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Abstract

This thesis focuses on theultrafast dynamics of electronic excitations in solids and
how they are in uenced by the screening of the Coulomb interactionbetween charged
particles. The impact of screening on electron dynamics is @mnifold, ranging from
modi cations of electron-electron scattering rates over tapping of excess charges to
massive renormalisation of electronic band structures. Tl timescales of these dynam-
ical processes are directly accessible by femtosecond timesolved photoemission and
optical spectroscopy. Three exemplary systems are invegjated to shed light onto these
fundamental processes:

Vanadiumdioxide undergoes a phase transition from a monostic insulator to a
rutile metal. Apart from temperature, doping and other inu ences, the insulator-
to-metal transition can also be driven by photoexcitation. This, in the past, gave
rise to a controversy about the timescales of structural andelectronic transition and
raised the question which of them constitutes the driving mehanism. Using time-
resolved photoelectron spectroscopy, it is shown that the lectronic band gap of the
insulator collapses instantaneously with photoexcitatim and without any structural
involvement. The reason is a change of screening due to the eration of photoholes.
At the same time, the symmetry of the lattice potential changes, as seen by coherent
phonon spectroscopy. This potential change is likely to inliate the structural phase
transition from monoclinic to rutile structure. However, t he initial non-equilibrium
situation can be described by a metallic electronic structue with the atoms still in the
monoclinic lattice positions.

The SrTiOs/vacuum interface exhibits a two-dimensional electron gas(2DEG),
which is delocalised within the surface plane, but localisg perpendicular to it. The
lower dimensionality changes the form of the screened Coutob interaction and the
phase space within the 2DEG, leading to modi ed hot carrier ifetimes. These are in-
vestigated by time-resolved photoemission spectroscopythe predicted 2D behaviour is
con rmed and two distinct nal states within the unoccupied electronic band structure
are discovered. Furthermore, the population of the 2DEG is tansiently increased by
photoexcitation from localised in-gap states into the 2DEG

A di erent type of screening by dipole moments in amorphous i@ layers, is exploited
to stabilise and trap electrons within the polar medium in front of a metal surface.
Thereby, the mean free path of low energy electrons in amorpbus ice is estimated.
Moreover, the trapped electrons are used to drive a chemicaleaction: A persistent
modi cation of the surface electronic structure of the ice layer is explained via the
“dielectron hydrogen evolution reaction'.

Understanding the role of screening in these systems allow® explain seemingly
unrelated e ects, like trapping of excess electrons in ice ath the insulator-to-metal
transition in VO »,, within the same concept.






Kurzfassung

Diese Arbeit beschaftigt sich mit ultraschneller Dynamik elektronischer Anregungenin
Festkerpern und dem Ein uss der Abschirmung der Coulomb-Wechselwirkungwischen
geladenen Teilchen. Die Auswirkungen dieser Abschirmungisd vielfaltig und reichen
von der Modi zierung von Elektron-Elektron-Streuraten wber das Einfangen vontber-
schussladungen bis hin zur vollsindigen Renormierung der elektronischen Bandstruk-
tur. Zeitaufgeleste optische und Photoelektronenspektroskopie kann die émtosekun-
den Zeitskala dieser dynamischen Prozesse direkt erfasselDrei Beispielsysteme werden
untersucht, um solche grundlegenden Prozesse zu beleuchte

Vanadiumdioxid weist einen Phasembergang von monoklinem Isolator zu rutilem
Metall auf. Neben Temperatur, Dotierung und weiteren Ein eissen kann man den
Phaserubergang auch durch Anregung mit Licht induzieren. Dies #ihrte zu einer kon-
troversen Diskussionelber die Zeitskalen des strukturellen und elektronischen Basen-
eibergangs und warf die Frage auf, welcher der beiden die tleende Kraft darstellt.
Durch zeitaufgeloste Photoelektronenspektroskopie wird gezeigt, dass sicdie Band-
leicke des Isolators sofort mit der Photoanregung schlie t, tine dass die Gitterstruktur
beteiligt ist. Der Grund ist eine Anderung der Abschirmung der Coulomb-Wechsel-
wirkung durch photoinduzierte Lecher. Die Spektroskopie von kolrenten Phononen
zeigt, dass sich gleichzeitig das Gitterpotentialandert. Diese Potentialanderung initiiert
vermutlich den Phaserebergang von monokliner zu rutiler Struktur. Die anfangliche
Ungleichgewichtssituation kann dennoch durch eine metaische elektronische Struk-
tur beschrieben werden, vahrend die Atome sich an ihren monoklinen Gitterplatzen
be nden.

An der SrTiO 3/Vakuum-Grenz ache existiert ein zwei-dimensionales Elektronengas
(2DEG), welches entlang der Ober ache delokalisiert, senkrecht dazu jedoch lokalisiert
ist. Die Form der abgeschirmten Coulomb-Wechselwirkung ud der Phasenraum im
2DEG sind durch die niedrige Dimensionali&t modi ziert, was zu ver anderten Lebens-
dauern von hei en Ladungstragern fihrt. Diese Lebensdauern werden mit zeitaufgelster
Photoelektronenspektroskopie untersucht: Das vorhergegjte 2D-Verhalten wird besta-
tigt und es werden zwei ausgepgte Endzus@nde in der unbesetzten elektronischen
Bandstruktur entdeckt. Weiterhin wird die Besetzung des 2DEG durch Photoanregung
aus lokalisierten Defektzusanden in der Bandkicke vorabergehend erloht.

Eine andere Art der Abschirmung mit Hilfe von Dipolmomenten in einer amorphen
Eisschicht, wird ausgenutzt um Elektronen in einem polarenMedium vor einer Metall-
ober ache zu stabilisieren und einzufangen. Hierbei wird die mitere freie Weglange
von niederenergetischen Elektronen in amorphem Eis abgdsatzt. Weiterhin werden
die eingefangenen Elektronen dazu benutzt eine chemischesRktion anzutreiben: Eine
langlebige Anderung der elektronischen Ober achenstruktur der Eisschicht wird durch
die sogenannte 'dielectron hydrogen evolution reaction" el art.

Das Verstandnis der Abschirmung der Coulomb-Wechselwirkung in dieen Systemen
erlaubt es, scheinbar unverwandte E ekte, wie den Einfang va Uberschusselektronen
in Eis oder den Phasembergang von Isolator zu Metall in VO,, im Rahmen des gleichen
Konzeptes zu erkaren.
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1 Introduction

All matter consists of atoms, which are “glued' together by he Coulomb interaction
between the involved particles. In order to understand matr, it is thus important to
understand the Coulomb interactions in the various situations encountered in di erent
types of materials. The high density of atoms (and thus also &lence electrons) in solids
of approx. 10? per cm® makes such an understanding challenging. Fortunately, the
Coulomb interaction is modi ed in most solids: It is screenal by the charges within
the solid. Especially mobile carriers, but also bound ones rad dipole moments of
polar materials that surround a single charged patrticle, ract to its presence by spatial
redistribution. This leads to a reduction of the range and manitude of the Coulomb
interaction, making it act more locally. One can thus rephrase the initial statement: In
order to understand matter it is important to understand the screening of the Coulomb
interaction.

One example, where screening plays a crucial role, is the Miinsulating behaviour
of materials that due to their valency would be expected to bemetallic (NiO, V 03, etc.)
[Mot49]: The Coulomb interaction in such a system is badly sceened, therefore, the
attractive Coulomb potential between lattice sites (ions) and valence electrons supports
bound states and the valence electrons localise at these tate sites: A "Mott insulator' is
formed. These bound states disappear, when screening is eanited due to an increased
density of free carriers, and the system becomes metallic. ush a Mott insulator-to-
metal transition can, for example, be initiated by chemical doping or increasing the
pressure.

Transforming the Coulomb interaction between many particles into a (changed)
screened potential is also related to the concept afjuasiparticles: A quasiparticle “con-
sists' of the bare particle and the (averaged) interaction with its environment. For ex-
ample interacting electrons in an electron liquid are “trarsformed' into non-interacting
quasi-electrons. Here, the interaction is manifested in a nite quasi-particle lifetime
and e.g. e ective masses. Other quasiparticles, e.g. phonsnor plasmons, result from
the collective excitation of atomic lattice or electron dersity, respectively. Even when
polar molecules reorient to screen an excess electron, a aiparticle (solvated electron)
is formed.

The degree of screening, being part of the interactions thatorm the quasi-electrons,
therefore in uences quasiparticle lifetimes in solids. Asmentioned before, the lack of
screening (i.e. the existence of “correlation’) between Vance electrons can also sub-
stantially in uence the band structure of solids, even turning a metal into an insulator.

The timescales of such processes are in the range of femtoseconds (fs) to gsec-
onds (ps). In order to monitor ultrafast dynamics in condensed matter, it is useful to
apply a pump-probe scheme to spectroscopic measurementsheéreby, the investigated
system is perturbed by a rst fs (pump) pulse and its responseduring the return to the
equilibrium is probed by a second (probe) pulse after a certia time delay. This time
delay is adjustable with the precision of fs, and also the lasr pulses are tens of fs short,
giving access to dynamics on similar timescales. The measment of the transient
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properties by the second pulse can be achieved in various wsyfor instance by optical
and photoelectron spectroscopy.

In this thesis, | use time-resolved optical and photoelecton spectroscopy in order
to investigate three di erent model systems with a focus on the electron dynamics and
how they are in uenced by the screening in the respective syyem. The thesis's title
Ultrafast electron dynamics and the role of screeningcan be understood in two ways: 1
How does Coulomb screening in uence the quasiparticle dynaics and 2, how can the
degree of screening be dynamically changed to modify matexii properties on ultrafast
timescales? Both aspects are investigated in this thesis fahree model systems, as
outlined in the following:

Instantaneous band gap collapse in VO  5: Photoinduced change of screening

A seemingly concurrent electronic (insulator-metal) and eystallographic (monoclinic-
rutile) phase transition in VO , was discovered more than 50 years ago. However, the
driving mechanism, the underlying cause, and even the conetency are still under
debate [Goo71, Zyl75] Wen94| Bie05, [avl4, Morl4, Budl4]. #AVO,, from valency
of V and O, should be metallic, the formation of an insulating ground state is often
discussed in the context ofelectronic correlation versusstructural distortion . In other
words, the question was raised, whether the screening of théoulomb interaction de nes
the electronic structure of VO, or if the distinct lattice structure is the reason for the
insulating behaviour. And even more intriguing: How can this behaviour (e.g. the
screening) be modied by an external stimulus? The latter question is motivated by
the fact that the phase transition in VO » can be induced by various means, for example
by ultrashort light pulses [Roa71,[Cav04, Bau0Y [ Had10| Pakl, [Morl4].

A new interpretation was initiated, when Cavalleri et al. [Cav04] observed that,
after photoexcitation, the optical response does not evolg arbitrarily fast and suggested
that a structural bottleneck is involved, implying a struct urally driven mechanism for
the photoinduced phase transition. The idea was that distirct phonon modes map
the monoclinic crystal structure of insulating VO, onto the rutile structure of metallic
VO,. Excitation of those phonons would then act as a driving fore for the structural
transformation and the electronic band structure would regpond by becoming metallic.

In this thesis, the phase transition of VO, induced by ultrashort (40 fs) laser
pulses, is investigated by two complementary experimentatechniques and theoretical
investigations. The coherent lattice response is probed byroadband all-optical spec-
troscopy, where it is shown that the potential energy landsape for the ions changes
arbitrarily fast at high excitation densities. A highly non -equilibrium, transient-phase
with raised lattice symmetry is observed after photoexcitdion. The electronic band
structure is investigated directly by time-resolved photoemission spectroscopy. A quasi-
instantaneous collapse of the band-gap in V@ is observed simultaneously with pho-
toexcitation. Theoretical investigations using many-body perturbation theory within
a frozen (monoclinic) lattice con rm: Photoexcitation results in a collapse of the elec-
tronic band gap within the monoclinic lattice structure.

These results show that the a photoinduced change of screerg leads to an instan-
taneous collapse of the band gap in V@, as adirect consequence of the photoexcitation.

1The calculations were initiated by the experimental result s and performed in the group of Prof.
Angel Rubio, San Sebastian.
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No structural involvement is observed, nor needed to explai this e ect. The lattice,
of course, responds to this new potential energy landscapend electronic structure on
various timescales [[BauOr7| Had10]. Relaxation of hot carers, on timescales on the
order of 100 fs, are observed directly in time resolved photlectron spectroscopy and
indirectly by optical pump probe experiments within the photo-excited transient phase.
This is a signi cant step forward towards the complete understanding of the pho-
toinduced phase transition in VO, and emphasises the importance of screening: The
photoinduced change of screening transforms insulating V@into a metal.

Screening and electron dynamics in two-dimensions: The SrTiO s/lvacuum
interface

The SrTiOs/vacuum interface exhibits a two-dimensional electron gas(2DEG) [SS11,
Meell]. Two dimensional systems are interesting because tfeir unique properties
(e.g. quantisation) and technological relevance (e.g. faud in semiconductor devices).

With the dimensionality of the system also the screened Cowmb interaction changes.
This leads, in the framework of Fermi liquid theory (FLT), to a modi cation of the de-
pendence of hot carrier lifetimes on excess energy The 1= 2-scaling of quasiparticle
lifetimes in three dimensions is corrected by a logarithmicfactor in 2D, due to the
competition between decreased screening (higher scatteg rates) and decreased phase
space for scattering events (lower scattering rates) [Qizj.

In this thesis, time-resolved photoelectron spectroscopys used to investigate the
occupied and unoccupied electronic band structure of the SD(001)-surface and the
ultrafast electron dynamics therein. Interestingly, the 2D-character of the electron-
electron scattering rates is indeed observed at large exce®nergies, while a deviation
in the low-energy region is found, due to an increased densiof-states there. Further-
more, two distinct nal states that are delocalised within, but localised normal to the
surface plane, are discovered. Moreover, it is shown that ptoexcitation from occupied,
localised surface states within the bulk band gap of the matgal into the 2DEG leads
to a photoinduced transient lling of the 2DEG. This increased lling energetically re-
laxes on the order 100 ps, due to equilibration with the envionment and recombination.

Screened excess electrons in amorphous ice: transmission, trapping and
reactivity

A more local aspect of screening of the Coulomb interaction@mes into play when excess
electrons are injected into a polar, dielectric environmet, for example amorphous solid
water (ASW, an amorphous phase of ice). In the liquid phase of polar solvent, an
excess charge is screened by a rearrangement of the dipolésmed solvation. Dipole
moments in a solid are not as easily rotated, but are still abé to screen excess charges
e ciently. This occurs, for instance, in thin ASW layers ads orbed on metal substrates.
Here, excess electrons are excited from the metal, injecteidto the ASW and stabilise
energetically by molecular reorganisation of their envirmment [Bov03, [S®074].

In this thesis, such solvated electrons are used to estimat¢he mean free path
of low energy electrons in ASW, an important quantity in radiation chemistry, where
interaction cross sections of secondary electrons with wat are important. It is further-
more shown that an increase of the adsorbate layer thicknestecouples excess electrons
trapped in surface defects of the ice layer to such an extenthat their lifetimes increase
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at least to tens of seconds (i.e. by 14 orders of magnitude). fese trapped electrons
are then used to drive an electron-induced chemical reactig the dielectron hydrogen
evolution reaction: Thereby, two water molecules are transformed into two hydoxide

ions (OD ) and a hydrogen molecule (B) is formed, with the help of two trapped

electrons. The hydroxide ions change the work function of tie system, which is directly
observed in the photoemission experiment.

In summary, | investigated very di erent aspects of the in ue nce of the screening
of the Coulomb interaction on electron dynamics in three model systems. Thereby, |
succeeded to answer the two questions, raised in the begimg: 1 How does Coulomb
screening in uence the quasiparticle dynamics and2, how can the degree of screening
be dynamically changed to manipulate material properties @ an ultrafast timescale?
The second question is addressed rst, by showing that the pbtoinduced change of
screening transforms insulating VGQ into a metal. The rst question is answered by
the remaining two systems: The two dimensional electron gasat the STO surface
shows modi ed quasiparticle lifetimes due to the changed seening in two dimensions.
In D,0, excess electrons are screened to such an extent by the dipoice matrix that
they reside in surface traps for tens of seconds and enhanchkemical reactivity.

To get back to the initial statement that "in order to underst and matter it is im-
portant to understand the screening of the Coulomb interaction’, one can conclude:
By learning about the details of screening, a lot of knowledg has been gained about
the investigated systems. The long-standing question of th driving mechanism of
the photoinduced insulator-to-metal transition in VO » is nally answered. Electron
induced chemical reactions in amorphous solid water, an albuwdant form of water in
earth's atmosphere and interstellar space, have been obserd and enhanced. Finally,
it is possible to transiently enhance the charge carrier desity of the highly relevant
two-dimensional electron gas in STO by photoexcitation.s



2 Questions and Background

The Coulomb potential ( r) / g=r de nes the interaction between charged particles
(electrons and nuclei) on a fundamental level. Most of the maroscopic and microscopic
properties of matter are in turn de ned by these interactions. As soon as many carriers
are involved, they react to an excess charge as schematicaltepicted in Figure [Z1.
Electrons (red) move away from a positive excess charge (mied by the dashed circle)
in a) and move closer to a positive excess charge (blue) in b)This process is called
screening of the Coulomb interaction. The local environment reacts tothe excess charge
by reorganisation within a screening cloud of displaced caters. Another example for
screening is shown in c), where dipole moments (e.g. of polanolecules) reorient to
screen the excess electron.

Screening of a point charge due to (quasi-)free electrons nabe expressed by a
modi ed screenedCoulomb potential ( r) of the Yukawa form (see Appendix[A)
q e = D;

(r)
wherer is the distance to the chargeq and p is the so calledDebye length[Cha99],
which is a measure of the size of the screening cloud. The di ence to the unscreened
case is visualised in Figuré_Z]1 d). The screened potentiakinot simply renormalised,
but exhibits even qualitatively a di erent shape. Its spatial extension is smaller and
the interaction range is thus decreased. When the screenedjential is attractive (e.g.
the Coulomb interaction of a positive ion is screened by sumunding mobile electrons)
it exhibits a limited amount of bound states or even no bound sates at all, depending

on p [LiOB].

6 .. Coulomb
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Figure 2.1: screening of a negative a) and positive b) excess charge (markeg the dashed
circle) by other electrons (red). c) screening of a negative excescharge by reorientation of
dipoles. The initial positions of the screening electrons is indicated bythe grey circles. d)
Comparison of unscreened (red) and screened (blue) repulsive Glomb potential.

The amount of screening and its structure determines mateil properties in equi-
librium and lead to interesting phenomena like phase trandions and solvation of excess
charges. In addition, screening in uences important dynamical properties (e.g. elec-
trical conductivity) by modi cation of electron scatterin g rates. It is therefore vital to
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2 QUESTIONS AND BACKGROUND

understand the manifold aspects of screening to gain insighnto macroscopic material
properties and understand them on a fundamental level.

This chapter rst presents concepts of solid state physics hat are important for
the understanding of the investigated systems. Those systes and their properties are
subsequently introduced in the following sections.

2.1 Electron interactions and screening in the
investigated systems

The chemical composition of the material alone does not nessarily explain its macro-
scopic properties. Drude- and Sommerfeld-model and later eantum mechanical band
structure theory, to di erent levels of precision, provided the basis for understanding
simple solid state systems and their electrical propertiesmicroscopically. A typical
metal consists of around 1 10?3 atoms per cn? contributing the same amount of con-
duction electrons. Interesting phenomena like insulatorto-metal transitions can often
only be explained by taking the screened Coulomb interactio between these particles
into account.

But often it is not possible to handle such a many-body problen computationally
without simpli cations. The Born-Oppenheimer-Approxima tion (Adiabatic Approxi-
mation) is used to decouple the wave function of the systemgiuclei from its electronic
one. This separation of electronic and lattice subsystemssiused in conjunction with the
concept of an electron gas or liquid. Thereby a single partie band structure (single-
electron approximation) of electronic states in a solid is $sed to describe the many-body
system. It is e ectively reduced to that of a single particle, which interacts with more
or less degrees of freedom of its environment via an interaicin potential. The following
degrees of simpli cation can be distinguished:

Free electron gas (Drude-Sommerfeld model) Only the periodicity of the
crystalline lattice of the solid is superimposed on the freeelectron dispersion
leading to a folded band structure (Figure[Z2 a)). Fermi-Dirac statistics is used
to nd the occupation of the density of states.

Nearly free electron gas A static, periodic and weak potential representing
the screened ionic atoms is used to generate the band struatel for a quasi-free
conduction electron in a metal (Figure[Z2 b)), thus openingband gaps at the
Brillouin zone boundaries Egsp. Complete lling of the valence band yields an
insulator, or if a small band overlap in k-space is maintainel a semimetal (Figure
[Z2 c) and d)).

Fermi-liquid  (proposed by Landau) The non-interacting Fermi-gas is trars-
formed into an interacting Fermi-liquid of dressed quasipaticles with nite life-

times, by switching on interactions in an adiabatic manner. The quasiparticles
then behave again like non-interacting particles, while tre interactions of the real
particles are included in the complex self energy of the qudgarticle. This leads
to a nite lifetime ¢ Of electrons with excess energy = E  Ef (with respect
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Figure 2.2: Energy bands for electrons in solids: a) free-electron dispersiorrdd) and back-
folding due to lattice periodicity (blue) as a starting point for: b) half lled conduction band of a
metal, ¢) lled valence- and empty conduction-band of insulator/semiconductor with band-gap
Egap, d) semimetal. e) The Peierls-mechanism leads to insulating behaviouvhere simple band
theory would predict a metal, when lattice distortion is allowed. f) Mott insulator: Coulomb
interaction and screening de ne insulating versus metallic behaviour

to the Fermi level Eg) following [Kir09] Qia05].

1 25 2, n>°
ee= ¢ e=176:481fs m 7 eV] —- (2.2)
Additionally the DOS, i.e. the real band structure, can be cansidered, introducing
corrections by modifying scattering phase space and impoantly the screening of

the Coulomb interaction itself.

Strongly correlated systems exhibit interaction strengths, that do not allow

the above approximation of non-interacting quasiparticles. E.g. interaction with

the crystal lattice can result in a Peierls-Transition and one approach to take
electronic correlations into account is to employ simpli ed model Hamiltonians
(e.g. Mott-Hubbard) (Figure ZZle) and f)).

Modern solid state theory is able to qualitatively and, to a growing extent, quan-
titatively predict the band structure of many solids and distinguishes between metals,
semiconductors and insulators as shown in Figuré2l2. The ling of the Bloch bands
is simply determined by counting the electrons per unit cell For a half- lled band, as
displayed in b), a small energy is su cient to move the occupdion by a small amount
in k-space corresponding to a non-zero net momentum of all emuction electrons (i.e.
a current). The presence of a band gap, shown in c), preventsoaductivity, as a much
larger amount of energy is neededHEgyp) to create a non-zero total momentum.
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Beyond single patrticles: Figure [Z2 e) and f) show two of the most prominent
simplifying models for collective e ects and correlations keyond single-particle band-
theory. Half lled bands are susceptible to a Peierls transtion if the energy gain by
opening a gap at half the original Brillouin zone (i.e. loweing occupied electronic states
in energy at = 2a) is larger than the energy needed to modulate the lattice stucture,
such that the original unit cell size is doubled. For one dimasional chains (1D) the
distorted, insulating structure is in fact the ground state of the system. [Gri94] There-
fore, quasi-1D systems are susceptible to Peierls transians along with the formation
of charge-density-waves[[Sch08, Ros/11].

