at larger thicknesses. Moreover,
the amplitude and decay length (in the energy domain) exhibit a 2 ML oscillation, which
is characteristic for Pb/Si(111). The solid lines indicate a box-car smoothing with 1.5 ML
width.

peaks. As detailed in chapter 2.4.4, the photon energy dependence provides infor-
mation on how an intermediate state is populated. Fig. 5.10 shows monochromatic
2PPE spectra for 10 ML Pb/Si(111) taken at three different photon energies. The
inset depicts the peak shift of two unoccupied QWSs and the cutoff at the Fermi
edge as of function of photon energy. The QWSs shift with 0.9(1) ∆hν, which thus
present real intermediate state that are not resonantly populated. In contrast, the

Figure 5.12 (facing page): Monochromatic 2PPE spectra on logarithmic intensity scale
recorded with hν = 3.75 eV at T = 100 K for an ultrathin Pb/Si(111) wedge with
1.5 ML/mm slope. The upper panel shows the linear 2PPE intensity as false color plot.
The exponential background due to secondary electrons has been subtracted and enhances
the odd-even contrast. The peak positions resulting from the fits are indicated by open
circles and the contour lines emphasize the weaker QWSs at higher energies. The binding
energies from a DFT calculation of a free-standing Pb slab are appended as yellow crosses
[Wei02a], which, however, deviate by as much as 0.5 eV from the experimental values in this
coverage range.
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5. Ultrafast Dynamics in Quantized Pb/Si(111) Bands

Fermi edge shifts with 2.0(1)∆hν, which indicates that the 2PPE proceeds via virtual
intermediate states by the simultaneous absorption of two photons.

Interestingly, the exponential background due to secondary electrons shows a pro-
nounced coverage dependence given in Fig. 5.11. With increasing coverage the am-
plitude of the background increases and the decay length shrinks, which points to a
roughening of the wedge at higher coverages, similar to the data presented in Fig. 5.1.
The characteristic 2 ML period might indicate an aspect of the electronic growth
mode typical for Pb/Si(111) since the even coverages exhibit a larger background
amplitude than the odd coverages. Although the films were grown at T = 100 K
to minimize the influence of adatom diffusion and the occurrence of ”magic island
heights” [Hup01] the surface diffusion might not be completely quenched. In this
case, Pb layers with odd coverage are energetically more favorable than those with
even coverage because the total energy of the system is minimal for the hoQWS being
far from EF , compare to section 5.1. This electronic growth mechanism can explain
why the even coverages appear to be rougher than the odd coverages. The coverage
dependent secondary electron background, however, is subtracted for the determina-
tion of the peak positions and thus can be neglected for the discussion of the binding
energies.

In Fig. 5.12 the background corrected 2PPE spectra from Fig. 5.9 for a Pb/Si(111)
wedge with 1.5 ML/mm slope and a film thickness ranging from 4 to 9 ML are
compiled and shown as a function of intermediate 1 state energy E−EF . The spectra
exhibit a series of four peaks, which disperse toward EF as function of coverage and
evidence a pronounced odd-even behavior by the high contrast of peaks at subsequent
coverages. Apparently, the unoccupied DOS exhibits the same characteristic 2 ML
odd-even behavior found for the occupied DOS.

The weakly dispersing branch of peaks at E − EF = 0.6 eV for even coverages
and 1.2 eV for odd coverages is assigned to the luQWS. This state is confined in the
global Si bandgap to the Pb layer for even coverages. The next higher lying luQWS+1
presents a strongly dispersing branch of peaks at E−EF = 1.2−2.3 eV and 2.2−2.6 eV
for even and odd coverages, respectively. This state and all higher lying QWS, such
as luQWS+2 appearing at E − EF = 2.7 eV for 8 ML, are degenerate with Si bulk
bands. Compared to the results from a DFT calculation of a free-standing Pb slab
[Wei02a], which are given by yellow crosses in Fig. 5.12, the measured peak positions
of all four QWSs branches deviate as much as 0.5 eV. This systematic disagreement
to DFT, which is significantly larger than both the bandwidth and the separation
of the four QWS branches, is remarkable since DFT was well suited to describe the
occupied states. Possible explanations for this discrepancy are investigated in the next
section, where a comprehensive overview of the quantized occupied and unoccupied
band structure in Pb/Si(111) is presented and discussed.

In addition, the n = 1 image potential state in front of the Pb/Si(111) surface at
E − EF = 3.3 − 3.4 eV5 is identified, see Fig. 5.8. The assignment is based on the
fact that the considered IPS is (i) pumped with the UV light hν2 in the time-resolved

5The absolute value of the work function is somewhat different for each wafer prepared, which is
attributed to different pinning positions of EF . Since the IPSs are fixed to the vacuum level such
work function fluctuations alter the binding energy of the IPSs with respect to EF and lead to a
relatively large uncertainty of 100 meV on this energy scale. Compare also to Fig. 5.20.
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5.2. Structure of the Unoccupied QWS

experiments, (ii) detected at all thicknesses, (iii) does not disperse with coverage, and
(iv) shows a binding energy of E − EV = −0.76(5) eV5 with respect to the vacuum
level EV , which agrees with the value expected for the first IPS [Ech04]. The origin of
the IPSs is well understood. In brief, the polarization generated in the surface plane by
an electron in front of the surface leads to an attractive potential that asymptotically
approaches EV . The image potential gives rise to a series of bound Rydberg-like IPSs
converging toward EV . The IPSs are localized in front of the metal surface while being
delocalized parallel to the surface plane [Hot00, Ber01, Ber02, Rot02, Rot04, Roh05].
The IPSs serve as model system for the electron dynamics in 2D in front of the metal
surface. Considerable theoretical [Ech78, Smi85, Smi89, Smi90, Ech00, Ech04] and
experimental [Hul85, Pad92, Fau95, Oga96b, Wol96, Pet97b, Pet97a, Wol99, Wei02b,
Zhu04, Güd05, Güd07, Fau07] efforts resulted in a coherent description of the electron
dynamics, which is governed by the concepts of wave function overlap with bulk states.
However, a detailed analysis of the IPSs is beyond the scope of the present work, which
focuses on the electron dynamics of QWSs confined in the metal film.
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5. Ultrafast Dynamics in Quantized Pb/Si(111) Bands

5.3 Overview of the Quantized Pb/Si(111) Band
Structure

The preparation of several wedges allows to generate a precise overview of the quan-
tized electronic structure of Pb/Si(111) as function of coverage. In Fig. 5.13 four dif-
ferent wedges are combined in an intensity map for the coverage range of 1− 16 ML.
The occupied band structure was investigated with PES at hν = 6 eV, whereas the
unoccupied band structure was probed with 2PPE at hν = 3.7− 3.8 eV on the iden-
tical wedge. This quasi-simultaneously measurement with PES and 2PPE allows a
highly reliable correlation of the occupied and unoccupied band structure. Addition-
ally, the binding energies of the QWSs as extracted from a fit of the spectra (◦) are
depicted in Fig. 5.13 in combination with results (+) of a density functional calcu-
lation of a bare Pb slab [Wei02a]. Due to the restriction that the photon energy in
2PPE must not exceed the workfunction a small part of the unoccupied DOS below
E − EF = 0.4 eV is not accessible.
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Figure 5.13: Overview of the quantized Pb/Si(111) band structure. The occupied states at
E−EF < 0 were mapped out with PES, whereas the unoccupied states at E−EF > 0 were
studied with monochromatic 2PPE. Circles represent the results of a Lorentzian peak fit of
the data and crosses the binding energies from a DFT calculation [Wei02a], which, however,
deviate systematically for the unoccupied states. The CBE at ∼ 0.8 eV and the VBE at
∼ −0.4 eV are indicated.
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5.3. Overview of the Quantized Pb/Si(111) Band Structure

The use of low thickness gradients for the Pb/Si(111) wedges minimizes the
crosstalk of neighboring coverages and gives rise to a remarkably high contrast of
subsequent coverages, which allows a clear identification of the dispersion of both
the occupied and unoccupied QWS as function of Pb thickness. The work function
oscillations are reflected in the modulated low-energy cutoff of the 2PPE spectra at
∼ 0.4 eV. Only at higher coverages the contrast reduces, probably due to a roughening
of the films, which is also evidenced by the vanishing work function oscillations.

Such correlated measurements of the occupied and unoccupied states were carried
out for several different wedges. The peak positions as extracted from a Lorentzian
line fits (not shown, see exemplary fit in Fig. 5.8) are compiled in Fig. 5.14 for seven
different wedges that partially overlap. The data points for different wedges scatter
only little and are consistent within the experimental resolution, corresponding to
the symbol size. The observed binding energies of the hoQWS, luQWS, luQWS+1,
and luQWS+2 are compiled in table 5.1. In Fig. 5.14 the binding energies from DFT
calculation [Wei02a] are connected with dashed lines to emphasize the 2 ML odd-
even behavior of the hoQWS, luQWS, luQWS+1, and luQWS+2. Additionally, the
branches of equal Bohr-Sommerfeld quantum number n are indicated, which follow
from a comparison of the experimental and DFT data to a phase accumulation model,
see chapter 2.1.1.

Beginning the discussion at Θ = 1 ML, the luQWS exhibits a broad peak at
E − EF = 1.66(5) eV since this state with n = 2 is degenerate with unoccupied
Si bands and presents a QWR. With increasing coverage the quantum well grows
wider and the luQWS shifts towards EF . For 2 ML the n = 2 state has crossed
the conduction band edge (CBE) and is found as truly confined QWS at E − EF =
0.60(5) eV. For 3 ML this state has shifted below EF and thus has turned into an
occupied QWS at E − EF = −0.39(5) eV. At 4 ML the state with n = 2 has moved
out of the substrate bandgap and is located at E−EF = −0.97(5) eV as broad QWR.
At higher coverages the n = 2 state is fully degenerate with occupied Si bands and
cannot be resolved anymore. As the film thickness is further increased, more and
more unoccupied QWS appear, which shift to lower energies and turn into occupied
QWS below EF . This behavior is emphasized in Fig. 5.14 by the thin dashed green
lines that indicate constant Bohr-Sommerfeld quantum numbers n.

One fundamental property of the Pb/Si(111) quantum well system is the pro-
nounced odd-even oscillation with a period of 2 ML for the states close to EF , see
chapter 2.1.2 and 2.1.3. These odd-even oscillations lead to a drastic redistribution
of the electron density for two neighboring coverages and a decisively different elec-
tronic structure for odd and even film thicknesses. At small layer thicknesses, the
hoQWS is confined in the substrate bandgap close to EF for odd coverages, whereas
at even coverages the hoQWS is located below the VBE. As the coverage increases
the branches of QWS shift to higher energies, which expresses the slight deviation
of the periodicity from the ideal integer value of 2 ML. The shift to higher energies
with coverage can be understood by a slightly larger period than 2 ML, where the
film thicknesses are slightly smaller than required for a constant binding energy at
EF . This mismatch of the oscillation period to 2 ML creates a 9 ML beating period
of the odd-even behavior, see section 5.1.
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Figure 5.14: Compilation of the QWS binding energies for seven different wedges as indi-
cated by different symbol shapes, which were investigated with PES, monochromatic 2PPE
and bichromatic time-resolved 2PPE. A DFT calculation (+) of free-standing slab [Wei02a]
systematically predicts to high energies for the unoccupied QWSs, which deviate by as much
as 1.5 eV from the experimental values at low coverage, as indicated by arrows. The green
lines connect QWSs with the same Bohr-Sommerfeld quantum number n. The shaded area
symbolizes the global Si bandgap.

The experimentally determined energies of the occupied QWSs that are confined
to the global Si bandgap agree very well to the results of a DFT calculation of a
free-standing Pb slab. Only the QWR, which are degenerate with Si bands, exhibit
somewhat too large energies as discussed in section 5.1. Since the DFT calculation
does not take the Si substrate into account, the deviation can be explained by the pen-
etration of the QWS wave functions into the substrate, which generates an effectively
wider well and thus enlarges the binding energies.

Turning to the unoccupied states, more severe deviations of experiment and theory
are encountered. Focusing on the luQWS, the experimentally determined energies are
systematically overestimated by DFT. When the luQWS is confined by the global
Si bandgap the deviations are slight and amount to 100 − 200 meV. In contrast,
the discrepancy becomes much larger when the luQWS is degenerate with Si bands
and can be as large as 1.5 eV at 1 ML. Clearly, the deviations decrease as the film
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5.3. Overview of the Quantized Pb/Si(111) Band Structure

thickness increases but do not vanish completely in the investigated coverage range.
The overestimation of the energies by DFT is a general trend that is encountered for
all higher lying states, such as luQWS+1 and luQWS+2, which are degenerate with
Si bands at all coverages.

Here, the fact is considered that DFT calculations for unoccupied states can lead
to deviations because the electronic structure is optimized for the occupied states.
Moreover, luQWS and luQWS+1 are degenerate with the Si conduction band and the
respective interaction is not considered in the calculation. As the deviation between
experiment and theory increases for smaller film thickness where interface effects
become more pronounced the interaction of Pb with the Si substrate is considered to
be the dominating effect. This is evidenced by the oscillatory behavior of the binding
energy deviation of the luQWS. Only a slight and coverage-independent discrepancy
is encountered for even coverages, when the state is confined by the substrate bandgap,
whereas at odd coverages, when the state is degenerate with Si bands, the deviations
are much larger. In the Si band gap such a hybridization is suppressed as the Pb wave
function is damped exponentially into Si and the approximation of the Pb film on
Si(111) by a freestanding Pb slab apparently holds. The systematic overestimation of
the binding energies of the unoccupied QWS indicates that the potential above EF is
in fact lower than described by the image potential assumed in the calculation of the
bare slab. Here, an extended DFT calculation including the reconstructed interface
and the substrate itself would be helpful to obtain better agreement of theory and
experiment for this important quantum well model system.
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5.3. Overview of the Quantized Pb/Si(111) Band Structure

Conclusions

In summary, quantum size effect in Pb/Si(111) were investigated by laser-based PES
at UV photon energies of 5 − 6 eV. The observed binding energies of the occupied
QWS and the modulation of the global sample work function are found in excellent
agreement with recent results from a DFT calculation [Wei02a] of a freestanding Pb
film. The work function oscillation predicted for a quantum well system which is
highly decoupled from the substrate was resolved with high accuracy. The analysis
of the photoemission spectra as function of coverage confirms that the work function
modulation is governed by the modulation of electron density below EF and the
electron spill-out of the QWS wave function into the vacuum. Additionally, the low
kinetic energy of the photoemitted electrons permitted the detection of electronic
states of the Si substrate. These states exhibit a modulation of the binding energy
which is correlated to the oscillation of the electron density at the Fermi level induced
by the QWSs.

The unoccupied electronic structure of the QWSs in ultrathin Pb films on Si(111)
has been investigated by 2PPE. Up to three QWSs above EF and their dispersion
with film thickness are identified, which all exhibit a pronounced odd-even behavior.
The respective binding energies are in agreement with DFT calculations of a free-
standing Pb film for large thicknesses (∼ 20 ML). At lower thickness the energies
are systematically overestimated by DFT, most likely due to interaction with the Si
substrate not taken into account by the calculation.

This work highlights the large capabilities of laser based PES with the advantages
of high photon flux at small spot sizes in conjunction with increased bulk sensitivity.
Furthermore, the use of ultrashort laser pulses adds femtosecond time resolution to
the experimentally accessible dependencies. In the next section, femtosecond time-
resolved 2PPE is utilized to further the understanding of energy relaxation dynamics
of electrons photoexcited into unoccupied QWS. The well understood electronic struc-
ture which is readily controlled by variation of the film thickness makes Pb/Si(111)
an ideal candidate for the investigation of electron dynamics at the crossover from 3D
to 2D.
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5.4 Ultrafast Electron Dynamics of the Unoccupied
QWS

Scattering of excited electrons in metals occurs on femtosecond timescales due to (i)
the large phase space for e-e scattering and (ii) efficient screening of the hole related
to the electron by the underlying elementary excitation of an electron-hole (e-h) pair.
Since in metals the electron-ion interaction is weak the electron scattering rates Γ can
reasonably well be approximated by the free electron model [Pin66]. This holds in
particular for simple metals like Al, Na, or K where Γ is dominated by e-e scattering,
shows a weak momentum dependence, and follows approximately a quadratic energy
scaling with respect to the Fermi level EF , Γe−e ∼ (E − EF )2, as predicted by FLT
[Pin66, Chu06a, Chu06b]. In principal, this scaling also holds for noble metals like
Cu, Ag, and Au. However, it has been shown by ab initio calculations using the GW
approximation for the self energy of the excited quasi-particle that the contribution
of the d-band electrons to screening of the e-e interaction leads to an increase of the
electron lifetimes τe-e = ~/Γe-e compared to the free electron gas description [Cam99,
Chu06a]. In transition metals the larger number of final states in e-e scattering due
to d-bands close to EF reduces τe−e. In addition, a pronounced dependence on the
electron momentum is encountered [Kno00, Lad03, Chu06a, Chu06b, Zhu05, Mön06].
The underlying mechanism of the energy relaxation within FLT are discussed in detail
in chapter 2.3.1 and appendix C.

Experimental access to hole lifetimes is facilitated by photoelectron spectroscopy
which measures the hole lifetime through the spectral line width [Ger01]. Ballistic
electron emission spectroscopy can be employed in combination with a sophisticated
theory to analyze electron lifetimes [Lad03]. Time-resolved 2PPE on the other hand
monitors the decay of an excited electron population directly in the time domain
[Pet97b]. By two time-delayed femtosecond laser pulses hot electrons are first excited
into bound intermediate states and subsequently photoemitted into vacuum states,
see Fig. 5.15, right. Electron lifetimes have been studied intensively by 2PPE in noble
and transition metals [Sch94, Pet97a, Cao98, Kno98b, Pet99a, Aes00, Lis04b, Mer04]
and a comprehensive understanding has been developed by joined experimental and
theoretical efforts for image potential states on noble metal surfaces, see references
[Wei02b, Ech04, Zhu04] and references therein. Up to now, the electron dynamics in
simple metals have not been investigated by 2PPE on a comparable level, albeit indi-
vidual Cs adatoms adsorbed on single crystal Cu surfaces have received considerable
attention [Bau99, Pet00a, Pet00b]. On the other hand, thin film structures on insulat-
ing or semiconducting substrates have been shown to be important to limit transport
effects that complicate the analysis of electronic lifetimes [Kno98b, Aes00, Lis04b].
Thus, a promising approach to provide experimental data for simple metals is to
prepare thin films and to study the ultrafast electron dynamics as a function of film
thickness in order to analyze electronic scattering in the crossover regime between
two and three spatial dimensions.

Thin films of sp-metals like Al and Pb grown epitaxially on semiconducting sub-
strates, e.g. Si(111) [Aba01, Upt04b, Upt04a, Dil06, Kir07] present interesting sys-
tems to study ultrafast electron dynamics since the electron confinement leads to the
formation of well-defined occupied and unoccupied QWS, as presented in the previous
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Figure 5.15: Left: QWS formation by quantization of the respective bulk valence band in
a free-electron like metal (solid line). Allowed values of k⊥ (◦) are determined by the film
thickness. Center: Idealized dispersion of QWS within the film plane, i.e. along k||. e-e
scattering processes among the subbands are indicated. Right: Simplified quantized DOS
in a two-dimensional system. The 2PPE process involving the lowest unoccupied QWS
(luQWS) is indicated. Excitation of electron-hole pairs occurs by absorption of a VIS laser
pulse hν1. The excited electron is photoemitted by a UV laser pulse hν2 and analyzed by
an electron time-of-flight spectrometer

section 5.3. The respective wave functions are confined to the film and occur at spe-
cific electron momenta k⊥ along the film normal which results in a quantization of the
free-electron like band in the direction perpendicular to the film plane, as illustrated
in Fig. 5.15, left. Within the film plane these confined states remain delocalized and
the quantization leads to formation of subbands dispersing along parallel electron
momentum k||, see Fig. 5.15, center and comprehensive reviews by Chiang [Chi00]
and Milun et al. [Mil02b].

A first study on ultrafast electron dynamics in unoccupied QWS has been reported
by Ogawa et al. [Oga02] who investigated the system Ag/Fe(001). Albeit this system
is well known for its excellent electron confinement to the Ag film from photoelectron
spectroscopy under equilibrium conditions [Chi00], the lifetimes observed by Ogawa
et al. are below 10 fs for QWS at 1.0−1.6 eV above EF . Since these are considerably
shorter lifetimes than in bulk Ag a non-perfect electron confinement originating from
additional decay channels at the interface has been concluded by the authors. A
qualitative difference between the Ag/Fe(001) and Pb/Si(111) systems is found in
the character of the substrate band gap that facilitates electron confinement. The
total band gap in Si requires inelastic scattering processes if an electron in a QWS
is transferred to the substrate. In case of Fe(001) elastic scattering is sufficient as an
orientation band is responsible for electron confinement. Considering e-e scattering
confined to the adlayer, hot electrons can only decay through intra-subband scattering
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to the bottom of a particular subband or by inter-subband scattering to a lower
lying subband. Due to energy and momentum conservation both these processes are
accompanied by generation of an electron-hole pair in the vicinity of EF as depicted
in Fig. 5.15, center.

This chapter reports on results of time-resolved 2PPE and investigates the decay of
hot electrons in thin Pb films grown epitaxially on Si(111) as wedges. The Pb/Si(111)
wedges enables investigation of the electron dynamics at quasi-integer film thickness,
which is highly important to minimizes the influence of additional scattering pro-
cesses at a possibly corrugated interface. This careful experimental procedure allows
to identify the electronic relaxation processes in the metallic adlayer as the fastest
decaying component of 30 − 140 fs. Additionally, a delayed rise (∼ 70 fs) of the
electron population in the luQWS is observed. This behavior is attributed to inter-
subband scattering from the next higher lying luQWS+1. A second slower decay
component 130 − 900 fs is assigned to relaxation of photoexcited carriers in the Si
substrate. Moreover, the lifetime of the luQWS shows an oscillatory behavior with
the characteristic 2 ML period of Pb/Si(111), which correlates nicely to the phase
space available for e-e scattering. Interestingly, the lifetime in the quasi-2D luQWS
coincide rather well with the predictions from FLT in 3D.

5.4.1 Coverage Dependence of the Schottky Barrier

To be able to utilize the high dynamic range of the TOF spectrometer of > 105

for the analysis of the population decay it is necessary to perform a background
correction. The constant uncorrelated background due to 2PPE by the pump and
probe pulse alone is subtracted from the time-resolved 2PPE data. In the course of
this procedure it becomes evident that the pump pulse lifts the band bending at the
Pb/Si interface and creates so-called flat-band conditions by excitation of carries in
the semiconducting substrate which lead to a surface photo voltage (SPV).

In Fig. 5.16(a) the background subtraction of the bichromatic time-resolved 2PPE
data and the coverage dependence of the SPV is discussed. The raw 2PPE data, which
was integrated around the time-zero delay, is composed of two parts: The spectrum
for energies EK < 1.8 eV is dominated by the correlated 2PPE signal, whereas the
2PPE intensity at higher energies is due to photoemission of the UV probe pulse only,
exposing a pronounced peak from the IPS. This high-energy part of the raw 2PPE
data exhibits a rigid shift of ∼ 100 meV compared to the UV only signal. To subtract
the background properly the energy scale of the UV only signal is corrected by the
amount of SPV measured at the high-energy cutoff of the uncorrelated signal for time-
zero delay and added to the VIS only data. This constant background spectrum (BG)
then is subtracted from the raw 2PPE data for all delays and yields the background
corrected correlated 2PPE spectrum (2PPE-BG). The background corrected spectra
exhibit signal-to-noise (S/N) ratios better than 103 and allow a reliable discussion
of weakly coupled decay channels that present only small fractions of the transient
signal.

This significant spectral shift of the UV component is explained by the presence
of the VIS pump pulse which excites carriers of the Si substrate. As depicted in
Fig. 5.17, the excited electrons and photoholes are separated by the electric field of
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Figure 5.16: (a) The uncorrelated background (BG) is subtracted from the bichromatic
2PPE spectra with a S/N ratio of 105 to yield the correlated 2PPE spectra (2PPE-BG). The
uncorrelated background stems from monochromatic 2PPE of the VIS pump and UV probe
pulse only. The UV only signal is shifted with respect to the 2PPE signal by a pump-induced
SPV, which compensates the surface band bending. (b) The coverage dependence of the SPV
follows a Schottky-Mott behavior for Θ < 6 ML, where a large workfunction induces a small
band-bending and thus a small SPV. For larger film thicknesses the correlation of Φ and
SPV is reversed.

the hole depleted near surface region and completely compensate the hole depletion
of the p-semiconductor for sufficiently high excitation densities. Hence, flat bands
form up to the surface without any band-bending. Since the positions of the VBE

Figure 5.17: (a) The pump pulse excites carriers of the p-Si substrate from the VB to the
CB, where charge separation occurs due to the electric field in the space charge region,
which induces the surface band-bending EBB. (b) For sufficiently high excitation densities
the hole depleted surface charge region is compensated completely by the photoholes and
flat conduction and valence bands form up to the surface. Due to energy conservation the
Fermi level inside the semiconductor is shifted by e0USPV.
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and CBE with respect to EF are fixed inside the bulk by the intrinsic dopant con-
centration the Fermi and the vacuum level are shifted by the amount of the SPV
e0USPV. Metaphorically speaking, the Pb/Si(111) acts as simple photovoltaic device
that absorbs photon energy and separates the e-h pairs at an interface. Please note
that the decay of the SPV proceeds on a timescale of several 100 ns [Wid03] such that
these experiments with 300 KHz laser repetition rate lead to steady-state conditions
of the SPV.

The coverage dependent analysis of the pump-induced photovoltage is shown in
Fig. 5.16(b) and reveals an interesting behavior. The SPV was explained in the
Schottky-Mott model of interfacial charge transfer. As detailed in chapter 2.1.2, a
large workfunction metal will induce a small band-bending and vice versa. In fact, for
layer thicknesses of < 5 ML this Schottky-Mott behavior is observed. Going from 3
to 4 ML, the work function drops by ∼ 50 meV and the SPV increased by ∼ 75 meV.
At higher coverages, however, the correlation of Φ and SPV is reversed and does not
follow the predications of the Schottky-Mott theory anymore. Since the SPV depends
on the incident pump fluences if the hole depletion layer is not fully compensated,
this discrepancy might be resolved by future fluence dependent studies.

5.4.2 Population Decay Times

The ultrafast electron dynamics in Pb/Si(111) is studied with time-resolved 2PPE.
For this purpose the UV probe pulse with hν2 = 3.77 eV is time-delayed with respect
to the visible pump pulses with hν1 = 1.88 eV and 2PPE spectra are measured as a
function of time delay t. In the central panel of Fig. 5.18 the 2PPE intensity is shown
as a function of time delay and intermediate state energy in an exemplary false color
map for 8 ML Pb/Si(111). The left energy axis is valid for peaks that are probed
with the UV pulse hν2 such as the luQWS, whereas the right energy axis describes
the intermediate state energy for states that are probed with the VIS pulse hν1, e.g.
the IPS. The different energy scales are discussed in detail in chapter 2.4.4.

The right part of the figure shows a 2PPE spectrum integrated over t from −110
to 200 fs, exhibiting a peak from the luQWS at E−EF = 0.52 eV. In addition to the
luQWS a second state is observed at higher energy at E−EF = 3.35 eV. The analysis
of the time-dependent intensity corroborates the assignment as n = 1 IPS in front of
the Pb(111) surface with a binding energy of E−EV = −0.74 eV with respect to the
vacuum level EV . Since the origin and the dynamics of the IPS are well-understood
the following discussion focuses on the electron relaxation in the unoccupied QWS.

Figure 5.18 (facing page): A false color representation of the 2PPE intensity as a function
of pump-probe delay and intermediate state energy E − EF is given in the center panel.
The vertical color bars indicate the energy windows in which the intensity was integrated to
monitor the time dependence of the 2PPE intensity. Three spectral features are analyzed in
the bottom panel, which are attributed to the luQWS, an IPS, and high-energy electrons.
The time-dependence of the latter allows a good estimate of the laser pulse duration. Note
that the IPS is excited with the UV pulse hν2 and thus its energy is given by the right energy
scale to be E−EF = 3.35 eV, respectively E−EV = −0.74 eV. Solid lines are fits following
a rate equation model, see text and chapter 2.4.6. These spectral signatures are also seen in
the 2PPE spectrum integrated from −110 to 200 fs, given in the right panel.
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Figure 5.19: Fitting the transient population in the luQWS with a single exponential decay,
corresponding to a 3-level system, predicts the peak maximum at too early delays and does
not describe the XC shape appropriately. In contrast, the rate equation model of a 4-level
system from chapter 2.4.6 describes the data excellently at all delays.

The bottom panel of Fig. 5.18 shows cross correlation (XC) traces, which have
been integrated over the energy regions indicated by the color bars on the left. As
detailed in chapter 3.1.3, the laser pulse duration is inferred according to equation
(3.4) from the XC trace of the hot electron distribution for E − EF > 1.8 eV to be
54(4) fs. The peak maximum of the IPS occurs at formally negative delays −8 fs,
which indicates that the IPS population is build up by the UV pulse hν2 and probed
by the VIS pulse hν1. Modeling of the XC trace of the IPS according to equations
(2.49) and (2.50) by convolution of the laser pulse’s temporal profile and a single
exponential decay results in an IPS decay time τ = 20(5) fs. This decay constant is of
the same order as, e.g., in Cu(111) [Ech04] and corroborates the assignment as IPS.