A Mott transition on the other hand, is based on the screened @ulomb interaction
between electrons, also termed strong electronic correlan. In a metal with delocalised
conduction electrons, the Coulomb interaction is well screned. In this case, the nar-
row attractive potential around the nuclei thus prohibits b ound electronic states. When
screening is reduced e.g. by reduction of the charge densify.e. the e ective Coulomb
interaction increases), at some point the screened Coulompotential gets wide enough
to support bound states. These states localise electrons ahe atomic sites and re-
move them from the delocalised conduction band. This resuk in a further reduction
of the screening, stabilising the localised state, and leaxlto a metal-to-insulator tran-
sition [Mot49] Geb97]. Especially in transition metal compounds with rather localised
d valence orbitals, the Coulomb interaction is not well screeed, which makes those
systems susceptible to such a Mott metal-to-insulator trarsition. Mott rst formulated
an empirical expression for the band gap of siz& g,p

1

where U is the Hubbard intra-atomic correlation energy (Coulomb repulsion) and B 1/,
the bandwidth of lower and upper Hubbard band (i.e. the degre of localisation).
In Figure 2.2 f) the resulting “band structure' is sketched. Large screening
leads to delocalised bands with large bandwidth® -, and weak repulsionU (left). A
conducting, metallic material is formed. When screening isreduced (e.g. by lowering
the charge density), the bandwidths get smaller and the inteaction increases (right).
This leads to the opening of a gap, characteristic for an inslating material.

Advancing this model into the framework of a proper quantum mechanical treat-
ment in the second quantisation, the so called Mott-HubbardHamiltonian can be used
to describe such systems [Geb97]. More advanced theoretiaaethods like hybrid DFT,
including non-local interactions, and the GW approximation (W = screened Coulomb
interaction, G = Greens function) are nowadays able to desdbe correlated systems
without a the above model assumptions to an increasing extetn but at the expense of
comparably high computational cost [Gat078,[Tor12].

E ects of dimensionality: So far mainly three-dimensional (3D) systems where
discussed. Con ning an electronic wave function in one diretion, can demand the
description in two dimension, e.g. as a two-dimensional etdgron gas (2DEG), lead-
ing to new phenomena. Fermi liquid theory then predicts both a di erent scattering
behaviour due to the decrease in phase space for electron #eaing, and also a modi -
cation of the screened Coulomb interaction. These modi caions lead to a logarithmic
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2.2 Crystallographic and electronic phase transition in VO

correction of electron-electron scattering rate, which tren becomes[[Kir09[ Qia05]

_ 1_ 2 2 N2p

With 2D-electron density nyp and excess energy (with respect to the Fermi energy) =
D Eg. Of course the 2D system is never completely decoupled frontsi environment.
The screening and phase space in the real system will most &ky also depend on the
electronic band structure of its surrounding.

Dipolar screening: As shown already in Figure[21 c), not only electrons can scen
the Coulomb interaction. Electric dipoles screen charges ectively by reorientation as
well. This results in the well known phenomenon of solvationin polar solvents (The
ions of NaCl are solvated in water). The dipole moments are aaied by polar molecules
like water or ammonia. Solvation therefore plays an important role in chemistry in the
liquid phase. But also frozen solvents (like water clusterof interstellar or atmospheric
ices) are able to solvate excess charges. These charges caenebe e ectively trapped

in such polar environments, if the energetic stabilisationdue to the screening and the
decoupling from the environment are strong enough. Localisd excess charges are a
very reactive species and especially important in atmosph& physics and chemistry.

Topics of this thesis: Al previously discussed aspects of screening - strong elec-
tronic correlation, e ects of dimensionality and dipolar screening - are examined by
investigating di erent model systems:

VO, and its phase transitions are investigated to clarify how corelated this mate-
rial really is and whether electronic correlations (Mott) or crystallographic struc-
ture (Peierls) generate the driving force for its photoinduced phase transition.

The e ect of low dimensionality and the surrounding environment on electronic
screening is investigated by examining the electron dynanais in the 2D electron
gas (2DEG) at the SrTiOg/vacuum interface.

Dipolar screening is exploited to trap excess electrons inraorphous ice layers
adsorbed on a copper single crystal by tuning the coupling tahe substrate and
exploiting the stabilising properties of polar media.

From this diverse selection of systems it becomes clear thahe screened Coulomb
interaction is important in many elds and aspects and resuls in interesting phenom-
ena, that would not be expected from such a simple thing as th&€oulomb force. In the
following a detailed overview over those systems is given.

2.2 Crystallographic and electronic phase tran-
sition in VO

VO,, exhibits a thermally induced, rst-order, reversible, phase transition in crystal-
lographic [Wes61] and electronic[[Mor50] structure from aninsulating-monoclinic to
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T<T. _ T>T,
monoclinic O Vanadium rutile

) Oxygen metal

insulator

Figure 2.3: Comparison of crystallographic phases in VQ: on the left the monoclinic unit cell

is indicated by the solid lines. Vanadium atoms are represented by theed balls, oxygen atoms
are in blue. For comparison two unit cells of the rutile phase correspoding to the monoclinic

one are indicated by the dashed lines. On the right side the rutile, madllic, high temperature

phase is depicted. Two rutile unit cells are indicated by the solid black lins, the dashed lines
show the corresponding monoclinic unit cell. In the central panel bth structural arrangements

are superimposed (rutile phase in greyscale).

a metallic-rutile phase, both discovered nearly 60 years agby Westman and Morin.
The transition temperature Tc ' 340 K is easily accessible in experiments and very
suitable for applications, as it lies slightly above room tenperature. The corresponding

structure | a(A) | b(A) | c(A) | () | volume (A%
monoclinic | 5.7517| 4.5378| 5.3825| 122.646 118.2899
rutile 45546| =a | 2.8514 - 59.1505

Table 2.1: Lattice constants of monoclinic and rutile VO,, determined by X-ray di raction
experiments. [Lon70[McW74]

lattice structures for temperatures below and aboveTc are displayed in Figure[Z.3,
based on structural data from X-ray diraction experiments [Lon70, [McW74]. The
lattice parameters for the two phases are summarised in Ta[Z1. Two unit cells
(each containing 2 vanadium and 4 oxygen atoms) are shown inhie right panel of the
gure, corresponding to the high temperature, rutile phase When lowering the tem-
perature below T¢, the vanadium atoms dimerise and the dimers tilt away from the
rutile c.-axis. In the central panel both structures are superimposé to highlight the

di erences (rutile structure in grey): Oxygen octahedra (one is indicated by the blue
shaded shape) are only slightly disturbed, while the vanadim atoms move by a larger
amount. This structural change constitutes a lowering of synmetry and an e ective
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2.2 Crystallographic and electronic phase transition in VO

doubling of the unit cell (the monoclinic unit cell contains 4 vanadium and 8 oxygen
atoms). The volume changes by approx. 0.045 % [Kuc79].

Besides direct observation of the lattice structure by diraction techniques, both
phases exhibit a distinct response in Raman spectroscopy: e insulating monoclinic
phase (space group: PZc, No. 14) [Eye02] has 18 Raman active phonon modes (at
the point), as shown in [§ch02, Jon10]. In contrast the rutile phase (space group:
P4,/mnm, No. 136) exhibits only 4 Raman active modes, detected a very broad peaks
by Raman spectroscopy([Sch(2].

Remarkably, at about the sameTc, the conductivity of VO , changes by up to ve
orders of magnitude [Ber69], which constitutes a metal-tomnsulator transition.@ The
phase transitions in VO, are of rst order due to the existence of latent heat and a
diverging heat capacity [Ber69]. Considering the atomic obitals of V4* and O? ions

rutile monoclinic (M,)
! *
! *
[ Jar
=
d [ 14

Figure 2.4: Rutile unit cell with ¢ (-axis alongx a) and schematic representation of the VQ
electronic band structure in the vicinity of the Fermi level b). Adop ted from [Eye0Z].

and the respective crystallographic structure, Goodenouly gave a rst description of
the electronic structure in both phases, which is illustrated by Figure[Z4. [Goo71] In
a), the rutile unit cell is shown. The central V atom (red) sit s inside an O-octahedron
(blue). Therefore the 5 V-3d orbitals are split by the octahedral crystal eld into the
usual g5 and tog manifold. Degeneracy of thet,y manifold is lifted further and the
dy2 yzE (green translucent shape) orbital is split o at lower energies and namedd,,
while the remaining tog orbitals are termed . The resulting d, and  bands of the
solid are illustrated in Figure 2.4 b). In the rutile phase both bands overlap with the
Fermi energy.

When undergoing the phase transition, the displacement of he V-atoms and their
pairing along the rutile c,-axis leads to a splitting of the dy band (which also points
along the Gg-axis) and a shift of  to higher energies, as displayed in b). Goodenough
assumed that this splitting, which results from the structural distortion, i.e. the lattice
structure only, is su cient to open up a band gap.

Such a Peierls-insulator type of description was contradited by Mott [Zyl75]. He

2The conductivity changes from approximately 0.1 to 1000 em . A good conductor (e.g. cop-

per) has a conductivity of 6 10°  *cm !, while good insulators (e.g. fused silica) have conductivities
ontheorderof 1 10 2  cm !. It would therefore be more accurate to speak of a semicondudor-
to-bad-metal or non-metal-metal transition. For simplici ty it is nevertheless called insulator-to-metal
transition.

3The unusual choice of coordinates leads speci ¢ naming conentions. The tzq manifold consists of
de2 2, dxz and dy; orbitals, not the usual dxy , dx. and dy,.
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argued that for a quantitatively correct description electronic correlations have to be
considered. The underlying Mott-Hubbard insulator model predicts a band gap between
lower (occupied) and upper (empty) Hubbard band of sizeE (see Equation2.B), which
depends on the bandwidthsB, and B, of the two Hubbard bands and the intra-atomic
correlation energy U, due to electron-electron interaction [Mot74]. Accordingto Mott,
the displacement of the V-atoms in the monoclinic phase onlydecreases the bandwidth
of the d-bands. This narrowing on the other hand makes the sytem susceptible to a
discontinuous Mott transition. To clarify which of those tw o models, if any, yields an
appropriate description of VO,, a great deal of theoretical and experimental studies
were performed.

For a long time a single theoretical framework was not able taexplain both phases of
VO, at the same time. Ab initio molecular dynamics (MD) simulation based on density
functional theory (DFT) in the local-density approximatio n (LDA) does yield correct
crystallographic structures, but in the monoclinic phase ro electronic band-gap is ob-
served, even though the electronic structure (band overlaparound the Fermi energy is
signi cantly altered [WWen94]. The opposite failure, an insulating rutile and insulating
monoclinic ground state was found when using DFT in the spin plarised local-density
approximation (LSDA) [Kor02, Kor03]. Choosing the ‘right' hybrid functional (Heyd,
Scuseria and Ernzerhof (HSE), including electron-electro interaction exactly to some
extent) results in correct insulating monoclinic and metallic rutile electronic structure
[Eyell], but concerns have been raised that similar problesroccur, when including
spin polarisation [GC12,[Yual2,[Coul3]: The rutile ground $ate becomes insulating
and the monoclinic one magnetic.

Fortunately theoretical methods and models have evolved,dading to more consis-
tent results: Simpli ed model GW calculationsf4 yield the correct electronic structure
for both crystallographic phases [Con99]. Also cluster dyamical mean eld theory
(DMFT) plus DFT+LDA including a parameter U (constant for both phases) yields
the right electronic structure in rutile and monoclinic phase. Last but no least DFT-
LDA plus a self-consistentGW correction on the COHSEX (Coulomb hole and statically
screened exchange) level plus a one-step, perturbati\@oW(E calculation also success-
fully describes both phases in VQ. It seems that di erent theoretical approaches are
able to describe the electronic properties of the monocliri phase correctly when they
a) use the monoclinic crystallographic structure and b) acommodate for non-local
electron-electron interaction and screening, but still ona single quasiparticle band-
structure level (moderate correlations). The simpli ed Peierls and Mott model pictures
are not needed to explain the equilibrium properties of VQ in both its phases, but
both structure and correlations play a role to some degree.

Static experimental methods, e.g. photoemission spectraspy [Shi90]Koe06, Sae09,
[Sug09], Raman-spectroscopy [Sch0Z, Jon10] and di ractionechniques([Con 70, McW74]
are able to identify the expected signatures of the two phaseof VO,, but lack the ability
to consistently explain the underlying mechanism of the traasition. Photoemission for
instance probes the electronic structure, while di raction and Raman-spectroscopy are

*In Hedin's GW approximation [Hed65] the complex self energy of a quasipa rticle is approximated
by the product of the single particle Greens function G and the screened Coulomb interaction W. In
the model GW the self energy only mimics this de nition.

SEigenvalues and orbitals are not calculated self consisterily in this last step
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2.2 Crystallographic and electronic phase transition in VO

sensitive to the crystallographic one. Neither of them can drectly reveal the intercon-
nection between electronic and lattice degrees of freedonAlso, the driving mechanism
for any change is per de nition dynamic and static snapshotswill always have a hard
time to unambiguously reveal its nature. In addition, the concurrency of crystallo-
graphic and electronic phase transition is questioned in geeral and the existence of a
monoclinic metallic phase is observed [Arc07, Qaz07, Lavl4

A common approach to disentangle cause and e ect is to perforrmtime resolved
out-of equilibrium studies. A system is perturbed by a momenary stimulus (often ul-
trashort laser pulses are employed to access the timescalekelectron-electron scattering
and nuclear motions) and its relaxation or transient changewith time is monitored sub-
sequently. The electronic and crystallographic phase trasition in VO , can in fact be
photoinduced, paving the way for such studies, as describeih the following.

Photoinduced phase transition Roach and Balberg [Roa71] rst showed that the
phase transition in VO, can be photoinduced by pulsed lasers in an ultrafast manner.
Such a photoinduced phase transition (PIPT) is important for applications as it would
allow e.g. ultrafast electro-optical switching. Driving the phase transition on a non-
equilibrium pathway has also raised hopes for understandig the underlying physics in
general: If electronic correlation is responsible for therisulating gap, photo-excitation
could instantly remove it, while a in a lattice-mediated scenario, rst the lattice struc-
ture would have to change, before the electronic gap could cke.

Time-dependent studies of the PIPT have been conducted in th past, using various
types of probes. The structural evolution has been probed bylectron [Bau07] and X-
ray di raction [Cav01,]Had10/) Had11], showing that the evolution of the ionic positions
happens on various timescales. Those timescales start at stps but extend up to ns,
due to di erent steps in atomic rearrangements until the atoms resemble the equilibrium
high-temperature structure. Unfortunately, the initial u ltrafast timescale (sub-100 fs),
that would give possible insights into the driving mechanisn, is not accessible due to
the lack of time resolution. Also the ionic positions are prdoed, not the dynamical
potential energy landscape, that de nes the driving force @ ionic motion.

Transient optical re ectivity and transmission with super ior time resolution showed
a threshold behaviour for the maximum speed in the optical reponse[[Cav04]. There
the phase ‘transition time' was determined for various pumppulse durations and no
faster transition than 80 fs was observed, even with 15 fs pumpulses. Thisstructural
bottleneck suggested a lattice-mediated, Peierls-type mechanism. Tenidea was that the
photo-excitation coherently excites a phonon that maps themonoclinic onto the rutile
crystallographic structuref, thereby driving the transition. However, optical techniques
do not probe the electronic structure directly, but the dielectric function instead, in-
cluding e.g. low-energy lattice excitations and thermal e ects and lacking an absolute
energy scale. This lack of an absolute energy scale does ndtow to distinguish be-
tween free carriers within the conduction band (of the insubting band structure) due
to photoexcitation and truly metallic response of a system die to a band gap collapse.

®The assumption that a 6 THz phonon mode maps monoclinic to rut ile structure was re ned in
[Yuai3]: The phonon mode along the V-dimers oscillates at 10 THz, tilting of the dimers happ ens at
6 THz
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To partially circumvent this problem, broadband THz probin g was employed|[Kib07,
[Pas11] to disentangle lattice and electronic contributiors via the probe photon energy.
There, it is shown that only between h = 40 and 80 meV, IR-active phonons are
probed, and above 80 meV the THz conductivity shows no (vibrdional) lattice contri-
butions (but still no absolute energy for electronic transtions is possible to determine).
A phase transition threshold on the other hand was extractedat the arbitrary pump-
probe delay of 1 ps for the wavelength-integrated spectra. Mis assumes that the overall
re ectivity change at 1 ps is directly connected to the electonic phase transition only.
The authors observe a coherent wave packet motion in an exad, transient state and
a ultrafast onset of a metallic response in the THz conductivty without evidence of a
structural bottleneck.

Another approach to disentangle electronic and lattice reponse was performed by
Siwick and co-workers([Mor14]. Ultrafast electron di racti on was used to probe lattice
and valence orbital structure and simultaneously time reséved optical IR-spectroscopy
was used to monitor the electronic response. A state with metl-like IR-re ectivity is
reported with the monoclinic lattice structure intact, i.e . a monoclinic Metal.

A transient phase with monoclinic lattice structure exhibiting metallic signatures
has also been reported in time-resolved studies by [Kim06, €12, Tao12,YosI¥] and
statically at high pressure (>10 GPa) by [Arc07]. The problem of all of the presented
experiments is the lack of an absolute energy scale, when gring the dielectric function
of a material optically. Highly excited matter can show a “madallic signature' just
because carriers are freed by the excitation and not becausés electronic structure
changed. In other words it is unclear from optical experimets whether the metallic
response is generated due to low-energy transitions acrofise Fermi energy (i.e. due
to a band gap collapse) or within the transiently populated conduction band (i.e. with
the band gap intact).

A technique that provides a direct view into the electronic band structure, in-
cluding absolute energies, is photoelectron spectroscopyime-resolved photoemission
spectroscopy is very challenging on Vd?l. Unfortunately the few successful attempts
[Dac1l,Yos14] so far, do not possess the time resolution tdentify a driving mechanism
initially after photoexcitation.

Open questions regarding VO  ,: Despite countless investigations concerning V@,
from which only a fraction was mentioned above, various opemuestions remain. The
driving force of the photoinduced phase transition is still under debate: Is the detour
via the lattice after photoexcitation (of electrons) really necessary to reach a metallic
phase, i.e. does the 80 fs phonon bottleneck exist, and if nohow fast can one drive
the transition ultimately? What is the nature of the photoex cited phase before all
components of the system thermalise and is there a (transig monoclinic metal?

To shed light onto these questions, in this work, a complemetary approach of time-
resolved broadband optical and photoemission experiment&ere used. The comprehen-
sive set of performed experiments is illustrated by Figurd—ZH: The equilibrium phases
(M1 and R) of VO, are characterised statically and following weak perturbaton (narrow

"Preparation of a stoichiometric VO » surface in UHV is non-trivial, due to oxygen loss upon heatin g,
which a ects surface sensitive techniques like PES strongly.
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Figure 2.5: Experiments employed to shed light onto open questions regarding ¥,, as de-
scribed in the main text (schematic overview). Weak excitation (narow pulse) perturbs mon-
oclinic (M1), transient (?) and metallic (R) phase. Strong excitation (bold pulse) drives the
PIPT. The lattice potential symmetry is probed optically via coherent phonon response (Chap-
ter E.1)) and the electronic structure is probed by photoelectron pectroscopy (Chapter[4.2).

pulses) in a time-resolved manner. Strong photoexcitation(bold pulse) is used to drive
the PIPT via a transient non-equilibrium phase ?. Weak perturbation of the transient
phase via three-pulse experiments permits its further chaacterisation. Their lattice po-
tential energy landscape [[Walll[ Wal138] is probed via cohent phonon response using
optical broadband whitelight spectroscopy [Weg11] (Chaper[41). Time resolved pho-
toemission spectroscopy reveals a quasi-instantaneous ta#isation [Weg14] (Chapter
[42). Theoretical calculations in the monoclinic lattice gructure con rm that photoex-
citation can instantaneously generate a monoclinic metalt phase due to a massive
change in screening. A purely electronic e ect is su cient to generate this transient
phase.

2.3 Surface 2D electron gas in insulating SrTiO 3

SrTiO3 (STO) is the "Silicon of the emerging eld of oxide electroncs' [SS11], as it is
easy to fabricate (and therefore commonly used as a substraj, but also shows intrigu-
ing properties, as for example a high mobility two-dimensimal electron gas (2DEG) at
the LaAlO 3/SrTiO 3 interface [Oht04]. This 2DEG between two insulating solidscan be
controlled by eld e ects [Cen08], is superconducting at temperatures below 200 mK
[Rey07] and conductivity can be modulated by electric eldsin prototypical eld e ect
transistors [Eer13].
The discovery of a 2DEG that is localised in the surface normidirection of the

vacuum cleaved or annealed SrTi@/vacuum interface provides a comparable model
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2 QUESTIONS AND BACKGROUND

system with easy experimental access. As the 2DEG is situatkat the vacuum interface,
surface sensitive photoelectron spectroscopy can be usea $hed light onto its quantised
structure [SS11,[Meell].

Figure 2.6: Bulk STO crystal and orbital structure: a) cubic unit cell of STO. b ) Angular part
of 3d atomic orbitals and crystal eld splitting of ey (top: dy> y» and d,2) and tyg (bottom:
dyz , dyy and dy,) manifolds.

SrTiO3 has a perovskite cubic lattice structure with a lattice congant of 3.9 A,
as shown in Figure[Z®6 a), and is an insulator with an indirectband gap of 3.25 eV
and a direct gap of 3.75 eVI[[vBOl| PisO4]. Strontium atoms (rd) are at the corners of
the unit cell while the titanium atom (green) is in the centre, surrounded by 6 oxygen
atoms (blue). The highest occupied states are derived maiglfrom oxygen 2o orbitals.

The empty conduction band originates from titanium 3d orbitals. Figure 2.8 b)
shows this Ti 3d manifold, which is split by the octahedral crystal eld of th e oxygen
octahedron. The orbital lobes of thetog manifold (bottom) point in between the oxygen
atoms and are therefore lowered in energy. As each of thieg orbitals extend further
in two directions, they form bands that are more localised (feavier) in one and more
delocalised (lighter) in the other two directions. The orbitals of the e manifold (top)
point along the x, y and z axes directly towards oxygen atoms, hence their increased
relative energetic position.