The XC trace of the luQWS, however, can not be satisfactorily be described
by a single exponential decay as seen in Fig. 5.19. As explained in chapter 2.4.6,
a single exponential decay is expected for a non-resonantly pumped state that is
only weakly coupled to other states. The fit result for a single exponential decay
corresponding to a 3-level system predicts the peak maximum at too early delay of
40 fs and underestimates the intensity for later delays. Especially the disagreement of
the position of the peak maximum is a strong indication that the underlying model is
not correct. In contrast, the XC trace of the luQWS exhibits a broad flat-top shaped
peak maximum ranging from 30 to 80 fs. This XC shape indicates that part of the
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intermediate state population in luQWS (state no. 1) is build up at later delays by
scattering from another state (state no. 2). Since the simpler 3-level system fails to
describe the transient population in luQWS a coupling of luQWS to other features
of the Pb/Si(111) band structure has to be assumed. In fact, modeling the data with
the 4-level approach discussed in chapter 2.4.6 describes the experimental data very
well for all delays and over two orders of magnitude in the dynamics range, see solid
line in Fig. 5.18 and Fig. 5.19. For this data set the fit results in τ1 = 123(5) fs for the
decay of luQWS (no. 1) at later times and a characteristic time τ12 = 26(5) fs for the
delayed rise. Since the 4-level rate equation system incorporates another intermediate
state (no. 2) its lifetime of τ2 = 102(5) fs can be determined as well.

Before turning to the detailed physical interpretation of these numerical results
the pronounced coverage dependence of the XC traces of luQWS has to be considered.
The coverage dependence makes it necessary to adapt the numerical parameters of
the 4-level rate equation model as well as the interpretation of the physical meaning
of the free fitting parameters. The strong and characteristic odd-even modulation of
the decay times of the luQWS in Pb/Si(111) as extracted by fits of the 4-level rate
equation model from chapter 2.4.6 is discussed in the following.

5.4.3 Coverage Dependence of the Decay Times

In Fig. 5.20 the time-resolved 2PPE intensity is compared for a neighboring even and
odd coverage of 4 and 5 ML, respectively. In agreement to the results of section 5.3,
the luQWS is located in the Si bandgap for an even coverage and degenerate with Si
bands for an odd coverage. The oscillatory position of luQWS with respect to the
substrate bandgap has drastic consequences on the observed electron dynamics. As
discussed for the case of 8 ML in Fig. 5.18, the transient population luQWS exhibits
a delayed intensity rise. The subsequent decay proceeds on a timescale of ∼ 100 fs for
even coverages and does not depend strongly on the film thickness. This is opposed
to the case of an odd layer thickness where a biexponential decay is resolved, which
occurs on a timescale of 5 − 35 fs and 90 − 300 fs, respectively, where both time
constants increase monotonously with the odd number of layers.

The description of the population decay by the 4-level rate equation model pre-
sented in chapter 2.4.6 is flexible enough to allow the description of both decay modes
- delayed rise and biexponential decay - consistently within one model, see Fig. 2.33.
As given by the set of coupled differential equations (2.51) and (2.52), the model
assumes that the directly probed population n1(t) of state no. 1 decays with a time
constant τ1 = 1/Γ1 and is coupled by a rate constant Γ12 = 1/τ12 to the population
n2 of state no. 2, which itself decays on a timescale τ2 = 1/Γ2. The analytic solutions
in equations (2.53) and (2.54) allow to distinct two limiting cases:

(I) A delayed rise of the n1 population is observed for Γ1 < Γ′2 = Γ12+Γ2, resulting
in C < 0 in (2.53). After a delayed population build up due to scattering |2〉 → |1〉,
the subsequent decay proceeds at a rate Γ1. For an even number of layers these
boundary conditions were used to describe the XC traces of luQWS. In the following,
only the parameters for the observed decay τ1 and the delayed rise τ12, which can be
directly read off the XC traces, are discussed in detail and τ2 is treated as auxiliary
parameter in the fitting procedure.
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Figure 5.20: The time-resolved 2PPE intensity is compared for (a) an even coverage of 4 ML
and (b) an odd film thickness of 5 ML. At Θ = 4 ML the luQWS presents a delayed rise and
subsequently a comparably slow decay constant of ∼ 100 fs as opposed to the decay at 5 ML,
where a about three times faster biexponential decay is resolved. (See text.) The difference
of the low-energy cutoff is due to the oscillatory work function, which also affects the binding
energy of the IPS with respect to EF . The peak X in (b) is assigned to an unoccupied QWS
that is pumped with UV and probed with VIS.

(II) A bi-exponential decay of n1 is observed for Γ1 � Γ12 and thus C > 0. The
fast initial decay is determined by Γ1 and the slope of the subsequent decay is given by
Γ′2 = Γ2 + Γ12. All XC traces of luQWS at an odd number of layers were fitted under
this restriction. Here, the directly accessible parameters τ1 and τ ′ odd

2 = 1/(τ−1
12 +τ−1

2 )
are reviewed.

In Fig. 5.21 the XC traces of the luQWS for an odd and even number of layers
are compared. Clearly, for an odd coverage both contributions τ1 and τ ′2 exhibit a
pronounced coverage dependence, whereas the XC traces for an even number of layers
show only little variation. For an even coverage an additional decay component τB is
observed at t > 800 fs. This component amounts only to ∼ 1% of the total intensity
in luQWS and is attributed to scattering of excited carriers of the Si substrate. A
detailed discussion of this contribution is given in section 5.4.6.

Focusing on the interpretation of the fit results, e-e scattering in the ultrathin
Pb film is considered to be the dominating channel of energy relation, compare to
chapter 2.3. The necessity to use the more evolved 4-level model to describe the
transient population of luQWS points to additional decay channels operative in the
quantum well system. Nevertheless, it seems safe to assume that e-e scattering within
the metal film itself will induce the fastest decaying component. Thus in the following
the lifetime τ1 is interpreted as decay time due to e-e scattering τe-e for all even and
odd coverages. The other observed decay channels τ ′2, and τ12 then are linked to (i)
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Figure 5.21: Comparison of the XC traces for (a) odd and (b) even coverage. All XC
traces for odd coverage, where luQWS is degenerate with the Si bands, consistently exhibit
a biexponential decay where both components show a well-resolved coverage dependence. In
contrast, all XC traces for even coverage, where luQWS is located in the Si bandgap, present
a delayed rise and a slower decay that does not depend strongly on the coverage. At later
delays of t > 800 fs an additional decay component τB is encountered for the even luQWS,
which is discussed in chapter 5.4.6. Please note the different scaling of the pump-probe delay
axis for both type of traces.

intra-subband and (ii) inter-subband scattering within the quantum well system, and
(iii) additional contributions from the optically excited Si substrate.

Fig. 5.22 summarizes the coverage dependence of the different decay constants.
The lower panel depicts τ1 = τe-e, which shows a strong oscillatory behavior of the e-e
scattering rate with respect to odd and even film thicknesses. The contrast observed
in the lifetime of subsequent states is remarkable: Going from Θ = 5 ML to 6 ML
the lifetime τe-e increases by a factor of 8 from 13(5) fs to 111(5) fs. Increasing the
coverage further to 7 ML results in a decrease to 19(5) fs again. As indicated by the
solid lines, which are linear fits to the data, only the decay constants for odd coverages
exhibit an noticeable variation with coverage, see Fig. 5.21. For the odd coverages τe-e

increases continuously from 5(5) at 1 ML to 35(5) fs at 15 ML and the second decay
constant τ ′ odd

2 = 1/(τ−1
12 + τ−1

2 ) observed in the biexponential XC traces of luQWS

Figure 5.22 (facing page): Coverage dependence of the decay constants for the fastest decay
channel τ1 = τe-e, the lifetime of the 2nd decay contribution τ ′ odd

2 = 1/(τ−1
12 +τ−1

2 ), and τ even
12

for odd and even coverages, respectively. The dashed line shows the average value of τe-e
for different wedges and highlights the strong odd-even contrast of subsequent layers. The
solid lines are linear fits as guide for the eye and the shaded areas indicate a 90% confidence
interval. The lifetime errors are given by vertical lines. Please note that for odd coverages
of Θ ≥ 9 ML luQWS+1 is observed since luQWS is too close to EF to be accessible with
2PPE, compare to Fig. 5.14.
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rises from 90(10) to 295(10) fs. In contrast, τe-e for even coverages is rather constant
at ∼ 110 fs. The rise time τ12 of the signal in luQWS scatters more than the other
fit parameters, however, within in the large error bars of the linear fit, this value can
be approximated to be constant around ∼ 50 fs. Fig. 5.22 also depicts the lifetime
of the higher lying luQWS+2 for coverages Θ ≥ 8 ML. The XC of this state is well
described by a single exponential decay, see equation (2.50), although its lifetime in
the range of 5− 15 fs is at the lower limit of the accessible decay constants.

At this point, the comparison to electron lifetimes analyzed by time-resolved 2PPE
for unoccupied QWS in Ag/Fe(001) [Oga02] is of interest. Here, the lifetimes were
smaller than 10 fs. The lifetimes determined here for Pb/Si(111) in a comparable
energy interval above EF are considerably larger than this value. Since Ag and Pb
both exhibit sp-bands in the relevant energy range, the substrate or the interface is
responsible for these differences in the lifetimes. Generally speaking, the presented
results suggest that an orientation band gap as in Fe(001) confines electrons to a
considerably weaker degree than a total band gap. Elastic scattering associated with
the electron transfer from the adlayer to the substrate appears to be the decisive
process that limits the residence time of hot electrons in QWS on substrates with
orientation band gaps. This is because elastic electron transfer is facilitated at the
interface due to the break of symmetry and defects arising from lattice mismatch.
On the other hand, the efficient electron confinement by the global Si bandgap in
Pb/Si(111) allows to resolve the population decay due to inelastic e-e scattering in
the metal film. Also, the density of states of the substrate may play a role in the
comparison of metallic and semiconducting substrates. This suggests more systematic
studies comparing QWS from the same material on different substrates. The current
study would be complemented nicely by a time-resolved investigation of electron decay
in Pb/Cu(111).

5.4.4 Comparison to Fermi Liquid Theory

Before proceeding to the analysis of the additional components τ even
12 , and τ ′ odd

2 , the
fast decay times attributed to the decay within the metal film due to e-e scattering
τ1 = τe-e are compared to FLT. The details of this description and especially the
dimensionality dependence of the quasi-particle lifetime are discussed in chapter 2.3.1
and appendix C. The discussion follows the pioneering work of Quinn and Ferrell
[Qui58] and more recent analysis of Vignale et al. [Giu05, Qia05, Qia06]. In fact, it
will be shown that FLT accounts nicely for the observed coverage dependence of τ1,
although no evidence for a 2D behavior in the e-e scattering is revealed. In Fig. 5.23
the individual data points of τe-e are plotted versus the binding energy of the particular
state. In general, the observed lifetimes increase toward EF and follow the prediction
from FLT, which justifies the assignment τ1 = τe-e a posteriori.

Employing the 3D bulk electron density of 13.2 · 1028 m−3 [Kit04] in equation
(C.11) yields the gray line, which describes the data surprisingly well without any free
parameters. Only at energies E −EF > 1.1 eV, where luQWS is degenerate with the
Si substrate, FLT predicts too large lifetimes. This discrepancy may be understood
by the influence of the Si band structure that offers additional decay channels for the
energy relaxation of the hot electrons and hence reduces the lifetimes in this energy
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Figure 5.23: The data points (2PPE) of τe-e for luQWS as shown in Fig. 5.22 are plotted
versus the binding energy of the respective state. The inset depicts a semi-logarithmic
representation of the data and the Si CBE is indicated. Employing the bulk Pb electron
density yields the gray line (FLT) and describes the general trend of the data satisfactorily
without any free parameters. Solid lines show fits with the FLT scaling laws for a 3D
and 2D electron gas, where the electron density is used as free parameter. The upper panel
compares the experimentally determined deviation from 3D FLT behavior to the expectation
from FLT. In conclusion, the binding energy dependence can be rationalized within 3D FLT
and does not shown an explicit 2D behavior.

region. In contrast, at small excess energy above EF the QWS is confined in the
metal film by the Si bandgap and hot electron relaxation may only proceed via e-e
scattering to unoccupied bands of the metal, see Fig. 5.15. Thus, FLT for bulk Pb
describes the main trend reasonably and can explain the coverage dependence of τe-e

observed in Fig. 5.22. This is in agreement with a recent STS study on the quantum
well system of Yb(111)/W(110) [Weg05].
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For the luQWS in the Si bandgap only a weak dispersion of the binding energy
with the even coverage is observed, compare to Fig.5.14. Hence, a quasi constant e-e
scattering rate of the even luQWS is expected by FLT due to the constant phase space
available for scattering. In contrast, the upper branch of the odd luQWS disperses
strongly toward EF with increasing film thickness. Thus, the phase space available for
energy relaxation processes decreases as well and results in an increase of the lifetime
for the odd luQWS in agreement to FLT. In this discussion the screened Coulomb
interaction for both odd and even luQWS is approximated to be constant as function
of coverage and thus does not introduce any additional thickness dependence of the
electron lifetimes. However, it can not be excluded that the screened Coulomb inter-
action differs for the odd and even branches of QWS and contributes to the deviation
of the lifetimes at large excess energies. This is because the luQWSs observed at large
excess energies stem from films of only a few ML thickness. In this quasi-2D limit
the screening might be reduced and promote more intense e-e scattering leading to
shorter lifetimes.

To further analyze if the well-confined quantum well system of Pb/Si(111) exhibits
any signs for a dimensionality dependence of the observed decay times, the scaling
laws for a 3D and 2D Fermi liquid are compared to the data in Fig. 5.23. The
hot electron lifetimes in a 3D and 2D Fermi liquid are expected to scale with the
excess energy ξ = E−EF of the quasi-particle with respect to EF as τ (3D)

e-e ∝ ξ−2 and
τ

(2D)
e-e ∝ ln (1/ξ)−1

ξ−2. These results are derived in appendix C. In brief, the quadratic
scaling with the excess energy ξ expresses energy and momentum conservation of the
phase space available for scattering. The logarithmic correction for the 2D case is a
consequence of the structure of the screened Coulomb interaction in 2D.

Accordingly, the data is fitted with equations (C.11) and (C.17) from appendix
C, where the electron density n is used as a free fit parameter. The fits result in
an electron density of n(3D) = 12.6(5) · 1028 m−3 and n(2D) = 4.3(3) · 1019 m−2 for
3D and 2D FLT respectively. The fitted electron densities agree reasonably well to
the values calculated in chapter 2.1.2 from the lattice parameter and the number of
valence electrons of n(3D) = 13.2 ·1028 m−3 and n(2D) = 3.77 ·1019 m−2. However, the
relative deviation of 13% for the 2D case and 5% for the 3D case does not favor the
description by 2D FLT. One might be surprised by the good description of the data
by 3D as well as 2D FLT. As discussed in the context of Fig. 2.23 in chapter 2.3.1,
a pronounced dimensionality dependence of the hot electron lifetimes is expected for
excess energies of < 0.4 eV above EF . This weaker dimensionality dependence in the
energy regime of E − EF > 0.4 eV discussed here leads to only minor differences of
the fits in Fig. 5.23.

Following the introduction in chapter 2.3.1, the difference of the fits for the 3D
and 2D FLT scaling laws are plotted in the upper panel of Fig. 5.23 and compared
to the difference of the parameter-free description employing the calculated 3D and
2D electron densities. As discussed in Fig.2.23 such a difference plot should reveal
any explicit 2D behavior in the electron dynamics of Pb/Si(111). However, the 2D
scaling law fails to deliver a better description than the ordinary 3D case. At small
binding energies E − EF < 0.8 eV virtually no difference of the 3D and 2D case are
encountered. Moreover, at higher energies where the 3D FLT scaling law predicted
slightly too large decay times, 2D FLT does even worse and overestimates the lifetimes
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by a factor of more than two. This qualitative disagreement and the rather large
deviation of the 2D electron density points to the fact that the electron dynamics in
Pb/Si(111) are governed by a 3D behavior, although the discrete 2D band structure
and the well-resolved lifetimes evidences a high degree of confinement in the surface
plane.

The absence of a clear experimental proof for explicitly 2D behavior of the e-e
scattering dynamics is surprising and points to a conceptional problem. The theoret-
ical discussion in chapter 2.3.1 and appendix C is valid only for ideal 2D confinement.
In fact, the actual QWSs in Pb/Si(111) are confined to a high extend perpendicular to
the film as indicated by the formation of sharp, discrete QWSs in the unoccupied band
structure. In fact, this point motivated the time-resolved studies on Pb/Si(111) with
its high degree of confinement in the global substrate band gap. These sharp QWSs,
however, do not imply the complete absence of any coupling in the film direction.
Inspecting the derivation of the lifetime in 3D and 2D reveals that the qualitatively
different structure of the screened Coulomb interaction mainly determined the dif-
ferent scaling laws in equations (2.29) and (2.30). The good description of the data
achieved with 3D FLT might point to a rather 3D screened Coulomb interaction. Cal-
culating the screening wave vectors from equation (C.4) yields k(3D)

s = 3.45 Å−1 and
k

(2D)
s = 3.78 Å−1, which corresponds to screening lengths of λ(3D)

s = 2π/ks = 1.82 Å
and λ(2D)

s = 1.67 Å. Compared to a thickness of 2.86 Å for 1 ML these values indicate
that already a free-standing Pb(111) film of 1 ML thickness exhibits a 3D type of
screening. Moreover, for thin layers of only a few ML thickness also the Si substrate
may contribute to the screening in the metal film. Summarizing, with respect to
the scattering of hot electrons, the quantum well system of Pb/Si(111) retains a 3D
character and should be regraded as quasi-3D as far as the energy relaxation due to
e-e scattering is concerned.

Returning to Fig. 5.22 one notices the scattering of the data points of τe-e at the
same film thickness but measured in different Pb/Si(111) wedges. For example, at
Θ = 4 ML three different wedges have been evaluated and yield decay times ranging
from 104(5) fs to 140(5) fs that are incompatible to each other within the error bars.
As shown in Fig. 5.24, the scattering of these individual data points is not due to
erroneous data or insufficient fits, but are explained by slight variations of the binding
energy of luQWS observed for different wedges. The luQWS observed on wedge ”A”
for 4 ML is located at E − EF = 0.45 eV and exhibits a decay time τe-e = 140 fs.
The ∼ 35 fs smaller decay time for the luQWS from wedge ”C” is explained by the
100 meV larger distance of this particular luQWS to EF . Hence, the phase space
available for scattering increases and the lifetime decreases in accordance with 3D
FLT. This close correlation of the binding energy and the observed decay times proves
the predicative power of 3D FLT in Pb/Si(111). The variation of the binding energy of
luQWS for nominally identical coverages might be introduced by modulations of the
pinning position of the Fermi level on each wafer prepared. However, no systematic
dependence on the preparation procedure was resolved.

Since time-resolved 2PPE spectroscopy provides simultaneous access to the linewidth
in the frequency domain and the population decay in the time domain, it is inter-
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Figure 5.24: The different values of τe-e observed at nominally identical coverage but for
different wedges are explained within 3D FLT by slight variations of the binding energy of
the particular luQWS. As the distance to EF increases, the associated change of the phase
space available for scattering increases as well and the lifetime of the state decreases.

esting to compare the linewidth6 to the lifetimes. In Fig. 5.25 the spectral linewidth
Γs of the luQWS is compared to the reciprocal lifetime Γ1 = ~/τ1, given in units of
meV. The linewidth Γs is extracted from a Lorentzian fit of the spectra, see Fig. 5.8.
The linewidth in 2PPE spectroscopy is a time-dependent quantity that can be used
to resolve elastic scattering processes that induce dephasing [Fau95, Wei02b]. For
the linewidth analysis of the monochromatic 2PPE spectra outlined here a constant
contribution of 50 meV due to spectral broadening in the 2PPE process and a finite
spectrometer resolution was subtracted.

According to the definition of the spectral function in equation (2.34), the full
width at half maximum (FWHM) is related to the linewidth as 2Γs = FWHM. In
fact, linewidth and reciprocal lifetime are nicely correlated for the whole wedge up to
8 ML, although the small values of τ1 for the odd coverages introduces a significant
error in Γ1. The reciprocal lifetime, however, can not fully account for the observed
linewidth since Γs > Γ1 is consistently observed over the whole wedge. On average
the inverse lifetime is ∼ 40 meV smaller than the linewidth. In other words, the peak
is broadened by scattering processes that do not contribute to the population decay.
Here, elastic and quasi-elastic scattering processes, as discussed in section 2.3, are
considered since they contribute to the linewidth by dephasing but do not induce a
population decay. Compared to typical dephasing rates of 20 − 40 meV analyzed in
IPS model systems such as Cu(111) [Kno98a], the value of 40 meV for a dephasing
contribution to the linewidth in Pb/Si(111) seems reasonable. Possible origins for
the dephasing processes are quasi-elastic e-ph and electron-defect scattering events.

6To illustrate this point the 2PPE data from the wedge discussed in Fig. 5.9 is used since it
exhibits a most pronounces odd-even contrast, indicating a well-ordered Pb/Si interface with only
little Pb adatoms that contribute to an inhomogeneous broadening.
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Figure 5.25: The upper panel compares the reciprocal lifetime Γ1 = ~/τ1 of the luQWS to
the spectral linewidth Γs determined by a Lorentzian fit (see Fig. 5.8) of the monochromatic
2PPE spectra from Fig. 5.9.

Very recently, the coverage dependence of the linewidth of the unoccupied QWS in
Pb/Si(111) was analyzed with variable temperature STS [Hon08]. Brun et al. esti-
mate the e-ph and defect scattering contribution to be about 50 meV [Bru08], which
is in good agreement with the evaluation outlined here. To investigate these effects in
more detail, however, requires to perform temperature dependent and time-resolved
2PPE studies, which allow to disentangle the contributions from e-ph and defect scat-
tering. Also, a time-dependent analysis of the linewidth can elucidate the dephasing
contributions to the lifetime in more detail. Nevertheless, the comparison of reciprocal
lifetime and linewidth underlines the importance of time-resolved studies in general.
Additional broadening mechanism may be operative that inhibit the direct transfor-
mation Γ = 1/τ when the lifetime of the hot electron population is concerned. Hence,
the reliable access to ultrafast electron dynamics and the underlying microscopic scat-
tering processes, as presented in the following, is greatly facilitated by investigations
directly in the time-domain.
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5.4.5 Interband vs. Intraband Scattering

Up to here, the contribution of the fast initial decay τ1 to the energy relaxation in the
unoccupied QWS was explained by e-e scattering τ1 = τe-e. In the following, possible
scenarios for the origin of the delayed rise feature τ even

12 in the XC traces of luQWS are
reviewed. As suggested in Fig. 5.15, the underlying microscopic scattering processes in
the quantized Pb/Si(111) band structure are assumed to be given by inter- and intra-
subband scattering. The biexponential decay in luQWS with the second component
τ ′ odd
2 at odd coverages and the additional decay component τB at even coverages is

attributed to scattering of photoexcited carriers from the Si substrate and discussed
in section 5.4.6.

As presented in chapter 2.4.6 and in the context of Fig. 5.21, the rate equation
model of a 4-level system is employed to analyze the XC traces. The rate equation
model assumes a coupling of the probed state no. 1, e.g. luQWS, to a second state
no. 2. On the one hand, this second state is given by luQWS at k|| 6= 0 for the case of
intra-subband scattering. Here, the hot electron population from outer regions of the
Brillouin zone decays toward the band minimum at the Γ-point. Since these scattering
processes take a finite amount of time, the population at the band bottom is build
up on the timescale of the intra-subband scattering. On the other hand, higher lying
states such as the luQWS+1 can couple to the lower lying luQWS. Then the energy
relaxation toward EF of hot electrons in these higher lying QWS can result in inter-
subband scattering with the consequence of a delayed rise of the electron population
in the luQWS.

For the distinction of inter- and intra-subband scattering in the luQWS, it is
important to consider the photon energy of the pump pulse and the dispersion of
the higher lying luQWS+1 with coverage since this determines if the luQWS+1 can
be populated and thus transfer population to the lower lying luQWS due to inter-
subband scattering. The quantized band structure in Fig. 5.14 evidences that at the
employed pump photon energy of hν < 1.9 eV the luQWS+1 can only be populated
for coverages Θ ≥ 8 ML. If inter-subband luQWS+1→luQWS would be the only
contribution to the delayed rise in luQWS, then the delayed rise should be absent
below this crossover coverage of 8 ML. The comparison of the XC traces for odd and
even coverages in Fig. 5.21, however, does not indicate a decisive change of the shape
of the XC traces at this crossover coverage. A closer investigation of the shape of the
peak maximum in the inset of Fig. 5.21 reveals that the flat-top shaped peak maximum
is especially pronounced for low coverages - in opposition to the expectations for inter-
subband scattering. Also, the results for τ12 presented in Fig. 5.22 do not exhibit an
abrupt change at 8 ML. These observations indicate that the delayed rise in the
luQWS might be dominated by scattering with the subband itself and inter-subband
scattering presents a smaller contribution.

The detailed investigation of intra-subband scattering processes requires angle-
and time-resolved measurements, which, however, have to be carried out yet. The
use of the Pb/Si(111) wedges proved to be very important for the reliable discussion
of the population decay times without complications due to scattering at corrugated
interfaces. But for angle-resolved investigations the macroscopically wedged and thus
inhomogeneously prepared surface presents a severe problem because the rotation axis
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of the sample then defines a single coverage, which is not necessarily integer. One
option to overcome this conceptual limitation is to use the position-sensitive electron
time-of-flight (pTOF) spectrometer presented in chapter 4 and perform future angle-
and time resolved 2PPE studies without rotation on wedged Pb/Si(111) samples.

Although the inter-subband channel luQWS+1 → luQWS can be ruled out for
lower coverages where luQWS+1 is not populated by the pump laser pulse, the
possibility remains that the delayed rise at even coverages of Θ ≥ 8 ML is - at
least partially - induced by scattering from the higher lying to the lower lying state,
luQWS+1 → luQWS. To investigate the inter-subband scattering in Pb/Si(111) the
time-resolved 2PPE data is analyzed for a 14 ML film where luQWS is situated well in
the Si band gap and luQWS+1 is degenerate with Si states as shown in Fig. 5.26. For
this preparation, the workfunction of Φ = 4.09 eV allows to access both the luQWS
and the luQWS+1.

The XC traces of luQWS and luQWS+1 show a complex behavior as seen in the
bottom panel of Fig. 5.26. The electron decay in luQWS is characterized by a de-
layed rise of the intermediate state population which leads to a broad peak maximum
extending from 30 fs to 85 fs, while luQWS+1 lacks a delayed rise and presents a
biexponential decay. The similarity to the case of lower coverages where only luQWS
could be populated evidences that the type of decay observed - delayed rise or biex-
ponential decay - depends only on the energetic position of the respective state and
not its rank within the hierarchy of the unoccupied QWS. In Fig. 5.14 and Fig. 5.22
it was discussed that for an crossover coverage of Θ > 8 ML the unoccupied QWS at
odd coverage turns from the luQWS into the luQWS+1. This change of the rank in
the hierarchy of the unoccupied QWSs, however, does not change the characteristic
shape of a biexponential decay. This is also seen in Fig. 5.21, where the slope of the
second contribution in the biexponential decay changes with coverage, but the shape
of the XC is essentially constant. To describe both QWS consistently the rate equa-
tion model is used to take inter-subband scattering from luQWS+1 to luQWS into
account. This is done by interpreting the population density n1(t) as the transient
population of luQWS and n2(t) as the population in luQWS+1 in equations (2.53)
and (2.54), respectively7.

7Please note that for this particular assignment of the states to the transient populations equation
(2.54) describes a single exponential decay and does not account for the second decay channel in
luQWS+1.

Figure 5.26 (facing page): False color representation of the 2PPE intensity as a function
of pump-probe delay and intermediate state energy E − EF is given in the center panel.
The vertical color bars indicate the energy windows in which the intensity was integrated
to monitor the time dependence of the 2PPE intensity. Four spectral features are analyzed
(bottom panel) and attributed to luQWS, luQWS+1, an IPS, and high-energy electrons.
Note that the IPS is excited with the UV pulse hν2 and thus its energy is given by E−EF =
3.33 eV, respectively E − EV = −0.76 eV. Solid lines are fits following a rate equation
model. The laser pulse duration is inferred from the transient hot electron distribution for
E − EF > 1.8 eV to be 34(5) fs, see chapter 3.1.3. For this preparation, the lifetime of
the IPS is determined to be 24(5) fs in agreement with data presented in Fig. 5.18. These
spectral signatures are also seen in the 2PPE spectrum integrated from −65 to 200 fs, given
in the right panel.
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Figure 5.27: Visualization of the rate equations (2.51) and (2.52) for an inter-subband scat-
tering mode. Γ1 and Γ2 quantify the depopulation rates of luQWS and luQWS+1 via scatter-
ing to unoccupied states. Γ12 accounts for the intra-subband scattering luQWS+1→ luQWS.

These two coupled differential equations describe the transient population n1(t)
and n2(t) of luQWS and luQWS+1, respectively, as sketched in Fig. 5.27. Γ1 accounts
for the decay of the excited electron population of luQWS to e.g. unoccupied states
of the metal film near EF . Γ12 describes the delayed filling of luQWS due to inter-
subband scattering from luQWS+1. Γ2 summarizes all decay channels of luQWS+1,
which are not associated with the inter-subband transition luQWS+1 → luQWS.
These decay channels may involve scattering to unoccupied states of the Si substrate
as well as inter-subband scattering to unoccupied states at k|| 6= 0 within the metal
film. The total decay rate, which is directly observed in the fast initial decay of
luQWS+1, is defined as Γ′2 = Γ12 + Γ2. The case Γ′2 > Γ1 results in C > 0 and
equation (2.53) describes a delayed population build up in luQWS and subsequent
decay at a rate Γ1. Thus the coupled rate equation model connects the decay rate Γ′2
observed in the initial decay of luQWS+1 with the population build up in luQWS.

For luQWS the fit of the rate equation model results in τ1 = ~/Γ1 = 142(5) fs
for the decay and a characteristic rise time of τ12 = 54(5) fs, which gives an excellent
description of the data as shown in Fig. 5.26. Turning to luQWS+1, the population
decay is analyzed8 by a biexponential decay resulting in a fast decay time of τA =
30(5) fs and a slow one of τB = 135(10) fs. As a test of the rate equation model the
experimentally determined decay time τA of luQWS+1 is compared to the total decay
time τ ′2 calculated within the rate equation model:

(5.6) τ ′2 =
τ12 τ2
τ12 + τ2

.

8In fact, the XC trace of luQWS+1 was analyzed by the identical 4-level rate equation model
such that τA ≡ τ1 and τB ≡ τ ′2 = 1/(τ−1

12 + τ−1
2 ). However, to avoid confusion with the parameters

for luQWS a different nomenclature was chosen.
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In this equation, the decay constants τ12 and τ2 measured for the luQWS determine
the lifetime τ ′2 expected for luQWS+1. For a consistent description of inter-subband
scattering luQWS+1 → luQWS the calculated total decay time τ ′2 of luQWS+1 is
expected to be identical to the decay time τA as observed in the experiment. Within
errors bars the calculated value of τ ′2 = 35(10) fs indeed matches the experimentally
determined decay time τA = 30(5) fs. Thus, the delayed population build-up in
luQWS on a timescale τ12 and the simultaneous decay of luQWS+1 with τ ′2 = τA
are indeed compatible with the proposed inter-subband scattering from luQWS+1
to luQWS. This numerical analysis, however, is just a necessary condition for inter-
subband scattering and does not prove it directly. Future angle- and time-resolved
2PPE investigations will be able to disentangle the underlying microscopic processes
of inter-and intra-subband scattering in the important thin film model system of
Pb/Si(111).

5.4.6 Substrate Contributions

At this point, the slower decay component τB9 observed in the biexponential decay of
the luQWS is reviewed. The XC traces in Fig. 5.21 and the fit results in Fig. 5.22 show
a faster, thickness dependent contribution of τB = 90− 300(10) fs for odd coverages.
The longer lifetime τB = 0.9(1) ps for even coverages is thickness independent, but
the amplitude of this contribution decreases with increasing coverage, compare to
Fig. 5.21. This biexponential decay of luQWS indicates scattering from higher lying
states or states at equal energy, which are significantly longer lived than luQWS.
These states could be localized either in the Pb film or in the substrate. The pump-
photon energy hν1 is not sufficient to populate any higher lying states in the film, such
as luQWS+2 or any IPS by one-photon processes. Thus, the decay process described
by τB is attributed to scattering of photoexcited electrons from the Si substrate to
the unoccupied QWS in the metal film.

This brings up the question of the photo-generated carrier density in Si under the
employed excitation conditions with typical fluences of up to 65 µJ/cm2. Since pump
pulses at 1.9 eV photon energy were used, indirect transitions and two photon absorp-
tion in Si [Sjo98] are responsible for the absorption as indicated in Fig. 5.28(b). An
experimental analysis of the carrier density would require a systematic temperature
and fluence dependence, which is out of the scope of the present study. Nevertheless,
a comparison with earlier studies at similar photon energy and one order larger flu-
ence [Gol94, Jeo96] suggests that sizable densities are generated. Please note that the
population attributed to scattering from Si is considerably smaller than the photo-
generated population in the Pb film and amounts to a few parts per thousand.

The following argumentation focuses on the comparison of the luQWS at 5 and
6 ML, as shown in Fig. 5.28, since no additional relaxation processes in the Pb film
have to be taken into account as no higher lying QWS can be populated by the pump
pulse, but such excitations do occur in the substrate. To explain the pronounced
odd-even dependence of τB the position of the luQWS with respect to the Si bands
and scattering from the bulk Si conduction band (CB) into the Pb film is considered.

9In this section the second decay constant τ ′ odd
2 from section 5.4.3 is termed τB to unify the

nomenclature at this point.
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Figure 5.28: XC traces of luQWS for 5 ML (◦) and 6 ML films (�), which both exhibit
a biexponential decay. The decay component τB at later delays is assigned to scattering
of photoexcited electrons of the Si substrate to the unoccupied QWS. The inset shows the
quantized dispersion of the Pb-6pz QWS along k⊥ and the indirect Si bandgap along ΓX.
A possible mechanism explaining the different time-scales analyzed for τB is depicted.

Hot electrons in Si relax in a cascade of electrons via phonon-mediated intra-band
scattering toward the band bottom, see Fig. 5.28(b). In bulk Si the energy relaxation
time is found to be ∼ 250 fs [Sjo98, Sab02] in the low excitation regime and increases
for high excitation densities [Sjo98]. The relaxation time on the Si(100) surface is
reported to be larger [Wei04, Wei05, Voe04]. Subsequent energy relaxation at the
Si surface proceeds via formation of surface excitons in the Si band gap on a time
scale of 5 ps [Wei04, Wei05]. Thus the specific binding energies of luQWS at different
thickness with respect to the Si CB can explain the two time scales observed for τB. In
case of 5 ML the luQWS is degenerate with the Si CB. The relaxation of hot electrons
through intraband decay on a few 100 fs timescale in Si is monitored indirectly by
means of electrons that scatter quasi-elastically into the luQWS located in the Pb
film. This serves as a reasonable scenario to explain τB of about 130 fs for luQWS at
5 ML.

In contrast, for 6 ML luQWS resides in the Si band gap. Electrons scattered into
luQWS might originate from electrons near the CB minimum in Si, where they exhibit
a significantly longer lifetime. This scattering into the Pb adlayer might serve as an
explanation for τB = 0.9(1) ps encountered for the 6 ML film. On the basis of these
data it cannot be decided unambiguously whether the decay in Si or the scattering to
the Pb film is the step that determines τB, although the coverage dependence of τB
for the odd layers favors the first alternative. As the intraband decay in the Si CB is
mediated by electron-phonon scattering it is rather likely that the ∼ 1 ps timescale
observed for 6 ML is determined by the decay in Si. Moreover, this timescale agrees
with earlier reports reasonably well [Wei04, Voe04]. One could expect that the long
lifetimes at the Si CB bottom leads to an even slower decay. However, the presence
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Figure 5.29: The energy dependence of the second component in the biexponential decay
of the luQWS at odd coverages, τ

′ (odd)
2 , can be modeled by the 3D FLT scaling law from

equation (C.11) when the electron density n and the band bottom E0 is used as a free fit
parameter. This results in an electron density comparable to bulk Pb, which is combined
with an energy reference of E0 = 0.62 eV, comparable to the lower CBE.

of the metal facilitates energy gain of the excited electrons by their transfer to the
metal film where they can decay to the Fermi level. Thereby, exciton formation in
the region near the interface is quenched. Further insight is expected from future
temperature-, fluence- and angle-dependent studies.

Furthermore, this Pb/Si interface scattering model might explain the coverage
dependence of the second component9 in the biexponential decay at odd coverages
τB ≡ τ ′ odd

2 presented in Fig. 5.22. The different coverage dependence for odd and even
film thicknesses was mainly determined by the fact that the unoccupied QWS at even
coverage exhibit a quasi-constant binding energy of E − EF ≈ 0.6 eV, whereas the
unoccupied QWS at even coverage disperse toward EF with increasing film thickness.
Qualitatively, the decreasing distance to EF decreases the phase space available for
the relaxation of the hot electron population and thus enlarges the lifetime. As the
film thickness increases the luQWS moves toward the CBE of the Si substrate and
thus samples an increasing lifetime of the photoexcited carriers with approaching the
Si band bottom. To investigate this argument in more detail the lifetime τ ′ odd

2 is
plotted as function of the excess energy in Fig. 5.29.

The lifetimes for large excess energies of > 1.1 eV are constant at ∼ 100 fs and
increase sharply with decreasing excess energy, which can be explained by a decrease
of phase space. The qualitative behavior of the lifetimes resembles the expectation
from FLT, see section 5.4.4. In fact, the dispersion of the lifetimes can be described
by a 3D FLT fit according to equation (C.11). To achieve this, the reference to the
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Fermi energy EF , which has been fixed to EF = 0 for the evaluation of τ1 = τe-e,
is replaced by a free fit parameter E0. In this model, the curvature of the energy
dependence of the lifetimes is determined by n, whereas E0 denotes the excess energy
for which the lifetimes diverge due to an vanishing phase space.

The resulting fit is shown in Fig. 5.29 as solid line and yields a valence electron
density of n = 14(1) · 1028 cm−3 and E0 = 0.62(10) eV. The electron density is
comparable to the bulk electron density of 13.2 · 1028 cm−3, whereas the energy
reference coincides with the lower CBE of the Si substrate at E − EF ≈ 0.7 eV.
Thus, the second component τ ′ odd

2 in the biexponential decay of the luQWS at odd
coverages samples properties of both the substrate and the metal film. On the one
hand, the coincidence of the fitted position of the band bottom E0 with the lower
Si CBE indicates that the phase space for the decay of the second component is
governed by the band structure of the Si substrate. Considering the decay of hot
electrons in the substrate, the lifetimes are expected to show a pronounced increase
upon approaching the band bottom. On the other hand, the close resemblance of the
fitted electron density with the value for bulk Pb points to a screening contribution to
the lifetimes that is governed by the electron density in the metal film. Here, interface
effects such as the band bending and the pinning of the Fermi level may serve as an
example how the electron density in the metal directly influences the band structure at
the metal/semiconductor interface. This might be an indication that the component
τ ′ odd
2 stems from a metal-induced state at the Pb/Si interface that is energetically

referenced to the lower CBE of the substrate but otherwise governed by the electron
density of the metal film. However, a first principle study, which takes the substrate
with the reconstructed Pb/Si interface into account could contribute to a precise
microscopic understanding of these different contributions in Pb/Si(111). Also, time-
resolved studies of the electron dynamics at other well-defined metal/semiconductor
interfaces might complement these investigations nicely.
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Conclusions

The ultrafast electron dynamics in unoccupied quantum well states in ultrathin Pb
films on Si(111) has been investigated by fs-time-resolved 2PPE. The transient popu-
lations of two QWSs above EF are analyzed as function of film thickness and binding
energy. The energy dependence of the fast initial decay times in the two unoccupied
QWSs of 5−140 fs are assigned to e-e scattering within the metal film and agree sur-
prisingly well with 3D FLT. Additional decay processes observed on longer timescales
with decay times of 90−300 fs and ∼ 900 fs are attributed to the decay of hot carriers
in the Si substrate which are probed in 2PPE because hot electrons scatter from Si
into the Pb film. Although the quantized Pb/Si(111) band structure indicates a high
degree of electron confinement, which is corroborated by the well-resolved lifetimes, no
explicitly 2D behavior of the scattering rates was revealed. Furthermore, to describe
all observed transient populations quantitatively it is necessary to account for the
quantization of the electronic system. The analysis of the simultaneous population
decay and build-up in the two adjacent subbands favors inter-subband scattering from
the higher lying luQWS+1 into the lower lying luQWS. The comprehensive analysis
demonstrates that the quantization has to be considered explicitly for a description of
electron dynamics in the quantum well subbands. Future angle-resolved investigations
are expected to lead to a more comprehensive analysis of intra- and inter-subband
scattering. Thereby the influence of (i) the quantization in the quasi-2D band struc-
ture and (ii) of the Si substrate on e-e scattering rates might be analyzed directly in
the time domain.
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5.5 Ultrafast Dynamics of the Occupied QWS

This section deals with the ultrafast electron dynamics of the occupied QWS in
Pb/Si(111) that was investigated with time- and angle-resolved photoemission spec-
troscopy (tr-ARPES) far from thermal equilibrium10. The experimental details of
the tr-ARPES experiments are explained in chapter 3.1 and appendix E. This tr-
ARPES study was carried out on a 10 ML Pb/Si(111) film by pumping the system
with infrared (IR) pulses of hν1 = 1.50 eV photon energy and probing the tran-
sient band structure at a UV photon energy of hν2 = 6.00 eV. The IR pump pulses
present a pulse duration of 55 fs, whereas the UV probe pulse are slightly longer with
80 fs due to non-linear effects in the quadrupling process, see appendix E. The XC of
pump and probe pulses results in an overall time resolution of 100 fs. Three different
regimes for the absorbed fluence were studied: F1 = 40 µJcm−2, F2 = 130 µJcm−2

and F3 = 210 µJcm−2.
These fluences are below the damage threshold of Pb/Si(111) as no irreversible

spectral changes were encountered. The use of even higher pump fluences was in-
hibited by 3- and 4-photon absorption processes that created a large pump-induced
background. This was because these measurements have not been carried out on
a wedged sample. Hence, the film thickness slightly deviated from a integer value
and plasmon excited at islands and step edges might lead to this limitation of the
achievable S/N ratio.
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Figure 5.30: tr-ARPES spectra of 10 ML Pb/Si(111) for an absorbed fluence of F3 =
210 µJcm−2. (a) False color plot of photoemission intensity at the Γ-point as function
of pump-probe delay. The hot electron distribution above EF is emphasized by the contour
lines. The binding energy of the hoQWS at E−EF ≈ −0.4 eV shifts instantaneously within
the pump pulse duration. (b) Transient spectra as function of pump-probe delay as indicated
on the right side.

10The analysis of the peak shift and the simulation with the 2TM outlined in section 5.5.1 was
performed by Laurenz Rettig.
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Such a tr-ARPES measurement for 10 ML Pb/Si(111) is presented in Fig. 5.30.
The hot electron distribution reaches up to 1.5 eV above EF and persists up to 2 ps
due to the strong excitation of the electronic system, where a few % of the electrons
below EF are excited. For the largest fluence F3, the spectral weight of the hot
electron distribution at 0 < E − EF < 1.5 eV corresponds to 6% of the spectral
weight below EF . Besides the hot electron distribution, the most pronounces effect
is a transient shift of the binding energy of the hoQWS at E − EF ≈ −0.4 eV away
from EF . The waterfall plot in Fig. 5.30(b) evidences that this binding energy shift
occurs on an ultrafast timescale around zero pump-robe delay.

Before turning to the detailed analysis of the transient binding energy of the
occupied QWS, the unoccupied QWS is briefly compared to the results from the
previous section 5.3. As indicated by the contour lines in Fig. 5.30(a) and evidenced
by the semi-logarithmic representation in Fig. 5.31, the luQWS is populated by the
IR pump pulse and subsequently probed with the UV pulse. The binding energy of
E−EF = 0.50 eV observed with tr-ARPES fits nicely into the scheme of the quantized
band structure in Fig. 5.14 analyzed with 2PPE. At the end of this chapter, the
electron dynamics of the luQWS measured by tr-ARPES is compared to the results
from 2PPE.

5.5.1 Simulation with the 2-Temperature Model

The next section discusses the behavior of the excited carriers to investigate the reason
for the binding energy shift of the hoQWS in detail. Fig. 5.31(a) shows spectra of
the hot electron distribution that were normalized to the intensity of the hoQWS for
various pump-probe delays on a semi-logarithmic scale. At zero delay (topmost curve)
the excited electrons are distributed non-thermally, which is indicated by the discrete
spectral structure above EF . In Fig. 5.31(b) the non-thermal part of the spectrum
at zero delay is compared to a spectrum before excitation. The electron distribution
follows a Fermi-Dirac distribution up to EF , which is given by the temperature T0

before excitation. These electrons originate from unexcited parts of the DOS that
have not yet participated in the e-e scattering with hot electrons. With increasing
pump-probe delay the excess energy of the hot electrons above EF is transferred via
e-e scattering to the cold part of the electronic subsystem. This process is described
as thermalization of the hot electron distribution [Fan92, Lis04a]. After ≈ 200 fs
the electron distribution is characterized by a Fermi-Dirac distribution again, which
exhibits a significantly increased transient temperature Tel � T0 that may rise up to
1000 K, depending on the applied fluence.

With increasing time the excess energy is transfered from the electronic subsystem
to the phononic subsystem via e-ph scattering. This lowers the electronic temperature
and raises the lattice temperature such that after a few ps both subsystems have
equilibrated. This process can be described phenomenologically in the 2TM [Ani74,
Ret02, Lis05a, Bov07]. This model treats the electronic and phononic subsystem as
two coupled heat baths. The exciting laser field transfers its energy to the electronic
heat bath and heats it. At the same time the electronic excess energy is redistributed
due to electron diffusion and transfered to the phononic heat bath via e-ph scattering
of hot electrons. The energy densities of the electron subsystem Uel and of the lattice
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Figure 5.31: (a) PES spectra for various pump-probe delays on a semi-logarithmic scale. The
non-thermal electron distribution around zero pump-probe delay has equilibrated at 200 fs.
Even after 2 ps the surface has not yet relaxed as evidenced by the peak shift of the hoQWS.
The spectrum at zero delay exhibits a peak from the luQWS at E − EF = 0.50 eV. (b)
The transient energy density is evaluated by integration of the excess energy times the PES
intensity as highlighted by the color scale. Please note that the two small peaks observed
at E −EF ≈ 0.2 eV and 1.1 eV are attributed to photoemission from neighboring coverages
and initial state effects, respectively.

subsystem Uph are determined by a set of coupled differential equations [Lis05a]:

dUel

dt
=

∂

∂z

(
κe

∂

∂z
Tel

)
︸ ︷︷ ︸

diffusion

−H (Tel, Tph)︸ ︷︷ ︸
e-ph coupling

+ S (z, t)︸ ︷︷ ︸
optical excitation

(5.7a)

dUph

dt
= +H (Tel, Tph) .(5.7b)

The energy densities Uel and Uph are connected via the respective heat capacities
to the temperatures of the electron and the lattice subsystem. The different contri-
butions are discussed in detail in reference [Lis05a]. Fig. 5.32 shows the results of
simulation within the 2TM for the electron and lattice temperature at the surface of
a Pb single crystal. The numerical parameters used are given in table 5.2.

The ultrafast dynamics can be separated into two regimes: Within the first 150 fs
most of the excess energy is stored in the electronic subsystem since the electrons
absorb the light. Thus, effects occurring within the first 100 fs are likely to be induced
by the interaction with the non-equilibrium electron distribution. At later times the
energy is transfered to the lattice and thermally induced effects dominate. After
≈ 1200 fs both temperatures have equilibrated. However, since the Pb/Si interface
most probably presents a barrier for the electronic diffusion the actual e-ph relaxation
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Figure 5.32: The transient electronic temperature Tel and lattice temperature Tph at the
surface of a Pb bulk crystal were calculated for an absorbed fluence F3 = 210 µJcm−2

within the 2TM. Within the first 150 fs almost all excess energy is stored in the electronic
subsystem and processes occurring on this time scale are dominated by electronic effects.
After ≈ 1200 fs the electronic and phononic temperatures have equilibrated

in the thin film system of Pb/Si(111) will be slower than in the 2TM simulation.
Due to the pronounced non-thermal electron distribution the concept of an elec-

tronic temperature is not well-defined and has to be replaced by a more meaningful
measure of the internal energy that remains valid under non-equilibrium conditions.
This is achieved by introduction of the electronic excess energy Uel, which is well-
defined at all times [Lis05a]. The electronic heat capacity γe provides the connection
to the temperature [Kit04]:

(5.8) Uel = ceTel =
1
2
γeT

2
el

e-ph coupling constant ginf 1.23 [Bro90] 1017 Wm−3K−1

electronic heat capacity γel 163.1 [Kit04] Jm−3K−2

electronic heat conductivity κ0 35.3 [Kit04] Jm−1K−1

Debye temperature ΘD 105 [Kit04] K
mass density ρ 11340 [Kit04] Kgm−3

optical penetration depth δ 20.5 [Lan76] nm
absorbed fluence Fabs 210 µJcm−2

Table 5.2: Material constants used for the 2TM simulation shown in Fig. 5.32.
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This quantity is experimentally determined by integration of the photoemission signal
times the excess energy [Lis05a]:

(5.9) Uel ∝
hν∫
0

IPES(E)|E|dE

The shaded area in Fig. 5.31(b) resembles this integral, where the excess energy is
indicated by the false color coding. The constant energy density before excitation due
to a finite sample temperature is subtracted in the evaluation of the energy density
Uel.

The transient electronic energy density is shown in the central panel of Fig. 5.33
as function of pump-probe delay for the three laser fluences used. After a steep
increase on the timescale of the laser pulse duration, which is shown in the lower
panel, the excess energy peaks at ≈ 150 fs. Subsequently, the electronic excess energy
is dissipated to the lattice subsystem. The timescale for the relaxation of the electronic
excess energy is significantly longer than the results of the 2TM simulation in Fig.5.32
suggest and takes longer than the investigated delay interval of 2 ps.

The transient shift of the binding energy of hoQWS, which was extracted from
a Lorentzian line fit of the spectra, is depicted in the upper panel of Fig. 5.33. The
comparison of the peak shift and electronic energy density underlines the electronic
origin of the peak shift, which exhibit a close correlation for the first 100 fs. The
binding energy change relaxes to its equilibrium value on a timescale of 500 fs for
F1 = 40 µJcm−2 and 1 ps for F3 = 210 µJcm−2 toward its initial position. The
equilibrium binding energy of hoQWS, however, is not reached after 1 ps and the
peak continues to be slightly shifted. After one laser repetition cycle of 3.3 µs the
system is back to equilibrium and can be excited again.

As discussed in Fig. 5.32 this ultrafast peak shift occurs on a timescale of ∼ 100 fs,
which points to an electronically induced effect as most of the excess energy is stored in
the electronic subsystem11. The ion cores are too massive to couple on this timescale
to the external perturbation. Furthermore, the sign of the peak shift is interesting.
After excitation the hoQWS peak shift away from EF toward larger binding energies,
which corresponds to an energetic stabilization of this state due to the pump pulse.
This behavior is opposed to the naive idea that the excess energy in the electronic
system weakens the bonds and thus deceases the binding energy. A similar peak shift
was also encountered for the surface state of the Gd(0001) surface for comparable
excitation densities [Bov07]. Here, the binding energy shift occurs on a somewhat
slower timescale of ∼ 200 fs and thus is explained by a combined influence of electronic
and phononic effects. Also, for fluences of > 60 µJcm−2 and delay times > 500 fs the
opposite sign of the peak shift toward EF , e.g. smaller binding energies, is observed
for Gd. This behavior is not encountered for the QWS of Pb/Si(111) and ascribed to
thermal effects such as the lattice expansion in Gd.

11The surface photovoltage (SPV) that was discussed in the context of section 5.4.1 can not explain
this phenomenon since the SPV leads to a rigid shift of the whole spectrum. This is not observed
here as Si bands at lower energy and the low-energy cut-off remain at constant energy. Also the SPV
is known to relax on a significantly longer timescale of ∼ 100 ns [Wid03].
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Figure 5.33: Comparison of the energy density according to equation 5.9 and the shift of
the peak maximum of the hoQWS determined by a Lorentzian line fit as function of pump-
probe delay. The shift of the peak maximum occurs on the timescale of the optical excitation
regardless of the fluence. After 2 ps the initial excitation has not yet decayed and the hoQWS
still is shifted from its equilibrium position. The lower panel depicts the laser pulse XC that
was inferred from the hot electron population at E − EF = 1.5 eV and results in 80(10) fs
overall time resolution.

The transient peak shift in Pb/Si(111) to a larger binding energy can be explained
- at least qualitatively - by an increase of the ion core potential due to photo-doping.
The intense pump beam excites a significant amount of a few % the valence electrons
into unoccupied parts of the band structure and creates the same amount of holes
below EF . The reduced density of valence electrons results in an decrease of the
electronic screening of the ion cores and thus enlarges the ion potential. This increased
potential then is observed as an increase of the binding energy. Recent calculations
by Recoules et al. [Rec06] reveal an increasing binding energy of the d-bands in Au

177



5. Ultrafast Dynamics in Quantized Pb/Si(111) Bands

with increasing electronic temperature, which is explained by a decrease of screening.
This stabilizes the lattice and increases the Debye temperature, which gives rise to a
higher melting point. Recent investigations of the ultrafast melting of Au using time-
resolved electron diffraction [Ern08] succeeded to observe this effect experimentally
and corroborate the scenario introduced here.

5.5.2 Coherent Phonon Modes in Pb/Si(111)

A closer investigation of the transient spectra of the hoQWS for the largest applied
fluence F3 = 210 µJcm−2 reveals an oscillation of the binding energy, which is at-
tributed to the interaction with a coherent phonon in the following. The upper panel
of Fig. 5.34 shows the transient peak position of the hoQWS together with a fit of
an exponential function, which describes the continuous relaxation of the peak po-
sition toward the equilibrium value. This fitted background (BG) is subtracted to
highlight the binding energy oscillations ∆E as shown in the lower panel of Fig. 5.34.
After the steep drop at 0 fs a modulation of the binding energy sets in after ∼ 100 fs
and persists up to 2 ps. In order to evaluate the frequency of the oscillation a sine
function with frequency ν and phase φ together with a third order polynomial is fit-
ted to the transient variation ∆E. The resulting fit is shown by a solid line in the
lower panel of Fig. 5.34 and yields a period of 460 fs, corresponding to a frequency
of ν = 2.18(5) THz and a phase of φ = 0.47(5)π. To confirm the fitting results, the
transient variation ∆E is Fourier transformed for the time interval 0.15− 2 ps and is
depicted in the inset of Fig. 5.34. The Fourier spectrum exhibits a well-resolved peak
at a frequency of 2.2(1) THz.

This brings up the question of the origin of the binding energy oscillation. Here,
e-ph interaction is considered to be the dominating effect. The 2TM discussed above
describes incoherent e-ph interaction, where the electronic excess energy excites acous-
tical phonons with the result that the crystal is heated. Besides this incoherent e-ph
interaction, coherent lattice motions can be induced by an excitation of the electronic
system. The underlying physical mechanism as sketched in Fig. 5.35 is introduced
briefly in the following, a more detailed reasoning is found in [Dek00, Bov07]. The ul-
trafast optical excitation with a photon of energy hν suddenly changes the electronic
screening of the ion cores and thereby induces a force on the lattice that initiates
the motion of the nuclei. A resonant optical transition projects the system onto the
excited state potential energy surface, which is determined by the screening in the ex-
cited electronic state. Since the new equilibrium position Q?0 on the excited potential
energy surface is displaced from the ground state equilibrium position Q0 a coherent

Figure 5.34 (facing page): Top: The binding energy of the hoQWS reveals a modulation
for the largest F3 = 210 µJcm−2. Subtracting a exponential function (BG) yields the
modulation ∆E in the lower panel. Fitting a sine function (solid line) to ∆E results in
an oscillation frequency of ν = 2.18(5) THz and a phase of φ = 0.47(5)π. Inset: The
Fourier transformation (FFT) of the binding energy variation ∆E reveals a sharp peak at
ν = 2.2(1) THz, which coincides with a maximum of the DOS in the phonon band structure
[Row69, Lan76, Sav96].
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wave packet motion is launched, provided that the exciting pump pulse hν is shorter
than the period of the phonon mode. The oscillating nuclei positions in turn affect the
renormalization of the electronic band structure and thus can modulate the ampli-
tude, linewidth and binding energy of a quasi-particle peak in the electronic spectrum.
This resonant mechanism is termed displacive excitation of coherent phonons (DECP)
[Che91, Lob01] and can also be described as resonant coherent Raman scattering
[Gar96]. Off-resonant Raman excitation provides a scenario with the impulsive ex-
citation of coherent phonons (IECP). Ideally, the quasi-instantaneous displacement
of the lattice coordinates leads to a cosine phase for the DECP mechanism. In con-
trast, the IECP exhibits a sine phase with a linear increase of the amplitude after the
excitation. The distinction of these two regimes, however, requires a photon energy
dependent analysis [Gar96]. Such coherent phonons have been intensively investi-
gated in semiconductors, semimetals and high-TC superconductors by femtosecond
optical pump-probe experiments [Cho90, Che91, Gar96, Has96, Lob01, Has03] and
ultrafast x-ray diffraction methods [ST03, Bar04]. Typical frequencies for the coher-
ent phonons are of the order of THz. Coherent phonons in bulk metals have been
observed only recently in d-wave transition metals [Has05]. Also, the lanthanide sys-
tems of Gd(0001) and Tb(0001) present coupled coherent phonon-magnon modes at
about 3 THz that was examined with time-resolved PES [Bov04, Bov06, Bov07] and
magneto-optical methods [Mel08]. Interestingly, coherent phonons have not been ob-
served in sp-metals yet. This is explained by an efficient screening of the photoholes
by the delocalized sp-bands [Bov07], which results in marginal changes of the excited
state potential energy surface and a low excitation efficiency.

The elastic properties of Pb were investigated early in the 1960’s using neutron
diffraction [Bro61, Bro62] and superconducting tunneling [Row69]. Pb was the first
material to present experimental evidence for a Kohn anomaly in the phonon spectrum
[Koh59, Wol62, Bro61, Ste67] due to the large e-ph coupling constant in bulk Pb
of λ = 1.55 [Sav96]. The coverage dependence of the e-ph coupling in Pb/Si(111)
was studied in the context of the modulation of the superconductivity transition
temperature [Guo04]. This analysis indicates that the e-ph coupling constant λ in
the ultrathin Pb films is subject to a quantum size effect. The difference of λ for
subsequent layers can be as large as 30% and is - besides the oscillatory DOS at EF -
one of the driving forces of the modulated superconductivity transition temperature.
The phonon spectrum of Pb exhibits a pronounced peak at ∼ 2.2 THz [Lan76, Row69]
that is attributed to a longitudinal phonon mode along the Γ-L direction [Sav96].

In fact, not only the frequency of the longitudinal phonon of 2.2 THz at the L-point
coincides perfectly with the observed binding energy oscillation, but also the direction
of the phonon matches the film direction. Also, the phase of φ = 0.47(5)π extracted
from the sine fit in Fig. 5.34 agrees well to the value of π/2 expected for the DECP
mechanism shown in Fig. 5.35. The transient energy densities analyzed in Fig. 5.33
and their comparison to the modeled energy densities from Fig. 5.32 indicate that the
Pb/Si interface presents a barrier for the energy transport. This barrier preserves the
non-equilibrium conditions for > 2 ps as evidenced by the transient peak shift and the
energy density. Thus, the ultrathin film with efficient confinement of the excitation
energy and the large e-ph coupling in Pb might induce the displacive excitation of a
longitudinal optical phonon mode, leading to the collective binding energy modulation
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Figure 5.35: Sketch of ground state and excited state potential energy surface along the
lattice coordinate Q with equilibrium positions Q0 and Q?0, respectively. The resonant
absorption of a photon with hν changes the electronic screening quasi-instantaneously and
projects the system onto the excited potential energy surface. A coherent phonon wave
packet motion is launched due to the displaced equilibrium positions. The excited system
relaxes toward the ground state due to dissipation and incoherent scattering process [Bov07].

at 2.2 THz. However, also the quantized band structure itself might play a role in
the excitation mechanism.