Figure [Z4 illustrates the electronic structure of STO further. Panel a) displays the
cubic Brillouin zone of the simple cubic lattice structure. High symmetry points are
indicated by the red circles and letters. For investigatiors of the STO(100) surface the
- X direction is the most relevant. Angular resolved photoemision data, presented
in Chapter B, is recorded in the direction k, indicated by the dashed red line and
therefore also namedk, (parallel to the examined surface). Due to the cubic symmety
of bulk STO, this direction is equivalent to the momentum dir ection perpendicular to
the surface ;).

Screened hybrid DFT calculations yield a quantitative picture [EM11] of the occu-
pied and unoccupied electronic band structure of STO. The cleulated bands in - X
direction from Brillouin zone centre to one of the cubic facecentres is shown in b). The
calculations yield a direct band gap at the point between 3.59 and 3.87 eV and an
indirect band gap (betweenR and , not shown) between 3.18 and 3.53 eV, depending
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Figure 2.7: Electronic band structure of SrTiO3: a) shows the Brillouin zone of a simple
cubic lattice structure. High symmetry points are marked in red. The red dashed line (-

X) corresponds to the angular direction that is probed in angle-reslved measurements. The
calculated band structure of bulk STO (adopted from [EM11]) is partially shown in b). c)

Displays the spatial dependence of the electronic structure with dwnward bent conduction
band (green) and Rashba-split sub-bands[[SS14] around in the sidace region. Excitation
from initial to potential nal states is indicated by the blue arrow.

on the used basis set. This is in good agreement with experiméal values of 3.75 and
3.25 eV, respectively.

As mentioned before, two of the threet,y orbitals (green) have a good overlap in
this direction (i.e. in each of the - X directions), yielding two degenerat dispersive
bands with more delocalised character. The other orbital wih less overlap results in
a single heavier, less dispersive band. Similar argumentsold for the energetically
higher e; manifold (blue). The position of the Fermi level was shifted slightly below
the conduction band to indicate the common n-doped characte of the system [Fuj92,
[Chaid.

Many studies, predominantly photoelectron spectroscopyhave investigated the bulk
and surface electronic structure of STO. Bulk crystals becme metallic upon various
types of electron doping. Nb- and La-doped STO samples show etallic states at
the Fermi energy in photoemission studies[[Tak09, Ish08, Ai02,Fuj92]. Bulk oxygen
de ciency after annealing undoped STO above 1000C in ultrahigh vacuum [Chal0]
has a similar e ect and leads to conducting samples with a methic Fermi surface.
Often, broad in-gap stateg (IGS) are observed at 1.3 to 1.5 eV binding energy in such
doped metallic samples.

Metallic STO surfaces can be generated by adsorption of hydrgen [D'A12], elec-

8The phase transition from high temperature cubic to low temp erature tetragonal structure at
Tc =110 K does neither change the crystallographic nor electronic structure by a signi cant amount.
A slight tilting of the oxygen octahedra leads to a lifting of the degeneracy in the conduction band
manifold by tens of meV [Mat72].

®The exact origin of the in-gap state is still not clear: It is o bserved in most experimental studies
of electron doped STO [Tak13, Fuj92] SS11, [Mee11,[Plul4], but interpretations
range from incoherent satellites due to electron correlation to defect states in the band
gap due to O-vacancy clustering [Sha98] or O-vacancy inducel states located at the Ti ions [Ric03].
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2 QUESTIONS AND BACKGROUND

tron irradiation [Tak13] and UV irradiation [Flul4,IMeell] and are interestingly also
observed on vacuum fractured surfaces [Hen78, SS11]. Therhe broad IGS and the
metallic state at the Fermi level both disappear upon dosag®f 0:3 L of oxygen[Hen78,
IAiu0?] and it is therefore concluded that the doping mechansm is connected to oxygen
vacancies at the surface, generated by the fracturing.

Only recently such metallic states on the STO-vacuum interice have been identi ed
as truly con ned to the surface, i.e. as a 2D electron gas (2DB), via photon energy
dependent high resolution ARPES [SS11, Meel1] and scannirignneling spectroscopy
studies. These showed various quantised sub-bandsriginating from STO's
bulk Ti 3d tog manifold. These bands are delocalised in the surface planbut localised
in surface normal direction, hence the term 2DEG. Figurd 2Irc) illustrates these nd-
ings: Oxygen vacancies generated by fracturing [SSI11] or UMumination [Meell] lead
to a downward band bending of the bulk conduction band >y manifold in green) to-
wards the sample surface 4p). Because the band is bent below the Fermi leveEg, the
respective states become occupied and a high mobility 2DEG ith possibly quantised
sub-bands is formed.

Even more recent experiments revealed additional intrigung features of the 2DEG:
In [SS14], using spin-resolved photoemission spectrosgopthe quantised sub-bands are
reinterpreted as giant Rashba-split bands. This is illustrated in on the right side of
panel c): Rashba splitting (indicated by the arrow) leads to two bands (grey) that
appear as one band with strong and one with weak dispersion {ack) due to a lifted
degeneracy at due time-reversal symmetry breaking (i.e. nagnetic order). In
it is found that only the band derived from the dy, orbital is truly 2D (zero dispersion
in kz, i.e. surface normal, direction), whiled,, and dy, exhibit large e ective masses
(weak dispersion), but still a 3D character. In the latter two studies, polished and
etched samples were used and in [Plul4] di erent types of anrading treatments were
compared, all resulting in the same, universal surface el&onic structure, virtually
independent of surface treatment and bulk doping.

Open questions regarding SITiO  3:  There are a few open questions regarding this
highly interesting surface electronic structure of STO: Hov does the di erent dimension-
ality of the electronic band structure modify the screeningof the Coulomb interaction
and thereby a ect hot electron lifetimes in the system? How dces the surface electronic
structure couple to the bulk bands?

In fact the unoccupied electronic structure has so far beenx@erimentally investi-
gated only with low energy resolution by means of inverse phmemission spectroscopy
(IPS) [Hig02] Bab03] and electron energy loss spectroscoffEELS) [Gue9s].

Therefore, in this work, unoccupied states and their dynames are investigated by
means of time resolved single- and two-photon-photoemissin. In this way distinct
nal states are found 4.1 and 4.5 eV above the Fermi energy (Fjure[Z1 c)), that are
delocalised in the surface plane. Furthermore, hot electno lifetimes are investigated
and compared to Fermi liquid theory. Deviations are explaired by datails of the STO
band structure. Furthermore, a transient lling of the 2DEG from in-gap states is
observed that leads to a shift of the Fermi level to higher enggies, which relaxes on
timescales of ballistic electron transport.
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2.4 Electron solvation and trapping in amorphous solid wate

2.4 Electron solvation and trapping in amor-
phous solid water

When excess charges are placed in a polar environment (e.g. ater, ammonia, etc.)

the free energy is minimised by reorientation of surroundilg dipole moments, which
thereby screen the Coulomb potential generated by the excaescharge. This process
is called solvation (or hydration, if the polar medium is water). Solvated electrons in
liquids are known and investigated for a long time [Dav08], ad according to Zhao et al.

[Zha0g] constitute a “most fundamental chemical reagent’.

A a) b)
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Figure 2.8: lllustration of transfer and stabilisation processes in ice: 1 photoexcitation from

metal substrate into ice conduction band (CB) via UV photons (h pump). 2 Localisation of
excess charges in pre-existing traps, approx. 3 bilayers (BL) frm the substrate. Relaxation
e.g. back to the substrate and energetic stabilisation within the solation site are indicated by
the green and blue dashed arrows, respectively. Delocalised eleatrs (3) can also localise in
surface traps (4). 5 probing excess electrons by photoemission with visible lightl{ probe ).

Solvation of excess charges occurs also in the condensed pbaof polar solvents,
e.g. water or ammonia ice. Ice layers adsorbed on a metallicirgle crystal at low
temperatures and under UHV conditions constitute a very corrolled environment to
study various steps of excess electron transfer, stabilisian, localisation and trapping
within the polar solvent. Figure illustrates these proesses: The metal substrate is
indicated in orange on the left and the ice adsorbate, exhiliing a large band gap of
Egap 8 eV [Shi77], in blue on the right. Electrons are excited (1) exclusively from
the substrate and partially into the ice conduction band (CB) by UV light ( h pump <
Egap). From there, they can be trapped in pre-existing sites (2) close to the metal
substrate [Bov09, S&a11,[S®l4] in amorphous ice layers. In crystalline ice layers, the
are trapped in surface defects instead 4) [StalZ], which they can reach due to their
initially delocalised nature ( 3) within the CB [Gah02]. At each of those sites, energetic
stabilisation (blue dashed arrows) is possible via a dynanaal increase in screening due
to dipolar rearrangement (i.e. solvation). At the same time the electron can decay
(dashed green arrows) e.g. back to the metal substrate. Theirmnescales of relaxation
and stabilisation depend strongly on the substrate and the dcation of the trap relative
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Figure 2.9: Time-resolved 2PPE spectra for amorphous BO/Cu(111). a) 2PPE intensity on
false colour scale with respect to intermediate state energig Er and pump-probe delay. Red
circles indicate the peak position of g (solvated electrons) that is extracted via the t shown in
b), together with a continuum-like feature ecg (conduction band). Panel b) shows a simpli ed
t of an exemplary spectrum at a delay t = 0 fs with two Gaussian peaks. c¢) Shows peak
amplitudes from the ts in b) with respect to pump-probe delay. Their temporal evolution is
quanti ed by a single exponential t (characterised by the time constants s and ¢g) towards
positive delays, convolved with the laser pulse XC.

to it [StalZ]. These timescales can be directly probed by photoemiss via a time
delayed visible light pulse (1 probe)-

As a starting point for further investigations, measuremerts of solvation and relax-
ation dynamics in thin (4 BL) ASWI|1 layers adsorbed on a Cu(111) single crystal
are reproduced (e.g. from([BovOB]) in this thesis: Figur€ & a) shows time- and energy-
resolved two-photon photoemission (2PPE) data. The changef photoemission signal
upon photo-excitation by a pump pulse (h = 3:82 eV) is shown in a false colour repre-
sentation with respect to intermediate state energy (with respect to the Fermi energy
of the metal substrate) and pump-probe delay. A short lived ontinuum (ecg) is at-

19D, 0 is used in this work (instead of H ,0) for historical and practical reasons: It has been preferred
in preceeding studies [Gah04[ S&07b], because HO adsorbs in a more complex way on Ru(001) surfaces
and does not show any signi cant isotope e ect with respect t o electron solvation [Gah04]. Also it can
be distinguished from residual H,O in the vacuum system via its larger mass.
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2.4 Electron solvation and trapping in amorphous solid wate

tributed to hot electrons in the ice conduction band that are injected by photoexcitation
from the metal substrate (step 1 in Figure 2.8). A longer-lived state (es) corresponds
to electrons that are continuously solvated by the surroundng ice matrix (step 2 in
Figure [Z8) and therefore shift to higher binding energies lflue arrow in Figure [2.8).
The intensity vanishes with time as the population relaxes lack to the metal substrate
(green arrow in Figure[2.38).

Figure[Z.9 b) shows an exemplary lineout (red circles) at a sigle pump-probe delay,
that was tted by a simple model consisting of two Gaussian peaks (solid lines). The
evolution of the peak amplitudes (i.e. the relaxation of the solvated electrons e.g.
back to the substrate) from these ts with pump-probe delay is shown in c). The
characteristic relaxation timescales are s = 93 fs and ¢g = 56 fs for the solvated
electrons (blue) and hot electrons in the CB (orange), respteiively.

In addition, it has been shown previously that these solvaton sites are located at
a xed distance to the metal substrate [MeyO8], when increasg the adsorbate layer
thickness.

In contrast to these ultrafast solvation and relaxation dynamics of electronscloseto
the metal substrate on timescales on the order of 100 fs in AS\Wexcess electrons can
be literally trapped at surface defects of crystalline wate ice [Bov09, S®12] (Figure
[Z8 4). In these defects, the electrons are observed from femtosends to minutes after
injection, over an incredibly large timespan. These long reidence times are a result
of the nature of these traps: Figure[Z.ID a) shows the calcutad electron density (at
70 % of its maximum value) in front of a surface defect at the cystalline D,O/vacuum
interface from [Bov09]. Clearly the electron resides within the vacuum half-space. b)
Shows the integrated in-plane density and the rst two surface bilayers of DO. The
electrons wave function shows negligible overlap with the de layers, explaining the
strong decoupling an long residence time. A complex reconsiction and subsequent
conformational states stabilise these electron further eargetically.

Interestingly, these trapped electrons in crystalline iceenhance chemical reactions,
e.g. the dissociation of CFC} via dissociative electron attachment [Ber09] Sa1Z], due
to their extraordinary long residence time and their exposel location at the ice/vacuum
interface.

Open questions regarding excess electrons in ASW: There are many aspects of
excess electrons in ASW to be investigated: How do electroriateract (scatter) within
the ice matrix, i.e. what is the mean free path of low energy egess electrons in ASW?
Is it possible to trap electrons at the surface of amorphousde, similar to trapping in
crystalline ice and can these trapped electrons be used to Bance chemical reactions?
In this work, starting at thin ASW layers (Figure 2.9), the la yer thickness is sub-
sequently increased from 4 to 30 BL and several e ects are obsed: First, the pho-
toemission signature from solvated electrons (Figuré_Z]9)yeduces, as fewer and fewer
electrons reach the vacuum interface from their location (23 BL from the substrate),
due to their nite mean free path. Thereby, an upper limit of 10 A for the mean
free path of low energy electrons in ASW is determined. Secally, a new state at the

" The values for s and the energetic stabilisation rate = 420 meV/ps deviate slightly from
previously measured s =110 fs [Gah0Z] and = 270 meV/ps [Bov03]. The deviation is most likely

due to the simpli ed data analysis and slight variation in D O layer preparation/thickness.
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ice/vacuum interface appears that shows extremely long radence times of tens of sec-
onds. Potential traps at the ASW/vacuum interface are e ecti vely decoupled from the
metal substrate, most likely similar to trapped electrons & the surface of ice crystal-
lites. Finally, a massive work function change is observedyp to 1 eV) with ongoing
excitation of surface trapped electrons, which is interpréed as a result of the dielec-

tron hydrogen evolution reaction con rming the high reactivity of this trapped electron
species.
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3 Experimental details and techniques

In this chapter an overview will be given over the experimenal setup and techniques
used in this work. For both time-resolved photoemission spetroscopy and time-resolved
optical experiments a versatile and powerful laser systemsi used, as described in the
rst part. Fundamental knowledge about nonlinear optics is provided in [Cl and good

overviews over ultrashort laser pulses and nonlinear optis can for example be found in
[Rul05] and [Boy0g].

Time- and angle-resolved photoemission spectroscopy, ihaing time-resolved two-
photon photoemission, are introduced in the subsequent sdons. Finally an introduc-
tion into time-resolved optical pump-probe spectroscopy $ given, with a focus on optical
coherent phonon generation. Details about sample prepar&n and characterisation is
provided in the respective experimental chapters.

3.1 The femtosecond laser system

The investigation of a variety of di erent systems by means oftime-resolved and static

optical and photoemission spectroscopy experiments, redues a well de ned light source

with unique properties, such as wide tunability with resped to photon energy and

pulsed operation for pump-probe measurements. A schematioverview over the em-
ployed laser system and subsequent nonlinear optical conk&on stages is depicted in
Figure[3. A commercial tunable femtosecond laser systentonsisting of a femtosecond
oscillator (Coherent Micra ), a regenerative ampli er (Coherent RegA) and a broadband

grating stretcher/compressor, provides ampli ed laser puses ofupto 6:7 J per pulse

(at a repetition rate of 300 kHz, which is tunable down to 40 kHz) at a central wave-

length of 800 nm (i.e. 1.55 eV photon energy) and a pulse dur@in of 40 fs. Oscillator

and ampli er are both pumped by a continuous wave (CW) solid gate laser (Coherent

Verdi). For a focused beam (radius 100 m) this yields immense eld strengths on the

order of 1 MW/cm?, and is therefore an ideal starting point to drive dierent ty pes

of nonlinear optical processes, extending the range of phoh energies from 1.55 up to
6.2 eV (indicated by the schematic spectrum shown on the bottm of the gure).

The laser system, used in the presented experiments, has bedescribed in [Fog1l]
and [Deill], and a detailed description of a very similar satp can be found for example
in [Gah04]. The most important components, especially the ewly developed parts in
the context of this thesis, are described in this section.

3.1.1 Commercial oscillator and ampli er

The broadband femtosecond oscillator (CoherentMicra) uses a titanium-doped sap-
phire crystal (Ti:Sa), that is pumped by a 532 nm CW laser (Coherent Verdi V-18), as
active medium to generate broadband lasing. Passive Kerr les modelocking in connec-
tion with intra-cavity pulse compression (using a prism conpressor), yields broadband
femtosecond pulses at a repetition rate of 80 MHz (de ned by he cavity length of the
oscillator). To e ectively drive nonlinear optical processes the pulse energy of the oscil-
lator of 6.3 nJ is not su cient. Before the pulses are ampli e d, they are stretched in time
in the stretcher using a dispersive grating (working principle e.g. in[[Tre®), [Kan97])
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Figure 3.1: Schematic overview of the optical setup: The commercial Coherdrlaser system
involving CW-pump-laser (Verdi ), femtosecond oscillator (Micra ), regenerative ampli er (RegA
9050) and collinear optical parametric ampli er ( OPA 9450) generates ultrashort laser pulses
tunable over the visible spectral range. This range is extended intahe UV by exploiting
nonlinear optical e ects, yielding a widely tunable light source. Achievable photon energies
are depicted schematically at the bottom of the gure. For the all-optical experiments the
fundamental 800 nm pulses as well as adaptively compressed WLC [aes, spanning the whole
visible wavelength range, are used.
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Figure 3.2: Pulse characterisation of ampli er output: a) shows a spectrogran measured
with the commercial Grenouille device, described in the text. The retrieved FROG trace
generated by a commercial software package (Femtosoft Teclofogies QuickFrog) is shown in
b) and agrees very well with the measured trace. This allows for exaction of the temporal
pulse shape depicted in c). The separately measured laser-spaatn is shown in d).

and introducing normal group velocity dispersion (GVD). As the stretching introduces
a so called ‘chir in the laser pulse, this method is called “chirped pulse ampta-
tion'(CPA). Such a scheme is necessary to reduce the peak ietsity of the pulses below
the damage threshold of the ampli er's active medium (Ti:Sa).

A single, stretched pulse is then coupled into the regenerate amplier via an
acousto-optical modulator (AOM, termed cavity dumper). There, it is ampli ed by
traversing a laser cavity for an adjustable amount of round tips (usually around 20),
before it is di racted out, again by the cavity dumper. The switching rate of the cavity
dumper de nes the repetition rate of the ampli ed laser pulses and can easily be tuned
between 40 and 300 kHz, depending on the needs of the experimig. In the "dead'
time, between one ampli ed pulse is coupled out and the next plse from the oscillator
is coupled in, the quality of the ampli er cavity is suppressed by a second AOM (termed
Q-switch), to maximise population inversion when a pulse isin the cavity.

Finally the ampli ed laser pulses are compressed again in argting compressor,
that introduces a negative GVD and thereby compensates for e previous stretching
[Squ98]. A pulse energy of up to 6.7 mJ after compression waskieved at 300 kHz.
An exemplary characterisation, using a commercially avaihble device (Swamp Optics

12The phase relation of the Fourier components of the laser pulse is modi ed such that the instanta-
neous frequency is time-dependent which sounds like a chirpif the waves were acoustic.
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Grenouille), that uses the second-harmonic-generation (SHG) baseddquency-resolved
optical gating (FROG) technique [Tre00]. A clever arrangenent of cylindrical lenses
and a prism maps the frequency resolved second harmonic autmrrelation directly onto
a camera, yielding the dataset shown in Figuré—3]2 a). An algathm (also described in
[TreQ0]) is used to simulate the detected intensity distribution, as depicted in b) from
which the laser pulse duration can be extracted. The Gaussialaser pulse displayed in
Figure[3:2 c), with a pulse duration (full-width at half-max imum, FWHM) of 41 fs has
been extracted from this exemplary analysis. A separately reasured intensity spectrum
(using an OceanOpticsMAYA2000 optical grating spectrometer) and a Gaussian t
is shown in d). Using the well-known formula for the time-bandwidth product for
transform-limited Gaussian pulses [[Rul05],

t=0:441 (3.5)

the extracted bandwidth of 32 nm would even support pulses dan to 30 fs. Higher
order chirp or limited conversion bandwidth of the Grenouille device can explain this
discrepancy. For the dierent experiments presented in this work, the specic laser
pulse durations (and therefore the individual experiments time resolution) are often
determined via in-situ cross- or autocorrelation measurerants, rather than using sepa-
rate devices for characterisation.

3.1.2 Noncollinear third and fourth harmonic generation

For single-photon photoemission experiments, the employk photon energy has to be
larger than the work function of the investigated sample surface. The fourth harmonic
of the fundamental at 800 nm has a photon energy of 6.2 eV (200m) and ful Is
this requirement, as typical work functions are on the orderof 5 eV. The most direct
approach would be to use 2 consecutive second-harmonic geaton (SHG) stages to
rst generate 400 nm and in a second step 200 nni[Kor07]. As the@hase matching
condition for SHG (Appendix C) in the commonly used nonlinea crystal -Barium
borate (BBO) can only be ful lled for fundamental energies upto  3:02 eV, a di erent
approach was used to generate as much photon energy as podsib

When adding photons of the fundamental via sum-frequency geeration (SFG) in
consecutive steps, phase matching can be achieved up to 6.¥ €in a collinear geom-
etry). This is already above the absorption threshold of BBO at 6.56 eV (189 nm
[Muc88]), which then becomes the limiting factor for fourth hamonic generation. In
[Faul?] such a scheme has been employed in a collinear fashitm generate the fourth
harmonic centred at 6.28 eV.

To avoid the use of achromatic beamsplitters, a noncollineasetup was chosen, as
displayed schematically in Figure[3:3 a). Approximately hdf of the ampli er output
at 800 nm (i.e. 3 J/cm?)is used to generate second, third and fourth harmonic: A
fraction of this 800 nm-fundamental is split o by a beamsplitter (BS) and frequency
doubled in C1. The second harmonic is then mixed with anotheifraction of the funda-
mental to generate the third harmonic in C2. The linear translation stage D1 is used
to optimise the temporal overlap of the two pulses. In a last $ep the third harmonic
is mixed with the fundamental in C3, to generate the fourth harmonic. Again a linear
translation stage (D2) is used to optimise temporal overlap
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Figure 3.3: Noncollinear third and fourth harmonic setup and geometry: a) sclematic rep-

resentation of the beam paths, details are described in the text. btype | phase matching

geometry: the two fundamental beams are a ected by the ordinay refractive index (koq(!)),

while the resulting sum frequency is a ected by the e ective extraordinary refractive index

(ke( ;! )) and therefore by the angle , it encompasses with the optical axis (0.a.). The angle
is the angle of noncollinearity between the two fundamental beams.