A detailed investigation of the binding energy modulations will be the scope of
future work. The analysis of the oscillation phase favors a DECP mechanism, which,
however, requires a resonant optical transition that was not directly observed in this
study at the Γ-point. To confirm the scenario outlined here, k-resolved 2PPE stud-
ies are necessary that investigate the excitation process for different pump photon
energies and positions in the Brillouin zone. Such an analysis will contribute to a
comprehensive understanding of the optical coherent phonon mode observed here.
The oscillatory e-ph coupling suggest to perform future coverage-dependent 2PPE
studies on wedged Pb/Si(111) sample. This also minimizes the surface roughness,
allowing higher excitation densities and might enable a clearer observation of the
coherent phonon mode in Pb/Si(111).

5.5.3 Population Decay in the Unoccupied Bands

The intense pump pulse employed in tr-ARPES creates a transient hot electron dis-
tribution in the unoccupied part of the band structure. The well-defined electronic
structure of the QWSs in Pb/Si(111) above and below EF allows to follow the decay
of the transient population in the lowest unoccupied quantum well state (luQWS)
and compare the dynamics to the results from time-resolved 2PPE, see chapter 5.4.3.
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Figure 5.36: (a) XC trace of the lowest unoccupied QWS at 10 ML Pb/Si(111) analyzed by
tr-ARPES. The population decay is described by a single exponential decay that is indicated
by a solid line. (b) Compared to the results from 2PPE the decay time τ1 analyzed here is
fluence dependent. The shaded area indicates a 90% confidence interval of the linear fit.

In Fig. 5.31(a) the population decay of the luQWS at E − EF = 0.50 eV is directly
evident in the spectra up to a delay of 1 ps. The clear observation of the luQWS also
in tr-ARPES suggest the comparison of the lifetimes analyzed by 2PPE for the regime
of low excitation densities of ∼ 10−4 and tr-ARPES, which is performed at signifi-
cantly higher excitation densities of up to 6%. The population decay in the luQWS is
analyzed in Fig. 5.36 for the largest fluence F3. Due to the longer UV probe pulses the
delayed rise of the transient population is not resolved here and the population decay
is characterized by a single exponential decay. The decay is quantitatively analyzed
by a fit of the 3-level response function from equation (2.50) and yields a decay time
of τ1 = 420(15) fs. Compared to the results from 2PPE the decay time analyzed
for this fluence is about a factor three larger. Moreover, the decay times exhibit a
pronounced fluence dependence, which is shown in Fig. 5.36(b). The decay time τ1
observed in tr-ARPES scales linearly with increasing fluence. Extrapolating the val-
ues for a vanishing fluence F = 0 yields an axis intercept at τ1(F = 0) = 190(42) fs.
Although this value still is about 1.4 times larger than the results from 2PPE it is
compatible within the error bars.

The pronounced fluence dependence of the population decay time τ1 of the luQWS
can be explained by the high excitation density of a few % achieved in this tr-ARPES
experiment. This excitation density is more than two orders of magnitude higher than
in the 2PPE experiments discussed in the previous section 5.4. For the discussion of
the 2PPE experiments it was assumed that the excited electron density is small enough
that (i) the interaction of the excited electrons themselves can be neglected and (ii)
the band structure is not perturbed by the excited electrons and thus presents a fixed
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5.5. Ultrafast Dynamics of the Occupied QWS

stage for the electron dynamics. Both these arguments break down at the investigated
excitation densities and hence, the excited electrons may interact with each other and
also the band structure changes temporarily as evidenced by the transient binding
energy shift of the hoQWS.

Thus, it is important to distinguish between the population decay in the single
particle limit, i.e the lifetimes, as studied with 2PPE and the dynamics of an excited
electron distribution, i.e. an effective population, accessible with tr-ARPES. Under
the excitation conditions discussed here, a non-thermal excited electron distribution is
created by intense pump pulse at 0 fs, which relaxes within ∼ 200 fs via e-e scattering
to form a thermalized hot electron distribution that is described by a Fermi-Dirac
distribution function, see Fig. 5.31. As sketched in Fig. 5.15 the relaxation of the
hot electron population proceeds via inelastic e-e scattering with cold electrons in
the Fermi sea and the creation of secondary e-h pairs around EF . Hence, electrons
scatter in and out of the observation window at a fixed energy in the course of the
thermalization process. At later delays the decrease of the hot electron population is
dominated by e-ph scattering and the transfer of electronic excess energy to the lattice
subsystem. If the population decay at later times is dominated by e-ph coupling,
a non-exponential decay of the hot electron population due to the cooling of the
Fermi-Dirac distribution can be excepted. In this respect, the good description of
the population decay by a single exponential decay in Fig. 5.36(a) for t < 1000 fs is
interesting. The deviations encountered at t > 1000 fs might indicate the contribution
from e-ph coupling to the population decay.
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Conclusions

Time-resolved 2PPE enabled the detailed study of the ultrafast single particle electron
dynamics in the limit of low excitation densities around << 10−2. tr-ARPES extends
the investigation into a regime of high excitation densities in the order of a few %,
where collective excitations of the electronic system may be observed. Summarizing,
the investigation of the ultrafast non-equilibrium dynamics in Pb/Si(111) revealed a
transient binding energy stabilization of the hoQWS and a periodic modulation of
the energy shift that is attributed to a coherent lattice motion. The creation of a
significant amount of e-h pairs of up to 6% gives rise to a quasi-instantaneous change
of the electronic screening of the ion cores. The resulting increase of the ion potential
leads to an ultrafast energetic stabilization of the hoQWS, which was resolved by
a transient increase of the binding energy occurring within the time-resolution of
100 fs. The analysis of the transient energy density corroborates the correlation of
the binding energy shift to the excitation of the electronic system. After ∼ 100 fs
the binding energy relaxes toward its equilibrium value due to e-ph scattering. A
detailed investigation of the transient binding energy revealed a modulation with a
characteristic frequency of 2.2 THz. This frequency coincides with a peak in the
phonon spectrum of Pb that originates from a longitudinal phonon along the [111]
direction. This favors the assignment of the modulation to a coherent phonon mode
along the [111] film direction. In this respect coherent and incoherent e-ph coupling in
metals has been addressed: On the one hand, the redistribution of the excess energy
in the electronic system is governed by incoherent e-ph scattering processes. The
thermalization process leads to an equilibration of the energy content of the electronic
and phononic subsystems and the relaxation of the peak shift. On the other hand,
the optical excitation of a coherent phonon mode highlights the collective excitation
of the electron and lattice subsystem, leading to a modulation of the binding energy
with a well-defined phase with respect to the instant of excitation.

This work introduces tr-ARPES as a promising tool for the study of non-equilibrium
phenomena beyond the single particle approximation at solid state surfaces. The next
chapter will take this idea and extend it to the observation of collective charge density
excitations in a strongly correlated electron system directly in k-space.
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6 Electron Dynamics in In/Si(111)
This chapter presents a angle- and time-resolved two-photon photoemission (2PPE)
study of quasi-1D, self-assembling Indium nanowires on Si(111) using the position-
sensitive electron time-of-flight (pTOF) technique described in chapter 4. The 4×1-
In/Si(111) reconstructions leads to chain formation along the [110]-direction of the
Si substrate that give rise to a quasi-1D band structure [Yeo99]. This creates the
interesting situation where the potential anisotropy of the hot electron dynamics
can be studied with respect to the directions of the metallic wires on the surface
[Rüg07]. From simple considerations of the metallic density of states (DOS) and the
wave function overlap parallel and perpendicular to the nanowires an asymmetry of
the hot electron lifetimes can be expected. The more intense scattering of the hot
electrons along the atomic chains is estimated to lead to shorter lifetimes of the hot
electron distribution along the wires compared to the lifetime perpendicular to wires,
where the scattering is less intense. In the previous chapters, the ultrafast dynamics
in the quasi-2D model systems of ultrathin metal films of Pb/Si(111) (chapter 5)
and in the quasi-1D system of RTe3 (chapter 7) were studied. The investigation the
k-resolved electron dynamics of 4×1-In/Si(111) presented here, extends the study of
the dimensionality dependence of the hot electron dynamics further in the quasi-1D
regime.

The wealth of information that is obtainable with the pTOF technique is first ana-
lyzed in the spectral domain. Here, several different presentations of the photoelectron
distribution in the 2D band structure are discussed. For an extensive analysis of the
electron dynamics in the time domain, the transient spectral intensities are evaluated
in the accessible part of the Brillouin zone and summarized in energy- and k-resolved
maps of the hot electron lifetime. These obtained k-dependent lifetime maps al-
low the simultaneous analysis of the electron dynamics along any in-plane direction.
The analysis of the asymmetry in the lifetime maps regarding the scattering of hot
electrons parallel and perpendicular to the nanowires, however, could not resolve an
unambiguous asymmetry in the hot electron lifetimes in the vicinity of the Γ-point
and at binding energies essentially degenerate with the Si substrate. This result is
explained by the fact that the quasi-1D character of the 4×1-In/Si(111) band struc-
ture is most pronounced at the Brillouin zone boundary, whereas this investigation
was carried out at the zone center. Future investigations will focus on lower energies
and other regions of the Brillouin zone where the anisotropy of the band structure is
strongest and pronounced effects also on the hot electron lifetime can be expected,
see Fig. 6.2 and Fig. 6.3.
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6.1 Ground State Properties of 4×1-In/Si(111)

The 4×1-In/Si(111) reconstruction forms metallic nanowires that can be regarded
as a prototypical quasi-1D system since it exhibits a strongly anisotropic band dis-
persion depending on the in-plane orientation with respect to the nanowires. First
studies indicating quasi-1D bands in 4×1-In/Si(111) were performed with angle-
resolved photoemission spectroscopy (ARPES) [Abu95, Yeo99] and inverse photoe-
mission spectroscopy (IPES) [Hil97, Hil99]. The 4×1-In/Si(111) surface undergoes
a reversible phase transition at low temperatures that doubles the periodicity of the
surface reconstruction to 8×2 observed with scanning tunneling microscopy (STM)
[Par04, Lee06] that is accompanied by the opening of a bandgap at the Fermi Surface
(FS) as evidenced by ARPES data [Yeo99, Gal01, Yeo02, Ahn04, Cra06, Sun08].
This phase transition is assigned to a Peierls metal-to-insulator transition that is
driven by the nesting of the quasi-1D FS along the direction of the nanowires, see
chapter 2.2 for details on the Peierls mechanism. The phase transition in In/Si(111)
and the electronic ground state properties of the metallic nanowires were studied in-
tensely by numerous techniques such as reflectance anisotropy spectroscopy (RAS)
[Ped98, Fle04, Fle05], low energy electron diffraction (LEED) [Oef93, Sar97, Gal01,
Lee02, Lee06], STM [Kra97, Ryj01, Uch02, Kur05], reflection high-energy positron
diffraction (RHEPD) [Has07, Fuk08, Has08]. The In/Si(111) surface has also re-
ceived significant attention from theory [Cho01, Miw01, Nak01, Sri04, Cho05a, LL05,
Tsa05, Gon06, LL06, Rii06, Yeo06, Yag07].

Figure 6.1: Ball and stick model of the 4×1-In/Si(111) reconstruction after [Bun99]. (a) Top
view of the 4×1 reconstructed surface. Two zig-zag chains of In atoms run along [110] and
form the metallic nanowires. In the perpendicular direction [112] the In chains are separated
by a Si stripe. (b) Side view of the 4×1 surface. The in- and out-of-plane symmetry directions
are indicated.
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6.1. Ground State Properties of 4×1-In/Si(111)

Figure 6.2: Surface band structure of 4×1-In/Si(111) calculated within DFT. Shaded areas
indicate the projected bulk-band structure. Filled circles represent the ARPES data from
[Abu95]. The inset shows the surface Brillouin zone for the rectangular 4×1 unit cells with
the hexagonal 1×1 unit cell as a reference.

The detailed structure of the 4×1 and 8×2 phases and the microscopic correlation
of the real space and electronic structure in the course of the Periels transition are still
debated in literature [Bun99, Kum00, Gon06, Rii06, Yeo06, Fuk08]. Nevertheless, the
quasi-1D structure of the 4×1-In/Si(111) reconstruction was revealed by surface x-
ray diffraction (SXRD) [Bun99], which will be used in the following as the underlying
structure model for 4×1-In/Si(111). A ball and stick model of the 4×1-In/Si(111)
surface is shown in Fig. 6.1 as top and side view. The metallic chains are built from
two zig-zag rows of In atoms that run along [110]. In total the atomic chain is 4 In
atoms wide, corresponding to ∼ 7 Å, and each chains is separated by a Silicon strip
of ∼ 6 Å width from the other chains. The inter-chain separation amounts to ∼ 13 Å
[Bun99, Cho01, Miw01].

Turning to the electronic structure, the results of a density functional theory
(DFT) calculation [Cho01] are depicted in Fig. 6.2 along the high symmetry directions
parallel and perpendicular to the nanowires. The subbands S1 to S4 are derived
from In orbitals and form the FS in In/Si(111). As indicated by the 4×1 unit cell in
Fig. 6.2, the nanowires run along the Γ-X direction, which is reflected by the parabolic
dispersion of the bands. In the X-M direction perpendicular to the nanowires the
bands retain a more localized character with less dispersion.

Focusing on the results from ARPES, a photoemission intensity map at EF of the
nesting region in 4×1-In/Si(111) [Sun08] is shown in Fig.6.3. In accordance with the
calculated band structure in Fig. 6.2 and earlier ARPES studies [Yeo99, Gal01, Yeo02]
the FS is formed by three subbands, termed m1, m2, and m3 here. These subbands

187



6. Electron Dynamics in In/Si(111)

Figure 6.3: Photoemission intensity map of the quasi-1D FS in 4×1-In/Si(111). The sub-
bands m1, m2, and m3 exhibit an anisotropic dispersion: A nearly free electron dispersion
is encountered along the wires in ΓX-direction (ky), whereas the bands perpendicular to the
wires in ΓY direction (ky) remain localized with constant energy. Taken from [Sun08].

disperse strongly parallel to the direction of the atomic chains, Γ-X (ky) and remain
rather localized with a weak dispersion perpendicular to the wires Γ-Y (kx). Thus,
the band structure of 4×1-In/Si(111) resembles a parabolic trench that runs along
the ΓY direction and a slice of the band structure at constant energy results in a
quasi-1D rectangular FS.

Up to now, the electron dynamics in the 4×1-In/Si(111) reconstruction have not
been investigated directly in the time domain. However, there exists a very re-
cent electron energy loss spectroscopy (EELS) study, which claims non-Fermi liq-
uid theory (FLT) behavior of low energy plasmon excitations in 4×1-In/Si(111)
[Hwa07, Liu08]. Hwang et al. observed an anomaly of the scaling law of the plasmon
energy-momentum dispersion ω(q) in 4×1-In/Si(111) which can not be understood
on the basis of FLT. Although the quasi-1D electron system of 4×1-In/Si(111) does
not exhibit signs of a spin-charge separation expected for the so-called Luttinger liq-
uid [Lut61, Lut63, Med92, Voi95], the authors explain this anomaly with the nearly
perfect 1D band structure. The well-understood equilibrium band structure of 4×1-
In/Si(111) and the strongly anisotropic quasi-1D band dispersion that stems from the
linear structure of the self-assembling metallic chains qualifies 4×1-In/Si(111) as an
excellent candidate for anisotropic scattering rates of hot electrons.
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6.2 Experimental Details

The preparation of the 4×1-In/Si(111) reconstruction is similar to the preparation of
the Pb/Si(111)-(

√
3×
√

3)-R30◦ reconstruction described in chapter 3.3.1. In brief, the
n-doped Si substrate is flashed to 1470 K to obtain a clean surface. Immediately after
the flash, the temperature is quenched within a few seconds to ∼ 1200 K and then
slowly lowered to 970 K to obtain the 7×7-Si surface reconstruction. About 2 ML
In are evaporated from Knudsen cell onto the Si substrate at room temperature,
which then is annealed to ∼ 500 ◦C to form the 4×1-In/Si(111) reconstruction [Hil97,
Kra97, Hil99]. The annealing step is performed in front of the LEED optic to follow
the formation of the reconstruction in real time. All measurements of In/Si(111)
were performed at T = 300 K to avoid the formation of the 8×2 phase at lower
temperatures.

The finite spot size of the incident laser pulses requires the preparation of a single
domain 4×1-In/Si(111) reconstruction, which allows to address the electron dynamics
along specific high symmetry directions along and perpendicular to the nanowire
structure. To achieve a single domain surface reconstruction, the wafer samples are
cut with a slight misalignment of |α| < 4◦ with respect to the [111] surface normal.
A miscut toward the [112] direction generates steps in the Si substrate that run along
the perpendicular [110] direction. These steps in the substrate break the three-fold
symmetry of the Si(111) surface and predefine a direction for the growth of the In
nanowires. Please note that the 4×1-In/Si(111) reconstruction forms self-assembled
nanowires on flat terraces and does not decorate the step edges, as does Gold on
vicinal Si(111) surfaces [Seg99, Los01, SP04, Teg05, Rüg07].

In this context the three-fold symmetry of the Si(111) surface has to be observed
as this leads to two inequivalent miscuts. For a miscut angle α > 0 the direction
perpendicular to the steps is given by [112] and a single-domain 4×1-In/Si(111) re-

Figure 6.4: LEED images of 4×1-In/Si(111) with the hexagonal 1×1 Si unit cell (red) and the
4×1 reconstructed surface cell (green) in reciprocal space. (a) multi-domain 4×1 reconstruc-
tion obtained on a sample with miscut along [112]. (b) Single domain 4×1 reconstruction
prepared on a wafer with miscut along [112]. The inset shows a Si wafer with step rows
indicated by horizontal lines and the coordinate system used throughout the text.

189



6. Electron Dynamics in In/Si(111)

construction with single steps can be achieved by the quenching of the sample temper-
ature [Lin98]. In the case α < 0 the steps are perpendicular to the [112] direction and
tend to form triple steps [Lin98]. In Fig. 6.4 the consequence of the different miscut
directions for the 4×1-In/Si(111) reconstruction is illustrated by LEED images. The
image in Fig. 6.4(a) was obtained on a sample that was miscut in the [112] direction,
whereas the LEED image in Fig. 6.4(b) was taken from a sample with a miscut along
the [112] direction. Clearly, the miscut along [112] produces a multi domain recon-
struction, where all three symmetry directions of the Si(111) surface are present. In
contrast, the miscut along [112] yields a single domain reconstruction [Ste93] that is
well suited for photoemission studies [Hil97, Hil99, Gal01]. Therefore, the present
study was performed on Si(111) samples with a miscut of α = 3◦ toward the [112]
direction.

The preparation of the stepped Si(111) surface requires consideration of step mi-
gration and step bunching [Lat89, Gol91, Vie98, Yan96]. These processes are induced
by the current that passes the Si sample under direct current heating conditions.
Since step migration and step bunching can lead to undesired irregular step ensem-
bles, such processes are avoided by mounting the samples such that the [110] direction
along the wires is parallel to the direction of current flow. The homogeneity of the
LEED images over several mm ensured the presence of a well-ordered single domain
4×1-In/Si(111) reconstruction without significant step bunching.
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6.3 Time- and Angle-Resolved 2PPE

Before turning to the experimental results, the data acquisition and analysis for the
time- and angle-resolved 2PPE data set as presented in the following are discussed.
Such a time- and angle-resolved 2PPE study can be considered as 4-dimensional
spectroscopy that addresses the energy E, both in-plane electron momenta kx, ky and
the pump-probe delay t. The time- and angle-resolved 2PPE data set that is analyzed
in the following was recorded using the pTOF technique described in chapter 4. The
data set was acquired within 13 h and consists of 101 delay points with 172 individual
scans of each delay point. Including the data for the background subtraction due to
2PPE from the pump and probe pulses only, this results in 17544 separate list-mode-
files (lmfs) for the storage of the unprocessed raw data, see chapter 4.2. The raw data
in the lmfs occupied 35286 MByte on disk and comprised 2.6 · 108 individual events.
The analysis of the kinetic energy and the in-plane electron momenta as function of
pump-probe delay, which includes the advanced multihit reconstruction described in
chapter 4.2.3, used ∼ 8 h of CPU time on a 3 GHz workstation. The comprehensive
analysis of the electron dynamics presented in the form of lifetime maps additionally
required to perform ∼ 5 · 105 individual least square fits of the transient intensity for
each {E, kx, ky} bin, see Fig. 6.7.

First, the electronic structure at the Γ-point and the influence of the fs laser
irradiation is analyzed. Fig. 6.5(a) depicts monochromatic 2PPE spectra of 4×1-
In/Si(111) that have been acquired at a photon energy of hν = 4.210 eV in normal
emission at room temperature using the conventional electron time-of-flight (TOF)
spectrometer described in chapter 3.2.1. In this experiment, the incident ultraviolet
(UV) pulse energy was varied to monitor the shift of the spectra with fluence. Such a
measurement allows to verify flat-band conditions, in which the photoexcited carriers
compensate the adsorbate-induced band bending at the surface, compare to chapter
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Figure 6.5: (a) Monochromatic 2PPE spectra of 4×1-In/Si(111) for various pulse energies
as indicated. The high-energy cutoff stays at constant energy, whereas as the two peak
shift toward EF with increasing pulse energy. (b) The analysis of the peak shift reveals two
regimes.
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2.1.2 and 5.4.1. The peak shift of the two spectral features at E − EF ≈ 2.3 eV and
E − EF ≈ 3.6 eV (for 1.3 nJ pulse energy) is analyzed as a function of pulse energy
in Fig. 6.5(b). Here, two different regimes are noticeable. For pulse energies > 0.7 nJ
quasi-flat band conditions are reached, where the peak shift with increasing excitation
density is comparably small, although the peak continues to shift by ∼ 70 meV. Also,
the shift does not saturate at the highest investigated fluence. For lower pulse energies
of < 0.3 nJ the peak shift is very pronounced and amounts to ∼ 0.5 eV. This is about
half the energy of the global Si bandgap and thus presents a considerable shift of the
energy scales.

These observations are different to the case of Pb/Si(111), where the whole spec-
trum shifted rigidly, which could be qualitatively explained in a Schottky-Mott picture
of interfacial charge transfer, compare to Fig. 5.16. In the case of 4×1-In/Si(111),
only the discrete peaks change in energy, whereas the high-energy cutoff, indicating
a Fermi-Dirac distribution, stays at constant energy. Also, the low-energy cutoff at
the secondary edge exhibits a fluence dependent shift of ∼ 200 meV, which, however,
does not follow the shift of the peaks. Since these investigations have been carried
out at very low count rates of � 10 kHz, corresponding to a � 3% probability for
the emission of one electron per pulse, space charging effects can be ruled out. The
fluence dependent shift of the low-energy cutoff at the secondary edge introduces a
relatively large uncertainty of the work function in the order of ±300 meV. The un-
certainty of the work function also contributes to the error of the intermediate energy
scale E − EF .

The observed change of the energy references can be explained by the excitation
of free carriers in the Si substrate, resulting in a change of band bending that is
associated with the charge transfer across the In/Si interface. In this respect, the
underlying physical mechanism is comparable to the case of Pb/Si(111), see chapter
5.4.1. The qualitatively different behavior of the low- and high-energy cutoffs com-
pared to Pb/Si(111), however, requires a different explanation. In this respect, the
choice of n-doped Si wafers might not have been optimal. Recent reports on the flu-
ence dependent shift of the energy reference in Si(100) [Wei04, Wei05] indicate that
flat band conditions can be reached over a wide range of fluences using p-doped Si
wafers, as was the case for Pb/Si(111). In the case of n-doped Si wafers, significantly
different energy references can occur due to defect induced pinning at the surface.
Thus, n-doped Si wafers might induce a strong change of the energy reference under
the excitation conditions created by the amplified fs laser pulses since the In/n-Si
Schottky contact presents a barrier for electron transfer from the semiconductor to
the metal.

For the time-resolved studies, however, certain minimum count rates in the order
of kHz have to be achieved in order to record statistically significant data sets. This is
especially important for the operation of the pTOF spectrometer that distributes the
counts in a 3D variable space, see chapter 4. Thus, the energy reference in the time-
resolved experiments actually depends on the fluence and can introduce a significant
uncertainty regarding the transformation of the kinetic energy scale to a binding
energy scale E −EF , compare to chapter 3.2.3. As the analysis in Fig. 6.5 evidences,
this uncertainty can be as large as 0.5 eV. Nevertheless, the population decay of the
hot electrons can safely be studied using the pTOF concept since the time-of-flight,
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Figure 6.6: (a) Bichromatic 2PPE spectrum of 4×1-In/Si(111) at the Γ-point, i.e. at kx =
ky = 0. The inset depicts the spectrum on a logarithmic intensity scale. The horizontal color
bars indicate the energies at which the XC traces in (b) were integrated over. (b) The XC
traces of the electrons close to the low-energy cutoff at E − EF = 1.1 eV exhibit a shift of
the intensity maximum of ∆t with respect to the hot electron distribution at higher energies
of 1.7 eV. The latter may serve as measure for the zero pump-probe delay. Thus, the peak
shift ∆t indicates a finite lifetime of the electrons at E − EF < 1.6 eV.

which determines the kinetic energy and the in-plane momenta kx and ky, is not
affected by deviations of the energy reference. Only the interpretation of the energy
scales as binding energy has to proceed very carefully. Additionally, the time-resolved
data sets provide an independent way to reference the energy scales. As was discussed
in chapter 2.4.4, see Fig. 2.29, the correlated 2PPE signal exhibits a high-energy cutoff
that indicates the pump photon energy on the appropriate intermediate state energy
scale E −EF . Thus, the energy reference can be established by determination of the
cutoff energy, where the correlated 2PPE signal vanishes.

In Fig. 6.6(a) a bichromatic 2PPE spectrum at zero pump-probe delay is shown.
The spectrum was acquired on the 4×1-In/Si(111) surface at room temperature using
the pTOF spectrometer and cut out of the 3D data volume at the Γ-point. The inset
depicts a semi-logarithmic representation of the same data set. The energy scale
above the Fermi level E − EF was gauged by determining the cutoff energy where
the correlated signal vanishes. Then the energy scale was shifted such that the cutoff
energy coincides with the pump photon energy of hν1 = 1.850 eV on the intermediate
energy scale E−EF . The correlated 2PPE spectrum in Fig. 6.6(a) does not exhibit any
discrete peaks and resembles a hot electron distribution that decreases exponentially
with increasing excess energy. The small feature at E − EF = 1.9 eV is assigned to
2PPE from the UV probe pulse only.

Focusing on the dynamics of the hot electron population, cross correlation (XC)
traces are extracted at different energies by integration of the transient photoelectron
yield as function of pump-probe delay in the energy intervals marked by the horizontal
color bars in Fig 6.6(a). The resulting XC traces are shown in Fig 6.6(b) for two
representative energies. Identical to the approach followed for Pb/Si(111) in chapter
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6. Electron Dynamics in In/Si(111)

5.4, the pulse duration and the zero pump-probe delay are inferred from a XC traces
directly at the high-energy cutoff of the correlated 2PPE signal at E −EF = 1.8 eV.
The low intensity at this intermediate state energy introduces statistical noise, which,
however, does not hinder the evaluation of the XCs by fits of Gaussian functions,
indicated by solid lines.

Turning to the XC trace acquired at lower energies of E − EF = 1.20 eV, a shift
of the peak maximum by ∆t with respect to the zero pump-probe delay at t = 0 fs
is observed. This peak shift indicates a finite lifetime of the hot electrons at these
energies [Her96, Wol96, Wol97], compare also to Fig. 5.19. The pulse duration of
∼ 70 fs in this experiment does not allow to reliably extract the lifetime of the hot
electron distribution by fitting the XC traces with the response functions introduced
in chapter 2.4.6. Therefore, the peak shift ∆t of the XC traces with respect to the
zero pump-probe delay is evaluated by a fit of a Gaussian function. This peak shift
can serve as indicator of the hot electron lifetimes, however, it does not equal the hot
electron lifetimes. On the other hand, the evaluation of the peak shift ∆t avoids any
assumptions about the exact line shape of the XC traces, which requires knowledge
or hypothesis of the underlying microscopic scattering processes, and thus presents a
more robust method.

The enormous amount of information supplied by the pTOF spectrometer in the
form of 4D data volumes {E, kx, ky, t} has to be selected and presented according
to physical questions addressed. The evaluation of the 4D data sets is exemplified
in Fig. 6.7, which shows 2D slices in k-space at zero pump-probe delay. Selecting a
slice at constant in-plane momentum kx = 0 yields the 2PPE intensity distribution as
function of the perpendicular momentum ky and intermediate state energy E − EF
as shown on the left side of Fig. 6.7. Such a slice in the {E, k} plane is appropriate to
discuss the electronic structure and the electron dynamics along a certain direction. A
slice of the 2PPE intensity at constant energy in the {kx, ky}, as shown in Fig. 6.7 on
the right for E−EF = 1.20 eV and 1.25 eV, is better suited to address the asymmetry
of two perpendicular directions.

Although this slicing procedure reduces the data sets to 3D volumes, the tran-
sient evolution of the 2PPE intensity can only be examined in the form of animated
intensity maps. To allow a more intuitive access to the k-resolved electron dynamics
without the use of animations, the concept of a lifetime map is applied to the data
[Mat08]. Such a lifetime map1 is generated by extracting the transient intensity of
each data point of the {E, kx, ky} volume, as shown in the inset of Fig. 6.7, and deter-
mining the peak shift ∆t of the peak maximum of the XC trace with respect to time
zero. This procedure allows to visualize the electron dynamics along two axis in a
2D map of the peak shift distribution. Also, this procedure shifts the emphasis away
from the spectral intensities and focuses on the dynamics of the intensity distribution.