To determine the angles of noncollinearity for the two mixing processes in C2 and
C3, one has to consider the phase matching conditions (see @pndix [C) and also
spatial constraints of the setup (i.e. the possibility to spatially separate the beams, due
to their noncollinearity). From Figure B3 b) the equations for noncollinear phase
matching can be determined:

A=ko('2) Ko(!1)cos (3.6)
B = Ko(! 1)sin (3.7)

(l1+12) P55
ke(;!1+!2):ne(;!1+!2)f= A2+ B2 (3.8)
_P K2(I'2)  2Ko(! 2)ko(! 1)cos + K2(! 1) (3.9)

Employing Equation and Sellmeier's equations for BBO fom [Nik91], phase
matching curves for third- and fourth-harmonic generation via SFG are calculated and
shown in Figure[3:4. Angles between ordinary beams in the sap for third-harmonic
(fourth-harmonic) generation (THG/FHG) are 32 (17 ), from which internal angles
of =19 ( =10 ) are calculated, assuming a symmetric arrangement. In gemel
the phase matching angle increases and the cut-o for phaseiatching decreases when
increasing the angle of noncollinearity . For an angle of = 19 ( =10 ) in a)
for THG (in b) for FHG) and a fundamental photon energy of h = 1:55 eV (800 nm)
the curves are still far away from the cut-o angle (90 ). Furthermore, at these angles,
the slope of the phase-matching curve is similar to the coltiear case ( = 0 ), which
guarantees an equal phase-matching bandwidth.

13 Group velocity mismatch (GVM) of the pulses was not consider ed. It has been shown in [Rad95],
that an optimal noncollinear geometry substantially lower s GVM from 400 fs/mm (collinear) to
3 fs/mm, i.e. noncollinearity improves the situation.
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Figure 3.4: Phase matching angle for a) third and b) fourth harmonic generation via SFG
with respect to fundamental photon energy for di erent angles d noncollinearity . In b) the
absorption threshold for four times the fundamental photon enegy is indicated by the grey
region.

3.1.3 Adaptive white-light continuum compression for broa dband op-
tical probing

Time resolved optical experiments (measurements of transnt or static re ectivity or
transmittivity) give access to the temporal evolution of th e electronic structure of the
investigated system in a rather indirect way as compared to potoemission. The mea-
surement has to be performed over a wide frequency range to pperly calculate the
dielectric function in a xed geometry. Therefore measuring at various frequencies over
the broadest possible range is essential if a reliable picte of the fundamental physics
is to be extracted from the data. Wavelength-resolved broadand experiments, using
white-light continuum (WLC) pulses in combination with an e nergy-dispersive detector,
ful | this condition and allow for such measurements in a single run.

For time-resolved measurements not only the spectral conta, but also the relative
phase of the spectral components (i.e. the temporal pulse sipe) have to be known
and controlled to achieve the best possible time resolutior(i.e. transform limit) and
avoid misinterpretation of the spectrally resolved resporse. In this work the setup of
a broadband whitelight continuum (WLC) light source togeth er with an adaptively
controlled compressor for the whitelight pulses [[WegIl] wa realised, as depicted in
Figure 33 a):

A part of the 800 nm fundamental beam is split o by a beamsplitter (BS), the rest is
used as a pump pulse. A variable aperture (A) and a variable ofical density attenuator
(VA) are used to optimise the fundamental power and beam shap for WLC generation
in a YAG crystal (YAG). The beam is recollimated by an o -axis p arabolic mirror (OA)
and enters the pulse compressor, consisting of a diraction @ting (G), a spherical
mirror (SM) and a deformable mirror at the Fourier-plane of t his 4-f-compressor setup.
After compression, the WLC beam is directed and focused ontdhe sample (S) where
it is used as a probe in a pump-probe scheme together with the@® nm pump. A
spectrometer (SP) is used to acquire the spectrally resohe WLC intensity, re ected
from the sample, with respect to pump-probe delay t, which is adjusted by a linear
translation stage (LTS) in the pump arm of the experiment.
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Figure 3.5: a) Schematic representation of the 800 nm-pump-WLC-probe setp including
WLC-generation and compression by means of a deformable mirroraenpressor DM (see text
for details). b) WLC spectrum spanning from visible to IR (red curve). Only the visible
spectral content (blue curve) was used for compression. c) Sematic view of dierence in
optical response for regular semiconductor and strongly correted system (SCEM). Figure is

adapted from [Weg11].

WLC generation & characterisation A simple and yet powerful method for gen-
erating broadband WLC pulses is by focusing ultrashort lase pulses into transparent
solids [AIf70,[Alf06]. Filamentation and spectral broadering occurs due to third-order
nonlinear e ects (Kerr-lens e ect and self-phase-modulatian), as described in Appendix
[Cl A complex interplay between those and additional e ects (eg. plasma formation)
[Gae00] leads to broadband white-light laments with moderate power (i.e. pulse en-
ergy densities on the order of 10 pJ/nm[[Bra09]), a perfect lght source for probing the
optical response of a system. The spectral content of such W pulses is shown in
Figure 33 b) (red curve, the region around the fundamental 4 800 nm is attenuated
by a lter). In the context of this work, only the visible part (blue curve, inset) of the
WLC continuum between 500 and 700 nm was used.

The mechanisms involved in WLC generation and the propagatin of such broad-
band pulses through dispersive media (air, lenses, etc.) agls to signi cant chirp, i.e.
a temporal stretching of the pulses with a time-dependent fequency. A spectrotempo-
ral characterisation is therefore necessary before pulsempression is attempted. The
comparably low power and broad bandwidth prohibit traditio nal pulse characterisa-
tion techniques like frequency-resolved-optical-gatindKan93], nonlinear interferometry
[[ac98] and modi ed versions of those[[Wal09], as it is hard & achieve phase-matching
in nonlinear techniques over the whole bandwidth (thin noninear crystals) and at the
same time e ciently generate a signal using rather low peak mwers. Instead, in-situ
temporal characterisation is employed by measuring the sparally resolved transient
re ectivity [Cil10]lof a La ¢.5Sr:5sMnO4 (LSMO) after excitation with 40 fs, 800 nm
pulses within the pump-probe setup displayed in Figurd_3.b a
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Figure 3.6: Pulse analysis via transient re ectivity changes: a) The transient change of re ec-
tivity of LSMO upon excitation by a pump pulse of 40 fs duration, probed by uncompressed
WLC pulses. b) Uncompressed pulse shape (black) in the time domainFor comparison the
transform limited pulse is calculated (green). The inset illustrates the extraction method for
the group delay (! ) for two exemplary line-outs. Figure is adapted from [Weg11].

It has been shown that the broadband transient response of LIFO in the visible
spectral range is not only su cient in amplitude [0ga01] Tob 08], but also simultaneous
over the whole frequency range| [Weg11] of the WLC pulse and catherefore be used
as a substitute for nonlinear optical characterisation. The reason is sketched in Figure
33 c¢). When photo-exciting conventional semiconductors §t moderate uence), as
depicted on the left, electrons are excited across the bandag (t > 0) and subsequently
relax back to their ground state, while the band-structure gays constant and only
occupations transiently change. Di erent probe wavelengtls (as indicated by the green
and blue arrows) are sensitive to di erent regions in the band structure, which in
turn might exhibit di erent, even time-delayed responses (due to intrinsic relaxation
mechanisms in the material). Strongly correlated electronmaterials (SCEMSs) on the
other hand show more drastic changes over the whole band-sicture because of strong
interactions (e.g. due to reduced screening) between theettrons. This is schematically
illustrated on the right hand side of Figure 33 c), where theband structure changes
signi cantly due to optical excitation. All probing wavele ngths are a ected by a pump
pulse simultaneously on an ultrashort timescalh

Figure 3.8 a) shows the transient re ectivity change R(;t)=R(;t < 0) with
respect to probe wavelength of LSMO, measured by the previaly described optical
pump-probe setup. The visible part of the WLC pulses (500 700 nm) was transmitted
through the switched-o 4-f compressor setup (described indetail further below) and
used as a re ectivity probe. The time-zero response was exéicted for each wavelength
as depicted in the inset of b): Two exemplary normalised lineouts at 515 and 650 nm
were analysed by a normalised error function t (I (t) =[erf((t  &(! )= rise) + 1] =2).
The resulting half-rise points represent the frequency depndent group-delay (! ) of
the uncompressed WLC pulse. The rising edge is broadened byé nite pump-pulse

“In the initial response of LSMO was compared to the initial response of VO3, which has
been shown to be comparable to standard X-FROG type of measurements in [Cil10].
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3.1 The femtosecond laser system

duration (approximately 40 fs), but the half-rise point can still be extracted with good
accuracy. The estimated error (standard deviation ) depends on the signal-to-noise
ratio and is su ciently low (2 5 fs)

The solid line in a) is a polynomial t to the extracted freque ncy dependent group
delay (GD) of the pulse. The spectral phase of the WLC continwm is then easily
calculated from (! ) by integration:

Z,
(1)= (1 9d® (3.10)
0

With the knowledge of spectral intensity | (! ) (from Figure b)) and phase (!),
inverse Fourier transformation yields the WLC pulse shape intensity) in the time

domain:
Z .4 2

(1) / P Tye (e " a (3.11)
1

The resulting temporal pulse shape is displayed in Figuré "5 b) (black curve). It is
very asymmetric and spans hundreds of fs. The oscillating sticture is due to third
and higher order terms in the spectral phase. For comparisom transform limited (i.e.
phase is constant or a linear function ofl ) pulse is calculated. While a slight asymmetry
remains due to the spectral intensity distribution of the WL C, the pulse duration can
easily be extracted, yielding a FWHM of 10.5 fs.

In the following it is shown, that the WLC pulse can be compresed by subtract-
ing the appropriate spectral phase with a 4-f compressor-goguration including a de-
formable mirror.

Working principle of deformable mirror based 4-f compressor An unfolded,
so called 4-f zero-dispersion stretcher/compressor doe®nhaccumulate a spectral phase
( 1) of an order higher than linear [Mar87], i.e. does not modifythe pulse duration
according to Equation[3.10. In this work a di erent approach was realised by a folded
geometry [Zee99], which is schematically displayed in Fige[34 a). The uncompressed
WLC pulse enters at the right hand side, is dispersed at a grahg (600 g/mm plane ruled
grating with 8:6 blaze angle) and the individual spectral components are facsed by
a spherical mirror (SM, f = 250 mm) onto a deformable mirror (DM), which is placed
in the Fourier plane. The DM [Bon06] (supplier: ADAPTICA, It aly) acts as a folding
mirror from which the indicated rays traverse back at a slightly downward angle (i.e.
into the plane of the sketch), to be picked by a planar mirror (M). When the DM is
switched o, the accumulated phase of a transmitted laser puse is due to the specic
geometric arrangement (indicated red, green and blue pathdo not have the exact same
length) and a residual deformation of the mirror. This is the reason for the particular
temporal pro le of the GD measured in the previous paragraph

To operate the compressor, i.e. to add a certain phase to therainsmitted pulse, the
re ecting membrane of the deformable mirror (light blue) is deformed. The deforma-
tion/displacement is a change in path length for the frequercy component! that hits

5 The pulse shape is already modi ed in comparison to the initi al WLC pulse after generation, as
the geometric arrangement of the compressor already introduces phase shift, even when switched o .
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Figure 3.7: The folded 4-f-compressor arrangement for WLC compression ishewn schemat-
ically in a). Dierent spectral components are focused onto the déormable mirror (DM). A
spectral phase shift is introduced by DM's membrane (blue), which an be deformed by 30 elec-
trostatic actuators as sketched in b). An exemplary, rather extteme, deformation is shown in c)
for ve fully activated actuators. The overall deformation (black ) is the sum of the deformations
generated by the individual actuators (coloured curves).

the mirror at the displaced location. This displacement D (! ) translates into a phase

change via [Zee99]
!
(1)= 2—(':D(!) (3.12)

In Figure B71b), a schematic representation of the DM is show. 30 electrodes (orange)
behind a re ective (i.e. metal-coated) membrane (blue) areused to pull back the re ec-

tive surface via electrostatic force (F). Applying appropriate voltages to the individual

electrodes results in smoothly shaped deformation of the mior surface. The individual

deformation due to each electrode was calibrated via integrometric measurements. It
is then assumed that the overall deformation is just a linearcombination of the e ect

of each electrode. In c), the exemplary calculated deformabn, (black line) due to

applying the maximum voltage (indicated by the red dots) to 5 individual electrodes,

is the sum of the individual deformations (orange, green, hie, violet and blue lines).

A National Instruments LabView interface is used to apply normalised voltages to the
device.

Adaptive compression algorithm and resulting pulse The compression algo-
rithm is described by the ow chart in Figure 88]a):

The group delay of the WLC pulse is measured via transient reectivity changes of
LSMO and from that the phase is calculated. If the pulse is notcompressed, the mea-
sured phase is stored for later use and the total phase is usdd calculate the deforma-
tion needed to compensate for it (linear phase il can be arbitrarily added to minimise
overall deformation). A calibration is performed routinely, which maps frequencied
to physical positions x on the DM by using a slit aperture and a spectrometer. The
deformation is then translated from D(! ) to D(x). Voltages are calculated by tting
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the total deformation from Figure B.7l c) to the calculated deformation D (x), with the
individual voltages as t parameters. Finally these voltages given by the tting rou-
tine, are applied to the deformable mirror. The resulting WLC pulses are characterised
again. This process is iterated a few times (usually 2-4) to ptimise the pulse duration.

Figure 3.8 b) shows the transient spectral re ectivity of LSMO after 2 iterative
rounds through the compression algorithm. The black line irdicates the group delay.
The group delay spans a substantially smaller temporal rang as compared to the
group delay of the uncompressed pulse (see Figufe B.5), irdditing a well compressed
pulse. Fourier transformation again yields the temporal skape of the WLC pulse after
compression (red curve in the inset). The pulses have a FWHM foll.7 fs, very close
to the 10.5 fs of the calculated transform limited pulse (gren curve for comparison).

The adaptive compression scheme, employing a deformable mir at the Fourier
plane of a folded 4-f geometry, presented in this section, igble to compress broad-
band WLC pulses close to their transform limit (in our case sWb-12 fs). The pulse
is characterised in-situ in a optical pump-probe setup and herefore minimises errors
due to separate setups for characterisation and actual measement. Pulse compres-
sion is achievable on a regular basis (at the beginning of ehdab-day), as it usually
takes less than 1 h. This constitutes a prerequisite for retible, cutting-edge ultrafast
spectroscopic experiments.
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3.2 Photoelectron spectroscopy

While optical spectroscopy probes the dielectric function which is uniquely de ned by
the band structure, a direct access to the latter on an absolte energy scale is often
desired. The most immediate access to the electronic band mtcture of a system is
provided by photoelectron (or photoemission) spectroscop According to the photo-
electric e ect [Her87, [Ein05] (on metals) a photoelectron ca be emitted by absorption
of a single photon if the work function is smaller than the ph oton energyh . If the
photon energy is known, the measured quantities - the kinett energy of the photoelec-
tron and its emission angle relative to the surface - give inights into the binding energy
of the initial state of the electron as well as its wave-vecto component parallel to the
emission surface.

Knowledge about the photon energyh and the kinetic energy Eyi, of the emitted
photoelectron allows for calculation of the binding energyof the electron in its ground
state. According to Figure[3.9(a) energy conservation diretly leads to:

h Ekin = EB E|: (313)

More precisely, the measured binding energy corresponds tihe di erence between
the initial state energy of the N -electron system and the nal state energy of the (N-
1)-electron system left behind after the photoemission proess. Under the assumption
that the single electron wave functions in theN - and the (N 1)-electron system stay
the same, Koopmans concluded that the eigenenergies of thé -electron system and
the binding energiesEg of a single photo-electron are equal [Koo34]. In other words
it is assumed that the photoexcitation and -emission happes instantaneously, before
the (N 1) system relaxes to its ground state, and that the photoelegon does not
interact with the (N 1) particle system left behind ("sudden approximation").

If photoelectrons are not excited very far above the photoimisation potential (i.e. vac-

uum level), e.g. because low photon energies are employedeets beyond the sudden

approximation might have to be considered. Deviations are onnected to e.g. interac-
tions between photoelectron and the photohole and other caoelation e ects beyond the

single particle picture. In metals such interactions are smeened by the large amount
of conduction electrons [[Tam13], but they can play a role in nsulators and strongly

correlated materials. For low-energy photoelectrons Ej, < 15 eV), and adiabatic evo-
lution from ground state to photoexcited state is possible,as the photoelectron leaves
the system on a slow time-scale [Tam13, Kor06].

In Figure b) the mean free path of electrons in various matrials is shown as a
function of kinetic energy with respect to the Fermi energy. Although the cross-section
for electron-electron scattering

d? h? 1
= Im
dd! (eag)? ;1)

depends on the materials dielectric function (qg;! ), the mean free path is quite universal
for di erent material, at decently high kinetic energies [Huf10]. This is because at
higher energies, the electrons are considered as quasidrand their plasma frequency
determines the loss function. The mean electron-electron idtance, which is close to
constant for a wide range of materials, in turn determines tre plasma frequency, hence

(3.14)
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Figure 3.9: a) Energy conservation in photoemission process: A photon with egrgy h is
absorbed. The binding energy of the photoelectron in respect tohe vacuum level Eg + )
has to be overcome. The photoelectron originating from initial stae Ei, has a kinetic energy
in respect to the vacuum level ofEyi, = h Eg. b) Electron mean free path for elements
(data) and universal curves for elements, organic and inorganicampounds according to[[Sea79]

and [Dam04].

the observed “universality'. The universal curve is in genel used as an argument for
the surface sensitivity of photoemission spectroscopy (iisg photon energies on the
order of tens and hundreds of eV), as unscattered electronsra mainly emitted from
the surface region.

In the rst of the following sections the “three-step model’ and the “one-step model’
of photoemission are described in more detail. The consertian of the parallel com-
ponent of the electrons wave vectork (relative to the emitting surface) is re ected
by the emission angle of the photoelectron. Therefore, angtresolved photoemission
spectroscopy (ARPES) and its capability to map band structures is discussed in the
subsequent section. Thereafter, two-photon-photoemisen (2PPE) allowing for spec-
troscopic access to the unoccupied electronic band structe and time-resolving pump-
probe schemes for 2PPE and ARPES are discussed.

A comprehensive description of photoelectron spectroscgpis for example found in
the book "Photoelectron Spectroscopy - Principles and Apjptations' by Stefan Hefner

[HefL0].

3.2.1 One- and three-step-model of photoemission

The photoemission process is easily described in terms of ¢hso called “three-step-
model' of photoemission. While the splitting of the photoenission process into three
steps is arbitrary (phenomenological) and not exact, it is dle to describe photoemission
in a very intuitive and often su ciently correct manner. The three steps involved are
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depicted in Figure[310 a) and explained as follows:

a) three step model b)
[}
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of the electron
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Figure 3.10: a) Three-step model of photoemission: 1 an electron is excited from occupied
states (below the Fermi energyEg, orange) into nal states (red) by photons with energy

h = 2—' 2 While they travel to the surface, they potentially undergo scattering events,

generating secondary electrons at lower energies (green8 Only electrons that overcome the
work function of the sample are emitted. Modi ed from [HefZ0]. b) One-step model, real nal
states are considered (inverse LEED states), especially when raloch states in the solid can
not be excited.

1 Local photoionisation: an electron-hole pair is created byabsorption of a photon.
This corresponds to an excitation between two Bloch statesriside the solid. The
transition probability from initial state | i to nal state | ,i according to
Fermi's Golden Rule within the dipole approximation is given by

in niA() pj iii® (En Em h) (3.15)

The delta function ensures energy conservation. Momentum ransfer from the
photon to the excited electron is neglected and the excitatin is considered verti-
cal' in the band structure, because the momentum of the a UV ploton of 200 nm
wavelength corresponds to only 0.2% of the Brillouin zone ge in Copper. A
separate discussion of selection rules and matrix elements

Mit = jh n JA(r) P inilj (3.16)
follows below.

2 Propagation of the photoelectron towards the sample surfae. Depending on
the mean free path and point of origin of the photoelectron, sattering occurs,
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which can be described by a complex wave vector component peendicular to
the surface k, = kgl) + ik(?z)). The imaginary part corresponds to a damping
term of a plane wave travelling to the surface.

3 Emission of scattered (secondary) and unscattered electrs from the sample sur-
face into the vacuum. Only photoelectrons that overcome thework function
are emitted. The binding energy can only be calculated following Equation 313
for unscattered electrons, which therefore constitute thesignal of interest in the
photoemission experiment. The scattered “secondary' eldons appear as a back-
ground that has lost information of its energetic origin.

Especially for the low photon energies i max = 6:2 eV) used in the context of this
work, nal state e ects have to be considered. The "1-step-mdel' of photoemission
treats the whole photoemission process as a single coherestep, considering the exact
initial and nal state wave functions. The nal state then is a so called “inverse LEED
state', which looks like a free electron state in the vacuum,but is connected to the
electron wave function of the solid, depending on its intrirsic electronic structure.

In Figure B.I0 b) such a situation is depicted. While for higher photon energies
(UPS with tens of eV, blue arrows), a transition between initial (orange) and nal
free-electron-like states (black curve) is energeticallypossible, this does not necessarily
apply for lower photon energies (on the order of 6 eV, green aow). Wave function
overlap of initial state wave function j i (orange) and nal state wave functionj i
(black) can be reduced to the surface region, as both decay wards opposite half-
spaces. Whether this argument holds depends of course on tlspeci ¢ nal state wave
function, which is not necessarily known.

Photoemission spectroscopy can be quite surface sensitifer di erent reasons. For
certain energies the electron mean free path is very short ahin addition the speci c
surface electronic structure plays an important role. Nevetheless, bulk contributions
might very well be probed.

Comparison with high-photon energy (i.e. h > 20 eV) UPS data [Per06], where
surface sensitivity is more established and the sudden appximation is likely to hold,
allows for safe interpretation of data acquired employing bw photon energies.

3.2.2 Angle-resolved photoemission spectroscopy (ARPES)

The electron momentum component parallel to the photoemis®n surface is conserved
for the photoemission process [Mf10]. If photoemission angle and kinetic energy Ein
of the photoelectron are measured simultaneously, one canetermine the momentum
component of the photoemitted electron parallel to the emision surfacep, = hk
via simple trigonometric consideration based onk, = jkj sin and using Eyin =
h2jkj2=2me. This allows the calculate of the electron wave vector compoent k. prior
to photoemission via:

]
ke = n 2MeEin Sin (3.17)
-
=0:512A eV 2  Eg sin (3.18)
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Figure 3.11: Angle resolved photoemission: a) non-dispersing state (left) andtate with
parabolic dispersion (right) are excited to nal state energiesEq, E1 and E,. The electron
momentum parallel to the surface () is conserved upon transmission out of the sample surface.
If a plate capacitor geometry between sample and analyser is empleg, a potential di erence
(Upias ) does not alter this parallel momentum component. Detected quatities are kinetic energy
Exin / kfzree’2 and emission angle 8. See main text for further details.

In normal direction with respect to the surface, the crystal potential and work

function have to be overcome. The perpendicular wave-vectdmomentum component
k- is therefore not conserved and can only be determined via mearements on di erent
crystal faces or photon energy dependent measurements, uadthe assumption, that
the nal state dispersion is known.
The situation for localised (i.e. non-dispersing) and deloalised (dispersing) states is
illustrated in Figure 811l a) depicts the band structure in reciprocal space. A non
dispersing state is photoexcited (left) to a nal state enemgy Eo (red arrows) and a
dispersing state (right) is excited to exemplary nal state energiesE; and E,, depending
on the initial momentum/energy position in the band.

In b) the electron momentum in free space after emission is giwn. The length of
momentum vectors from non-dispersing state (red) is constat, while in the dispersing
case the length of the vectors (green) di ers due to the di erert nal state energies.

When electrons are accelerated homogeneously towards thetctor by a bias volt-
age Upias, Ky can still be determined, as shown in c) using the example dffee 2. As the
accelerations only changeg- , ki is still conserved. Angle and total momentum change
from 5 to 9 and Kfee 2 and ki, ,, but k can still be calculated from Equation[3.18.
If the sample is tilted (i.e. the surface normal is not directed towards the detector), or
electrons are accelerated inhomogeneously, the simple calation of k, is not possible
any more.

A fundamental limitation of such a band structure mapping via angle resolved
photoelectron spectroscopy is given by the photon energy self. The available kinetic
excess energy after the photoexcitation has to be split in tans of momentum between
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a)

(010)-plane

501 [100]
analyzer slit [001]

light: p-pol
s-pol

Figure 3.12: Symmetry considerations: a) light impinges onto the sample at the oigin of
the Cartesian coordinate system. The analyser slit, de ning the diection of detected emission
angles is shown in green. Photoelectrons that are emitted in the (01) plane are detected with
respect to their angle (green shaded area) and kinetic energy. Déction of E- eld vectors for
p-polarised (blue) and s-polarised (red) are indicated by the arrow. b) The orientation of the
tog manifold (dyy, dx, and dy,) of 3d orbitals are shown using the same coordinate system as
in a).

k, and k. Electrons with k- 0 have the maximum possible parallel momentum,
which can be detected. This maximum value fork, is set by the kinetic energy of
the photoelectron after emission. According to Equation[318 a photoelectron with
Exn =1 eV kinetic excess energy hak, 0:5A g The accessible range of momenta
ki shrinks to a fraction of the Brillouin zone size for low phota energies.

3.2.3 Matrix elements and selection rules

As indicated by Equation 315 and Equation[3.16, dipole seletion rules apply to initial-

to- nal state transitions (in both the three- and one-step-model). To calculate exact
values for the matrix elementsMi = jh ,jA(r) pj il the wave-functions of initial
and nal state have to be known, but even without this knowledge one can tell, ifMjt
vanishes or not via symmetry arguments only:

In Figure B12 the sample (orange), incident light (p-polatised: blue, s-polarised:
red) and the (010)-high-symmetry-plane in which the photodectrons are detected (along
the analyser slit indicated by the green line) are shown. Thesymmetries are all given
with respect to this (010)-plane:

If the nal state | ,i was odd with respect to the (010)-plane, there would be
a node on this plane resulting in zero detection probability Therefore the nal
state wave functionj i has to be even.

The whole matrix element M has to be even as well, otherwise integration would
lead to a value of zero.

Operator A p = Ax@Q+ Ay@ + A,@ is odd for s-polarised light (Ax = A, =0),
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as @ changes the symmetry with respect to the mirror plane.j i must also be
odd.

p-polarised light (Ay = 0) does not change the symmetry with respect to the
mirror plane, i.e. it is even. The initial state must be even, too.

As an example, the 3dt,y manifold of dyy, dx, and dy, orbitals is displayed in Figure
312 b). Only the dy;-orbital is even with respect to the (010)-plane. Its signalshould
be most intense, when probed by p-polarised light. If s-polased light is used, the
major part of the photo-current should stem from the other two orbitals (dyy and dy;).

3.2.4 Unoccupied band structure and excited state dynamics

Photoelectron spectroscopy, employing photon energies figer than the work function
of the investigated sample i > ), is mainly sensitive to occupied states, i.e. the
equilibrium band structure. To investigate the dynamics of a system upon perturbation,
two slightly di erent approaches have been chosen:

Two-photon-photoemission (2PPE) The photon energy is smaller than the
work function of the investigated system. Single photon pr@esses are therefore
prohibited and only second (or higher) order processes canebdetected, which
involve intermediate unoccupied states. Dynamics are diretly probed in the
time domain by employing a pump-probe scheme.

Time-resolved and angle-resolved photoelectron spectroscopy (TR-ARPES)

The system is still probed in a single photon scheme, but a, pentially very
strong, pump pulse is used to drive the system far out of equibrium. The out-
of-equilibrium situation and subsequent relaxation dynamics can be observed.

Both techniques need su ciently high optical eld strength s, as 2PPE is a second
order nonlinear type of spectroscopy with a 4 orders of maghiide lower cross section
than single photon photoemission[[Fau94] and for TR-ARPES he pump-pulse has to
be able to substantially drive the system out of equilibrium (e.g. even trigger a phase
transition), to generate enough contrast with respect to the equilibrium situation. More
speci ¢ details are given in the following sections.

3.2.5 Two-photon photoemission

If photon energies are used that are smaller than the work funtion of the system
h < , two (or more) photons are needed for photoemission of an etctron. The
possible excitation mechanisms are summed up in Figuie_3113):

Mechanism 1: A photon of energyh ; excites an electron resonantly from an initial
state (ini) into a real intermediate state (int). A second photon of photon energyh »
excites the electron into a nal state (n), i.e. into a conti nuum of free electron states.
In fact the two photon energies can be equal, the two photonsan even be irradiated
via the exact same pulse.

Mechanism 2: An intermediate state is populated non-resonantly, i.e. he excited
electron has to undergo a scattering event (e.g. with anotheelectron, a defect or
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I!n(! t)

time

Figure 3.13: a) Dierent static 2PPE excitation schemes: 1 resonant emission from initial
state (ini) via real intermediate state (int) into nal state (n). 2 non-resonant 2PPE via
inelastic scattering. 3 2PPE via virtual intermediate state. b) lllustration of time-resolve d
2PPE scheme. A rst laser pulse fi 1) populates a real intermediate state at time tg. The
population of the intermediate state is then probed subsequently g a time-delayed (by t)
pulse.

a phonon) so that energy and/or momentum conservation allovs occupation of the
intermediate state, which is probed by a second photon as inl.

Mechanism 3: If there is no intermediate state in resonance with the phobn en-
ergy h 1o two-photon-absorption still allows for transitions between initial and nal
states. Photoemission via virtual intermediate states is onnected to the second order
polarisation due to the strong elds of the involved laser puses.

To discriminate between di erent excitation mechanisms, photon energies can be
varied. A variation of h 1 would for example not change the nal state energy in 1,
but would shift the nal state energy of 3 by the change in photon energy h . For a
real system the band structure can complicate such argumestand has to be carefully
considered.

Time-resolved 2PPE scheme The population and relaxation dynamics of unoccu-
pied states are initiated and probed easily by a two-pulse gxeriment. As Figure 313
b) shows, the two photons with energyh 1 and h , arrive at di erent times. First
h 1 populates the real intermediate state (int) at time tg. A second pulse with photon
energy h , then photoemits (i.e. excites above the vacuum level) elecbns from that
state after a time delay t, and thereby probes the population of the intermediate
state at time to+ t. The experiment is repeated for di erent time delay@ to acquire
the population decay of the intermediate state via the time-dependent photoemission
intensity | , ( t).

For negative t (i.e. pulse h , arrives rst), the excitation scheme is inverted.
The temporal direction in which a state shows nite lifetime thereby reveals the exci-
tation mechanism. As the photoemission intensity is recoréd with respect to energy
E, emission angle and time delay t, a three-dimensional dataset of the evolving

18 Realised by variation of the path length via a computer contr olled delay stage with a precision on
the order of fs.
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Figure 3.14: Time-resolved ARPES: a) Strong (e.g. infrared) pump pulse f pump ) perturbs
the system. A time-delayed probe pulself pope > ) iS used to probe the transient evolution of
the material band structure and its population upon pump excitation. In b) di erent temporal
snapshots are illustrated. t = to: equilibrium band structure (Fermi-Dirac distribution with
temperature Tp) is perturbed by pump pulse. t >t 3: Relaxation and transient changes depend
on coupling of internal degrees of freedom.t( tp): Thermal equilibration results in increased
temperature T > T at late delays. Modi ed from [KirQ9].

photoemission intensity | (E; ; t) upon photoexcitation is recorded.

3.2.6 Time- and angle-resolved photoelectron spectroscop y

Time resolved 2PPE spectroscopy is exclusively sensitiveotthe dynamics of unoccupied
states, as only unoccupied states are probed with single phan energies below the work
function. If one is interested in the potentially important energetic region around the
Fermi-surface of a material (including occupied states), ime-resolved ARPES measure-
ments can be performed. The photon energy above the sample wofunction probes
both occupied states and equilibrium-unoccupied states, Wich are transiently occupied
by pump pulse excitation.

The experimental scheme is illustrated in Figure[3.I# a): A elatively strong pump
pulse with photon energy h ,ump is employed to perturb the system signi cantly (sev-
eral percent of electrons in the vicinity of the Fermi energyare excited [Kir09]). The
pump induced dynamic evolution and thermalisation is probel after a time delay t by
UV photons with photon energies larger than the work function (h prope > ). Both
occupied and unoccupied state population is therefore phatemitted. In Figure B.14
b) snapshots of the transient population at di erent delay ti mes t are illustrated for
a metallic sample. When the pump pulse arrives at the samplet(= tg), electrons are
photoexcited from occupied to unoccupied states, perturbig the occupation of states
from an initial Fermi-Dirac distribution (blue) at tempera ture Ty to a non-thermal sit-
uation (orange). At later times (t >t o) the photoexcited electrons relax by undergoing
scattering processes with each other, phonons, other quamsrticles or defects. The spe-
ci ¢ relaxation timescales in this regime are de ned by the mupling strength between
the degrees of freedom (electrons, lattice, spins) of the syem, giving insights about its
fundamental microscopic properties. At even later delay tmes t  tg) the system is
in thermal equilibrium at an increased temperature T > T (red) as compared to the
equilibrium case (light blue).

In addition to observations of population changes (e.g. hotelectron dynamics in
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3.2 Photoelectron spectroscopy

Figure 3.15: 3D-dataset generated by
time-resolved photoemission experiment:
The photoemission intensity is encoded in a
& false colour scale with respect to kinetic en-
ergy (vertical), pump-probe delay (horizon-

tal) and emission angle. Cuts along centred
pump-probe delay planes are shown.

kinetic energy

metals [Fan92,[Ret02]) more complex excited state dynamic§Sob12] and phase tran-
sitions [Per06] can be observed by time resolved ARPES.

3.2.7 Data analysis

Both time-resolved 2PPE and ARPES measurements yield a divese and complex
dataset of photoemission intensity with respect to kinetic energy E, emission angle

and time delay t:
lpe(E; ;1) (3.19)

A CCD camera acquires photoemission intensity with respecto energy and emission
angle in a single shot, after photoelectrons pass the hemiggrical analyse|1__7|. The time
dependence is generated by repeating the measurement forneus pump-probe delays.
This section provides an overview over basic data treatment@and evaluation schemes.
In Figure B.I9 a) an attempt was made to depict the 3-dimensioal dataset. Several
2-dimensional cuts alongE, and t direction show the respective photoemission
intensity on a false colour scale. The representations of gftoemission intensity with
respect to the variablesg, and t and the related accessible physical information
are discussed in the following.

Kinetic energy After averaging the 3D-dataset over a certain range of angle

and delays t, a photoemission spectrum, i.e. photoemission intensity wh respect
to energy, remains. In Figure[3.I6 a) the energetic situatio and key quantities are
described. The detected photoelectron energ¥ et (green) is the kinetic energy with
respect to the vacuum level of the analyser. It di ers from the kinetic energy after pho-
toemission Eyj, (red) by the energetic di erence between the vacuum levels ofample
and analyser, which is determined by the sum of a bias voltageUyi,s and the work

function di erence of sample and analyser ( spec)-
Ekin = Edet Evac (3.20)
= Eget  €Upjas + ( spec) (3.21)

7 Further details are given in Section B]
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Figure 3.16: Energy consideration for PES: a) lllustrates the energy level aligment of sample

vacuum- and Fermi-level Evac; Erermi ), analyser vacuum- and Fermi-level €8S EZCC ) and

applied bias voltageUyias between sample and analyser. b) Shows an exemplary 2PPE speciru
of the Cu(111) single crystal surface and the connection betweelow- and high-energy cut-o
and sample work function . See text for details. Modi ed from [Mey 11].

Both work function of sample and analyser need to be known, tccalculate the respec-
tive kinetic energies. To avoid systematic errors, the enagetic reference can also be
performed via spectroscopic features of the measured speat as shown in Figure[3.16
b):

The Cu(111) surface is examined by 2PPE spectroscopy using jghoton energy of
n =3:09 eV as an example. The spectrum is cut-o at the lower energyside by the
‘secondary edge' atEse, because only photoelectrons are emitted that overcome the
work function of the sample. This energy coincides with the acuum level of the sample
and thus allows for a shift of energy axis, as displayed. Thelectrons with the lowest
binding energy in a metal sit at the Fermi level. Photoemitting those will result in the
high-energy cut-o of the spectrum at Erermi, @approximately shaped like a Fermi-Dirac
distribution 4. For the depicted two-photon probing this means that the work function
is easily calculated via photon energyh and width of the spectrum E = Erermi Esec

Thereby all information is available to reference the kinetfc energy of photoelectrons to
the sample vacuum- or Fermi-level. Depending on the probingnechanism, the energetic
location of relevant states before photoemission can be detmined by subtracting the
respective probe photon energyh for intermediate (equilibrium-unoccupied) or 2h
for initial (equilibrium occupied) states.

When probing with single photons (TR-ARPES) obviously the probe photon energy
has to be subtracted only once in order to access the initialtate energy.

Emission angle  As discussed in sectiofi-3.2]2, each value pair of kinetic ergy (now
with respect to the analyser vacuum level, i.e. as-measurgdind emission angle allows

8In reality, the underlying density of states is not necessarily constant and broadening due to the
nite experimental resolution has to be considered. Both ca n modify shape and apparent position of
the edge shape.
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Figure 3.17:  Exemplary photoemission

[

2 intensity with respect to pump-probe de-

o lay I p ( t) obtained via convolution of in-

£ termediate state responseR(t) (single ex-

£ ponential decay, = 10 fs) with Gaus-

<o sian laser pulse cross-correlationXC (t)
Otime (f5) " (FWHM = 50 fs)

for calculation of parallel electron momentum/wave-vecta ky via Equation g8

Time delay By variation of the pump-probe delay t population dynamics and tran-

sient changes of the band structure can be monitored. An exaouantum mechanical

calculation for a three-level system (initial, intermediate and nal state) is possible via

optical Bloch equations [Lou00]. Exact knowledge of dephasg parameters needed for
such a treatment is not easily accessible. Non-resonant eitation on the other hand

can be described by a set of classical rate equations [Kir09and the photoemission
intensity then is

zZ Z

LL(OREY )1,(t°  t)dtdt® (3.23)

lpe( t)
Z

XC(t  tR(t)dt (3.24)

with the intermediate state response functionR(t) and the cross-correlation function
XC () of the intensity envelopesl 1(t) and 1(t) of pump and probe laser pulse
z

XC()= 11t  tHdtO (3.25)

The cross-correlation function can either be measured exitsi (via nonlinear opti-
cal pulse characterisation) or determined from suitable emrgetic regions in the time-
resolved photoemission data: If the intermediate state is irtual (or has sub-resolution
lifetime), the responseR(t) is a delta function and XC (t) is directly measured. De-
pending in the investigated system, a certain response fution has to be assumed. In
Figure [3.17 a single exponential decay has been used:

R(t)=e ¥ (3.26)

The convolution of R(t) ( = 10 fs, black) and a Gaussian cross-correlation function
(FWHM = 50 fs, red) yields the green curve. Itis broadened andits maximum is shifted
towards the exponentially decaying response, i.e. posit time delays. Such a model
can be used to numerically perform least-mean-square ttirg including the convolution
from Equation B.24. The fact that the measured trace is shifed with respect to the
pure cross-correlation increases the time resolution of sl an evaluation substantially
below the employed pulse durations. The time resolution is pproximately on the order

of 1/10 of the pulse duration [Mey11].

19 The transformation between non-energy-dispersive axis onthe acquired camera image and emission
angle is described in section[3.2.8.
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3.2.8 Experimental setup for TR photoemission spectroscop y

The setup for photoemission experiments is based on a verskt ultrahigh vacuum
(UHV) system for sample preparation and spectroscopy. Thedtter is performed with
a Phoibos 100 hemispherical analyser (SPECS) including a CCD-camera basl, two-
dimensional detector for simultaneous energy and angle retved measurements. The
overall setup is described in[[Deilll] and presented in Appetix Blin more detail. A
similar UHV setup was used for example in[[Gah04, 3078, Mey11] and is described
in the respective sources. The sample transfer system is agied from [Hag09] and also
presented in Appendix[B.
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3.3 Optical pump-probe spectroscopy

3.3 Optical pump-probe spectroscopy

Comparably low-energy excitations of valence electrons, xeitons, lattice vibrations
(phonons), etc. de ne the optical response of a solid. Elecbnic inter- and intraband
transitions around the Fermi energy are the main excitatiors in the range of photon
energies corresponding to visible light. The dielectric fuction (!; k) determines the
response of the solid to the electromagnetic eld of the lighas a function of frequency
I and wavevectork. Therefore the optical properties of a material give indirect access
to the band structure via its dielectric function. The broad er the accessible frequency
range in the experiment, the more complete is the resulting iew into the excitation
spectrum of the investigated object.

The use of ultrashort laser pulses gives access to the ultrast relaxation dynamics of
such excitations on the order of the laser pulse duration, whn applied in a pump-probe
scheme, similar to time resolved ARPE$3.2]6, but instead oprobing by photoemission
the transient optical response is monitored. Studying the elaxation dynamics of a
system, which strongly depend on the coupling between its iternal degrees of freedom,
allows for a deeper understanding of the fundamental propdies of the system.

In the following sections a more detailed description of theoutlined processes will
be given.

3.3.1 Optical response, dielectric function and band struc ture

The electric eld E of light acts as a force upon free (metals) and bound (dielecics,
metals) charges, leading to a polarizatiorP of the illuminated mediumid. If the electron
(of massm and chargee) is bound in a harmonic potential its equation of motion
corresponds to the one of a damped harmonic oscillator with igenfrequency! ¢ and
damping rate , including the driving electric eld E as an external force:

mpe + x+!13x]= eE (3.27)

The solution for a harmonic eld E(x) = Ege " is leading to the following expres-
sion for the dipole moment of such a charge:

e? E

P= &= miz 12 1

(3.28)

The sum over all induced dipole moments will give the polariation P of the il-
luminated medium. In (linear) optics the macroscopic quanity connecting eld and
polarization (P = o WE) is called (linear) susceptibility and can be written as the
sum of dipole contributions:

¢ X fi
W = R (3.29)
with individual oscillator strengths f;. A term with !; =0 corresponds to the ab-

sence of a restoring force in Equation-3.27 and thereby desbes free electron behaviour

D This section is compiled using various standard text books e.g. [Jac02,[Ash76, Kop07]
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in metals. With =1+ the complex permittivity is de ned:

. @ X fj @ f
M=+ i () =1+ — 5y ij!+|0m!(00”) (3.30)

The last term of Equation is separated from the summatio and can be iden-
tied by the complex conductivity (! ):

fo€?

mCo 1) (3.31)

()=

Considering boundary conditions for electric and magnetic eld components at a

sample surface, one nds the Fresnel equation$ [Jac02] foerection, depending on the
complex refractive indexm-=(n+ i ):

o w2
cos R2  sin
> = pP— (332)
cos + A2 sin?
2 2 <l
A% COS R2  sin
re = p—— (3.33)

| 4 N
R2cos + R? sin?

For a given complex permittivity it seems trivial to calcula te the expected optical
response. The inverse problem is not as easily solved. To ndeal and imaginary
part of the dielectric constant from the measured re ectivity additional information is
needed. Two approaches are commonly used:

1. Real n(! ) and imaginary (!) part of the refractive index are related by the
Kramers-Kronig-relation. To carry out the needed integration re ectivity mea-
surements have to be conducted over a wide frequency rangexteapolation over
“all' frequencies)

2. Angle dependent measurements give additional sets of Fseels equations that
allow for extraction of n and

Expanding P with respect to the source eld E generally results in a term that is
linear (P.) and higher order nonlinear terms Py ) formally setting the frontier between
linear and nonlinear optics. Nonlinear optical phenomena e explained in more detalil
in Appendix Cl

3.3.2 Transient re ectivity upon photo-excitation

To get insights into the dynamics of material properties we wse time-resolved pump-
probe experiments to directly investigate the evolution ofthe system in the time-domain
after a perturbation. Ultrashort laser pulses are used in a pmp-probe scheme to rst
excite (pump) the system (i.e. photoexcite electrons from guilibrium occupied to
unoccupied states in the solid) and thereby trigger an ultrdast dynamical response.
The excited-state evolution and relaxation is probed via the optical response using
a time-delayed ( t) probe pulse, which is re ected from (transmitted through) the
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sample of interest. By scanning the time delay t, the transient evolution of the
responseR(t) can be monitored over a wide range of timescales. The timeesolution
of such experiments is limited by the pulse durations of the aplied laser pulses, as the
detected signal is usually a convolution of material respoge R(t) and cross correlation
XC (t) of pump and probe pulses (see Equation_3.24).

The reason for transient changes of the dielectric functionupon optical excitation
can be manifold. Photoinduced charge transfer can lead to djzal weight shifts [Oga01,
Wal11l, [DC123], photoexcited hot electrons increase the qusequilibrium temperature
and thermalise with the lattice [DEOO] Bon00Q], collective eccitation like phonons, plas-
mons or charge density waves a ect the dielectric function[[£i92,[Kut92,[Dem02Has05,
[[sh06] and nally the whole band structure might be a ected on a more fundamental
level, e.g. when a phase transition is photoinduced [Roa7Lys06, [Tob08]. The tem-
poral response will depend strongly on the coupling of intemal degrees of freedom
and energy dissipation mechanisms inside the solid, and catherefore give access to
fundamental properties of the investigated system.