The results of this evaluation scheme for the angle- and time-resolved 2PPE data
obtained in 4×1-In/Si(111) is shown in Fig. 6.8 and Fig. 6.9. In Fig. 6.8 the photoe-
mission intensity as function of energy E −EF and the in-plane momenta kx (a) and
ky (b) is shown. Both slices are centered at the Γ-point. Please note that the data was

1Although the peak shift does not exactly equal the hot electron lifetimes, it is a very good
indicator for lifetimes that are significantly shorter than the pulse duration [Her97] as is the case
here. Thus, the term ”lifetime map” is used instead of ”peak shift map”.
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6.3. Time- and Angle-Resolved 2PPE

Figure 6.7: Different evaluation schemes in angle- and time-resolved 2PPE spectroscopy.
The 3D data volumes of {E, kx, ky} allow to select different 2D slices. Cuts at constant
energy yield the in-plane electron intensity distributions along kx and ky, which are shown
for E − EF = 1.20 eV and 1.25 eV at zero pump-probe delay. The left side depicts a
slice at constant kx = 0, which results in an intensity distribution along E and ky. The
photoelectron intensity in each data point of the respective slices is a transient quantity that
was determined for each delay point, see inset. According to this, the transient intensity
can be evaluated separately for each {E, kx, ky} point. This procedure yields, for example,
a value of the peak shift for each data point, which can be plotted in a lifetime map, see
Fig. 6.8 and Fig. 6.9.

not normalized in any way, compare to Fig. 4.16. In accordance with the spectrum
shown in Fig. 6.6, which was obtained at the Γ-point, the angle-resolved photoelectron
distribution is largely featureless and is ascribed to hot electrons rather than to well-
defined intermediate states such as the quantum well states in Pb/Si(111). Also, the
photoelectron distribution seems not decisively different for the ky direction, which
runs parallel to In nanowires, and the kx direction, which is oriented perpendicular
to the atomic chains.

Irrespective of this, the population dynamics of the hot electron distribution can
be evaluated in k-space to yield lifetime maps. Fig. 6.8(a’)/(b’) show the peaks shift
∆t for the same {E, k} slices as given in the panels (a) and (b). The peak shift ranges
from ∆t = 0 − 20 fs, where ∆t = 0 fs indicates a very short lifetime < 5 fs that
could not be resolved with the pulse duration of 70 fs employed in this experiment.
Comparing the peak shift at the Γ-point, i.e. at kx = ky = 0, with the peak shift
in off-normal emission, a noticeable longer lifetime of the hot electron population at
the Γ-point can be resolved. This is physically meaningful as inter- and intraband
scattering is expected to lead to shorter lifetimes at kx 6= 0 and ky 6= 0. Focusing
on a possible anisotropy of the peak shift with respect to the directions of the In
nanowires, the comparison of the panels (a’) and (b’) in Fig. 6.8 seems to suggest a
longer electron lifetime in the ky direction, i.e parallel to the nanowires.
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Figure 6.8: Color coded 2PPE intensity along the energy axis E − EF and both in-plane
momenta kx (a) and ky (b) at zero pump-probe delay. Both slices are centered at the Γ-
point. The peak shift as discussed in Fig. 6.6 was evaluated for each data point in the E, k
planes and is shown in (a’)/(b’) as a lifetime map.

To investigate this anisotropy in more detail, slices in the {kx, ky} plane at constant
energy are evaluated in lifetime maps shown in Fig. 6.9. Such cuts in the {kx, ky}
plane allow to address the asymmetry of the hot electron lifetimes with respect to the
high-symmetry directions of the 4×1-In/Si(111) surface most efficiently. The upper
panels (a) and (b) in Fig. 6.9 depict the 2PPE intensity in the {kx, ky} plane for zero
delay at constant energy of E − EF = 1.20 eV and 1.25 eV, respectively. The 2PPE
intensity is symmetrically centered around the Γ-point. The origin of the distortions
in off-normal emission are currently under investigation. Nevertheless, the transient
intensities can be evaluated to yield the lifetime maps at the same cut positions shown
in the lower panels (a’) and (b’) of Fig. 6.9. Consistent with the data shown in Fig. 6.8
the peak shift is largest in the vicinity of the Γ-point and reduces in the outer regions
of the accessible Brillouin zone. For the lifetime maps in Fig. 6.9 the assignment of
asymmetries to the hot electron lifetimes is not straight forward. For example, in
Fig. 6.9(b’) at kx = 20 · 10−3 Å−1, ky = 20 · 10−3 Å−1 a small peak shift is detected.
This is opposed to the position kx = −20 · 10−3 Å−1, ky = −20 · 10−3 Å−1, where a
large peak shift is observed. This diagonal alignment of the structures in the lifetime
map inhibits a direct assignment of the observed asymmetries to the high-symmetry
directions defined by the nanowires.
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Figure 6.9: Color coded 2PPE intensity for constant energy E − EF = 1.20 eV (a) and
1.25 eV (b) as function of the in-plane momenta kx and ky at zero pump-probe delay. The
cuts are centered at the Γ-point. The peak shift was evaluated for each data point in the
kx, ky planes and is shown in (a’)/(b’) in a corresponding lifetime map.

In order to implement a method for the systematic evaluation of the asymmetries
of the peak shift, which does not rely on the eye of the evaluator, four regions of
interest are defined as rectangular boxes in the {kx, ky} plane. This is shown in the
inset of Fig. 6.10. The k-boxes are oriented to integrate the peak shift2 parallel and
perpendicular to the nanowires in the outer regions of the accessible Brillouin zone.
The resulting peak shift in the four regions of interest was evaluated as function of the

2Please note that it is fundamentally different to apply this integration to the k-resolved 2PPE
intensity and then calculate the peak shift from an integrated XC trace as this puts the emphasis
on the spectral intensities. In contrast, the averaging of the peak shift employed here depends only
marginally on the spectral intensity.
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6. Electron Dynamics in In/Si(111)

Figure 6.10: To search for asymmetries of the k-resolved lifetimes four boxes are defined
at ±kx and ±ky in the outer regions of the accessible Brillouin zone. The peak shift (see
Fig. 6.8) in each box is integrated and plotted as dashed lines and markers. The asymmetry
along the different directions, however, vanishes when the averaged shift (solid lines) of the k-
boxes no. 1 and no. 3, and the k-boxes no. 2 and no. 4, respectively, along the high symmetry
directions of the 4×1-In/Si(111) surface is evaluated.

energy E − EF at which the {kx, ky} plane was extracted. The resulting integrated
peak shifts are depicted in Fig. 6.10 by markers and dashed lines.

This evaluation clearly reflects the asymmetries that are present in the lifetime
maps of Fig. 6.9. For example, k-box no. 1 samples a consistently smaller lifetime
than k-box no. 4. Comparing these perpendicularly aligned regions of interest no. 1
and no. 4 along ky and −kx, respectively, an asymmetry of the hot electron lifetime
becomes noticeable. The peak shift in box no. 1 in ky direction is in the range of
5 − 9 fs, whereas the peak shift integrated over box no. 4 in −kx direction increases
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6.3. Time- and Angle-Resolved 2PPE

with intermediate state energy E − EF from 7 to 16 fs. In the opposed quadrant
in the k-boxes no. 2 and no. 3 along kx and −ky, respectively, this observation is
reversed and the peak shift is small along kx and large along −ky. If the In nanowires
are indeed responsible for the observed asymmetries of the hot electron lifetimes it is
reasonable to expect that the sign of the in-plane direction should not influence the
lifetimes. Rather one might expect that only the alignment with respect to the wire
direction, i.e perpendicular or parallel to the atomic chains, affects the lifetimes. This
argument can be investigated by averaging the lifetimes observed in the k-boxes along
the high-symmetry directions |kx| and |ky|. The averaged peak shifts of the regions
of interest no. 1 and no. 3 along |ky|, and no. 2 and no. 4 along |kx|, respectively, are
shown as solid lions in Fig. 6.10. Within the error bars of the peak shift determination,
which amount to ±2 fs, all asymmetries are averaged out and the curves are almost
identical. Thus, it seems not reasonable to assign the asymmetries - that are clearly
observed in the lifetime maps - to the influence of the quasi-1D band structure of
4×1-In/Si(111).

These results suggest to focus future time- and angle-resolved 2PPE investigations
on (i) lower energies, where the global Si bandgap facilitates the electron confinement
which might lead to larger lifetimes, and (ii) on other regions of the Brillouin zone.
In the nesting region of the Peierls metal-to-insulator transition, see Fig. 6.3, the
band dispersion is more anisotropic than at the Γ-point and k-dependent anisotropies
of the hot electron lifetime might be resolved. Also, the relatively low photon en-
ergies compared to other experiments [Yeo99, Sun08] might make this study rather
sensitive to processes occurring in the Si substrate. Very recently conducted ARPES
investigations of the occupied band structure in 4×1-In/Si(111) at a photon energy of
hν = 6 eV are dominated by negatively dispersing Si bands below EF and point to a
relatively large bulk sensitivity. Finally, the 4 atoms wide structure of the nanowires
in 4×1-In/Si(111) has to be considered. Hence, an excited electron has to propagate
in average the distance of 2 atoms in the direction perpendicular to the nanowires
before it is affected by the linear structure of the chains. If the hot electron scattering
rates are very large the excited electron can decay before they have reached this limit
and can ”sample” the anisotropy of the band structure.
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6. Electron Dynamics in In/Si(111)

Conclusions

Summarizing, the quasi-1D model system of self-assembling metallic Indium nanowires
in 4×1-In/Si(111) was investigated with time-and angle-resolved 2PPE using the
pTOF technique that allows to simultaneously address the electron dynamics along
two perpendicular in-plane direction in the vicinity of the Γ-point. The transient
2PPE intensity is retrieved in the form of 4D data volumes that are spanned by the
energy E, both in-plane electron momenta kx, ky, and the pump probe delay t. These
4D data volumes are evaluated by determining the peak shift ∆t with respect to zero
pump-probe delay for each {E, kx, ky} data point, which yields energy- and k-resolved
lifetime maps. Near the Γ-point, the hot electron lifetimes in In/Si(111) amount to
4−17 fs at 1.1−1.5 eV above the Fermi level. The careful analysis of the lifetime dis-
tributions in the {kx, ky} plane centered at the Γ-point, however, does not indicate an
asymmetry of the hot electron lifetimes with respect to the high-symmetry directions
parallel and perpendicular to the nanowires. Thus, it is proposed to conduct future
investigations of the asymmetry of the hot electron dynamics in 4×1-In/Si(111) at
lower energies, where the hot electrons are confined in the global Si bandgap. Also the
study of other regions of the Brillouin zone might be promising since the anisotropy
of the band dispersion is more pronounced than at the Γ-point.
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7 Time- and Angle-resolved
Photoemission of TbTe3

Obtaining insight into microscopic cooperative effects is a fascinating topic in con-
densed matter research since through self-coordination and collectivity, they can lead
to instabilities with macroscopic impacts like phase transitions. Here, femtosecond
time- and angle-resolved photoemission spectroscopy (tr-ARPES) is used to optically
pump and probe TbTe3, an excellent model system to study these effects. The strong
infrared (IR) pump pulse drives a transient charge density wave (CDW) melting and
excites collective lattice vibrations in TbTe3, which are observes through their time-,
frequency-, and momentum-dependent influence on the electronic band structure.
Furthermore, the role of the observed collective vibration in the phase transition is
identified and documented in the time domain. The information that is accessible
with tr-ARPES will greatly enhance the understanding of all materials exhibiting
collective phenomena.

Emerging phenomena are a major theme in modern physics. For example, in
quantum matter, the emergence of order and collective modes associated with order
are key areas to gain knowledge on electronic correlations and collective behavior.
As model systems, CDW materials are among the well-established examples that
have had a major impact on our understanding of quantum many-body problems
[Grü94]. Recent efforts on RTe3 (R = Rare Earth element) have identified it to be a
quasi-1D model system to study Fermi Surface (FS) nesting driven CDW formation
[DiM95, Gwe98, Bro04, Mal05, Kim06, Ru06b, Fan07, Bro08, Ru08]. The study of
the electronic structure and FS of RTe3 via angle-resolved photoemission spectroscopy
(ARPES) has played a major role in developing the current knowledge [Gwe98, Bro04,
Bro08, Moo08].

However, conventional ARPES can only provide very limited information on the
collective excitations that are important to understand the nature of the many-body
state. Important many-body collective modes, such as the CDW amplitude mode
[Lit82], can only be detected e.g. by Raman spectroscopy [Soo81], which cannot be
directly linked to the CDW gap modulation - the defining signature of the mode
[Grü94]. tr-ARPES offers the capability to capture simultaneously the single particle
(frequency domain) and collective (time domain) information, thus making it possible
to directly probe the link between the collective modes and single particle states that
form the charge density wave.

This chapter reports on fs tr-ARPES of TbTe3
1. Absorption of IR fs laser pulses

generates electron-hole (e-h) pairs driving collective phonon modes and thereby allow-
ing an analysis of their impact on the electronic structure directly in the time domain.
The amplitude mode of the CDW state (see chapter 2.2.2) is identified through an in-
spection of time- and k-dependent modulations of the single-particle spectral function

1This work presents a collaboration with I. R. Fisher, Z. X. Shen and their coworkers from the
Stanford University. The sample preparation and characterization in Stanford were performed in
the group of I. R. Fisher. F. T. Schmitt from Shen’s group in Stanford designed the slanted sample
holder, mounted the samples, performed the ARPES study at the SSLR and evaluated the data.
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7. Time- and Angle-resolved Photoemission of TbTe3

A(ω,~k, t) in the CDW state. A is most susceptible to the excitation at the FS due to
a divergence of the Lindhard response function χ(~q) that was discussed in chapter 2.2.
For sufficiently high excitation densities, an ultrafast melting of the charge ordered
state is observed by closing of the CDW band gap through a transient recovery of
the ungapped electronic dispersion which otherwise can only be observed above the
CDW transition temperature.

202



Experimental Details

The angle-resolved photoemission spectroscopy (ARPES) experiments discussed in
the following were performed at two complementary setups of synchrotron- and laser-
based photoemission facilities, which are sketched in Fig. 7.1. Both ARPES ex-
periments are comprised of ultrahigh vacuum chambers that allow to cleave and
measure single crystals of TbTe3 in situ at pressures always around or better than
4 · 10−11 mbar, see chapter 3.2 and 3.3.2.

The high-resolution ARPES measurements were conducted at the Stanford Syn-
chrotron Radiation Laboratory (SSRL), beam line 5-4, in the same geometry and
conditions as described by Moore et al. [Moo08]. The incident light at 23 eV photon
energy was polarized in the plane that is formed by the incident light direction and
the analyzer axis, see Fig. 7.1(a). The light beam and the analyzer form a fixed 45◦

angle, and the crystal a-(c-) axis are in the same horizontal plane as the light beam,
as indicated by the green arrow in Fig. 7.1(a). The presented measurements were
taken with a Scienta R4000 analyzer with an angular resolution of 0.3◦ and an energy
resolution of ∼ 10 meV.

The fs time-resolved ARPES experiments were performed with the setup at the
Freie Universität Berlin, which is described in detail in chapter 3.1.1 and appendix E.
In brief, the sample is pumped by an intense IR pulse of 1.5 eV photon energy, a pulse
energy of 0.5 µJ and a pulse duration of 50 fs. The temporal evolution of the band
structure is subsequently probed by 6 eV ultraviolet (UV) pulses with a duration of
80 fs and a pulse energy < 50 pJ. The overall time resolution of pump and probe
pulses thus is given by 100 fs. Compared to conventional ARPES conducted typically
at hν = 20− 200 eV the photon energy of the fs UV laser pulses is with 6 eV rather
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Figure 7.1: To access the Fermi surface, photoelectrons in a particular angular range are
detected and analyzed by rotating the sample along the respective two indicated angles.
The light polarization is marked by the green arrows. (a) Schematic of the ARPES setup at
SSRL, Beam line 5-4 (top view) [Moo08]. (b) Scheme of the fs time-resolved ARPES setup
at the Freie Universität Berlin. The IR pump pulse excites the system and precedes the
UV probe pulse, which generates photoelectrons, by a defined time delay. The independent
variation of the angles α and Θ and the use of a 45◦ slanted sample posts allows to access
the whole Brillouin zone as discussed in Fig. 7.2.
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Figure 7.2: Scheme of the diamond-shaped FS of TbTe3 (solid lines) together with various
sample geometries (dots) in the tr-ARPES experiment, c.f. Fig. 2.18. The blue dots indicate
the change of the region of interest with the slanting angle of the sample post. For a fixed
slanting angle of 45◦, the independent variation of the sample post rotation angle α and the
manipulator angle Θ allows to access different locations (reddish dots) in the nesting region
of the FS of TbTe3.

small. Hence the accessible k-space region is limited, see chapter 2.4.3. To facilitate
access to the FS of TbTe3 a slanted sample holder was employed in the tr-ARPES
experiments, see chapter 3.3.2. As shown in Fig. 7.1 the slanting angle of 45◦ is
fixed, and the rotation of the sample post by an angle α and of the manipulator by
an angle Θ allowed to perform angle-resolved measurements along trajectories that
cross the FS. This is demonstrated in Fig. 7.2, where the diamond-shaped FS of
TbTe3 (solid lines), see chapter 2.2.3, is presented together with different tr-ARPES
geometries (dots). Keeping α = 0 and Θ = 0 and changing the slanting angle of the
sample post shifts the region of interest in the Brillouin zone away from the Γ-point
(blue dots). For a constant slanting angle of 45◦, the independent variation of α
and the manipulator angle Θ from −35◦ to +35◦ allows to access various positions
in the nesting region of the FS (reddish dots). The work function of TbTe3 was
determined from the low-energy cutoff and the photon energy to be 5.2 − 5.3 eV.
A variation of 100 meV was observed for different cleaves and different samples and
an average work function of Φ = 5.25 eV was assumed throughout this work. For
the angle-resolved detection, the difference of sample and spectrometer work function
was offset by applying a bias voltage from a battery box. All time-resolved ARPES
experiments were carried out well below the phase transition temperature TCDW at
T = 100 K unless stated otherwise.
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7.1. Equilibrium Bandstructure of TbTe3

7.1 Equilibrium Bandstructure of TbTe3

Before turning to the ultrafast, photo-induced CDW dynamics in TbTe3, the band
structure in thermal equilibrium is analyzed with ARPES at photon energies of 23 eV
and 6 eV for the ungapped metallic and the gapped CDW state. The coupled in-
stability of the electron and lattice system that can lead to CDW formation in low-
dimensional solids and the resulting band gap in the FS was discussed in chapter 2.2.
The prototypical CDW compound TbTe3 was introduced in chapter 2.2.3. In brief,
TbTe3 is a member of the RTe3 family of compounds that exhibit a FS nesting driven
CDW formation [DiM95, Mal05, Ru06b, Ru08, Moo08]. The band dispersion around
EF of the metallic state of RTe3 can be described well by a tight binding (TB) model
with weakly hybridized px- and pz-orbitals in the Te-plane, which, together with a√

2×
√

2-R45◦ reduction of the Brillouin zone due to the underlying RTe layer, leads
to its diamond-like shape [Gwe98, Lav05, Bro04, Bro08, Moo08].

In Fig. 7.3 ARPES measurements at photon energies of 23 eV and 6 eV are
compared for a temperature of 300 K and 100 K. As the transition temperature for
TbTe3 is TCDW = 335 K [Ru08], the CDW gap at 300 K is almost closed and the FS in
Fig. 7.3(a) exhibits the characteristic diamond-shaped topology that is well described
by the TB model, including the back-folded shadow bands. Fig. 7.3(a’) shows the
FS of TbTe3 for a temperature of 100 K, where the CDW gap extends throughout a
significant part of the Brillouin zone. The FS observed here for the metallic and the
charge ordered CDW state are in good agreement to previous ARPES studies on other
members of the RTe3 family [Bro04, Bro08]. The CDW gap is further analyzed by
spectral cuts as a function of energy E−EF through the Brillouin zone, as indicated
by red arcs in Fig. 7.3(a) and (a’).

The photoemission intensity maps in Fig. 7.3(b) and (b’) were extracted from
interpolation of the ARPES data taken at a photon energy of 23 eV. They show a
weakly dispersing p-like Te band at E − EF ≈ −0.45 eV and a p-like Te valence
band (VB). The Te VB disperses from E −EF ≈ −0.2 eV through EF above TCDW,
whereas it exhibits the CDW gap well below the phase transition temperature. As
was discussed in chapter 2.2.3, the Te VB is derived from the in-plane 5px- and 5pz-
orbitals, which can be reproduced well by a TB model. Since the Te bands form the
VB in RTe3 they will be abbreviated with VB in the following. The figures Fig. 7.3(c)
and (c’) show the same spectral cuts across the Brillouin zone as in (b)/(b’), but were
taken with the tr-ARPES setup using 6 eV fs laser probe pulses without optical
pumping. In general, both ARPES measurements agree well, although the lower
lying Te band exhibits some differences. Nevertheless, the dispersion of the Te VB
and the opening of the CDW gap below TCDW, is captured correctly by the ARPES
measurement at hν = 6 eV.

A priori, this good correspondence is not self-evident since the photoemission
signal might differ for both photon energies due to energy-dependent matrix elements
and a different escape depth of the photoelectrons, compare to chapter 2.4. The good
agreement of both experiments observed here, ensures that in tr-ARPES the same
position in the Brillouin zone is probed as in conventional ARPES. Thus, the temporal
evolution of the electronic band structure can be safely analyzed with tr-ARPES in
the following.
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Figure 7.3: ARPES measurements taken at 300 K (upper row) and 100 K (lower row).
The photoelectron intensity is encoded in a false color scale. (a)/(a’) The Fermi surface
(FS) maps along the in-plane directions kx and kz were obtained from ARPES of TbTe3 by
integrating an energy window of 20 meV centered at EF . Also plotted are the tight binding
model [Bro08] presented in chapter 2.2.3 (dotted lines), the back-folded shadow bands (thin
dotted lines), and the CDW nesting vector qCDW (white arrow) along the nesting direction
kz. (b)/(b’) The spectral cuts along the in-plane directions as indicated were extracted by
interpolation of the conventional ARPES data that have been measured at a photon energy
of 23 eV. In (b) the localized Te band and the Te-derived VB are indicated. The Fermi
energy and the Fermi wave vector are given by horizontal and vertical lines, respectively.
(c)/(c’) Identical spectral cuts using the tr-ARPES system at a probe photon energy of 6 eV.
The position of the spectral cuts shown in (b)/(b’) and (c)/(c’) is marked in the FS plots
(a)/(a’) with a red curve. In fact, the ARPES data obtained at a photon energy of 23 eV
and 6 eV, respectively, agree reasonably well.

For better orientation and to familiarize the reader with cuts through the FS
typically done with ARPES, the TB band structure of RTe3 and an example cut
is presented in Fig. 7.4(a) and (b). The figures 7.4(c) and (d) show schematically
the expected resulting electronic band structure in thermal equilibrium with (c) and
without (d) a CDW gap, i.e. below and above TCDW, respectively. Note that the
bands have been cut off at the Fermi energy EF in Fig. 7.4(a), and the resulting
diamond is identical with the one seen in the FS plot in Fig. 7.3(a).
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Figure 7.4: (a) Tight binding (TB) model of the VB (blue sheets) in RTe3, including shadow
bands (green sheets), plotted in dependence of kx, kz and binding energy E − EF . The
parameters for this calculation were taken from [Bro04]. An exemplary spectral cut in k-
space is indicated by the red plane. (b) Band dispersion along the spectral cut indicated in
(a). The black box marks the detail plots shown in panels (c) and (d). (c)/(d) Scheme of
the resulting band structure with (c) and without (d) a CDW bandgap [Grü94]. The Fermi
crossing of the electronic dispersion kF and the maximum gap location ∆CDW are marked.

7.2 Excitation of Collective Modes

In tr-ARPES, the CDW system is optically pumped with an IR laser pulse of 50 fs
pulse duration and 1.5 eV photon energy. Subsequently, the transient band structure
is probed after a variable delay by photoemission with an UV laser pulse of 80 fs du-
ration and 6 eV photon energy, resulting in an overall time resolution of 100 fs. Thus,
the time-dependent evolution of the electron occupation [Fan92, Lis04a, Bov07] and
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the transient single-particle spectral function is probed [Per06, Lou07]. Pump-probe
spectroscopy in general has contributed significantly to the understanding of non-
equilibrium states of condensed matter and remarkable achievements have been made
on ultrafast timescales. Regarding transitions from insulating to conducting states
[Cav04, Cho05b] and analysis of collective modes [Dem99], optical spectroscopy was
employed. To trace structural transitions, time-resolved diffraction techniques were
established [Fri07, Bau07, vKS07]. However, the correlation of electronic structure
and ionic motion is difficult to track by these methods as they are not sensitive to
the momentum dependence of the electronic band structure. Therefore, tr-ARPES
is used to probe the single particle spectral function A(ω, k) as well as to analyze
collective excitations simultaneously [Per06, Lou07].

The following presentation will focus on two different regimes for the intensity of
the perturbation of the CDW system. First, a relatively weak perturbation of the
CDW system is discussed, where the energy absorbed from the IR pump pulse is
insufficient to drive the system from the low-temperature CDW phase into a metallic
state. In these weakly perturbative experiments, a transient binding energy oscillation
of the Te-derived VB is observed, which is assigned to the collective excitation of
the CDW amplitude discussed in chapter 2.2.2. This assignment is based on the
characteristic fluence-, temperature- and k-dependence expected for the amplitude
mode. In a next step, the fluence of the IR pump pulse is increased so far that an
ultrafast breakdown of the charge ordered CDW state is observed by an closing of
the CDW gap. In this regime, the system is driven from the gapped CDW state to
an ungapped metallic state within ∼ 100 fs.

7.2.1 Excitation of the CDW Amplitude Mode

The discussion starts out with tr-ARPES data that was acquired at a low incident flu-
ence of F1 = 0.3 mJcm−1 in the 1.5 eV pump beam. In Fig. 7.5(a) the photoelectron
yield as function of energy E − EF and pump-probe delay t is given for a Brillouin
zone position directly at the Fermi vector kF (see Fig. 7.3)(a’) and a temperature of
100 K well below the CDW phase transition temperature of TCDW = 335 K [Ru08].
In Fig. 7.5(b), spectra before, at, and after the optical excitation are shown on a log-
arithmic intensity scale. Before the arrival of the pump pulse, the spectrum exhibits
two peaks from the Te band and the VB at E − EF = −0.50 eV and −0.25 eV,
respectively, and a sharp Fermi-Dirac distribution around EF . At zero time delay,
the optical excitation with the IR pulse generates a non-thermal electron distribution,
which is highlighted by the contour lines in panel (a), and populates an unoccupied
state, which is identified in panel (b) by a peak at E − EF = 0.15 eV. At t = 0 fs,
however, the optical pumping has only minor influence on the occupied states and also
the Fermi-Dirac distribution remains essentially unchanged around EF . The contin-
uous population of states above EF occurs through electron-electron (e-e) scattering
within the experimental time resolution of 100 fs, as under the excitation conditions
used, inelastic e-e scattering is known to be the dominant relaxation process within
the first few 100 fs [Fan92, Ret02, Lis04a, Bov07], see also chapter 5.5. These efficient
scattering processes ensure that effects of a coherent polarization are negligible and
indeed a transient electronic population is observed.
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Figure 7.5: (a) Photoelectron intensity in a false color plot as a function of energy E−EF and
pump-probe delay taken at kF , T = 100 K and at a low fluence of 0.3 mJ/cm2. The white
contour lines emphasize the hot electron distribution at higher energies. The Te band and
the Te derived VB are indicated. (b) Spectra from (a) for selected delays on a logarithmic
intensity scale. The peak at E−EF = 0.15 eV in the unoccupied part of the band structure
evidences the photo-doping at zero delay. (c) Transient binding energy of the Te band (blue)
and the VB (black). Analysis was done by fitting Lorentzian lines to the Te (blue) and
VB (black) states. For the VB, also the first statistical moment (i.e. center of mass) was
determined (bold), which basically coincide with the results from the Lorentzian line fit. The
dotted line describes where the Lorentzian is not capable to fit the line as satisfactorily as
for later delays (see Fig. 7.6).

The photo-doping of the electronic part of the CDW state is evidenced by the
discrete peak appearing at E − EF = 0.15 eV for zero pump-probe delay. As a con-
sequence the CDW amplitude is weakened as the electron redistribution changes the
screening and the electron-phonon (e-ph) coupling. Within 400 fs the hot electron
distribution has thermalized and the broadening of the Fermi-Dirac distribution in-
dicates a significantly enhanced electron temperature Tel � 100 K. In addition, the
VB shows a considerable shift of its spectral weight toward EF after pumping, which
reaches its maximum at 400 fs (blue line in Fig. 7.5(b)). In Fig. 7.5(c) the analy-
sis of the transient binding energies of the Te band and the VB is presented. The
detailed methodology of the binding energy analysis is discussed in the context of
Fig. 7.6. During the first ∼ 400 fs the excess energy that was deposited by the IR
pump pulse resides mainly in the electronic system, see also Fig. 5.32. Since Tel is
enhanced with respect to the lattice temperature at these delays, the transient shift
of the VB is attributed to the hot electron distribution [Per06, Lou07], compare to
chapter 5.5. Electrons and phonons subsequently equilibrate through e-ph scattering
within roughly 1 ps. At later delays, the analysis of the transient binding energy and
center of mass reveals an oscillatory behavior, see Fig. 7.5(c). The oscillatory changes
of the VB are well resolved and persist for several ps.

The evaluation of the oscillation frequency, which is detailed in the next para-
graph, results in a frequency of ΩVB = 2.3(5) THz. For the Te band, the changes are
much weaker and a Fourier transformation (see Fig. 7.6) yields a periodic contribution
at ΩTe = 3.6(5) THz. Thus, the VB is clearly more susceptible to the optical excita-
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7. Time- and Angle-resolved Photoemission of TbTe3

tion. Before turning to the underlying physical mechanism that drives the collective
oscillations in TbTe3 in section 7.2.2, the analysis of the transient spectra and the
extraction of the oscillation frequencies is presented.