3.3.3 Coherent phonon generation and detection

A phonon is the quantum of a collective vibrational lattice excitation in a solid. Exciting
many of these quanta on a timescale shorter than their invers eigenfrequency will lock
their phase relation and a coherent phonon is generated. Ashey can modulate the
dielectric function, one can detect coherent phonon vibraions by optical spectroscopy.
The coherent phonon excitation mechanism depends on the nate of the driving
force, that is in icted on the lattice. Initially light (int he near-UV, visible and near-IR
regime) couples to the valence electrons of the solid, phoexciting them into previously
unoccupied states. Such a photoexcitation can generate arfte onto the lattice, which
can be anything between purely impulsive (delta-like) and persistent (step-like). The
classical equation of motion for the atomic displacement aing the phonon coordinate
q(t) is:
g+2 ! g+ !3%q= F (t)=m (3.34)

is the damping factor, ! o the phonon eigenfrequency anan the e ective mass of the
atom in the lattice.  is a coupling constant between force and speci ¢ normal mode

Figure [3.18 shows, how the temporal shape of the forcE (t) a ects the coherent
phonon response. In a) a purely impulsive mechanism is asswed. The force (grey)
therefore follows the laser intensity pro le (red). The resulting solution of Equation
is numerically calculated for a weakly damped ( = 0:01, blue), a critically damped ( =
1, green) and an overdamped (= 100, yellow) case. As the force acts instantaneously
at t = 0 the displacement starts at the equilibrium displacement Qo, i.e. it is sine-like,
and subsequently oscillates aroundg in the weakly damped case.

Figure [3718 c) depicts the other extreme case for a persistéfiorce: The potential
energy landscape is shifted according to the step-like foec The oscillation crosses its
new equilibrium position Q1 after 1/4 oscillation period and therefore looks cosine-ke.
An intermediate case is depicted in b) with an exponentially decaying force (time con-
stant: 500 fs), resulting in an oscillatory behaviour situaed between the two extremes,
both of which can be described in the theoretical framework bnon-resonant and res-
onant Raman scattering [Gar96]. Careful analysis of the coérent phonon phase with
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Figure 3.18: Coherent phonon generation: a) Impulsive stimulated Raman scattring (ISRS):

Impulsive force (grey) follows laser pulse intensity (red), leading toa sine-like phonon phase.
b) Intermediate case between impulsive and persistent force (g§8. c¢) Displacive excitation

of coherent phonons (DECP): Persistent force due to real elecbnic population, leading to

a shift in the potential energy landscape. The ion oscillates around & new (excited-state)
quasi-equilibrium position Q3 in a cosine-like fashion.
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3.3 Optical pump-probe spectroscopy

respect to the excitation pulse, can lead to conclusion withrespect to the excitation
mechanism.

To optically probe coherent lattice vibrations, one can expoit the fact that coherent
lattice vibration can modulate the dielectric function and thereby directly a ect optical
properties [Kut92]]. The change of the re ectivity directly follows the lattice oscillation
around its equilibrium positions [Zei92]:

_ @R)
@q

The damping behaviour with respect to experimental parameers (i.e. temperature,

R(t ) q(t) (3.35)
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Figure 3.19: Initial coherent phonon response, depending on exciting force ahdamping: a)
Impulsive force (40 fs laser pulse excitation) for various damping rees . Increase of shifts
initial response to earlier times. b) Semi-persistent force (time costant: 500 fs). Initial response
is delayed to later times when damping rate increases. c) Comparison of half-rise-times on
for di erent decay times of the driving force. Maximum shift between undamped ( = 0) and
strongly overdamped ( = 100) case indicated by the arrows in a), b) and c).

excitation uence, etc.) often changes e.g. towards phaseransition [Har98|, [Sco74].
A closer look at the initial response with respect to a changeof damping is depicted
in Figure 319 a) for a purely impulsive force and in b) for a face decay constant of
500 fs. An increase in damping (cold to warm colours) surprigsgly not always leads to
a delay of the initial rise. For a purely impulsive force ( g), the half rise point shifts to

earlier times, as indicated by the blue arrows in a) and the blie curve in c). The e ect

is small (14 fs) and vanishes for more persistent forces withe 0, as shown in b)
and c) (red arrow).

Coherent control Coherent phonons can be controlled very similar to kicking a
pendulum in- or out-of-phase to increase or decrease its dfiation amplitude. A three
pulse experiment has to be performed to observe such behavio [Dek93, [Has96]. A
rst pump pulse initially excites coherent phonon oscillations. A second pump pulse is
used to control the amplitude by simply adding to the initial e ect.

If same and constant amplitudes are assumed, the combined sponse then becomes

R(; )= A sin(t)+ A sin(t+ ); (3.36)
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3 EXPERIMENTAL DETAILS AND TECHNIQUES

which has zero amplitude for = ; 3; 5;::: , i.e. the phase is an odd multiple of
and amplitude 2A for even multiples, corresponding to out-of-phase canceltion and
in-phase enhancement of the overall coherent lattice resprse.
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4 Instantaneous band gap collapse in VO
Photoinduced change of screening

The phase transition of VO, from a monoclinic insulator to a rutile metal has intrigued
scientists for decades, and the discovery of the ultrafastight-induced phase transition
increased the attention even further. This chapter presens studies of non-equilibrium
dynamics of the two equilibrium phases (insulating and metdlic), as well as of the
transient metallic phase after strong photoexcitation in VO, in order to clarify the
driving force for the ultrafast transition and the nature of the transient phase. To
achieve this knowledge, two complementary pump-probe spé&wscopic methods are
used to observe the dynamics directly in the time domain.

The structural phase transition is determined by the evolution of the potential en-
ergy landscape for the atoms. Here, this is studied by makinguse of the coherent
phonon response of V@, which is also determined by the lattice potential energy land-
scape (Sectiorf41). Using coherent phonon mode amplitudess an order parameter,
it is found that after strong photoexcitation a transient phase is entered, which has
instantly lost the initial monoclinic lattice potential sy mmetry while the atoms are still
in their monoclinic positions.

To get a comprehensive understanding of theelectronic insulator-to-metal phase
transition on the other hand it is self-evident to directly probe the electronic struc-
ture in the vicinity of the Fermi energy, as the presence of a Ermi surface is evidence
for metallicity. This is achieved using time-resolved one-and two-photon photoelec-
tron spectroscopy (Section’4.R). Strong photoexcitation mstantaneously results in the
appearance of DOS in the band-gap of insulating V@, meaning that the insulator-to-
metal transition is directly driven by the photoexcitation . Furthermore, hot carriers
within the collapsed monoclinic band-gap are observed thatlecay on timescales on the
order of 100 fs.

This study gives novel insight into the driving mechanism of the PIPT and the
properties of the transient phase: An instantaneous metalkation is observed, as a direct
consequence of the photoexcitation. The photoinduced, trasient phase is characterised
as metallic with the monoclinic real space lattice structure, while the lattice potential
is already raised above the monoclinic symmetry. Theoretial calculations con rm
the purely electronic driving mechanism for the initial metallisation, by showing that
photoexcitation (i.e. primarily hole doping) strongly mod i es screening in VO,, enough
to completely renormalise its band structure.

4.1 Probing the potential energy landscape of
VO,

In this chapter, VO, is comprehensively studied by means of time-resolved broddnd
optical spectroscop. Figure[d1 gives a schematic overview of the di erent aspest of

ZLThe experiments have been performed in collaboration with Simon Wall, who was working as a
PostDoc, and Laura Foglia, who was a diploma student in the gr oup. The pump-probe experiments,
using 800 nm probe light, were evaluated and presented to sone extent in Laura Foglia's diploma thesis

53

2.
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thermal transition (4.1.1)

transient
phase
(4.1.5) R

metal
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4.1.3)
photoexcitation (4.1.4)

Figure 4.1: Schematic overview of performed studies of V@ Monoclinic insulating (blue),
rutile metallic (orange) and transient (green) phases of VQ are investigated along di erent
excitation pathways (top, bottom). Section

these studies. First the optical properties during the themal transition are monitored
to characterise the sample (Sectiof 4.1]1). The two equilibum phases are investigated
after weak perturbation (i.e. without driving the PIPT) by a laser pulse, to expose
a phase-speci c coherent phonon response: In the insulatgh monoclinic (M1, blue)
phase coherent phonon oscillations are detected (Sectidn42), which vanish in the
metallic rutile (R, orange) phase (Section[4.1.8). Their anplitude can be used as an
order parameter for the phase transition.

Strong perturbation (red arrow, Section[4.1.3), on the othe hand, drives the system
out of the monoclinic into a transient phase (green). To proke the coherent phonon
responseof this transient phase, a three pulse experiment is used (Seicn A1.35): A
rst laser pulse drives the transition and a second, weaker plse perturbs it in the
transient phase.

4.1.1 Temperature induced phase transition in VO 2/Si(100)

Vanadiumoxides exist in many stoichiometries and mixed oxilation states [Rie07]. The
VO, thin Im samples used in this work were fabricated in the group of Richard Haglund
(Vanderbilt University). For the optical spectroscopy experiments a 200 nm VG thin
Im was grown by pulsed laser deposition (PLD) on n-doped Si(100) [Suh04]. This
results in a polycrystalline non-epitaxial Im.

To characterise the sample and its switchability, temperaure-dependent re ectivity
measurements (probe = 800 nm) were performed. Figure[4.2 a) shows a measured
hysteresis loop together with the corresponding crystal stuctures. Upon heating across
the phase transition temperature the re ectivity at 800 nm drops by 70%. The
transition temperature (upon heating) is 344 K (71 C) and the hysteresis width is
11:8 0:2 K.

Comparison of the width and shape of the measured hysteresiwith the ndings

(Transient re ectivity and coherent phonon excitation: An u ltrafast probe of the metal-to-insulator
transition in VO » at the Freie Universit at Berlin) [Fog11].

2The deviation of the transition temperature by 5 K in respect to reference [Suh04] is very well
covered by a possible systematic error in sample temperature measurement (temperature gradient
between heater, thermosensor and probed region of the sampg).
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Figure 4.2: a) Re ectivity hysteresis (T ¢ = 344 K) probed by 800 nm light upon crossing the
insulator-to-metal transition in VO , with corresponding low-temperature monoclinic and high-
temperature rutile crystal structure. b) Scanning electron micrographs and hysteresis (probed
by 980 nm light) taken from reference [[Suh04] for comparison.
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Figure 4.3: a) Temperature-dependent change of re ectivity in VO, probed using a WLC
between 500 and 700 nm, normalised to measured re ectivity of thensulating phase at 300 K.
b) Relative change in re ectivity for selected wavelengths normaliseé directly below the critical
temperature, to only include changes connected to the phase trasition. c) Lineouts at indicated
positions in a) (red and blue box) with comparison to model from Ref.[Ver68] (dashed line).
d) Sketch of VO, band structure change. Modi ed from [Wal13].
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in a morphology dependent study [Suh04] (depicted in Figure4.2 b)), suggests rather
large crystallites with a diameter on the order of hundreds & nm.

The increased width of the hysteresis loop as compared to V@single crystals (2-
3 K) is due to averaging over an ensemble of many crystalliteggrains) each showing
slightly di erent transition temperatures. A competition b etween reduced amount of
nucleating defects, crystallite size, stress and boundarge ects determines the exact
transition temperature of each crystallite and therefore n uences the hysteresis width
[Kli02, Lop02, Suh04].

The asymmetry between heating and cooling branch of the hysresis has been ob-
served before [Kli02, Suh04, Leal3]. Varying hysteresis dths with transition tempera-
ture, di erent distributions of nanocrystals for both branc hes or asymmetric conditions
for superheating and supercooling® [Fan11] can explain such an asymmetric behaviour.

To extend the probing bandwidth, WLC pulses are used to monibr the temperature
dependent changes in re ectivity over the whole visible waelength range. The heating
arm of a hysteresis curve is shown in Figure 4.3 a) for probe walengths between 500
and 700 nm (bottom axis). The left axis displays the sample tenperature. Before
crossing the transition temperature, the re ectivity incr eases slightly with temperature
at wavelengths below 600 nm, while above 600 nm it stays conant. When crossing
the critical temperature, the re ectivity drops at all probed wavelengths. This decrease
can be seen in Figure 4.3 b), where lineouts at distinct waveingths are shown, which
are normalised to the re ectivity at 335 K - right before the t ransition temperature is
reached - to exclude changes in re ectivity not connected tathe phase transition.

Figure 4.3 c¢) shows two lineouts from Figure 4.3 a) to illustate the wavelength
dependence. The biggest change is observed at larger wavedghs (63 % at 700 nm)
and the change decreases linearly towards 580 nm. At lower walengths than 580 nm
it stays small (< 10 %).

To explain this behaviour, a sketch of the change in the VQ band structure is shown
in Figure 4.3 d): Large wavelengths (lower photon energieged arrow) probe transitions
between the V 3d; bands, which change strongly with the phase transition. On he
other hand small wavelengths (higher photon energies, bluarrow) probe transitions
from O 2p to V 3d states and are therefore less a ected by the chage in band-structure
in the vicinity of the Fermi energy [Ver68].

4.1.2 Non-equilibrium dynamics of the insulating monoclin ic phase

Exciting the system with laser pulses centred at around 800 m constitutes an above
band-gap excitation of the insulating phase of VQ. The transient change of re ectiv-
ity, measured at room temperature, is shown in Figure 4.4 a) ér a pump uence of
1.7 mJ cm 2, i.e. well below the photoinduced phase transition threshim. A relatively
large sudden drop of re ectivity at the probe wavelength followed by a slow recovery is
superimposed to beating phonon oscillations.

To analyse the coherent phonon oscillation, the incoherenti.e. due to electronic
excitation, thermal e ects or incoherent lattice dynamics) part has to be subtracted.

B1win-walls and point defects act as selective, phase-depemlent, nucleation seeds
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Figure 4.4: a) Re ectivity transient of VO , at room temperature upon weak excitation. After
background subtraction a FFT yields the phonon spectrum b). Mod ed from [Wal12].

An empirical t of the form
R(t)=R = (erf(t= p) +1) (Aexp( t= 1)+ Azexp( t=2)); (4.37)

was used for background subtraction of this incoherent part The error function
erf(t= p) + 1) is used to model the rising edge. Its width ( ) is determined by the
pump pulse duration. A; and A, are the two amplitudes and ; and » the decay time
constants of the initial recovery of the re ectivity change.

The remaining coherent part is then Fourier transformed for spectral analysis and
yields the frequency spectrum shown in Figure 4.4 b). By tting this spectrum with
four Lorentzian line-shapes, the frequencies of the phonomodes are found to be 4.4,
5.7, 6.7 and 10.2 THz. Those eigenfrequencies agree very ueith the four strongest
Raman active phonon modes of the insulating phase measured/tiRaman spectroscopy
in Ref. [Sch02] at 4.47, 5.97, 6.75 and 10.16 THZ An even better match for two of the
measured frequencies is found in Ref. [Par90]: 5.73 and 6.G%Hz. Deviation from the
exact values found in literature is either due to the slightly di erent stoichiometry of
the VO, sample (Oxygen de ciency is known to change the phonon spentm [Par90])
or strain e ects due to the inhomogeneous nature of the thin Im sample.

Probing the transient dynamics with broadband WLC pulses exends the amount
of retrievable information. A transient trace (following w eak excitation) is shown in
Figure 4.5 a) with respect to pump-probe delay and probe wavength. Again coherent
phonon oscillations can be seen on top of a strong incoheremhange of re ectivity
following photoexcitation. The strongest incoherent contibution is observed at large
wavelengths, as these are closest to the pumping wavelengtif 800 nm, i.e. where the
dielectric function is initially perturbed strongest. In c ontrast to that, the incoherent
contribution is close to zero for wavelengths further away fom the pump wavelength
(i.e. at higher energies).

To analyse the phonon spectrum over the whole probing rangdjneouts have been
taken between 500 and 780 nm (not shown). The integration rage was 10 nm around
the central wavelength. Spectra resulting from FFT (without background subtraction,
but employing a Hanning window function) of these lineouts ae shown in Figure 4.5 b)

24 Other strong modes with higher frequencies cannot be coherantly excited/resolved because of the
pulse duration of pump and probe laser pulses on the order of 4 fs.
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Figure 4.5: a) Broadband re ectivity change upon pump excitation at room tem perature and
below phase transition threshold uence. b) FFTs of linouts at indicated wavelengths of a)
(10 nm) and Gaussian ts to three detected phonon oscillations (cuves are o set for clarity).

Relative phonon amplitude with respect to probe wavelength is showrin the inset. Mind the

opposite ordering of wavelengths in a) and b).

together with Gaussiar?® line-shaped ts at 4.6, 5.7 and 6.9 THz, in good agreement
with the 800 nm probe data. However, the highest frequency (0.2 THz) is not observed.
This might be due to a too long (> 50 fs) pump-pulse. In addition to these modes, the
FFT exposes increased intensity around 3 THz. This could, . result from an artefact,
due to a non-zero incoherent background.

Even though the FFT analysis over such a limited number of ositlation periods can
only have a preliminary or supporting character an additional important observation is
made: The relative amplitude of the modes and the ratio betwen coherent oscillations
and incoherent background depends on probing wavelength! His is quanti ed in the
inset of Figure 4.5 b). There, the relative intensity (t amp litude) of the three visible
phonon modes with respect to the probe wavelength are showrClearly di erent wave-
length regions (i.e. parts of the dielectric function) are aected more or less strongly
by the di erent phonon modes. This is due to di erent coupling strength between the
distinct phonon modes and parts of the dielectric function.

The fact that at smaller wavelengths (around 520 nm) the incderent background is
close to zero and only one coherent phonon mode (at 5.7 THz) dainates the spectrum,
quali es especially this wavelength region for studies of he phonon as a marker of
the monoclinic phase symmetry during the temperature- and foto induced phase
transition of VO ,. However, before focusing on théransient metallic phase (upon photo
inducing the phase transition), the di erences of the equilbrium (high-temperature)
metallic phase of VO, in comparison with the (low-temperature) insulating phase are
characterised in the next paragraph.

% signi cant broadening due to the rather short range of delay s (700 fs) available in this measurement.

58



4.1 Probing the potential energy landscape of VQ

T T T
1
a —_
) —eimw 3 b) g
Bsmw S £
—26mw & @
_ —92mwW g £
3 — fits n 2
2 0 0
©
™ 2 4 6 8 0
s Teampe = 415 K frequency (THz) ]
o, ] ] ] . ] f 17
0 1 2 3 -200 0 200 400 600
delay (ps) delay (fs)

Figure 4.6: a) Pump-induced re ectivity change in metallic (T = 415 K) VO , probed by
800 nm pulses for di erent pump-power and empirical ts starting r ight after peak-like structure.
Fourier transforms (after background subtraction using the ts) of the transients are shown in
the inset. To capture the initial dynamics, a dierent t for early de lays ((4.39)) is shown in
b). The inset displays pump-power dependencies of resulting t paameters: Step amplitude
A, peak amplitude B and decay time constant .

4.1.3 Non-equilibrium dynamics of the rutile metallic phas e

Heating the sample above the phase transition temperature lfows to perform pump-
probe measurements of the transient optical response of thequilibrium metallic rutile
phase and compare them to the ones previously described fohé low temperature
phase.

Pump-induced re ectivity changes at a sample temperature é 415 K probed with
800 nm light for di erent pump uences are shown in Figure 4.6 @. One characteristic
di erence to the insulating, low temperature phase is the sig of the transient, which is
now positive (re ectivity increase upon pump excitation). A spike-like initial response
is followed by a slow transient re ectivity increase. To perform Fourier transformations
in the region after the initial spike up to late delays (> 3 ps) an empirical background
consisting of an exponential decay and a increasing lineal@pe has been subtracted:

R(t)=R=A exp( t= )+ m t+c (4.38)

The resulting Fourier transforms are shown in the inset of Fgure 4.6 a). There are
no distinguished intensities visible in all of four exemplay traces. Furthermore, com-
parison with Raman data suggests that the frequency spectrahown, consist of noise
only.2®

To quantify the initial dynamics right after excitation, a m ore complex t func-
tion than (4.38) has to be applied, while the slow transient e ectivity increase for
later delays, covered by Equation 4.38, is neglected to mimise the amount of free t
parameters. The t function consists of the sample responsdsum of a step-function

% The high-frequency oscillations visible in Figure 4.6 a) do not show up as a consistent peak in the
Fourier spectrum and do not behave like coherent phonon oscilations, e.g. they increase in amplitude
with delay as late as three ps. They are therefore attributed to an artefact, e.g. due to periodic
uctuations in laser power or temperature oscillations in t he sample heater feedback loop.
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(erf(t) + 1) and an exponential decay), convolved () with the laser pulse XC temporal
shape:

R(t)=R = (response pulse)(t) (4.39)
response = (erf¢) + 1)(A+ B exp( t=)) (4.40)
pulse = exp( t?= ?) (4.41)

Figure 4.6 b) shows the a close-up view of the data displayedia) for the tted delay
region (coloured circles) and the respective ts (black cuves). Assuming a laser pulse
duration of 45 fs (which on average produced the best t, whenkept as a free tting
parameter) the t generates decay times of the spike-like structure on the order of
tens of fs with a growing trend with power. The power dependene of decay time ,
normalised step amplitude A and normalised peak amplitude Bis shown in the inset
of Figure 4.6 b) (markers), together with power-law (/ xP) ts (solid lines). The step
amplitude A is close to linear with pump-power (p = 0:85 0:03) while the amplitude
B of the initial spike has a lower power dependence(= 0:56 0:05) and the decay
time grows with a power of (p=0:3 0:02).

As the material is already in the high-temperature phase, nophase transition oc-
curs any more upon pumping the system with light, which explans the linear power
dependence of the step amplitude A of the slowly changing b&ground. There are two
probable causes for the spike-like structure right after plotoexcitation:

1 the initial spike is directly connected to photoexcitation of the electronic system.
The dielectric function can be modi ed by the generation of hot electrons in
various ways (via intraband and interband excitation, modi cation of plasma
frequency, etc.) and the increase of the time constant can be explained in the
framework of Fermi liquid theory by a transient increase of @rrier screening or
decrease of phase-space for e-e-scattering. Also electsphonon scattering rates
are known to change with excitation uence.

2 the initial spike is a modulation due to overdamped phonons 6the equilibrium
metallic phase, as the solution for an overdamped oscillatin is a decaying expo-
nential:

q(t) / exp( t) (4.42)

The increasing decay constant would indicate a slight incrase in damping rate
with uence. Although the onset of re ectivity change would shift in time with
changes of the damping rate (Section 3.3.3), experimentallno conclusions can
be drawn from that fact, as the exact temporal relation between pump and probe
pulse is not xed over the course of the di erent measurements

Altogether there are too many possible explanations and todittle information in the
time domain, to give a conclusive answer regarding the natuz of the spike-like feature.
In the previous section (4.1.2), the coherent response and¢oherent background
was disentangled via the probing wavelength. Therefore théransient re ectivity change
of VO, at 400 K probed by WLC pulses is shown in Figure 4.7 a). The gerral shape
is very similar to the response probed at 800 nm. The sign of ta re ectivity change
is positive at all wavelengths. The peak amplitude as well ashe transient background
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Figure 4.7: a) Broadband probing of the photoinduced dynamics of metallic VQ, at T = 400 K.
b) Fourier transforms of lineouts 10 nm around the indicated wavelengths. To compare with
the insulating phase response, the Fourier transforms have beestaled by the same amount as
in Figure 4.4. The inset compares normalised lineouts directly at the sike and at late delays.

are strongest at long wavelengths and decrease towards sher wavelengths. Again the
dielectric function is a ected most strongly close to the pump wavelength.