Analysis of the Frequencies

In detail, the peak positions of both bands are analyzed by fits of two Lorentzian peaks
as shown in Fig.7.6(a). To avoid additional assumptions about the exact line shape
under these non-equilibrium conditions, also the first statistical moment, i.e. the
center of mass of the spectra, was evaluated. For delays between 0 fs and 500 fs after
pumping, the VB states are still too far out of equilibrium, which in turn results in
significant errors bars of the Lorentzian line fits for these delays. Therefore, the delays
between 0 fs and ∼ 500 fs after pumping are excluded from the frequency analysis.
The characteristic time of ∼ 500 fs is assumed to be the relevant timescale for the hot
electron distribution to relax via e-e scattering [Fan92, Ret02, Lis04a, Bov07]. The
lower-lying Te band is not pumped out of equilibrium appreciably, and the Lorentz
fits are describe the data well throughout the whole pump-probe delay range, as can
be seen in Fig. 7.6(a).

The oscillation frequencies of the Te band and the VB are evaluated by two differ-
ent methods. On the one hand, the characteristic frequencies can be determined by
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Figure 7.6: (a) Energy distribution curves (dots) for various pump-probe delays and a rep-
resentative low pump power of 0.35 mJcm−2. Included are fits of two Lorentzian peaks with
linear background (solid lines). The black box serves as a guide to the eye, indicating the
region in which the fit is not able to reproduce the data properly. (b) Parameters extracted
from the spectra in (a), as already shown in Fig. 7.5. The red curves are sine fits with poly-
nomial background. The Lorentzian peak position is plotted for the Te band (blue crosses)
and VB (black crosses). The solid blue and black lines are the data smoothed by a Gaussian
function of 90 fs FWHM. The constant oscillation period in the VB is indicated. (c) Fourier
transformations of the transient binding energies in (b). The peaks at ΩTe = 3.6(5) THz
and ΩVB = 2.3(5) THz in the Fourier spectrum of the Te band and the Te-derived VB,
respectively, are indicated by arrows.
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fitting a sine function to the transient binding energies as shown by the solid lines in
Fig. 7.6(b). For the case of a relatively low fluence discussed here, the approximation
of a single harmonic oscillation holds rather well. The vertical lines in Fig. 7.6 empha-
size the constant period of ∼ 480 fs of the binding energy oscillations in the VB. On
the other hand, the frequencies can be extracted from a Fourier transformation of the
transient energies, which is presented in Fig. 7.6(c). The fits of a sine model function,
however, presumes that there is only one dominant, harmonic oscillation. Also, the
criteria for determining the reliability of the sine fit is subject to the experimenter’s
view. For this reason, the frequency analysis was repeated by Fourier transforming
the Lorentz fit positions (first statistical moment) for the same delays > 500 fs and
plotting all the peaks found in Fourier space. An exemplary Fourier transformation
of the data is shown in Fig. 7.6(c). For a consistent description, the frequency of the
sine fit was discarded whenever the Fourier spectrum clearly showed more than one
frequency.

This redundant analysis was repeated several times with slight variations in the
methodology. Depending on the method of analysis, the frequencies scattered more or
less strongly by up to ±0.5 THz, since the total number of pump-probe delay points
that were sampled restricts the accuracy in Fourier space. However, the results of
two distinct frequencies at ΩTe = 3.6(5) THz and ΩVB = 2.3(5) THz, as presented in
Fig. 7.6(c), were robustly reproduced, regardless which way of analysis was used.

7.2.2 Assignment of the Frequencies

The hot electron distribution and the peak shift of the VB seen in Fig. 7.5 evidences
that the electronic part of the CDW decreases almost instantaneously due to photo-
doping, i.e. the optical e-h pair excitations. This, then, initiates a movement of
the ionic part of the CDW in order to compensate for the instantaneous change in
electronic screening. Since the pulse duration is shorter than the oscillation period,
a phase relation with respect to time zero is established [Dek00, Bov07]. When the
CDW amplitude is above its equilibrium value, the ions will be driven back by a steep
rise in the lattice strain energy. When the CDW amplitude is below, the steep loss of
the energy gained from electron-phonon interaction will drive them back. The ions
thus start to oscillate [Grü94]. This amplitude mode would then be excitable and
directly observable with the tr-ARPES technique. Based on the data presented so far
and those to follow, the 2.3 THz oscillation is attributed to the CDW amplitude mode.
The tr-ARPES data directly reveals that the amplitude mode oscillation indeed drives
the VB and thus causes the modulation of the CDW gap. Here, the modulation of
the lower edge of the CDW gap in the occupied part of the band structure is directly
monitored. For the upper edge of the CDW gap in the unoccupied band structure a
π phase-shifted binding energy oscillation would be expected.

To strengthen the evidence leading to the assignment of the CDW amplitude mode
to the oscillations of the VB, the fluence dependence of the frequencies observed in
the Te band and the VB is analyzed for 100 K and 300 K, e.g. in the normal metallic
state and the gapped CDW state. Fig. 7.7 summarizes these results and displays
the observed frequencies for both bands as a function of fluence F . All frequencies
in Fig. 7.7 were determined from a series of pump-power-dependent spectra taken
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Figure 7.7: Fluence dependence of frequencies of the collective modes for 300 K and 100 K
as a function of incident pump fluence. Circles represent the Te band, squares the VB. Solid
symbols indicate an energy variation, symbols with a center dot an amplitude, and those
with a center cross a line width variation. Frequencies have been determined after 500 fs.
Diamonds give the frequency of the first statistical moment discussed in the figures 7.8 and
7.9.

at the point in the Brillouin zone where the CDW band crosses EF in its normal
state, as shown in Fig. 7.5(a). Note that the pump-induced oscillations affect the
amplitude, line width and binding energy of the electronic states and thus presents
a manifestation of the modulation in the all parts of the spectral function A(ω, k),
which are the amplitude, and the real and imaginary part of the eigen-energy, see
chapter 2.4.

The data in Fig. 7.7 evidences that at T = 300 K, where the CDW gap in TbTe3

is almost closed, only the Te mode is observed and the ungapped VB exhibits no
oscillations because thermodynamic fluctuations are expected to hamper excitation
of the amplitude mode. The temperature dependence of the CDW amplitude is
shown in Fig. 2.15(b) and allows to excite the amplitude mode only for sufficiently
low temperatures T < TCDW. The absence of oscillations in the VB for T = 300 K
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Figure 7.8: (a) Photoelectron intensity as a function of energy and delay taken under identical
conditions as in Fig. 7.5, but a higher fluence of 2 mJ/cm2. (b) The spectra from (a) at
selected delays on a linear intensity scale exhibit a shifting and splitting of the VB peak. (c)
Transient binding energy of the Te band (blue) and the VB (black). The data was analyzed
by fitting a Lorentzian peak to the Te band (blue). The strong perturbation does not allow
to describe the VB peak with a Lorentzian (see Fig. 7.9) and therefore the first moment
was determined (bold). A background was subtracted from the first moment to make the
oscillations well visible (dashed).

again points to the 2.3 THz mode being the CDW amplitude mode. In contrast,
at T = 100 K - well below TCDW - two modes are identified for lower fluences of
F ≤ 1 mJ/cm2. Here, only the low frequency mode at 2.3 THz is observed in the
VB. Moreover, this frequency regime is typical for the CDW systems [Tra83]. Also,
recent Raman [Lav08] and time-dependent reflectivity [Yus08] studies come to the
conclusion that the 2.3 THz mode is intimately connected to the formation of the
CDW in RTe3. Interestingly, the presumed CDW amplitude mode is not observed for
higher pump fluences of F > 1 mJ/cm2. This fluence regime is investigated in detail
in next section, where evidence for an ultrafast melting of the frozen-in CDW phase
is presented.

7.2.3 Ultrafast Melting of the CDW State

This section discusses tr-ARPES data that has been taken at an increased IR pump
fluence of F2 = 2 mJ/cm2 and presents further evidence consistent with the assign-
ment of the CDW amplitude mode to the oscillations in the VB. Respective data
are shown in Fig. 7.8, which were acquired under the same experimental conditions
described in the context of Fig. 7.5, but for a higher fluence F2. Clearly, the impact
of oscillations on the electronic states has increased compared to the regime of lower
fluences shown in Fig. 7.5. Furthermore, the spectral function of the VB depends on
the oscillation phase as seen from spectra given in Fig. 7.8(b). For a delay of 160 fs
the VB peak is significantly broadened, whereas at 300 fs an additional splitting of
the line is observed. However, these spectra suggest not a simple shift and broadening
of the line, but a more complex transient state, that will be discussed in the following
in terms of a strong perturbation of the CDW state. In this fluence regime, the varia-
tions of the VB peak, as shown in Fig. 7.8(c), are analyzed by determining the center
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of mass, which accounts for the transfer of spectral weight and avoids assumptions of
particular spectral line profiles, see Fig. 7.9. Compared to the weakly perturbative
excitation presented in Fig. 7.5, the amplitude of the Te mode is increased, whereas
the VB mode has changed qualitatively.

Analysis of the Frequencies

As will be discussed in the next section 7.2.4, a strongly perturbative regime is entered
at high pump fluences of ≥ 1 mJ/cm2 and drives an ultrafast phase transition. In this
excitation regime, the system is not near equilibrium and the VB does not exhibit
a symmetrical, Lorentzian line shape after pumping, see Fig. 7.9(a). In contrast
to the case of a weak excitation presented in Fig. 7.6, the line shape of the VB
does not recover it until 2 − 3 ps pump-probe delay and leads to unreliable Lorentz
fits. Therefore, the first statistical moment of the spectrum in the region between
0.4 eV and 0 eV binding energy was computed. This quantity allows to extract
frequency information for these high pump powers, since it does not rely on any
model. The further frequency analysis proceeds with fits of sine functions and Fourier
transformations to extract the frequencies the same way as described in the context
of Fig. 7.6.
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Figure 7.9: Energy distribution curves (dots) for various pump-probe delays and a repre-
sentative high pump power of 2 mJ/cm−2. Included are fits of two Lorentzian peaks with
linear background (solid lines). The black box indicates the region in which the fit is not
able to describe the position of the VB properly. Thus, the first statistical moment was
determined for the VB. (b) Parameters extracted from the spectra in (a), as already shown
in Fig. 7.8. The red curves are sine fits with polynomial background. The Lorentz position of
the Te band (blue crosses) is plotted along with the data that was smoothed by a Gaussian
function of 90 fs FWHM. The change of the oscillation period of the VB within the first
1 ps is highlighted. (c) Fourier transformations of the transient binding energies in (b). The
peaks at 3.4(1) THz and 3.3(1) THz in the Fourier spectrum of the Te band and the VB,
respectively, are indicated by arrows.
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Focusing on the oscillations of the Te band, the oscillations are now well resolved
and the frequency analysis yields ΩTe = 3.6(1) THz, see Fig. 7.9(c). Recent results
from Raman spectroscopy on RTe3 [Lav08] indicate that this mode cannot be assigned
to one of the four Raman-active A1g modes predicted for the undistorted lattice. The
frequencies observed by Raman spectroscopy do not correspond to the 3.6 THz mode
observed in tr-ARPES. The modulation of the Te band probably results from the
new lattice periodicity superimposed by the CDW [Lav08]. The Te oscillation is
robustly present in all measurements, regardless of the position in the Brillouin zone,
the temperature, or the pump power. However, the Te mode decreases and eventually
vanishes with increasing temperature or pressure above TCDW [Lav08]. In this respect,
the Te mode is linked to the CDW through a change of the lattice periodicity, but
does not evidence the excitation of the amplitude mode of the CDW itself.

Turning to the VB mode in Fig. 7.9(b), its time evolution appears to be separated
into two regimes. The first two pronounced oscillations display a different periodicity
of 270 fs and 400 fs, respectively, which is indicated by vertical lines in Fig. 7.9(b).
For the first ps, no phase correlation of the modes of the Te band and the VB is
encountered. After 1 ps weak oscillations with a frequency of 3.6 THz appear, see
inset of Fig. 7.9(b). In contrast to earlier delays, these oscillations after 1 ps are phase
correlated, where the maxima in the VB oscillation tend to fall onto the minima of
the transient Te binding energy. To investigate the impact of the strong excitation
of e-h pairs on the CDW phase and the correlation of the oscillations of the Te band
and the VB, the next section extends the analysis of the transient spectra into the
CDW nesting region of the Brillouin zone.

7.2.4 Analysis in k-space

The tr-ARPES experiment provides an explicit link between the amplitude mode
and CDW gap modulation via a momentum dependent analysis: In a nesting-driven
CDW, the electrons are most susceptible to scattering by the CDW phonon wave
vector qCDW directly at the FS where the Lindhard response function χ(q) increases
rapidly upon approaching kF , see [Grü94] and chapter 2.2. Therefore, a modulation
in the CDW amplitude and thus a modulation of the order parameter of the CDW
phase transition, i.e. the gap magnitude ∆, is excepted to influence the electronic band
structure the strongest at or near kF . This k-dependence should be present no matter
if the system is perturbed weakly - i.e. the coherent amplitude mode oscillation is
excited - or strongly - resulting in the ultrafast melting of the CDW state, as discussed
in the following. In fact, tr-ARPES is able to provide this information.

Figure 7.10 (facing page): (a) Detail of the FS plot from Fig. 7.3(a’) with positions (white
circles) of time-resolved data shown in (b)-(d) and cut position (red line) of the photoelectron
intensity as a function of energy and position (e)-(j) for T = 100 K and F2 = 2 mJ/cm2. kF
is marked in (e)-(j) by red dots.
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In Fig. 7.10 such tr-ARPES data is presented. Fig. 7.10(a) defines the position
in the Brillouin zone where the time-resolved data sets of Fig. 7.10(b)-(d) have been
recorded under the conditions described in Fig. 7.8. As expected for the excitation of
a nesting-driven CDW the tr-ARPES data in Fig. 7.10(b)-(d) establish a pronounced
momentum dependent excitation of the electronic structure. While the VB energy
does not vary in the data set of Fig. 7.10(b), which was acquired away from the
FS, i.e. below kF , the largest change of the VB indeed occurs directly at kF , see
Fig. 7.10(d). The momentum dependence of the Te band oscillation, however, is
much less pronounced. This again corroborates the assignment of the VB mode to
the amplitude mode of the CDW in TbTe3.

In a next step, several tr-ARPES measurements at different positions in the Bril-
louin zone are combined to yield transient images of the band structure. This allows a
momentum specific analysis of the electronic excitation and the response of the lattice
in order to reveal the process of the ultrafast melting of the CDW state. Fig. 7.10(e)-
(j) shows the momentum dependent data for selected delays as indicated. Starting
out with the unperturbed equilibrium band structure for −220 fs, the same situation
as depicted in Fig. 7.3(c’) with the gapped CDW state is encountered. At a delay of
0 fs, where the leading edge of the IR pump pulse has already excited the electronic
system due to e-h pair creation, the CDW gap is still preserved and the flat dispersion
of the VB represents a localized state as prior to pumping. However, in the vicinity of
kF (red dots in Fig. 7.10(e)-(j)), an intensity increase at E−EF = 0.15 eV is encoun-
tered. This peak coincides with the unoccupied state as observed in Fig. 7.5(b) and
manifests an instantaneous photo-doping of the system, which drives the CDW ampli-
tude mode at low excitation densities and initiates the break down of the CDW phase
at higher fluences. At 100 fs when the pump pulse is already over and thus delayed
with respect to the excitation and the occurrence of the photo-doped state above EF ,
the CDW gap is closed and the dispersion of the VB resembles the quasi-free electron
dispersion known from spectra taken at 300 K, i.e. the ungapped metallic state, see
Fig. 7.3(c). For this reason, this excitation regime is termed ”strongly perturbative”
since the optical excitation results in an ultrafast melting of the charge ordered state.
Remarkably, the conduction electrons recover their wavelike nature within the first
100 fs. In fact, the VB forms a free-electron like band despite the intense excitation
and resulting intense scattering. Its dispersion can be followed well above EF due
to the photo-excited hot electron population. Moreover, the k-space cuts at later
delays evidence the oscillations throughout the whole band structure. Going from a
delay of 100 fs in Fig. 7.10(g) to 200 fs in Fig. 7.10(h) the hot electron intensity in
the delocalized VB clearly increases, which is attributed to the creation of secondary
e-h pairs in the vicinity of EF in the thermalization process of the non-equilibrium
electron distribution. Increasing the delay to 300 fs, as shown in Fig. 7.10(i), the
continuous dispersion of the delocalized VB exhibits a discontinuity close to kF , lead-
ing to the formation of a hot electron lobe in the unoccupied band structure. At a
delay of 460 fs, when the thermalization process due to e-e scattering has established
a defined electronic temperature and the hot electron distribution has relaxed toward
EF , the lobe has vanished again and the continuous dispersion in the VB is recovered.
These time-resolved cuts of the band structure manifest that the modulations in the
VB associated with the CDW state occur only at certain wave vectors in the CDW
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nesting region and affirm the assignment of the modulations to the CDW amplitude
mode.

The cuts of the transient band structure presented in Fig. 7.10(e)-(j) show the tr-
ARPES data only for selected delays. In addition, the animated movie file 2 features
all time frames of these cuts. This added information of the animated band structure
in TbTe3 showcase both the time-dependent closing of the CDW gap in the first
∼ 100 fs as well as the ensuing oscillatory behavior in a striking manner. The bar
to the right of the movie indicates the time difference between pump and probe laser
pulse. Each movie frame features a false color plot of photoelectron intensity as a
function of energy and Brillouin zone position, as indicated. The animation starts
at a negative pump-probe delay before the arrival of the pump pulse, and proceeds
toward increasing pump-probe delay in 20 fs time frames.

The animation in k-space allows to clearly identify a delay of the ultrafast melting
of the CDW phase with respect to the photo-doping of the unoccupied parts of the
band structure. The melting of the CDW phase is closely related to the mechanism
of the CDW formation: Due to a coupling between lattice vibrations to the electrons,
electronic energy is gained if a phonon with a wave vector qCDW freezes in the crystal.
This is because the phonon mode effectively nests two regions of the FS and presents
a macroscopically occupied phonon mode, which leads to a charge density modula-
tion. Upon cooling, this energy gain becomes larger than the energy loss from the
lattice deformation and the system undergoes a phase transition into the CDW state.
Because formation of the CDW requires freezing of a phonon, which is nothing else
than nuclear motion, the inverse process of melting cannot proceed faster than the re-
spective motion. Considering that photo-doping modifies the screened ion potential,
such that it sustains a delocalized state, the ion cores still have to propagate to the
potential minima in the presence of screening carriers, which explains the observed
delay in the CDW melting. This result provides a direct and vivid demonstration of
the electron-phonon interaction being the origin of the CDW formation.

This brings up the question whether the CDW phase transition is completed after
the first 100 fs. Returning to the discussion of the strong perturbation case with
F2 = 2 mJ/cm2 presented in Fig. 7.8 and Fig. 7.9 it was already mentioned earlier
that the temporal evolution of the bands can be divided into two regimes according
to the time delay. Between 1− 3 ps, when the melting of the CDW phase is complete
and the CDW amplitude mode - by definition - no longer exists, only the 3.6 THz
Te phonon oscillation is observed. This is most clearly seen in the blown up dashed
curve in Fig. 7.8(c) and Fig. 7.9(b) which exhibits a phase correlated oscillation of
the VB and the Te band at the same frequency. For delays < 1 ps, the situation
is more complex, as highlighted by the vertical lines in Fig. 7.9(b), which indicate
the changing oscillation frequency. The time duration between the first two maxima
is given by 280 fs, which corresponds to a frequency of 3.6 THz. Inspecting the
duration between the second and third maximum yields a period of 360 fs (2.8 THz)
and evidences a softening of the ion potential in the first 500 fs. At later times, the
initial oscillation of the VB fades away and a weak modulation due to the coherent
Te phonon is sampled in the VB.

2For the access to the supporting online material of reference [Sch08], which includes the k-space
animation, no subscription to Science.org or AAAS should be necessary.
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7.2. Excitation of Collective Modes

The mode associated with the oscillation of the VB is connected to the amplitude
mode, but is not the same. While the CDW gap is closed at 100 fs due to the optical
excitation of the electronic system, a transient ”steady-state” of the coupled electron
and lattice system outside the CDW phase has not been established yet. The ions
experience a force due to the ultrafast change of the potential and start to oscillate in
this new potential. At the same time the hot electron distribution relaxes the excess
energy via incoherent e-ph scattering with the lattice subsystem. Since the ions are
massive particles they cannot stop once excited and will continue to oscillate in the
transient potential. Thus, one may expect the system to oscillate between a localized
CDW state and a delocalized, molten CDW state in the course of the thermalization
process to the transient equilibrium observed beyond 1 ps. Such a coupled electron and
lattice dynamics goes beyond the Born-Oppenheimer approximation which assumes
that the motion of the light electrons can be separated from the motion of the massive
nuclei [Bor27].
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Conclusions

Summarizing, the CDW model system of TbTe3 was studied with fs time-resolved
ARPES. The temperature-, fluence- and k-dependent analysis of the transient band
structure in the CDW nesting region around kF reveals an oscillation of the Te-derived
VB, which is assigned the excitation of the amplitude mode of the CDW phase of
TbTe3. At the highest fluences investigated, the charge-ordered CDW melts within
100 fs, evidenced by the ultrafast closing of the CDW gap in the band structure at
kF and the transient recurrence of a nearly free electron dispersion.

The comprehensive analysis of the k-dependent coupled dynamics of the electron
and lattice system in the prototypical CDW compound TbTe3 has implications well
beyond the specific material that was studied. Conventional ARPES offers superior
energy and angle resolution and is able to detect the effect of collective modes in
the form of dispersion kinks or spectral dips [Dam03]. The interpretation of their
assignment and the impact on the low lying electronic structure, however, requires
sophisticated theoretical calculations that often can only be done in the context of a
particular model. tr-ARPES is still limited by the current technology in the accessi-
ble region of the Brillouin zone, and the energy-, and angle-resolution. Nevertheless,
tr-ARPES is able to directly probe the transient interplay between collective modes
and single particle states in theory-independent ways and thus is a valuable comple-
ment to conventional ARPES. Such tr-ARPES studies enable a direct access to the
band structures in k-space and the femtosecond time resolution allows to monitor the
elementary quasi-particle scattering processes occurring on an ultrafast time scale.
The ability to simultaneously obtain single-particle information in the spectral do-
main and information about the collective excitations in the time-domain facilitates
the understanding of such important phenomena as e-e correlation.

The insight gained here into the correlation of the electronic spectral function
and collective modes establishes femtosecond time-resolved ARPES as a valuable tool
for the study of many-particle and correlated electron physics. Specifically, the direct
observation of collective modes via their interaction with the electronic band structure
opens up the opportunity to gain insights on the central question of the quantum many
body problem: the interplay between collective and individual properties.
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8 Conclusions and Outlook
The present thesis investigated the ultrafast electron dynamics in low-dimensional
materials. In such low-dimensional materials the confinement of the electronic wave
functions to 2D and 1D can lead to quantum size effects (QSEs) that are important
for the understanding of the macroscopic physical properties. Moreover, the electron
confinement can lead to many-body phenomena, where electron-electron correlation
and coupling to other quasi-particles such as phonons can result in the formation of
broken-symmetry ground states like charge density wave (CDW) or superconduct-
ing phases. These fundamental questions are addressed with the investigation of
well-defined quasi-2D and quasi-1D model systems such as ultrathin epitaxial metal
films and a prototypical CDW compound using femtosecond time- and angle-resolved
photoemission spectroscopy (PES) techniques.

Summarizing, the binding energies of the quasi-2D quantum well states (QWSs)
in Pb/Si(111) are generally well-described by a model of a free-standing Pb slab. De-
viations occur at low coverages for the unoccupied QWSs, which can be attributed to
the influence of the substrate. The lifetime of the unoccupied QWSs due to inelastic
electron-electron (e-e) scattering amounts to 5− 140 fs and is governed by 3D Fermi
liquid theory. Additional decay processes observed on longer timescales with decay
times of 90− 900 fs are attributed to the decay of hot carriers in the Si substrate due
to hot electron scattering from Si into the Pb film. The strong thickness dependence
of the quantized binding energies induces a 2 ML oscillation of the lifetimes by a
modulation of the phase space. Moreover, the quantitative analysis of the transient
populations requires to account for the quantization of the electronic system since
the simultaneous population decay and build-up in the two adjacent subbands favors
inter-subband scattering from the higher lying to the lower lying state. Time-resolved
PES studies of the occupied QWSs in Pb/Si(111) revealed a transient binding energy
stabilization occurring within the pulse duration of 100 fs. The intense optical ex-
citation decreases the electronic screening of the ion cores quasi-instantaneously and
results in an increase of the ion potential. Superimposed on the binding energy shift
is a periodic modulation at a frequency of 2.2 THz that is attributed to the excitation
of a coherent phonon mode in the [111] film direction. These results highlight the
collective excitations of the phononic and electronic system, which are coupled by
electron-phonon interaction.

The hot electron lifetimes in quasi-1D self-assembling metallic nanowires in 4×1-
In/Si(111) were investigated with a novel position-sensitive electron time-of-flight
(pTOF) technique that was developed in this work for efficient angle-resolved PES
studies of low-dimensional materials with anisotropic band structure. The hot electron
lifetimes in In/Si(111) amount to 4 − 17 fs at ∼ 1 eV above the Fermi level. The
energy- and momentum-dependent analysis of the lifetimes in the vicinity of the Γ-
point, however, does not reveal an unambiguous anisotropy of the lifetimes that is
correlated to the high-symmetry directions defined by the nanowires. This finding
suggests to conduct future time- and angle-resolved investigations at lower energy in
the substrate bandgap and in other parts of the Brillouin zone, where the anisotropy
of the bands is more pronounced.
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The collective excitations of electrons and phonons in the prototypical quasi-1D
CDW compound of TbTe3 and their k-dependence have been investigated with time-
and angle-resolved PES. At moderate excitation densities, the valence band in the
nesting region of the CDW reveals a coherent oscillation, which is observed exclusively
for temperatures below the phase transition and in the nesting region of the CDW
phase, i.e. where the Lindhard response function is largest. Hence, this mode is
assigned to the coherent excitation of the amplitude mode of the CDW phase. High
excitation densities lead to an ultrafast melting of the frozen-in CDW phase within
100 fs that was observed by a closing of the bandgap and a transient recurrence
of the free electron-like dispersion of the bands around the Fermi level. This work
presents the first time- and k-dependent study of the electronic structure in a solid
and establishes this technique as a promising, novel tool for the study of correlation
effects in condensed matter.

Future time-resolved investigations of the hot electron dynamics in the QWSs
of Pb/Si(111) will focus on temperature- and angle-dependent studies of (i) intra- and
intra-subband scattering in the quantized band structure and (ii) the contribution of
electron-phonon coupling to the decay processes. In general, this work shows that
the influence of the substrate due to transport can be minimized by the electron
confinement in a global bandgap. This suggests to extend the time-resolved investi-
gations to wide-bandgap QWS systems like Pb/SiC(0001). The bandgap of single-
crystalline graphite on silicon carbide extends several eV above and below the Fermi
level [For98, Emt06] and thus provides a very high degree of electron confinement,
resulting in strongly decoupled quasi-freestanding metal films that are well-suited for
PES [Dil07].

Time- and angle-resolved PES offers fascinating possibilities for the study of highly
correlated materials. Specifically, temperature dependent studies and a systematic
variation of the Lanthanide substituent R in the RTe3 compounds might contribute
to a precise microscopic understanding of the collective excitations in this prototypi-
cal CDW system. More generally, conventional and unconventional superconductors
like Cuprates [Dam03] or Pnictides [Nor08] could be promising candidates to trig-
ger a coupled electron and lattice dynamics that enables the study of the collective
phenomena of superconductivity in the time domain.

Future experimental developments could include the implementation of an
effectively larger acceptance angle in the pTOF spectrometer by applying electric
extraction fields that accelerate and focus the photoelectrons toward the center of
the detector [Hat04, Hat08]. For such an experimental scheme Hengstberger et al.
[Hen08] employed an analytical method to retrieve the kinetic electron energy as
well as the in-plane momentum. This procedure can be implemented into the pTOF
concept and could refine the pTOF spectrometer to become an even more versatile
tool. With respect to the analysis of the electron dynamics in 4×1-In/Si(111) in
the form of energy and k-resolved lifetime maps, one might envision the extension
of this concept to determine more complex quantities than the hot electron lifetime.
This could be, for example, the extraction of an amplitude and frequency map in k-
space for coherently excited phonons. The analysis of the k-dependence of the CDW
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amplitude mode in TbTe3 proves the demand for an angle-resolved analysis of the
collective electron and lattice dynamics. Since the magnitude of the amplitude mode
depends on the divergence of the Lindhard response at the Fermi vector, one might
even speculate to extract the k-resolved Lindhard response function [Joh08] from the
aspired coherent phonon amplitude maps in k-space.
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A Abbreviations
1D one dimension
2D two dimensions
3D three dimensions
2PPE two-photon photoemission
2TM two temperature model
AC auto correlation
ARPES angle-resolved photoemission spectroscopy
BBO β-barium-borate
BCS Bardeen-Cooper-Schrieffer
CB conduction band
CBE conduction band edge
CCD charge coupled devices
CDW charge density wave
CFD constant-fraction-discriminator
CI consistency indicator

CPA chirped pulse amplification
cw continuous wave
DECP displacive excitation of coherent phonons
DFG difference frequency generation
DFT density functional theory
DOS density of states
e-e electron-electron
EELS electron energy loss spectroscopy
e-h electron-hole
e-ph electron-phonon
IECP impulsive excitation of coherent phonons
IR infrared
IR-OPA infrared optical parametric amplifier
FLT Fermi liquid theory
FS Fermi Surface
FWHM full width at half maximum
GVD group velocity dispersion
hoQWS highest occupied quantum well state
IPS image potential state
IPES inverse photoemission spectroscopy
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A. Abbreviations

LEED low energy electron diffraction
lmf list-mode-file
luQWS lowest unoccupied quantum well state
MCP micro channel plate
ML monolayer
NFE nearly free electron gas
NIM nuclear instrumentation module
OPA optical parametric amplifier
PES photoemission spectroscopy
PID proportional integral differential
QMS quadrupole mass spectrometer
QSE quantum size effect
QWR quantum well resonance
QWS quantum well state
pTOF position-sensitive electron time-of-flight
RAS reflectance anisotropy spectroscopy
RegA regenerative amplifier
RHEED reflection high energy electron diffraction
rms root-mean-square
SFG sum frequency generation
SHG second harmonic generation
S/N signal-to-noise
SPV surface photo voltage
STM scanning tunneling microscopy
STS scanning tunneling spectroscopy
SXRD surface x-ray diffraction
TB tight binding
TDC time-to-digital converter
TOF electron time-of-flight
tr-ARPES time- and angle-resolved photoemission spectroscopy
UHV ultrahigh vacuum
UV ultraviolet
VB valence band
VBE valence band edge
VIS visible
VIS-OPA visible optical parametric amplifier
XC cross correlation
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B Free Electron Gas
The Fermi wave vector kF and the Fermi energy EF are determined by the filling
of k-space with electrons and thus ultimately depend on the dimensionality d and
the respective electron density n(d). This chapter summarizes the results of the free
electron approximation.

Eigen-Energies

Starting point is the time-independent Schrödinger equation for a set of non-interacting
electrons with eigen-energies E:

(B.1) − ~2

2m
∆~rΨ(~r) = EΨ(~r) .

The solutions of the Schrödinger equation for a quasi-free particle are plane waves Ψ,
which are normalized to a finite volume V = Ld with the length L and d dimensions
of the crystal under consideration:

(B.2) Ψ(~r) =
1√
V

exp (−i~k · ~r) and eigen-energies E =
~2

2m
~k2 .

With cyclic Born-von Karman boundary conditions in 3 dimensions

(B.3) Ψ(~r + L{m1,m2,m3}) = Ψ(~r) for mi ∈ Z

one finds quantized wave vectors ~k with the maximum wave vector ~kmax

(B.4) ki =
2πmi

L
for |2mi| < Nτ ⇒ kmax =

π

a

where a = L/Nτ is the lattice constant of a simple cubic lattice.

Density of States in k-space

The k-space volume per point in d dimensions is reciprocal to the number of allowed
k-states per unit volume in k-space:

(B.5)
(

2π
L

)d
⇒ n

(d)
k =

(
L

2π

)d
.

Fermi energy EF and Density of States

The energy levels are filled up to the Fermi level according to the Pauli principle

(B.6) EF =
~2k2

F

2m
.
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B. Free Electron Gas

A solid with Nk k-states has 2Nk electronic states N due to the twofold degeneracy
of the electron spin: N = 2Nk. For a large number of electronic states the volume of
state space Ω(d) can be approximated by a sphere of dimension d:

(B.7) N = 2 Ω(d) n
(d)
k .

From this relation, the Fermi wave vector kF is calculated. The dimension-less elec-
tron density parameter rs is also given as it is used frequently throughout the theo-
retical literature. n(d) is given by the number of valence electrons per primitive unit
cell of dimension d.

1 dimension

N = 2 2kF
L

2π
with n(1) =

N

L
⇒ kF =

π

2
n(1)

rsa0 =
1
n(1)

⇒ rs =
1
a0

1
n(1)

(B.8)

2 dimensions

N = 2πk2
F

L2

4π2
with n(2) =

N

L2
⇒ kF = (2πn(2))

1
2

π(rsa0)2 =
1
n(2)

⇒ rs =
1
a0

(
1

πn(2)

)1/2
(B.9)

3 dimensions

N = 2
4πk3

F

3
L3

8π3
with n(3) =

N

L3
⇒ kF = (3π2n(3))

1
3

4π(rs a0)3

3
=

1
n(3)

⇒ rs =
1
a0

(
3

4πn(3)

)1/3
(B.10)

Density of States in the Energy Domain

The density of states (DOS) in energy space of d dimensions g(d)(E) is derived using:

(B.11) g(d)(E) =
∂n(d)(E)
∂E

.
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In the case T = 0, as discussed here, the ground state distribution function is given
by a step function

(B.12) f (0)(E) =
{

0 for E > EF
1 for E < EF

The DOS g(d)(E) may be used to rewrite integrals from k- to E-space:

(B.13)
∫

(d)

dk3

4π
F
(
E(~k)

)
=
∫
dE f(E) g(d)(E)F (E) .

1 dimension

n(1) =
N

L
=

2 k
π

=
2
π

(
2mE

~2

) 1
2

⇒ g(1) =
2
π

(
2m
~2

) 1
2

E−
1
2

(B.14)

2 dimensions

n(2) =
N

F
=
k2

2π
=
mE

π~2

⇒ g(2) =
m

π~2
= const

(B.15)

3 dimensions

n(3) =
N

V
=

k3

3π2
=

1
3π2

(
2mE

~2

) 3
2

⇒ g(3) =
1

3π2

(
2m
~2

) 3
2 √

E =
3
2
n(3)

EF

√
E

Ef

(B.16)
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C Landau Theory of Fermi Liquids
This chapter summarizes the results of the Landau theory of Fermi liquids for the
inelastic electron-electron (e-e) scattering rate Γe-e = 1/τe-e. The general description
follows [Pin66, Giu05], whereas the explicit derivation of the scattering rate in 2D
is taken from [Qia05, Qia06]. Finally, a short abstract of an ab-initio approach, the
GW -approximation [Chu06a], for the calculation of Γe-e is presented.

Figure C.1: Electron-electron scattering with direct (solid arrows) and exchange (dashed
arrows) contribution.

The total inelastic scattering rate Γe-e has a direct contribution and an indirect
”exchange” contribution as sketched in Fig. C.1.

(C.1) Γe-e =
1
τe-e

=
1
τd

+
1
τex

The direct term describes a hot electron ~k1, which scatters with a cold electron ~k2 in
the Fermi sea due to the screened Coulomb interaction W . This creates two quasi-
particles ~k1

′
and ~k2

′
, and a quasi-hole ~k2 (solid arrows). An alternative pathway that

leads to the same final state configuration is the ”exchange” scattering (dashed ar-
rows). In the following, it will be shown that in 3D only the direct term contributes
to Γe-e, whereas in 2D also the ”exchange” term has to be considered. Explicitly, the
direct and the ”exchange” scattering rates are given by two Golden-rule-like expres-
sions

1
τd

= 2π
∑
~k2,~q

∑
σ′

W 2(~q)nk2,σ′
[
1− nk′1,σ

] [
1− nk′2,σ′

]
× δ

(
ξ1,σ − ξ2′,σ + ξ2,σ′ − ξ2′,σ′

)(C.2)
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and

1
τex

= −2π
∑
~k,~q

W ( ~k1 − ~k2 + ~q)W (~q)nk2,σ
[
1− nk1,σ

] [
1− nk2,σ

]
× δ

(
ξ1,σ − ξ2′,σ + ξ2,σ − ξ2′,σ

)
.

(C.3)

The second order perturbation approach is reflected in the quadratic dependence on
the interaction potential W 2. The conservation of energy and momentum is ensured
by the δ functions. The transfered momentum is given with ~q = ~k1 − ~k2 = ~k1

′
− ~k2

′
.

The energy transfered in the scattering event is Eq = ~2q2/(2m) and ξi,σ = E1−EF =
~2k2

i,σ/(2m)−EF is the excess energy of the exited electron ~k1. The structure of (C.2)
and (C.3) shows that the direct and ”exchange” contribution tend to cancel each other.

The screened Coulomb interactionW is given by the Thomas-Fermi approximation
with screening wave vector ks

(C.4) W (q) =


4π e20
q2+k2

s
3D with ks =

√
4kF

a0

2π e20√
q2+k2

s

2D with ks = 2
a0

Not only the screening vector ks depends on the dimensionality, but also the
structure of the interaction potential W (q). This fact determines the dependence of
the scattering rates on the electron density n and is the reason for the different scaling
laws with respect to ξ. In 3D, the inelastic scattering rate scales with ξ2, whereas
the calculation of the 2D case results in ξ2 ln ξ−1. This logarithmic correction can be
understood as direct consequence of W (q) in two dimensions.

3 Dimensional Electron Liquid

The result for the inelastic e-e scattering rate in 3D calculated in the random phase
approximation (RPA) is given by

(C.5) Γ(3D)
e-e =

1

τ
(3D)
e-e

=
2
√

2m3
ee

4
0

π(4πε0)2~7kF k3
s

π2k2
BT

2 + ξ2

1 + e−ξ/kBT
F (3D)(λ) .

The Fermi energy EF and the Fermi vector kF in 3D are determined by the electron
density, see appendix B,

(C.6) EF =
~2k2

F

2me
with kF = (3π2n)1/3 ,

where n = n(3D) is the 3D electron density. The Thomas-Fermi screening vector in
3D is given with

(C.7) ks = k
(3D)
TF =

(
3e2

0n

ε0EF

)1/2

=

(
2 31/3e02me

π4/3ε0~2

)1/2

n1/6 and λ =
2kF
ks
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Figure C.2: Electron-electron scattering in
3D with direct (solid arrows) and exchange
(dashed arrows) contribution. In 3D, only the
direct term contributes to Γe-e and the scatter-
ing partners ~k1 and ~k1 are separated by 2kF
in phase space.

gives the ratio of Fermi to Thomas-Fermi vector. The F (λ) function depends on
the electron density via λ and summarizes the contributions for direct and indirect
processes

(C.8) F (3D)(λ) =
λ

λ2 + 1
+ tan−1 λ︸ ︷︷ ︸

direct

− 1√
λ2 + 2

[
π

2
− tan−1

(
1
λ

1√
λ2 + 2

)]
︸ ︷︷ ︸

exchange

For the case of high electron densities rs → 0 (λ → ∞), which implies strong
screening and justifies the weak coupling approximation a posteriori, the F (λ) func-
tion becomes:

(C.9) lim
λ→∞

F (3D)(λ) =
π

2
,

which is determined only by the direct term (C.8). A typical scattering event in 3D
is sketched in Fig. C.2 and involves two scattering partners that are separated by
2kF . Only the direct term (solid arrows) contributes to the leading order of Γe-e.
Thus, in the limit of high electron densities, the exchange term can be neglected in
3D. For the experiments under discussion, the approximation of low temperatures
kBT � ξ � EF is well justified and leads to the famous result of Quinn and Ferrel
[Qui58] with the n−5/6 ξ2 scaling law

Γ(3D)
e-e =

1

τ
(3D)
e-e

=
√

2m3
ee

4
0

π(4πε0)2~7kF k3
s

ξ2 =
e0m

3/2
e

32 35/6π2/3ε
1/2
0 ~4︸ ︷︷ ︸

a(3D)

n−5/6 ξ2

(C.10)

Evaluating the constant prefactor a(3D) and converting the decay rate to the in-
elastic e-e lifetime yields τe-e, the expression that is compared to the two-photon
photoemission (2PPE) data in chapter 5.4

(C.11) τ
(3D)
e-e [fs] = 499.164 n5/6

[1030m−3] ξ
−2
[eV 2]
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2 Dimensional Electron Liquid

The result for the inelastic e-e scattering rate in 2D for the case of low temperatures
kBT � ξ � EF is given by:

(C.12) Γ(2D)
e-e =

1

τ
(2D)
e-e

=
1

4π~EF
ξ2 ln

(
2EF
ξ

)
F (2D)

The logarithmic correction to the ξ2 scaling law in 3D was first derived by Chaplik
[Cha71]. The Fermi energy and the Fermi vector in 2D are given by

(C.13) EF =
~2k2

F

2me
=
π~2 n

me
with kF = (2πn)1/2 ,

where n = n(2D) denotes the 2D electron density. The F -function summarizes the
contributions from direct and ”exchange” scattering

(C.14) F (2D) = 4W
2
(0) + 2W

2
(2kF )︸ ︷︷ ︸

direct

−W 2
(0) + 2W (0)W (2kF )︸ ︷︷ ︸

exchange

,

where W is the normalized [Qia06] screened Coulomb interaction in 2D. Evaluating
the F -function for the limiting case of high electron densities rs → 0, respectively a
week e-e coupling, yields

(C.15) lim
rs→0

F (2D) = 1− 1
4

=
3
4

.

The first term indicates the direct fraction and the second term the ”exchange” frac-
tion. The ”exchange” term changes the absolute numerical result by 25% due to the
properties of the 2D phase space and the screened Coulomb interaction. This fact
demands more complicated calculations with explicit consideration of both contri-
butions, which, however, has lead to different results for the absolute value of the
prefactor a(2D) in the theoretical literature [Cha71, Giu82, Qia05, Giu05]. For the
comparison with experimental data, this work relies on the recent theoretical study
of Qian et al. [Qia06, Giu05].

Figure C.3: Electron-electron scatter-
ing in 2D with direct (solid arrows)
and exchange (dashed arrows) contri-
bution. In 2D, also the ”exchange”
term contributes to Γe-e and the scat-
tering partners ~k1 and ~k1 are much
closer than 2kF in phase space.
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A typical e-e scattering process in 2D is indicated in Fig. C.3 and involves col-
lisions that are close in phase space. This is in contrast to the 3D case, where the
scattering partners are well separated in phase space and the ”exchange” term does
not contribute. The final result for the e-e scattering rate in 2D in the high-density
low-temperature limit is:

(C.16) Γ(2D)
e-e =

1

τ
(2D)
e-e

=
3me

16π2~3
ln
(

2π~2

me

)
︸ ︷︷ ︸

=a(2D)

ξ2

n
ln
(
n

ξ

)
.

Evaluation of the numerical constants leads to the expression, which is to be compared
with the experimental data:

(C.17) τ
(2D)
e-e [fs] = 264.0

n[1020m−2]

ξ2
[eV 2] ln

(
47.88n[1020m−2]

ξ[eV ]

)
The GW Approximation

The GW approximation employs the Greens function (G) formalism with the screened
Coulomb interaction (W ) to calculate the e-e scattering rate Γe-e [Ech00, Ech04, Pit04,
Chu06a]. The reasoning is as follows: The quasi-particle energy is a complex quantity
because the quasi-particle states are not eigen-states of the many-particle system. The
imaginary part of the eigen-energy is a measure of energy and momentum transfer
to the Fermi sea, where the scattering probability of two electrons is constrained by
energy and momentum conservation, and the phase space. The GW -approximation
projects the imaginary part of the eigen-energy onto the excited state and sums over
the phase space of initial and final states. This allows to treat the band structure
with, for example, surface states and orientation band gaps realistically.

In the GW approximation the e-e scattering rate Γe-e is expressed as projection
of imaginary part of eigen-energy onto excited state wave function:

(C.18) Γe-e(Ek1) = −2
∫
d~r

∫
d~r′Ψ∗~k1(~r)ImΣ

(
~r, ~r′;Ek1

)
Ψ ~k1

(~r′)

The eigen-energy Σ is given by W and the phase space available for scattering

(C.19) ImΣ
(
~r, ~r′;E ~k1

′
)

=

E ~k1
≥E ~k1

′≥EF∑
E ~k1
′

Ψ∗~k1
′(~r′)ImW

(
~r, ~r′;E~q

)
Ψ ~k1

′(~r)

with E~q = E ~k1
− E ~k1

′ and the summation index ensures momentum conservation.
The decay rate results in

(C.20) Γ = −2
∑
E ~k1
′

∫
d~r

∫
d~r′Ψ∗~k1(~r)Ψ∗~k1

′(~r′)ImW
(
~r, ~r′;E~q

)
Ψ ~k1

(~r′)Ψ ~k1
′(~r)

The screened Coulomb interaction W is given by the bare, unscreened Potential v(~r−
~r′) and the Lindhard response function χ(~r1, ~r2;E).

(C.21) W (~r, ~r′;E) = v(~r − ~r′) +

∫
d~r1

∫
d~r2v(~r − ~r1)χ(~r1, ~r2;E)v(~r2 − ~r′)
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D Optical Bloch Equations

The following quantum mechanical description of the two-photon photoemission pro-
cess as 3-level system is based on discrete initial and intermediate states |i〉 and |k〉,
respectively, which couple to a continuum of non-interacting final states |f〉.

Let |i〉, |k〉 and |f〉 be eigen-states of the unperturbed Hamilton Operator H0,
then the time-dependent perturbing potential V , which couples the three states to
each other, is given within the rotating wave approximation [Lou83] by

(D.1) V (t, τ) = ~µ ·
(
~e1A1(t)eiω1t + ~e2A2(t− τ)eiω2(t−τ)

)
.

~µ = e~r is the dipole operator, ~ei are the polarization vectors of the two laser pulses
with frequencies ωi, Ai is the time-dependent envelope of the laser pulses, and τ
denotes the pump-probe delay of the laser pulses.

The formulation of the quantum mechanical equations of motion is based on the
phenomenological introduction of a dissipative term ρdiss, which accounts for elas-
tic and inelastic scattering processes that lead to dephasing and population decay,
respectively. Within the density matrix formulation [CT99] follows:

(D.2) ρ̇ = − i
~

[H0 + V, ρ] + ρ̇diss .

The diagonal elements of the density matrix ρaa resemble the population densities of
the respective states, whereas the off-diagonal elements ρab describe the coupling of
the states to each other, where a and b denote the states i, k and f . The transition
form the Schrödinger to the Dirac formulation

(D.3) ρ̃ab = ρab e
i(ωa−ωb)t Vab =

1
~
〈a|V |b〉ei(ωa−ωb)t

results in the optical Bloch equations [Lou83]

(D.4) ˙̃ρab = −i
∑
j

Vaj ρ̃jb + i
∑
j

Vjbρ̃aj + ( ˙̃ρdiss)ab .

The dissipative terms (ρ̃diss)ab are treated phenomenologically by (i) population
decay due to inelastic scattering processes with an energy relaxation rate Γa and (ii)
dephasing of the coherent polarization due to elastic scattering processes summarized
by a dephasing rate Γ∗ab. As seen in diagonal elements ρ̃ik and ρ̃kf in equation (D.5),
the energy relaxation rate contributes with half its rate to the dephasing. To solve
(D.4), an infinite lifetime of the final states is assumed and direct transitions from
the initial to the final state are forbidden. Explicitly, for a 3-level system this results
in a set of nine coupled differential equations:
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D. Optical Bloch Equations

˙̃ρii = iVkiρ̃ik + cc. + Γkρ̃kk(D.5)

˙̃ρik = iVik(ρ̃ii − ρ̃kk) + iVfkρ̃if − (Γ∗ik +
1
2

Γk) ρ̃ik

˙̃ρif = −iVikρ̃kf + iVkf ρ̃ik − Γ∗if ρ̃if
˙̃ρkk = (−iVkiρ̃ik + iVfkρ̃kf ) + cc. − Γkρ̃kk

˙̃ρkf = iVkf (ρ̃kk − ρ̃ff ) − iVkiρ̃if (Γ∗kf +
1
2

Γk) ρ̃kf

˙̃ρff = iVfkρ̃kf + cc.

The three missing equations for the remaining off-diagonal elements are determined by
the relation ρ̃ab = ρ̃∗ba. This equation set is used to simulate two-photon photoemission
(2PPE) spectra by assuming a single occupied initial state and integration over the
duration of excitation. The population in the final state then is proportional to the
2PPE signal. The pump-probe delay τ is included in the perturbation matrix elements
Vab.

The limiting case of a totally non-resonant excitation, which corresponds to van-
ishing off-diagonal elements in the density matrix, leads to a set of three classical
coupled rate equations [Lou83], as discussed in chapter 2.4.6

ρ̇ii = −|Vik(t, τ)|2 ρi + Γ1ρkk

ρ̇kk = |Vik(t, τ)|2 ρii − |Vkf (t, τ)|2 ρkk − Γ1ρkk(D.6)

ρ̇ff = |Vkf (t, τ)|2 ρkk .

If the excitation mechanism is unclear, the classical rate equations give a lower limit
of decay rates.

A detailed discussion of the two-photon photoemission process within the frame-
work of the optical Bloch equations is given in [Wol99]. Wolf et al. also elucidate the
polarization dependence of the 2PPE signal and give an analytical solution for the
quantum mechanical equations (D.5).
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E Generation and Amplification of
fs-Laser Pulses

Figure E.1: Optical path of the femtosecond laser system. All components, which do not
contribute to the pulse generation (mirrors, pin-holes, etc.), are omitted. A 18 W Verdi
cw-laser (V-18) [Coh07] pumps the Mira seed oscillator [Coh93] and a RegA [Coh97]. The
RegA pulses can drive two OPAs [Coh94] or alternatively supply the tr-ARPES optical path.

Mira 900-B Oscillator

The Mira 900-B seed oscillator [Coh93] is the starting point for the generation of
ultrashort femtosecond laser pulses. The active laser material is a Titanium-doped
Sapphire crystal (Ti:Sa with 0.1% Ti3+ in Al2O3). The long-lived (∼ 3.3 µs, [Mou92])
and spectrally broad vibronic fluorescence band (650−1130 nm [Mou86]) with a max-
imum at ∼ 790 nm makes Ti:Sa an ideal material for the generation of intense ultra-
short laser pulses. Also, the high damage threshold, the good heat conductivity and
the high energy storage capacity [Dem03, Koe96] are important application aspects.
The long-lived higher lying levels can very efficiently be pumped via a spectrally fully
separated absorption band at 490 nm, see Fig. E.2. The Mira oscillator is pumped at
532 nm with 4 − 5 W continuous wave (cw)-power from a Verdi V-18 [Coh07]. The
V-18 is a diode-pumped, frequency-doubled Nd:YVO4 solid-state laser, which serves
as global laser pump source and also supplies the regenerative amplifier E.

The femtosecond laser pulses are generated in a cavity, in which all the longitudinal
resonator modes have a fixed phase relation and interfere constructively at one point.
This mode-locking in the frequency domain builds up an ultrashort pulse in the time
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E. Generation and Amplification of fs-Laser Pulses

Figure E.2: Spectroscopic properties of Ti:Sa [Den99]. Left: Schematic energy levels of Ti3+,
which substitutes Al3+ in the sapphire. Right: Absorption- and emission spectra [Mou86]
are broadened due to strong vibronic coupling of the energy levels.

domain. The time-bandwidth product for typical laser pulse shapes is given by

(E.1) ∆ν∆t = const =

{
2 ln 2
π = 0.4413 Gaussian pulse shape

2
π2 sech−1

(
1√
2

)
= 0.3148 sech2 pulse shape.

Here, ∆ν and ∆t are the full width at half maximum (FWHM) of the laser spectrum
and the pulse duration.

In order to achieve mode-locking, the non-linear intensity-dependence of the re-

Figure E.3: Laser spectrum and amplitude for ideal coupling of the laser modes. The
Gaussian spectral intensity and the flat phase in the frequency domain result in an ultrashort
Gaussian pulse in the time domain, as time- and frequency-domain are connected via the
Fourier transformation. Taken from [Den99].
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Figure E.4: Kerr-lens mode-locking. Short pulses of high intensity are generated by an
intensity dependent amplitude modulation of the resonator mode. The self-focusing of the
high intensity beam in the Kerr medium reduces the optical losses at the aperture (a) or
leads to a better overlap of laser and pump beam (b). This favors short pulses until an
equilibrium of pulse shortening and lengthening due to dispersion and gain narrowing of the
laser medium is reached. Taken from [Wag06].

fractive index due to the optical Kerr-effect

(E.2) n(ω, I) = n0(ω) + n2(ω)I

is exploited in the so-called Kerr-lens mode-locking. The spatial variation of the laser
intensity within the beam profile leads to a variation of the refractive index, such
that the Kerr medium acts as a lens and focuses the beam according to the laser
intensity. In Fig. E.4, so-called hard aperture mode-locking, where a solid aperture
is set, and soft aperture mode-locking is shown. Usually, fs-oscillators employ soft
aperture mode-locking, where the aperture is defined by the focus of the pump beam.

The theoretically achievable bandwidth of 100 nm for the Mira oscillator is reduced
by spectral filtering to 30 nm bandwidth, which can efficiently be amplified in the
regenerative amplifier (RegA). This enables to tune the central wavelength of the
oscillator in the range from 750 to 850 nm. The Mira achieves a pulse energy of
∼ 3 nJ at 800 nm central wave length and a repetition rate of 76 MHz of which 50%
are coupled into the RegA and the other 50% intensity can drive oscillator based
optical experiments.
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RegA 9050 Regenerative Amplifier

The pulse energies required for higher order non-linear processes such as difference
frequency generation (DFG), sum frequency generation (SFG) and second harmonic
generation (SHG) are of the order of µJ, which can not be delivered by the oscillator.
Thus, the oscillator pulses have to be amplified by three orders of magnitude, which
is realized by the regenerative amplifier (RegA).

First, the oscillator pulses are stretched to a few 10 ps length in a so-called
Stretcher to avoid damage of the Ti:Sa crystal inside the RegA and deterioration
of the spatial beam profile. Second, the pulses are amplified in the Ti:Sa crystal of
the RegA. Finally the spectral components are re-compressed to obtain a short pulse
[Mar87]. Stretching and compression is achieved with a grating which separates the
temporal components of the beam in space. This results in a so-called chirped beam
with variable central frequency (color), which gives rise to the name chirped pulse
amplification (CPA). The Ti:Sa crystal in the RegA is pumped by 12 W cw-power
from a Verdi V-18 [Coh07] solid state laser. Initially, the quality of the laser cavity
is reduced by an opto-acoustic modulator (Q-switch) to suppress spontaneous laser
emission and induce a high population inversion in the Ti:Sa crystal. The cavity qual-
ity is increased after 3 µs and a single seed pulse from the oscillator is coupled in via
a second opto-acoustic modulator (cavity-dumper), which then is amplified in 20-30
round trips in the cavity. Finally, the cavity-dumper refracts the amplified pulse out
of the cavity, which is isolated from the oscillator cavity by a Faraday-isolator. Then
the quality of the cavity is reduced again such that the gain medium can regener-
ate the population inversion. The synchronization of the in- and out-coupling of the
pulses is handled by an external electronic circuit, which is controlled by fast photo
diodes in the RegA.

With the V-18 Verdi pump laser source 1 it is possible to pump the RegA with 12 W
instead of the specified 10 W cw power and achieve 6 µJ pulse energy at 300 kHz
repetition rate, which is equivalent to 1.8 W cw power. This presents an increase
of 80% in cw power compared to the initial RegA setup [Gah04]. The RegA out-
put is distributed to the optical parametric amplifiers (OPAs) for the two-photon
photoemission (2PPE) experiments or the optical path for the time- and angle-
resolved photoemission spectroscopy (tr-ARPES) experiments in a so-called switch
box (SB), which is equipped with high reflection dichroic mirrors and dichroic beam
splitters.

Optical Parametric Amplifier (OPA)

The tunability of the laser system from the infrared (IR) to the ultraviolet (UV)
spectral regime is a crucial prerequisite to either selectively excite certain (resonant)
optical transitions or to deliberately avoid such resonant excitations. To obtain tun-

1The V-18 Verdi laser replaced a 5 W V-5 Verdi laser for pumping the Mira oscillator and a 10 W
V-10 Verdi laser for pumping the RegA amplifier in January 2007. The V-18 runs at 16 − 17 W
output power, which significantly enhances the lifetime of the IR pump diodes. The V-18 output is
continuously split between Mira and RegA. Currently, the Mira is pumped with 4 W and the RegA
with 12− 13 W.
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Figure E.5: Second order non-linear optical processes sketched in the frequency domain as
virtual electron transitions with consideration of energy conversion. (a) Second harmonic
generation (SHG), (b) Sum frequency generation (SFG), (c) & (d) Difference frequency
generation (DFG). The OPA takes advantage of the mutual enhancement of processes (c)
and (d).

able visible (VIS) and UV pulses the non-linear optical properties of matter at high
electric field strength are utilized in an optical parametric amplifier (OPA).

The electric susceptibility becomes a function of the electric field strength χ =
χ(E) when the laser pulse intensity approaches the order of magnitude of local crystal
fields. Thus, higher-order terms have to be considered in the macroscopic polarization
P (E) of an idealized loss-less medium:

(E.3) P (t) = ε0χ
(1)E(t) + ε0χ

(2)E2(t) + ε0χ
(3)E3(t) + . . .

χ(n) defines the non-linear susceptibility of n-th order, which generally is given by a
tensor of rank (n + 1). Hence, irradiation of a non-linear crystal with light of two
frequencies ω1 and ω2

(E.4) ~E(t) = Re
{
~E1 e

−iω1t + ~E2 e
−iω2t

}
creates polarization components at the sum frequency (ω1 +ω2) and the difference fre-
quency (ω1−ω2) (Fig. E.5). However, macroscopic emission of light is only achieved
when the microscopic light wave are in phase and interfere constructively. This cor-
responds to the conservation of photon momentum in the DFG and SFG processes:

(E.5) ~k(ω1 ± ω2) = ~k(ω1)± ~k(ω1)

This phase-matching condition can be fulfilled in birefringent crystals by variation
of the angle of incidence with respect to the crystal axes. Uniaxial β-barium-borate
(BBO) crystals are used for the subsequent frequency-doubling and quadrupling (see
Fig. E.1). The thickness of the BBO is limited by the group velocity dispersion (GVD),
as a thicker crystal converts more light, but also introduces more dispersion to the
beam and can reduce the bandwidth of the resulting pulse.
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E. Generation and Amplification of fs-Laser Pulses

The OPA process exploits DFG to convert one photon (ω1) with another photon
of the seed pulse (ω2) into two photons ω3 = ω1 − ω2 and ω2, Fig. E.5(c). The larger
frequency is termed signal, the smaller frequency is called idler. Practically, this is
realized by splitting the incoming RegA pulse in 50% pump and 50% seed power. The
latter is focused into a sapphire crystal, where self-phase modulation creates so-called
whitelight [Alf70]. The high field intensities modulate the light phase according to
eq. (E.2)

(E.6) φ(t) = ω
(
t− z n0

c

)
− ωz n2

c
I(t)︸ ︷︷ ︸

non-linear contribution

and leads to a temporally and spectrally broadened whitelight continuum.
The difference frequencies ω2 and ω3 are chosen out of the whitelight continuum

by the temporal delay of both pulses as well as the phase-matching angle in two passes
of the spatially overlapping pump and seed beams. The photons created in the DFG
process drive the complementary DFG process further, as sketched in Fig. E.5 (c) and
(d), resulting in a quasi-exponential increase of intensity with crystal thickness.