The Fourier transforms (starting right after the spike-lik e structure) of lineouts
around indicated wavelengths are shown in Figure 4.7 b). Thentegration range was
again 10 nm. The scale (y-axis) of the Fourier transforms squared ragnitude is chosen
to be the same as in Figure 4.5, so one can directly compare iensities in the spectra.
Clearly, there are no features with comparable amplitudesn the case of metallic VG.
The phonon amplitude can therefore be used as a marker for thenonoclinic phase
symmetry and as anorder parameter for the phase transition of the lattice potential
symmetry in VO ».

Especially at 530 nm, where the 5.7 THz phonon mode was the opldominant
feature in the insulating case, neither oscillations nor gjni cant incoherent response
a ect the signal. Hence this wavelength region will be the waelength of choice to
do high dynamic-range measurements with a lock-in ampli erto monitor the dynamic
changes in phonon response when inducing the photo-induceghase transition (See
next section 4.1.4).

In order to shed light on the nature of the spike-like feature the wavelength depen-
dence of the slow transient and the spike-intensity are comared in the inset of Figure
4.7 b). Lineouts (normalised to their maximum intensity) ta ken on top of the spike as
well as between 700 and 900 fs (slow transient) after excit&n are shown. The third
curve results from subtracting the slow transient from the gike as a background be-
fore normalizing. The very similar shape of all three curvesuggests a similar physical
cause. Arguments for both, overdamped phonon and electroniorigin, can be found:

1 If the spike-like feature is a critically damped coherent ptonon, the incoherent

background could result from e.g. thermal expansion of thedttice, both struc-
tural phenomena.
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2 If electronic excitation is directly responsible for the spke, the incoherent back-
ground could be generated by the increased electronic tempature after electron
thermalisation.

The optical measurements are not able to give a conclusive awer regarding the nature
of the initial re ectivity response in the equilibrium meta llic phase of VO,, especially
as also the e ect of phonon oscillations on the re ectivity might have changed due
to the dierent electronic band structure in the metallic pha se. The photoemission
experiments presented in section 4.2, on the other hand, wishow hot electron lifetimes
on the order of 200 fs. Therefore a structurally dominated reponse seems more likely,
as the optically measured decay constant of 20 fs is one ordef magnitude smaller as
the hot electron lifetime, but very well compatible with a critically damped oscillation
of the lowest energy phonon mode of rutile VQ at 7.2 THz [Sch02]?’ Independent of
the exact origin, the distinct shape and sign of re ectivity change will be used to track
the evolution towards the equilibrium metallic phase respmse after the photoinduced
phase transition in section 4.1.5.

4.1.4 Strong photoexcitation

After describing the ultrafast response of the two equilibium phases to weak excitation,
the photoinduced phase transition is investigated by gradally increasing the pump-
power, while staying at room temperature. When increasing he uence across a critical
uence threshold (Fry ), distinct changes in electronic and lattice response areluserved.

800 nm probe  Excitation uence-dependent measurements, using 40 fs shiblaser
pulses centred at 800 nm for both pumping and probing, have ben performed over a
wide range of uences as shown in Figure 4.8 a). In line with pevious investigations
[Bau07, Keub07] a threshold uenceFry = 6:9 mJ cm 2 is de ned at the value where
the response amplitude an arbitrary time delay of 1 ps is stating to become nonlinear
with uence (see Section 2.2 for details). A steep decreasef oe ectivity, which grows
in magnitude upon increasing the uence is observed. The sigpl then recovers (double
exponentially) with time constants that increase with uen ce. Before discussing the
incoherent response in more detail, coherent phonon osaliions are analysed by FFT:
The transients for below threshold excitation (blue) show ®herent phonon oscilla-
tions, which vanish when exciting above the phase transitio threshold. This is clear
from Figure 4.8 b) where Fourier transforms (magnitude squaed) of the traces in a)
after background subtraction?® are shown in a false colour representation on a logarith-
mic scale. Each of the Fourier spectra are normalised to uene so that e ects scaling
linear with pump excitation density are removed. The black arows at the top indicate
the eigenfrequencies of the four strongest accessible Ramactive phonon modes of
the monoclinic, insulating, low-temperature phase of VQ, which have been already
discussed in section 4.1.2. Those eigenfrequencies can leers in the Fourier spectra

?’The other Raman active phonon modes are not excited coherenty as their frequency is too high.

B ithout background subtraction the large incoherent o set in the transients leads to a large in-
tensity in the Fourier transforms at zero frequency. To remo ve this incoherent background, a strongly
smoothed (binomial smoothing) replica of each dataset was aubtracted. This corresponds to high-pass
Itering in frequency space.
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Figure 4.8: a) Photoinduced re ectivity changes pumped and probed by 800 nm(40 fs pulse
duration) laser pulses for various excitation uences below (blue) ad above (red) the phase
transition threshold Fry = 6:9 mJ cm 2 ranging from 0.25 mJ cm 2 (0.04F14 ) to 24 mJ cm 2

(3.5 Fr4 ). b) False colour plot of Fourier transforms of the transients in a) after background
subtraction (described in the text) with respect to uence normalised to Fry . The intensity

has been normalised to the respective pump uence. c¢) Fourier trasforms for two distinct

transients below (blue) and above (red) threshold. The respectig positions are indicated by
the coloured arrows in a) and b). Fitting with 4 Gaussian peaks yields @tted black curve in

C).
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as four distinct peaks when pumping below threshold Fry is indicated by the white
line). At uences above Fty on the other hand, those eigenmodes vanish and cannot
be observed any more, indicating a signi cant change in the esponse.

Selected Fourier transforms below (blue) and above (red) theshold in Figure 4.8 ¢)
verify the vanishing of the coherent phonon modes upon drivig the phase transition.
The respective transients in a) and position in b) are indicded by the red and blue
arrows. At 0.2 Fry pump uence, four clear peaks are observed centred at 4.29,. 57,
6.7 and 10.26 THz, as discussed in section 4.1.2. Those can been for all uences
below thresholc?® but not for uences above threshold, for example at 2.9 Ry (red
curve, o set for clarity), where only noise is visible in the spectrum. This resembles
exactly the coherent response of the metallic rutile phasewhere none of the monoclinic
phonon modes could be excited (See Section 4.1.3).

The disappearance of all of these phonon modes suggests the loss of
the monoclinic lattice potential symmetry. It will be shown that the phonon
mode amplitudes can be used as an order parameter for this pka transition in terms
of the lattice potential. However, rst, the following para graphs will exclude dephas-
ing/damping as an alternative explanation for the loss of the phonon modes.

525 nm probe  As discussed in Section 4.1.2, the wavelength region arouns20 nm
quali es for a systematic analysis of the PIPT, as the incoheent “background' part
of the transient, seen at longer wavelengths, is comparatiely low in intensity, while
the phonon mode centred at 5.7 THz dominates the phonon speaitm. To achieve a
superior signal to noise ratio as compared to broadband measements employing an
optical spectrometer, lock-in detection was used after Itering the re ected WLC probe
at 525 nm (bandwidth: 5 nm), therefore keeping the temporal iape of the WLC pulse
intact at the time of probing.

The resulting pump-induced transients ( pump = 800 nm) are shown in Figure
4.9 a). As the incoherent background amplitude is a smaller han in the previous
paragraph, the y-axis is scaled linearly as opposed to in Fige 4.8 a) where it is
logarithmic. The phase transition threshold has been detemined again (independent
of the 800 nm probe dataset) at the point where the transient esponse at 1 ps time delay
starts to be non-linear with uence. This yields a slightly di erent uence threshold
(Fry = 4:93 mJ cm 2) for 525 nm probing than for 800 nm probing, mainly due to
di erent systematic errors in uence determination (a detai led discussion follows in the
next paragraph).

Below threshold (blue curves) coherent phonon oscillatioa dominate the transients
without any signi cant background intensity. Above thresh old (orange) the coherent
phonon signatures start to vanish and a slow transient backgound increases with u-
ence. This background increase occurs on a much smaller seathen when probing
with 800 nm (compare to Figure 4.8). As higher uences (up to 55 Fry) could be
achieved®, a saturation regime (red) was accessible. Before conduciy detailed tting
procedures of the transients based on a phenomenological mel, the changes of phonon
spectra with respect to pump uence allow for the following qualitative discussion:

21n the transient with the lowest pump- uence the phonons are barely visible, due to the low signal
to noise ratio
30Reduction of the laser repetition rate allowed for higher pu Ise energies and therefore higher uences.
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Figure 4.9: a) Photoinduced re ectivity changes probed by 525 nm part of WLC pulses for
various excitation uences ( pump = 800 nm) below (blue) and above (orange) the phase transi-
tion threshold Fry and in saturation regime (red). b) False colour plot of Fourier transforms of

the transients in a) after background subtraction (same methodas in Figure 4.8) with respect
to normalised uence. The intensity has been normalised to the respctive pump uence. c)

Fourier transforms for three distinct transients representing the three regimes: below (blue) and
above (orange) threshold and in saturation (red). The respectie positions are indicated by the
coloured arrows in a) and b). Fitting with two Gaussian peaks yields ddted black curve in c).
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The Fourier transforms (magnitude squared) of the transierts from Figure 4.9 a)
(after background subtraction as described in the previougparagraph2®) are shown in b)
for increasing pump uences. The Fourier transforms are nomalised to pump uence
to remove any signatures that depend linearly on excitationdensity. The threshold
is indicated by the white line. Clearly, there are at least two peaks in the phonon
spectrum below Fry, corresponding to the 5.7 and 6.7 THz modes of the insulating
monoclinic phase of VGQ. When the uence is increased above threshold, these modes
vanish quickly and no distinct features can be accounted forany more To illustrate
this further, Figure 4.9 c) shows three distinct phonon spetra, representative of the
three regimes (blue: below threshold, orange: above thresid, red: in saturation). The
orange and red curves have been scaled up by a factor of ten amdset for clarity. A t
(two Gaussian peaks) to the phonon spectrum of the transienpumped below threshold,
yields a strong mode at 5.8 THz and a weaker one at 6.7 THz in gabagreement to
the data shown in Figure 4.5 b).

A slight softening of the 5.7 THz mode is observed before it diappears, which will be
quanti ed further by tting the transients in section 4.1.4 . The gradual decrease above
threshold, seen in b), is due to inhomogeneous probing of a stribution of di erently
strongly pumped regions due to the Gaussian laser beam shapeClearly at 228 Fry no
phonon modes are visible any more, indicating homogeneousave threshold pumping
of the whole probed area. The situation does not change withespect to the phonon
modes when pumping in the saturation regime (5% Fn).

The photoinduced phase transition threshold The transient re ectivity probed
both with 800 and 525 nm light is now analysed in detail, staring with the threshold
uence for the photoinduced phase transition for both wavekngths independently.

In Figure 4.10 a) the uence dependence of the transient re etivity change at 1 ps
(lled circle) and 3.5 ps (open circle) pump-probe delay is iown for probing with 800
(red) and 525 nm (green) light. The integration range on eachtransient was 190 fs,
corresponding to one phonon period, to average over re ectity changes due to the
phonon oscillation. Analogous to the literature [Bau07, Keb07] (as detailed in 2.2),
the threshold uence has been determined for each series ofeasurements as the point
where the transient re ectivity at 1 ps starts to show a non-linear behaviour with
uence. The uence axis has been normalised accordingly. Th corresponding kink
is therefore visible at F=Fyy = 1 (dashed line) for both pump-probe delays (1 and
3.5 ps). Determining the uence threshold separately redues systematic errors that
are di erent for the two series of experiments. These errorsriclude determination of
spot-sizes, di erent incidence angles and absorption propgies of the two wavelengths.

For 800 nm probing the threshold uence isFty.g00 = 6:9 mJ cm 2 and for 525 nm
Frh-s25 = 4:9 mJ cm 2, yielding an average uence OfFTH.avg = 5:9 1.0 mJ cm 2,
This is in good agreement with previously published values btween 6 and 7 mJ/cm 2
[Cav01l, BauO7, Kub07, Hil07].

For the experiments using 525 nm probe wavelength higher masnum uences could
be achieved, because a lower repetition rate setting of theaker allowed for higher
pulse energies. Therefore, a saturation regime could be ested as indicated by a
second dashed line at around 4 Fry ' 20 mJ cm 2. This saturation is indicative
for a homogeneous non-thermal photo-induced phase transin over the whole probed
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Figure 4.10: a) Fluence dependence of transient re ectivity probed by 800 nm fed) and

525 nm (green) light at 1 ps (lled circles) and 3.5 ps (open circles) purp-probe delay. The
uence axis is normalised to the respective threshold uence. b) Dailed view on a below-
threshold transient, probed with 525 nm to illustrate determination of phonon double-amplitude
2As.g1Hz - C) Fluence dependence (logarithmic scale) of double-amplitude/s.gty, in compari-
son to transient re ectivity change at 525 nm. The solid curve is a linear t to below threshold

points of 2As5-8THz -
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volume. Time resolved di raction experiments show a similarfactor between threshold
for the photoinduced transition of the lattice structure and saturation uence [Morl14].
There, a threshold value ofFty =9 mJcm 2 and saturation at 4:8 Fry =43 mJcm 2
were observed.

Using the nonlinearity of the re ectivity at 1 ps or 3.5 ps is of course an arbitrary
choice. Re ectivity changes are not exclusively determind by changes of the electronic
band structure and even if they would be, they do not necessdy probe a Fermi surface.
In contrast, the phonon amplitude of monoclinic phase phona modes are suggested as
an order parameter for the phase transition of the crystal pdential symmetry in VO ».

A rst quanti cation of the 5.8 THz phonon mode amplitude is d one by nding the
position of rst trough and the following maximum of the phon on oscillation in a below
threshold transient, as depicted in Figure 4.10 b) and extrating the di erence 2As.g1H;
between both of these two points (yielding approximately two times the phonon ampli-
tude). The uence dependence of As.gtH, is shown in Figure 4.10 c) together with the
transient change in re ectivity probed with 525 nm at 3.5 ps (already shown in a)) on
a logarithmic uence axis. The phonon amplitude starts to deviate from the expected
linear uence dependence (indicated by the solid line) at the phase transition threshold
Fry, following the same trend as the transient re ectivity change. A complete loss of
the phonon mode is observed, when its amplitude becomes negee, indicating that
the phase transition of the lattice potential in VO , is completed homogeneously over
the probed volume. This happens at 2 Fty in contrast to the intensity at 1 and
3 ps, shown in a), which saturates at 4 Fry. It is not surprising that the phonon
disappears at a lower uence, because its signal is one ordef magnitude smaller than
the incoherent re ectivity change. It could simply be too small to be detected between
2and 4 Fmy.

To clarify the behaviour of the phonon amplitude as an order @rameter, detailed
tting of transients for various uences below, across and @ove the phase transition
threshold are presented in the next paragraph.

Detailed tting of the transients below, across and above Fry  To track the
most prominent phonon modes close to the photoinduced phasgansition, a complex
tting model, including the transient background due to ele ctronic excitation and heat-
ing, has to be applied!. As discussed in Section 4.1.2, if the force exerted on the
lattice is small and the phase transition is not driven (belov threshold), the lattice
dynamics (i.e. coherent phonon oscillations) will modulat the total re ectivity R with

a contribution according to the monoclinic phases normal mades:

X
Ro(t)= Ai( )a(t); (4.43)

|
as described in Section 3.3.3 by Equation 3.35 with the wavehgth-dependent amplitude
Ai( )= %. The time dependence of the phonon oscillation is thereforexdependent
of wavelength, while its contribution to the re ectivity ch ange is not. The phonon
displacement g (t) of the normal modes follows a forced, damped oscillation at is

determined by damping constant ;, eigenfrequency! ; and generating forceF (t).

%1The tting model has been developed and applied by Simon Wall , who was working as a post doc
in the group [Wall3].
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To determine whether the force is impulsive, step-like or ha some intermediate
shape (i.e. a nite time constant ), several observations can be made, when looking
at the below-threshold transients probed at 525 nm in Figure4.9 a):

1 there is no signi cant o set (on the order of the phonon amplit ude).

2 there is no exponential decay in the equilibrium position aound which the phonon
oscillates.

3 to determine the phase of the oscillation, timezero can be dermined from the
high uence data.

An impulsive (or quickly decaying) force on the lattice geneates a sine-like oscillation
around the atomic equilibrium position, while a persistent (displacive) force results in
cosine-like oscillations around a new (displaced) positio (See Section 3.3.3 for details).
Therefore, observation 1 and 2 hint towards a rather fast decay time constant for the
force (more impulsive than step-like). Precise determinaibn of timezero (3) is tricky,
but assuming that it can be determined from the high uence daa and that it is not
changed when changing the uenc# (due to experimental errors) the best t for all
uences was achieved for g = 50 fs.

In addition to the coherent lattice response, e.g. carrier gnamics and heating e ects
lead to incoherent transient re ectivity changes, which are especially prominent when
probing with 800 nm. When probing with 525 nm, only a constant o set is needed to
describe the incoherent part of the transients:

Re(it) = ( HK() (4.44)

K ( ) describes the transient change, that appears constant wit time in the accessible
pump-probe delay range. The rising edge of the pump-inducedhange is modelled
by the sigmoid function ( t) = (1 +exp[ (t 1-)=w]) !, which has a width w
corresponding to the pump-pulse duration and a timezero/déayed-rise parameter ;.

Above the phase transition threshold, the phonon modes areolst or become over-
damped. Therefore, the previous description of the latticeresponse has to be modi ed,
because eigenfrequency and damping ratio loose their meang, when the phonon mode
amplitude is zero, or are strongly coupled in case of an ovemimped oscillation. The
oscillatory contribution  Rg( ;t) is then gradually replaced by:

2 3

X
Rs(;t)=( t)4 Cie Fcid: (4.45)

i=1;2

The overall change of the re ectivity is simply the sum of the contributions discussed
above, but when increasing the uence and moving through the3 regimes (below thresh-
old, above threshold and in saturation) di erent parts of the tting model have to be
switched o and on manually:

R(;t)= Rq(;t)+ Rk(;t)+ Rs(;t): (4.46)

32 attenuating the beam was done by a combination of 1/2-wavepl ate and polariser, therefore path-
length di erences are minimised.
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Figure 4.11: a) Exemplary transient response probed with 525 nm (pumped belowFty )
together with the t described in the text and its residual. The inset shows the Fourier transform
amplitude of the residual where the 10.2 THz mode, which is not includd in the tting model,
can be seen. The uence dependence of: b) the phonon amplitude) the phonon eigenfrequency
and d) the phonon damping rate are shown for the 5.8 THz and the 6.MHz modes of insulating
VO,. Modi ed from [Wall3].

The complete t is then done by the Levenberg-Marquardt leag-squares method and
includes solving the di erential equation determining the coherent phonon oscillations
(see 3.3.3), when Rg(;t) is included.

Below threshold t results A rstround of tting using Ro(;t)and Rg(;t)
yielded constant results for the electronic decay time cortsnts ¢,, which were therefore
held xed for a second run of tsat ¢, =250 fs and ¢, = 1:42 ps to convert random
errors due to uctuations to systematic errors and yield more consistent results.

Only ts of transients probed with 525 nm are shown and analysd, as probing
with 800 nm yields little additional information, because any of the monoclinic phonon
amplitudes can be used as an order parameter for the phase tnaition with respect to
the lattice symmetry. The number of free parameters on the oher hand, is reduced
due to the absence of a transiently changing incoherent bagkound and two of the four
phonon modes. A transient including its t is shown in Figure 4.11 a). The model
includes the two strongest phonon modes at 5.8 and 6.7 THz. Ab shown is the t
residual (light blue) and in the inset its frequency spectrum calculated by FFT. Only
a tiny residual oscillation of the 10.2 THz mode, which is notincluded in the t model
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can be seen.

The amplitudes of the two phonon oscillations are displayedn Figure 4.11 b) as a
function of normalised uence F=Fyy . Both grow linear with uence (indicated by the
black lines) up to the threshold uence, in agreement with the direct extraction of the
phonon amplitudes in Figure 4.10 c).

The uence dependence of the phonon eigenfrequency in Figar4.11 c) shows, that
the 5.8 THz mode seems to go slightly softer (the eigenfrequey is decreased) towards
the photoinduced phase transition, a behaviour, which is nbobserved when thermally
driving the transition [Kim06]. This photoinduced change of the connected force con-
stant, can be assessed as an indication for a stronger coupd of the 5.8 THz mode
to the electronic (photo-)excitation than to thermal drivi ng mechanism. The increase
of its frequency back to the initial value, when pumping abowe the threshold uence
could be an artefact, due to inhomogeneously exciting the V@ thin- Im sample: As
the re ectivity drops, when the immediate surface region, where pump-light is absorbed
most, is driven across the phase transition, the backside ahe Im, which is still in the
insulating phase is probed to a larger extend. Therefore, th phonon is probed more
prominently at the backside of the Im, where its frequency has not gone soft, as that
region is not so strongly excited.

Finally the damping rates ; in ( Figure 4.10 d)) do increase with uence, but stay

1 for all uences up across the threshold, and therefore the ponons never get close
to a critical or overdamped regime.

Above threshold t results For tting the transition region just above threshold,
all components of the tting model have to be switched on, as adistribution of regions
where the uence is below and above the threshold uence is pbed and residual
oscillations are visible in the transients.

When the oscillations clearly vanish, Rq( ;t ) is manually excluded from the tting
model. An exemplary above threshold transient € = 4:7Fty ) in the saturation regime,
the corresponding t and the t residual (o set for clarity) a re shown in Figure 4.12 a).
The inset shows Fourier transform (magnitude squared) of tle t residual for pump-
probe time delays smaller (red) and larger (blue) than 300 fs At earlier delays than
300 fs there are still frequency components, that would be capatible with the 5.8 and
6.7 THz modes (indicated by the dashed lines). It has to be nad that there is FFT
intensity on the same order of magnitude also at around 2 THzwhich is clearly due to
an artefact as it stems from a single oscillationbefore timezeroand which is symmetric
to the oscillation after timezero. At the high employed exciation intensities, wings
in the temporal pro le of the pump laser pulse might also play a signi cant role and
could lead to the observed oscillations around timezero. Aér a delay of 300 fs there is
certainly no oscillatory component at the phonon eigenfregencies visible above noise
level.

There are numerous potential explanations for the Fourier pectrum before 300 fs:

1 temporal feature of the pump-laser pulse

2 residual monoclinic lattice response contribution of weaky pumped region
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Figure 4.12: a) Pump induced transient re ectivity change above threshold in the saturation
regime (F = 4:7Fry), t (red) described in the text and its residual (light blue, oset f or
clarity). Fourier transforms of the residual for delay times smaller than 300 fs (red) and larger
than 300 fs (blue) are shown in the inset. Dependence of constamt set K (red squares) and
amplitudes in Equation 4.45 (C;: blue circles andC,: green triangles) on uence is shown in
b). In c) the corresponding time constants ¢, and ¢, as well as the half rise position of the
sigmoid function Ty, (orange squares) are shown with respect to normalised pump uete.
The solid lines att; and t, correspond to the half-periods of the 5.8 and 6.7 THz phonon modes
and the dashed line, labeled p to the estimated laser pulse duration. Adopted from [Wal13].
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3 strongly damped phonon of the photoexcited phase similar tdhe one postulated
in [Pas11]

4 a “coherent artefact', common in broadband pump-probe meagements [Kov99]

Taking into account the similarity to the oscillation befor e timezero, an artefact (choice

1 or 2) is the more likely explanation. In any case it is very clear dready from this
analysis that at delays later than 300 fs, there is no phonon rade of the monoclinic
phase visible any more Further discussion of the other t paameters and investigation
of the dynamics of the photoexcited state (4.1.5) will exterd this statement to pump-
probe delays before 300 fs in the following.