In the visible optical parametric amplifier (VIS-OPA) a second BBO crystal is
used to frequency-double the 800 nm RegA beam to 400 nm and use the second
harmonic as pump beam. This leads to operation in the VIS at 460 − 760 nm for
the signal beam. In the infrared optical parametric amplifier (IR-OPA) the 800 nm
RegA pulses are directly used for the pump beam such that the signal output is in
the IR 1100 − 1600 nm. The IR-OPA offers a large bandwidth of up to 100 nm,
which is determined by the temporal overlap and phase-matching of the pump and
the whitelight beam. Thus 30 fs pulse duration are achievable due to the decreased
dispersion of the optical elements in the IR.

Optical Path for 2PPE

The optical path of the OPAs, as shown in Fig. E.1, consists of several prism com-
pressors [For94], which compensate for the GVD of the optical elements like beam
splitters, mirrors and lenses. The GVD compression allows to minimize the pulse
duration at a certain position in the optical path, like a non-linear crystal for SHG
or the sample position in the ultrahigh vacuum (UHV) chamber and ideally results
in time-bandwidth limited laser pulses.

The output of the VIS-OPA is compressed in a prism compressor, focused by a
lens into a BBO crystal to generate SHG light and recollimated by a second lens. A
dichroic beam splitter separates the fundamental from the second harmonic, which
is send to a periscope to flip the polarization back2 from s to p. This is due to the
SHG process of type I which rotates the polarization axes in uni-axial crystals by 90◦

[Dem03]. The SHG light is then re-compressed in another prism compressor and send
to the UHV chamber.

2The light polarization in the experiments is chosen to be parallel with the plane of incidence and
thus termed p.
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The output of the IR-OPA is directly frequency doubled in a BBO crystal, sent
through a prism compressor, frequency doubled and compressed a second time to
obtain VIS and UV pulses as well.

Optical Path for tr-ARPES

Compared to the optical path for the 2PPE experiments, the optical path for tr-
ARPES is simpler, see Fig. E.1, and consists of two subsequent non-linear processes
of frequency doubling and quadrupling the RegA output in BBO crystals [Kat86,
Joo91, Kou99]. However, the phase matching angle of BBO diverges at hν ≤ 205 nm
[Kat86]. The resulting chirp of third or higher order can not be easily compensated
with prism compressors and may stretch the pulse duration significantly. To obtain the
best temporal resolution, the fundamental seed wavelength from the Mira oscillator
is tuned to higher wavelength of 820−830 nm, which requires the re-alignment of the
RegA and the stretcher/compressor unit as well.

The first doubling crystal for the SHG process 820→ 410 nm is 500 µm thick and
cut at Θ = 29.2◦ phase matching angle. The BBO crystals have a anti-reflex coating
that helps to protect the hygroscopic BBO crystals from the ambient humidity. The
remains of the fundamental are separated by a dichroic mirror and the polarization
of the SHG signal is flipped back to p in a periscope setup. The 410 nm pulses are
recompressed in a fused silica GVD compressor and focused via a 200 mm focal length
spherical mirror to minimize the chirp and chromatic aberration.

The second doubling crystal (from GVU) is especially designed for the fourth
harmonic generation 410 → 205 nm with 50 µm thickness and Θ = 76.3◦ phase
matching angle. The thin crystal minimizes the dispersion and hence the higher
order chirp. After flipping back the polarization to p, the intense 410 nm pulses are
blocked in the dispersive section of the 205 nm prism compressor. The 205 nm probe
beam is coupled directly into the chamber and the IR pump pulses are delayed via
the optical delay stage.

In the 2PPE experiments, the prism compressors are easily aligned by maximizing
a second order photoemission signal directly on the sample. For the alignment of
the 205 nm compressor no higher order signal can be employed and thus the pulses
can only be shortened once the temporal and spatial overlap has already been found.
To find the tr-ARPES signal, however, is not straightforward as long as the 205 nm
are not shortened. The overall efficiency of the fourth harmonic generation is of
the order of 10−4, which results in a photon flux in the order of 1013 photons/s in
bandwidth window of ∼ 7 meV width. This is comparable with the photon flux (not
necessarily the brightness) of third generation synchrotron undulator light sources
[Kor06]. Anyhow, the speed of data acquisition is not limited by the available photon
flux, but by space charging effects, see chapter 2.4.3.
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F Parameters for the
pTOF-Software
This appendix describes the parameters of the pTOF-software, which are implemented
in the cEvent C++ class. This list is part of the documentation of the TOF-software.

The parameters may be transfered either directly to the LabView front end or to
the command line tool via a configuration file. The parameters are structured into
four groups according as outlined in the following

kinetic Parameters

The kinetic parameter set contains all values for (i) the conversion of the raw timing
information from the layer ends and the MCPs to the position and TOF coordinates,
and (ii) the transformation of the real space coordinates to the reciprocal space. The
kinetic parameters mostly comprise calibration values and hence are changed rarely
once the system has been calibrated.

Parameter Description Unit

CalU

CalV

CalW

The signal propagation speeds v⊥ perpendicular to
meandering anode wire structure

mm/ns

LayerOffsetW
Shift of the origin of the W-layer relative to the cen-
tral crossing point of the U- and V-layer1

mm

dCenterX

dCenterY

Shift of the crossing point of the three layers relative
to the anode center

mm

InPlaneRotationAngle

Ψ-rotation along the high-symmetry axis in the sam-
ple plane relative to the spectrometer coordinate sys-
tem (see Fig. 4.11)

Grad

SampleRotationAngle
φ-rotation of the manipulator relative to the spec-
trometer

Grad

SampleTiltAngle Θ-tilt of the sample Grad

zTOF Length of the drift tube mm

tLaser
Duration of one laser cycle, corresponding to the in-
verse laser repetition rate

ns

tOP
Time difference of the photodiode signal to the actual
photoemission event (t0)

ns

1The shift of the W-layer is arbitrary and the other two layers could be shifted as well.
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F. Parameters for the pTOF-Software

binning Parameters

The binning parameter determine the size of the data storage volumes. For each
dimension the parameters SmBin, LgBin and BinWidth define the smallest bin, the
largest bin and the binwidth. The following dimension are supported:

Parameters Description Unit

SmBinX

LgBinX

BinWidthX

x-coordinate mm

SmBinY

LgBinY

BinWidthY

y-coordinate mm

SmBinT

LgBinT

BinWidthT

Time-of-flight mm

SmBinKX

LgBinKX

BinWidthKX

kx-momentum Å−1

SmBinKY

LgBinKY

BinWidthKY

ky-momentum Å−1

SmBinE

LgBinE

BinWidthE

Kinetic electron energy eV

SmBinSums

LgBinSums

BinWidthSums

time-sums ns

SmBinRaw

LgBinRaw

BinWidthRaw

Raw layer coordinates ns

SmBinCorX

LgBinCorX

BinWidthCorX

x-coordinate of the correlation function mm

SmBinCorY

LgBinCorY

BinWidthCorY

y-coordinate of the correlation function mm

SmBinCorT

LgBinCorT

BinWidthCorT

Time-of-flight coordinate of the correlation function ns
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gating Parameters

The gating parameters supply several criteria for the evaluation of the hits:

Parameters Description Unit

HitMode maximum number of hits per event 1-3

GatingFlag

Criteria for the evaluation of hits:

0 No Criterion

1 Time-sum gating

2 Radial gating

3 Radial and time-sum gating

0-3

MinSumU, MaxSumU
MinSumV, MaxSumV
MinSumW, MaxSumW

Minimal and maximal time-sum of valid hits ns

MaxRadius maximal MCP radius for valid hits mm

Additionally, the following parameters define the integration boundaries for the slic-
ing of the data volumes

Parameters Description Unit

MinX, MaxX Integration boundaries along the x-coordinate mm

MinY, MaxY Integration boundaries along the y-coordinate mm

MinT, MaxT Integration boundaries along the time-of-flight axis ns

MinKX, MaxKX Integration boundaries along the kx-coordinate Å−1

MinKY, MaxKY Integration boundary along the ky-coordinate Å−1

MinE, MaxE Integration boundaries along the energy axis eV

MinCorX, MaxCorX
Integration boundaries of the x-correlation coordi-
nates

mm

MinCorY, MaxCorY
Integration boundaries of the y-correlation coordi-
nates

mm

MinCorT, MaxCorT
Integration boundaries of the time-of-flight correla-
tion coordinate

ns
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F. Parameters for the pTOF-Software

advanced Parameters

The advanced parameters supply information for the advanced multihit hit recon-
struction routine resort64.dll. These parameters can be regraded as extended
Hexanode calibration values that are unique for each Hexanode.

Parameters Description Unit

Use Adv Multihit
Toggles the use of the advanced reconstruction rou-
tine

0/1

DeltaSumU

DeltaSumV

DeltaSumW

Shift of the time-sum signals with respect to the MCP
signal

ns

BaseWidthSumU

BaseWidthSumV

BaseWidthSumW

Width of the time-sums ns

MaxRunTime largest propagation time on the anode layers ns

ActiveMCPradius Radius of the active MCP area mm

HPTDCdeadtime Electronic dead time of the HP8TDC hardware ns

MCPdeadtime Electronic dead time of the MCP channel ns

GateLower, GateUpper lowest and highest reconstruction method to use2 0-19

USumUFile

USumVFile

USumWFile

Path to the files containing the position-dependent
time-sum correction

-

2The advanced reconstruction methods are described in detail in [Roe06]. The methods no. 0-13
are conservative and use only redundant information. The methods no. 14-19 are speculative as no
redundant information from the Hexanode is available for crosschecks.
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G Experimental Equipment
The following list summarizes the equipment for the two-photon photoemission and time- and
angle-resolved photoemission spectroscopy experiments. Standard tools and simple custom
devices are not listed.

Optical Setup

• Pump laser I: Coherent Verdi V5, Vanadate solid state diode laser [Coh99a]
• Pump laser II: Coherent Verdi V10, Vanadate solid state diode laser [Coh99b]
• Pump laser III: Coherent Verdi V18, Vanadate solid state diode laser [Coh07]
• Ti:Sa oscillator: Coherent MIRA Seed BRF [Coh93]
• Regenerative amplifier: Coherent RegA 9050 [Coh97]
• Stretcher/Compressor unit: Coherent EC 9150
• Optical-parametric amplifier 760− 460 nm: Coherent OPA 9450
• Optical-parametric amplifier 1050− 1600 nm: Coherent, OPA 9850
• Optical delay stage: Physik Instrumente PI-M505-4DG
• Auto-correlator I: APE Berlin 5050 Basic
• Auto correlator II: Swamp Optics Grenouille FROG device [Tre07]
• Power meter: Melles-Griot 13PEM001/J
• Beam profile camera: The Imaging Source DMK 21F04, 640×480 pixel, 8 Bit
• IR spectrometer: APE Berlin Wavesscan
• VIS monochromator: B&M
• VIS spectrometer: Hamamatsu diode C4350
• UV spectrometer: LOT-Oriel MS 260i ANDOR-CCD detector
• Opto-mechanical components & optical elements: CVI Laser Optics, Layertec, Laser Com-

ponents, Linos, New Focus, Newport, Spindler&Hoyer, Standa, Thorlabs

UHV Setup

• UHV chamber and manipulator: Vakuum-Anlagen-Bau (VAB), (no. 1.4335)
• Liquid Helium cryostat: CryoVac KONTI
• Turbo-molecular drag-pump (preparation level): Pfeiffer TMU 521UP, 500 l/s
• Drag pump (pre-pump): Balzers TPD 020, 15 l/s
• Membrane pump (pre-pump): Balzers TPC 015, 1 l/s
• Ion getter pump (spectrometer level): Riber PEG 2000 S
• Titanium sublimation pump (spectrometer level): Riber model 304
• Turbo-molecular pump (magazine): Pfeiffer TPD 240, 240 l/s
• Ionization gauge: Varian UHV-24 MultiGauge-Controller
• Pirani pressure gauge: Balzers TPR 010
• Quadrupole mass spectrometer: MKS Instruments, Spectra Satellite LM61
• Quartz balance: Inficon Deposition Monitor XTM/2
• IR pyrometer: Impac IS 5, 800− 2500 C◦ and 650− 1800 C◦

• Conventional TOF spectrometer: Fritz-Haber Institut der MPG, Berlin
• Auger electron gun: Vacuum Generators LEG 63
• Auger electron analyzer: Vacuum Generators CLAM 2
• LEED optic: Specs, Berlin, ErLEED 150, 3 grid optic with 100 mm travel
• Sputter gun: Specs, Berlin
• Leak valve: Varian Variable Leak Valve 951-5106
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G. Experimental Equipment

• Knudsen cell: Fritz-Haber Institut der Max-Planck-Gesellschaft, Berlin
• PID controller: WEST Instruments 6100+
• Power supply for Si heating: EPS Germany EPA-250-16A
• Electronic ice-point: Newport Omega MCJ-C and MCJ-K
• Optical microscope: Spindler&Hoyer
• Microscope camera I: The Imaging Source DMK 21F04, 640×480 pixel, 8bit
• Microscope camera II: The Imaging Source DBK 21AF04, 640× 480 pixel, 4×8bit

Data Acquisition

• Workstation: Dual-processor Pentium III 1.27 GHz, 1.75GB RAM
• Multifunction data acquisition card: National Instruments PCI-16MIOE-1
• Software: NI-Labview 6.1, NI-DAQ 6.1.1, NI-488.2M
• DC-motor controller, Physik Instrumente, C-844

The equipment for the conventional TOF spectrometer

• Ortec Fast-Timing preamplifier model VT 120 (stop pulses)
• Ortec pico-timing discriminator model 9307 (stop pulses)
• Ortec 100 MHz Discriminator, model 436 (start pulses)
• FAST ComTec time-to-digital converter p7887, 250 ps
• Ortec modular system bin, model 4001C
• Ortec Log/Lin rate meter, model 449

Position-Sensitive TOF Spectrometer

pTOF UHV Setup

• MCPs and position-sensitive anode: RoentDek 80 mm Hexanode
• HV feedtroughs: RoentDek and Vacom
• Housing and drift tube: Freie Universität Berlin
• µ-metal shielding: SAM Products
• Translation stage: Mc Allister BLT45-8 DN-150

pTOF Data Acquisition

• Workstation: Dual AMD Opteron processor 246, 64bit, 2.00 GHz, 2.00 GB RAM
• Multifunction data acquisition card: National Instruments, PCI-6251, DAQmx
• 2 dual channel HV supplies: iseg 2× 4 kV, 3 mA
• 8 channel fast preamplifier & constant fraction discriminator: RoentDek ART19
• 8 channel time-to-digital converter: RoentDek HP8TDC 25 ps
• Software: Customized C++ classes with NI-Labview and Igor Pro front-ends
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[Dem03] W. Demtröder. Laser Spectroscopy. Springer, Berlin (2003). 58, 239, 244

[Den99] D. Denzler. Untersuchungen zur Ultrakurzzeitdynamik photostimulierter Oberflächenreak-
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loberflächen. PhD Thesis, Freie Universität Berlin (2004). 58, 72, 73, 242

[Gal01] O. Gallus, Th. Pillo, M. Hengsberger, P. Segovia, & Y. Baer. A System with a Complex
Phase Transition: Indium Chains on Si(111). European Physical Journal B 20, 313
(2001). 4, 186, 187, 190

[Gar96] G. A. Garrett, T. F. Albrecht, J. F. Whitaker, & R. Merlin. Coherent THz Phonons
Driven by Light Pulses and the Sb Problem: What is the Mechanism? Physical Review
Letters 77, 3661 (1996). DOI: 10.1103/PhysRevLett.77.3661. 180

[Gar07] D. R. Garcia, G.-H Gweon, S. Y. Zhou, J. Graf, C. M. Jozwiak, M. H. Jung, Y. S. Kwon,
& A. Lanzara. Revealing Charge Density Wave Formation in the LaTe2 System by Angle
Resolved Photoemission Spectroscopy. http://arxiv.org/abs/cond-mat/0703535v3 . 5, 26,
28

[Güd05] J. Güdde & U. Höfer. Femtosecond Time-Resolved Studies of Image-Potential States at
Surfaces and Interfaces of Rare-Gas Adlayers. Progress in Surface Science 80, 49 (2005).
DOI: 10.1016/j.progsurf.2005.10.003. 2, 86, 87, 139
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of Coherently Controlled Electric Currents at a Metal Surface. Science 318, 5854, 1287
(2007). DOI: 10.1126/science.1146764. 139

[Ge98] N.-H. Ge, C. M. Wong, R. L. Lingle Jr., J. D. McNeill, K. J. Gaffney, & C. B. Harris.
Femtosecond Dynamics of Electron Localization at Interfaces. Science 279, 202 (1998).
DOI: 10.1126/science.279.5348.202. 45, 86

[Ger01] A. Gerlach, K. Berge, A. Goldmann, I. Campillo, A. Rubio, J. M. Pitarke, & P. M.
Echenique. Lifetime of d holes at Cu surfaces: Theory and experiment. Physical Review
B 64, 8, 085423 (2001). DOI: 10.1103/PhysRevB.64.085423. 34, 146

[Gie85] K. Giesen, F. Hage, F. J. Himpsel, H. J. Riess, & W. Steinmann. Two-Photon Photoe-
mission via Image-Potential States. Physical Review Letters 55, 3, 300 (1985). DOI:
10.1103/PhysRevLett.55.300. 45

[Gie87] K. Giesen, F. Hage, F. J. Himpsel, H. J. Riess, & W. Steinmann. Binding Energy of
Image-Potential States: Dependence on Crystal Structure and Material. Physical Review
B 35, 3, 971 (1987). DOI: 10.1103/PhysRevB.35.971. 45

[Gil90] T. L. Gilton, J. P. Cowin, G. D. Kubiak, & A. V. H. Gilton. Intense Surface Photoemission:
Space Charge Effects and Self-Acceleration. Journal of Applied Physics 68, 9, 4802 (1990).
DOI: 10.1063/1.346137. 42

[Giu82] G. F. Giuliani & J. J. Quinn. Lifetime of a Quasiparticle in a Two-Dimensional Electron-
Gas. Physical Review B 26, 8, 4421 (1982). DOI: 10.1103/PhysRevB.26.4421. 36, 234

[Giu05] G. F. Giuliani & G. Vignale. Quantum Theory of the Electron Liquid. Cambridge Uni-
versity Press, Cambridge, U.K. (2005). 4, 157, 231, 234

[Gol91] J. L. Goldberg, X.-S. Wang, J. Wei, N. C. Bartelt, & E. D. Williams. Quantization of
Terrace Widths on Vicinal Si(111). Journal of Vacuum Science & Technology A 9, 1868
(1991). DOI: 10.1116/1.577536. 190

[Gol94] J. R. Goldman & J. A. Prybyla. Ultrafast Dynamics of Laser-Excited Electron Dis-
tributions in Silicon. Physical Review Letters 72, 1364 (1994). DOI: 10.1103/Phys-
RevLett.72.1364. 167

[Gon06] C. Gonzalez, F. Flores, & J. Ortega. Soft Phonon, Dynamical Fluctuations, and a Re-
versible Phase Transition: Indium Chains on Silicon. Physical Review Letters 96, 13,
136101 (2006). DOI: 10.1103/PhysRevLett.96.136101. 186, 187

261

http://dx.doi.org/10.1016/j.susc.2008.05.021
http://dx.doi.org/10.1103/PhysRevLett.89.107402
http://dx.doi.org/10.1103/PhysRevLett.77.3661
http://dx.doi.org/10.1016/j.progsurf.2005.10.003
http://dx.doi.org/10.1126/science.1146764
http://dx.doi.org/10.1126/science.279.5348.202
http://dx.doi.org/10.1103/PhysRevB.64.085423
http://dx.doi.org/10.1103/PhysRevLett.55.300
http://dx.doi.org/10.1103/PhysRevLett.55.300
http://dx.doi.org/10.1103/PhysRevB.35.971
http://dx.doi.org/10.1063/1.346137
http://dx.doi.org/10.1103/PhysRevB.26.4421
http://dx.doi.org/10.1116/1.577536
http://dx.doi.org/10.1103/PhysRevLett.72.1364
http://dx.doi.org/10.1103/PhysRevLett.72.1364
http://dx.doi.org/10.1103/PhysRevLett.96.136101


BIBLIOGRAPHY
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[Iba90] H. Ibach & H. Lüth. Festkörperphysik. Springer, Berlin (1990). 13, 14

[Int08] Intel. Homepage http://www.intel.com/technology/silicon/index.htm. 1

[ITRfS07] ITRS International Technology Roadmap for Semiconductors. Homepage
http://www.itrs.net. 1

[Jac99] J. D. Jackson. Classical Electrodynamics. John Wiley & Sons, Inc. (1999). 10

[Jag02a] O. Jagutzki, A. Cerezo, A. Czasch, R. Dorner, M. Hattass, M. Huang, V. Mergel, U. Spill-
mann, K. Ullmann-Pfleger, T. Weber, H. Schmidt-Bocking, & G. D. W. Smith. Multiple
Hit Readout of A Microchannel Plate Detector with A Three-Layer Delay-Line Anode.
Ieee Transactions on Nuclear Science 49, 5, 2477 (2002). DOI: 10.1109/TNS.2002.803889.
87, 94, 104, 106

[Jag02b] O. Jagutzki, J. S. Lapington, L. B. C. Worth, U. Spillman, V. Mergel, & H. Schmidt-Böck-
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Andrés, F. J. Garćıa-Vidal, & F. Flores. Hot-Electron Lifetimes in Metals: A Combined
Ab Initio Calculation and Ballistic Electron Emission Spectroscopy Analysis. Physical
Review B 68, 8, 085107 (2003). DOI: 10.1103/PhysRevB.68.085107. 35, 146

[Lan70] N. D. Lang & W. Kohn. Theory of Metal Surfaces - Charge Density And Surface Energy.
Physical Review B 1, 12, 4555 (1970). DOI: 10.1103/PhysRevB.1.4555. 17, 127

[Lan71] N. D. Lang & W. Kohn. Theory of Metal Surfaces - Work Function. Physical Review B
3, 4, 1215 (1971). DOI: 10.1103/PhysRevB.3.1215. 17, 127

[Lan73] James E. Land & Wilhelm Raith. Fine Structure of O2+ Measured by Electron Time-
of-Flight Spectroscopy. Physical Review Letters 30, 6, 193 (1973). DOI: 10.1103/Phys-
RevLett.30.193. 86

[Lan76] Landolt & Börnstein. Numerical Data and Functional Ralationships in Science and Tech-
nology. New Series. Springer, Berlin (1976). 12, 74, 175, 178, 180

[Lat89] A. V. Latyshev, A. L. Aseev, A. B. Krasilnikov, & S. I. Stenin. Transformations on Clean
Si(111) Stepped Surface During Sublimation. Surface Science 213, 157 (1989). DOI:
10.1016/0039-6028(89)90256-2. 190

[Lau77] L. D. Laude & M. Wautelet. Double-Beam Photoemission and Electronic-Structure of
Tellurium. Nuovo Cimento Della Societa Italiana Di Fisica B 39, 2, 734 (1977). 45

[Lav05] J. Laverock, S. B. Dugdale, Zs. Major, M. A. Alam, N. Ru, I. R. Fisher, G. Santi, &
E. Bruno. Fermi surface nesting and charge-density wave formation in rare-earth tritel-
lurides. Physical Review B 71, 8, 085114 (2005). DOI: 10.1103/PhysRevB.71.085114. 5,
28, 31, 205

266

http://dx.doi.org/10.1103/PhysRevLett.2.393
http://dx.doi.org/10.1016/S0031-8914(34)90011-2
http://dx.doi.org/10.1016/S0031-8914(34)90011-2
http://dx.doi.org/10.1103/PhysRevLett.96.017005
http://dx.doi.org/10.1103/PhysRevLett.96.017005
http://dx.doi.org/10.1063/1.2722413
http://dx.doi.org/doi:10.1364/OL.24.001230
http://dx.doi.org/10.1063/1.2918133
http://dx.doi.org/10.1103/PhysRevB.55.5384
http://dx.doi.org/10.1103/PhysRevLett.85.4916
http://dx.doi.org/10.1103/PhysRevB.71.121306
http://dx.doi.org/10.1103/PhysRevB.71.121306
http://dx.doi.org/10.1103/PhysRevB.68.085107
http://dx.doi.org/10.1103/PhysRevB.1.4555
http://dx.doi.org/10.1103/PhysRevB.3.1215
http://dx.doi.org/10.1103/PhysRevLett.30.193
http://dx.doi.org/10.1103/PhysRevLett.30.193
http://dx.doi.org/10.1016/0039-6028(89)90256-2
http://dx.doi.org/10.1016/0039-6028(89)90256-2
http://dx.doi.org/10.1103/PhysRevB.71.085114


BIBLIOGRAPHY

[Lav08] M. Lavagnini, M. Baldini, A. Sacchetti, D. Di Castro, B. Delley, R. Monnier, J.-H.
Chu, N. Ru, I. R. Fisher, P. Postorino, & L. Degiorgi. Evidence for Coupling Be-
tween Collective State and Phonons in Two-Dimensional Charge-Density-Wave Systems.
http://arxiv.org/abs/0806.1455v1 . 5, 26, 213, 215

[Lee74] P. A. Lee, T. M. Rice, & P. W. Anderson. Conductivity from Charge or Spin Density
Waves. Solid State Communications 14, 703 (1974). DOI: 10.1016/0038-1098(74)90868-0.
25

[Lee02] S. S. Lee, J. R. Ahn, N. D. Kim, J. H. Min, C. G. Hwang, J. W. Chung, H. W. Yeom,
S. Ryikov, & S. Hasegawa. Adsorbate-Induced Pinning of a Charge-Density Wave in a
Quasi-1D Metallic Chains: Na on the In/Si(111)-(4×1) Surface. Physical Review Letters
88, 196401 (2002). DOI: 10.1103/PhysRevLett.88.196401. 186

[Lee06] G. Lee. Real-Space Visualization of the Phase Transition of the In/Si(111) System. Sur-
face and Interface Analysis 38, 12-13, 1636 (2006). DOI: 10.1002/sia.2417. 186

[Leu03] T. C. Leung, C. L. Kao, W. S. Su, Y. J. Feng, & C. T. Chan. Relationship between
surface dipole, work function and charge transfer: Some exceptions to an established rule.
Physical Review B 68, 19, 195408 (2003). DOI: 10.1103/PhysRevB.68.195408. 127

[Lin54] J. Lindhard. On the Properties of a Gas of Charged Particles. Matematisk-
Fysiske Meddelelser Kongelige Danske Videnskabernes Selskab 28, 8, 1 (1954).
http://www.sdu.dk/media/bibpdf/Bind21

[Lin98] J.-L. Lin, D.Y. Petrovykh, J. Viernow, F.K. Men, D.J. Seo, & F.J. Himpsel. Forma-
tion of regular steps on Si(111)-7x7. Journal of Applied Physics 84, 255 (1998). DOI:
10.1063/1.368077. 190

[Lin04] D. Lincota, J. F. Guillemolesa, S. Tauniera, D. Guimarda, J. Sicx-Kurdia, A. Chaumonta,
O. Roussela, O. Ramdania, C. Huberta, J. P. Fauvarquea, N. Bodereaua, L. Parissia,
P. Panheleuxa, P. Fanouillerea, N. Naghavia, P.P. Granda, M. Benfaraha, P. Mogensenb,
& O. Kerreca. Chalcopyrite Thin Film Solar Cells by Electrodeposition. Solar Energy 77,
725 (2004). DOI: 10.1016/j.solener.2004.05.024. 1

[Lis04a] M. Lisowski, P. A. Loukakos, U. Bovensiepen, J. Stähler, C. Gahl, & M. Wolf. Ultra-Fast
Dynamics of Electron Thermalization, Cooling and Transport Effects in Ru(001). Applied
Physics A 78, 4-6, 165 (2004). DOI: 10.1007/s00339-004-2591-4. 53, 54, 86, 173, 207, 208,
210

[Lis04b] M. Lisowski, P. A. Loukakos, U. Bovensiepen, & M. Wolf. Femtosecond Dynamics and
Transport of Optically Excited Electrons in Epitaxial Cu Films on Si(111)-7× 7. Applied
Physics A 79, 4-6, 739 (2004). DOI: 10.1007/s00339-004-2591-4. 35, 146

[Lis05a] M. Lisowski. Elektronen- und Magnetisierungsdynamik in Metallen untersucht mit
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Niveau ermöglichte. Die besonderen Freiheiten in der Gestaltung meiner Arbeit habe ich
allezeit zu schätzen gewusst. Auch gab es immer genug Gelegenheiten, um kleine und große
Probleme zu diskutieren, was angesichts seines detailreichen Wissens ein steter Gewinn war.

Uwe Bovensiepen danke ich für die vorbildlichste Betreuung, die sich ein Doktorand nur
wünschen kann. Ich war mir seiner kritischen Unterstützung immer sicher, was mir sehr
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mit Euch zu unterhalten oder auf Reisen zu gehen.

I like to acknowledge Dhananjay Nandi, who helped a lot in the practical implementation
of the pTOF spectrometer. Auch danke ich Gerald Wigger und Tobias Bernhardt für ihre
praktische Hilfe beim Aufbau der Maschine und die erhellenden Diskussionen über Elektro-
nentrajektorien. Schließlich gebührt der Feinwerktechnik Dank für die präzise Ausführung
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den äußerst zuverlässig betriebenen Laser. Ihnen verdanke ich nicht zuletzt den Hinweis
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