The dependency of various t parameters on uence (above theshold) is shown in
Figure 4.12 b) and c). In b) the amplitudes of the two decayingexponentials C; and
C, are shown together with the constant o set K. In c¢) the respective time constants
and the half-rise time of the sigmoid function used in (4.44)and (4.45) are displayed.

The o set amplitude K rises linearly with uence and starts to saturate above
3FtH . Not surprisingly this resembles the extracted response al ps shown in Figure
4.10. The decay constants -, (see discussion of Equation 4.45) could one one hand
describe incoherent dynamics, but on the other hand also resnble strongly overdamped
coherent phonon oscillations. The amplitude of the faster gponential decay (order of
several 100 fs)C; (blue) grows and stays constant in the saturation regime. Asits
time constant 1 shown in c) decreases form 500 to 200 fs upon increasing the ence,
an increasingly overdamped phonon of the monoclinic phaseao be excluded. In the
case of an overdamped phonon the time constant should increa, not decrease (or for
a strictly impulsive excitation force decrease on a much sni&r timescale, compare
section 3.3.3). As it will be shown later (Section 4.1.5 and Gapter 4.2), the nal value
of time constant ; 200 fs can be connected to hot electron thermalisation in the
photoexcited metallic phase.

The slower exponential decay's amplitudeC, grows rst and decreases again in
the saturation regime. As its time constant » is on the order of 1 to 10 ps it could
result from the thermal growth of metallic phase domains insde the probed volume.
If pumped in saturation the whole probed volume is driven nonthermally into the
metallic phase, henceC, decreases again.

The uence dependence of the half-rise positiorT;-, of the sigmoid function ((4.44))
and (4.45)) is also displayed in Figure 4.12 c) (orange squas). Below saturation it is
similar to the half-periods t; and t, of the 5.8 and 6.7 THz phonon oscillations (i.e. 74
and 86 fs, indicated by the solid lines) and might be connecta to the “structural bot-
tleneck' timescale reported in [Cav04]. There the “transiton time' showed a minimum
value of 80 fs, even when photoexciting the system with far sbrter laser pulses down to
15 fs (as described in Section 2.2). Such a bottleneck cannbte retrieved from Figure
4.12, as the half-rise positionT,-, decreases even below the pump pulse duration (i.e.
< 40 fs indicated by the dashed line and labeledp) upon increasing the uence in the
saturation regime. This on the contrary indicates, that the non-thermal phase
transition out of the equilibrium monoclinic phase can be driven arbitrarily
fast, faster than the pump pulses temporal envelope

Even without knowing about the exact nature of the di erent ti mescales presented
in this paragraph, a subsequent softening of phonon modes dfie monoclinic phase of

73



4 INSTANTANEOUS BAND GAP COLLAPSE IN VO ,: PHOTOINDUCED
CHANGE OF SCREENING

probe po.probe delay F2  p1-p2delay Pl
A4 ” nﬂn

o
>, sample

P1-probe delay

Figure 4.13: Pump-Pump-Probe scheme employed to investigate the dynamics dhe transient

phase in VO,: First pump pulse P; (red, bold) drives the system into an excited state, or even
into the transient phase (depending on uence). A second, time diyed (by P1-P2 delay), weak
pump pulse P, (red, narrow) perturbs the excited state. When arriving after P,, the probe

pulse (green) monitors the response of thexcited state following photoexcitation.

VO, with increasing uence can be excluded, as all of the timesdas becomdaster with
uence. Therefore the amplitude of a monoclinic phase phono mode does in fact act as
an order parameter, that becomes zero when the system is di@n out of the monoclinic
phase crystal potential symmetry. It is known that the crystallographic phase transition
and ionic movements following strong photo-excitation areonly completed on various,
much longer, timescale up to ns [Bau0O7, Had10, Had11]. In hah contrast to that, the
vanishing order parameter on an ultrafast timescale indictées that the symmetry of
the monoclinic phase potential landscape is lost immediately after above-
threshold photo-excitation

To elucidate the nature of this strongly photo-excited, transient phase, which is far
from either equilibrium phases, pump-probe measurementf this transient phase are
presented in the following paragraph.

4.1.5 The dynamics of the photoexcited state

In line with the investigations of the transient response inthe equilibrium insulating
and metallic phases of VQ, presented in section 4.1.2 and 4.1.3, the transient respce
following weak perturbation of the photoexcited state (below threshold) or transient
phase (above threshold) is investigated in this paragraph.

As mentioned in the introduction of Chapter 4.1, a three pulse scheme, as depicted
in Figure 4.13, has to be employed to monitor dynamics of alrady photoexcited VO,
(and not just the excitation dynamics). There, a rst laser p ulse P1 is used to excite
the system (below and above threshold, depending on its uece) while a second, time-
delayed, low intensity pump pulse P, acts as a weak perturbatiort®, triggering dynamics
of the photoexcitedstate. These dynamics are monitored by a probe pulse, with vging
time delay with respect to P1 (and P2). This scheme is perforred below and above
the photoinduced phase transition threshold uence, to elwcidate the nature of the
state after photoexcitation. The evaluation will be focusing on the coherent-phonon
responses.

Below threshold, the photoexcited insulating phase is proled. Here, the most promi-
nent dynamic features are modulations of the re ectivity due to oscillations of coherent
phonons of the monoclinic symmetry. A coherent phonon, whib has been excited by
a rst laser pulse and is less than critically damped, can be oherently controlled by a

%3The uence was kept below threshold to ensure that P2 does not drive the transition
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Figure 4.14: Transient re ectivity changes after below-threshold photoexcitation by pump
pulse P1 (black) and second pump pulse P2 (blue) individually (left) shov the response of
the monoclinic phase of VGQ. On the right hand side the transient change due to a second
photoexcitation by P2, 5 ps after P1, is shown, which exhibits no sighcant di erence to the
response of the equilibrium state (dashed blue). The delay axis is ploéd with respect to the
delay between P1 and the probe pulse (P1-probe delay).

second laser pulse as described in section 3.3.3. Triviallit can also be excited again
after the rst phonon excitation has decayed/dephased. As he coherent phonon oscil-
lation is characteristic for the symmetry of the system it can only be excited, if this
symmetry persists.

The clearest results in terms of a coherent control experim& are achieved when
only a single phonon mode is probed. Therefore only re ectiity transients probed at
525 nm, where the 5.7 THz phonon mode dominates the phonon speum, are discussed
in the following section.

Starting with the trivial case, it is tested whether monoclinic phase phonons can be
excited after a previously excited phonon signal has decage Figure 4.14 displays the
transient re ectivity changes induced by a pump pulse P1 (black) and another pump
pulse P2 alone (blue, o set for clarity). The temporal pump-probe overlap (P1-probe
delay = 0) is displayed with respect to the initial excitatio n P1. Both transients show
clear below-threshold behaviour: The 5.7 THz phonon oscifition of the monoclinic
phase is the only signi cant feature. The phonon has decayeldephased completely
after 2-3 ps. Therefore it should be possible to excite it aga with a second laser pulse
independent of the relative phase of the excited phonons. Tis is shown on the right
hand side of Figure 4.14: 5 ps after the initial excitation (dack) by P1, the coherent
phonon can still be generated by P2 (red transient). The onlysigni cant di erence to
the dynamics induced by P2 alone (dashed blue line, o set) ardound in slow changes
of the background intensity due to electronic and/or heating e ects. The monaoclinic
phase symmetry therefore clearly persists after below-tbshold excitation.

For the coherent control experiments the time delay betweerP1 and P2 has to be
tuned in- and out-of-phase with respect to the 5.7 THz coherat phonon period. For
this mode, out-of-phase ( = ; 3;::: ) corresponds to a delay between the two exciting
pulses P1 and P2 of 88 fs and in-phase ( =2 ; 4;::: ) corresponds to 175 fs.
The transient responses for a total pump uence below thresbld (Fp1 = 4:4 mJ cm 2,
Fpo =1:7mJcm 2, Fpy+ Fp1 < F1y) is summarised in Figure 4.15 for di erent P1-P2
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Figure 4.15: Coherent control of the 5.7 THz phonon mode in the monoclinic phasef VO,:
Transient response induced by P1 alone (below threshold) and pradd by the 525 nm region
of WLC pulses are shown at the top of a) (black). Below, in addition the transient re ectivity
changes following a second excitation by P2 are shown for di erent B-P2 time delays corre-
sponding to tuning between in-phase and out-of-phase excitation The arrival time of P2 is
indicated by the arrows at the top. In b) the response due to P1 aloe (black curve in a)) has
been subtracted to show the changes induced by P2 alone.

delays:

The black curve in a) shows the transient re ectivity change due to P1 alone. The
delay axis is plotted with respect to the temporal overlap baween probe and P1. The
coloured arrows indicate the temporal positions for in- andout-of phase excitation with
a second pulse P2. The transients after double excitation, i@ colour coded to match the
arrows at the top. They show, that for out-of-phase excitation the phonon amplitude
is minimised (blue and yellow thick line), while in-phase exitation yields an ampli ed
phonon amplitude (green thick line).

When subtracting the response of P1 alone, the transient P2aduced dynamics
in the photoexcited state remain, as shown in Figure 4.15 b). The transients look
essentially the same as the one excited by a single pump pulge.g. P1 only), but
shifted in time by the respective P1-P2 delay. The pump-prole responseof the below-
threshold photoexcited state is therefore exactly the sameas the one of the equilibrium
monoclinic phase, meaning that the monoclinic symmetry in d cases determines the
coherent phonon response.

Photoinduced metallic phase The situation is entirely di erent when driving the
photo-induced phase transition within the rst pump pulse P 1: It will be shown that
monoclinic phase phonons can neither be excited nor cohertéy controlled any more,
substantiating the previous result that the monoclinic phase symmetry has been lost
instantly after photoexcitation into this transient photo excited phase.

The rst excitation by pump pulse P1 is now done with a uence above the photo-
induced phase transition threshold Fp1 = 10 mJ cm 2), while the second pump pulse
P2 has a uence that is still below threshold (Fp> = 3mJcm 2). This scheme represents
a weak perturbation by P2 of the transient photo-induced phase created by P1. It is
comparable to the investigation of the response of the equbbrium phases upon weak
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Figure 4.16: Probing the transient dynamics of the strongly photo-excited, transient phase:
a) shows the response on weak, below threshold, perturbation b2 alone (light blue), the
response after inducing the PIPT (black) by pump P1 alone and the rturbation (by P2)
of the transient phase (created by P1) in- (green) and out-of-ppase (red) with respect to the
5.7 THz phonon oscillation. Subtracting the response due to P1 alongields the response of the
transient phase shown in b) with respect to the arrival time of P2 fa di erent P1-P2 delays.
Arrows indicate changes with P1-P2 delay. In c), the same data as i) is displayed, but with
with respect to the arrival time of P1. For comparison the transient phase response at long
P1-P2 delays (5 ps, red curve) and the response of the equilibrium etallic phase (dashed black
curve) is also shown in c). The evolution of feature B in b) with respetto P1-P2 delay is
quanti ed in d).

perturbation in sections 4.1.2 and 4.1.3.

The transient re ectivity change due to P1 and P2 separatelyis shown in Figure 4.16
a): The below-threshold pump P2 (light blue) excites coherat phonon oscillations, as
the monoclinic phase symmetry is not lost. The pump pulse P1 Bs a su cient uence
to drive the transition, therefore coherent phonon oscilldgions are not present (black).
Also, further transient re ectivity changes are shown: First exciting with P1 and later,
after a P1-P2 delay of 88 (red) and 156 fs (green), weakly peurbing the transiently
excited phase with P2. The two delays correspond to out-of-pase () and in-phase
(2 ) excitation with respect to the monoclinic phase 5.7 THz phaon mode and are
indicated by the red arrows. The re ectivity drops further a fter excitation by the second
pump pulse P2 and reaches a similar level around 800 fs aftehé rst excitation by
P1. The onset of the additional drop is obviously delayed by he P1-P2 delay, but no
phonon oscillation is visible after the second, weak pump plse P2.
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The delay between P1 and P2 is now varied systematically to psbe the dynamics of
the transient phase at di erent times after its creation: Tra nsient re ectivity changes
initiated by P2 34 are shown rst with respect to the arrival of the second pump pulse
(P2) in Figure 4.16 b) for direct comparison. At timezero (coresponding to P2's
arrival time) the falling edge, marked with a red arrow and the letter A, looses its
steepness with increasing P1-P2 delay. When both pump pulsearrive shortly after
each other, the non-thermal character of the phase transitin is enhanced. Increasing
the delay between the two excitations, regions in the transent phase are excited by P2
to an increasing extent, leading to a superposition of the reponse characteristic for the
PIPT itself and the response of VO, in the transient phase.

Simultaneously a peak-like structure, marked with a red arow and the letter B,
starts to develop and increases with increasing P1-P2 delayt will be shown that this
feature very likely corresponds to metallic phase dynamicsinitiated by P2, which that
are superimposed to the initial dynamics due to P1. To furthe analyse the evolution
of feature B, the transients from b) are displayed in ¢) with respect to the arrival of the
initial pump P1 and o set along the R axis. The regions where the signal becomes
positive are marked in red and in-phase and out-of-phase PP2 delays are indicated by
the thick lines and the markers ( and 2 ). On the right hand side of c) the response
induced by P2 is shown for a P1-P2 delay of 5 ps (red curve), where it clearly
resembles the shape of the pump induced response of tequilibrium metallic phase at
high temperatures, a positive peak (dashed black curve, sted and o set).

A guantitative analysis of the appearance of the peak-like ite. equilibrium metallic
phase-like) response with respect to the P1-P2 delay is shawin Figure 4.16 d): In-
tegration of the transients in ¢) over a 50 fs window, centredaround the arrival time
of P2, yields the peak response of feature B (green curve). Ehintegrated intensity is
rst negative and starts to get positive at a P1-P2 delay time of 160 fs. The positive
sign is used as a marker for the appearance of a response thatsimilar to the one in
the equilibrium metallic phase. An additional integration window of 100 fs width (red
curve)®® centred around the arrival time of P2 has been employed to she the robust-
ness of this analysis. Qualitatively the two integration windows generate very similar
curves (red and green), but the P1-P2 delay at which the sign lsange is observed is
larger for the larger integration window (red curve). The fact that the probe pulse
probes a superposition of P1 and P2 induced changes explairibis observation: As
the transient change still mainly consists of a reduction ofre ectivity (initiated by P1)
superimposed to the positive spike (generated by P2), for leger integration windows
the negative trend decreases the integrated value, i.e. thsign change shifts to later
P1-P2 delays. From both curves in d) an average value of 190 30 fs is found at which
the sign change occurs. As photoemission studies in the nexdthapter will show, this
corresponds well to hot electron/hole relaxation times in te transient metallic phase.
It has to be noted, that for much longer P1-P2 delay times and aly after several ps,
there is nearly no negative component in the transient re edivity change left (red curve

34The P1-only transient, shown in Figure 4.16 a) has been subtracted from the raw data leaving only
the changes created by P2.

%The pump pulse (P2) duration was estimated to be 50 fs. To make sure, that a wrong estimate
does not change the resulting analysis, integration windows of one and two times the P2 duration were
employed. The latter can be seen as a worst case estimate.
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Figure 4.17: lllustration of the ultrafast symmetry loss of monoclinic VO ,: The lower symme-
try monoclinic phase (blue) is photoexcited atty. The lattice potential changes its symmetry
immediately, i.e. monoclinic phonon modes vanish. Starting at this highly non-equilibrium
transient phase (green), the positions of the atoms (red circles)i.e. the actual crystallographic
structure progresses on a much slower timescal@atice pot until it stabilises the metallic
rutile phase (orange).

in ¢)) and the overall response resembles the shape of the onéthe equilibrium metallic
phase (dashed black curve in c)).

The dynamicsin the transient phase after strong photo-excitation are funcamen-
tally di erent from the ones in the equilibrium monoclinic an d rutile phases. Features
A and B, shown in Figure 4.16 change continuously with P1-P2 @lay, in sharp contrast
to the observations for the below threshold coherent contrbexperiments shown in the
preceding section, where in- and out-of-phase pumping by P2ead to an oscillating
control of one of the monoclinic coherent phonon mode amplitde. This observation
con rms that the monoclinic insulating phase of VO 2 is lost on an ultrafast
timescale as its symmetry and thereby characteristic underdamped phonon
modes have vanished.

On the other hand, the transient response only slowly startsto resemble that of
the equilibrium rutile phase after hundreds of fs and is onlycomparable in shape after
picoseconds have passed, a time after excitation when the atns are still far from their
rutile atomic positions. This suggests that initially, rig ht after P1 drives the system
out of the monoclinic phase, a non-thermal state far from eqiibrium is reached, that
only starts to resemble the response of the equilibrium metiic phase after a certain
relaxation time.

4.1.6 Conclusion: Ultrafast symmetry loss of monoclinic VO 2

This chapter has presented the e ects of photo-excitation onthe dielectric function
and coherent lattice response of VQ for various excitation densities. The results are
illustrated in Figure 4.17:

The amplitude of coherent phonon oscillations (visualisedby the black and red
springs and frequencies! ;-,) that are characteristic for the monoclinic phase sym-
metry have been established as an order parameter for the mawlinic phase (blue).
Following strong photo-excitation at time tg (red arrow), above a threshold uence of
FrHavg = 5:9 1.0 mJ cm 2 this order parameter reduces and reaches zero before
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a saturation uence of 4 Fry.ayg, indicating the loss of monoclinic phase symmetry
(the higher symmetry potential is indicated by the dark blue springs). Together with a
detailed analysis of the ultrafast change of re ectivity it is concluded that this happens
on a timescale pot, shorter than the laser pulse driving the transition at su c iently
high uences. This means that the symmetry of the initial monoclinic phase is lost
immediately when entering the transient photo-excited phase (green, fgher symmetry
lattice potential is indicated by the dark blue springs). On the other hand, the optical
response starts to resemble that of the equilibrium rutile pghase after 200 fs and shows
a similar transient shape after several ps only, long befor¢he atoms have reached the
rutile phase (orange, high symmetry, but possibly further danged lattice potential is
indicated by the light blue springs) equilibrium positions ( jatice pot) according to
di raction experiments [Bau07, Had10, Had11].

The transient phase®® is a new, highly non-equilibrium state of the system, that is
already remarkably di erent from the initial monoclinic pha se, but still needs a long
time to ‘relax' into the high temperature rutile phase. In th e next chapter it will be
shown, that one additional essential feature of this transént phase is the appearance of
electronic density of states at the Fermi energy, meaning tht the transient phase has
metallic properties right from the beginning.

%The term “Phase' is not supposed to suggest thermal equilibrium, but is used nevertheless to dis-
tinguish from ordinary photo-excited states, where the pot ential energy landscape has not signi cantly
changed.
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Figure 4.18: Schematic overview over photoemission studies of VE

4.2 Ultrafast metallisation of VO >

While time-resolved optical pump-probe measurements haveevealed changes in elec-
tron and lattice response and the loss of monoclinic phase saymetry on an ultrafast
time-scale, they lack an absolute energy scale in terms of edtronic states and do not
directly probe the metallicity. To get this direct insight i nto the phase transition and its
electronic structure dynamics on an absolute energy scal¢ime-resolved photoemission
experiments are performed.

Figure 4.18 presents a schematic overview of the performedkperiments. At rst,
markers for the di erent phases in thermodynamic equilibrium (monoclinic insulating,
M1, blue and rutile metallic, R, orange) are established viatemperature-dependent
investigations (Section 4.2.2): The appearance of densitpf states (DOS) at the Fermi
energy is observed upon heating the V@ thin- Im sample, providing a solid indicator
for the insulator-to-metal transition.

Based on this observation, the instantaneous appearance alensity of states at
the Fermi energy (in the band gap region of insulating VQ) after strong photoex-
citation (transient phase, green, Section 4.2.3 and 4.2.43hows a quasi-instantaneous
photo-induced metallisation (coincidental with the instantaneous loss of monoclinic
lattice symmetry presented in the previous chapter). This doservation is consolidated
by theoretical calculations that were performed in close claboration with the Nano-
Bio Spectroscopy Group in San Sebastiat!. These calculations explain the band gap
collapse with the generation of photoholes at the top of the alence band of VG in
the monoclinic crystallographic structure, i.e. show that no structural component is
neededto describe a transient metallic phase with monoclinic crysallographic struc-
ture (but non-monoclinic lattice potential) after photoex citation. Finally, hot electron
dynamics of the metallic phase (orange) are investigated a two-photon photoemission
spectroscopy (Section 4.2.5).

4.2.1 VO ,/Al ,03(0001) sample for photoelectron spectroscopy

The sample used for photoelectron spectroscopy was a 45 nmith Im grown on c-cut
sapphire (Al,0O3(0001) surface) by pulsed laser deposition. The lattice mimatch with

3”Many thanks to Angel Rubio, Lede Xian, Matteo Gatti and Pierl uigi Cudazzo!
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Figure 4.19: a) View onto the Al,03(0001) substrate surface, on which the VQ thin- Im
was grown. The projection of the hexagonal unit cell (of the triganal lattice system) along
the c-axis is shown as thick black box. The threefold symmetry is indiated by the two other
possible equivalent unit cell orientations (dashed lines), forming a heagon. b) The correspond-
ing interface plane, the (010)-surface of monoclinic V@, is shown together with three possible
unit cells, forming a quasi-hexagonal entity. In c) the magnitude ard geometry of the lattice
mismatch is shown.

respect to the substrate is quite large (13-21 % depending othe direction) as can be
seen when comparing the corresponding surface/interfacdrsictures in Figure 4.19 a)
and b). Although the projection of the unit cells of substrate and thin Im onto the
interface look similar in shape, the unit cell angle is sligkly di erent and VO , has
substantially larger area of the projected unit cell. The latice mismatch is sketched in
Figure 4.19 c) where the distorted and slightly larger unit cell of VO, becomes obvious.
According to reference [Nag08] it has nevertheless been wkas the standard substrate
for epitaxial VO, thin Ims for reasons of tradition, availability of the subs trate, its
stability at high temperatures and its low reactivity. Not s urprisingly such thin Ims
consist of many small crystallites. Their preferential orientation is with their (010)-axis
along the substrates c-axis, while the Figure 4.19 c) diredy illustrates the twinned
structure with 120 domain walls reported in [Wu98], because of the threefold symetry
of the depicted combination of unit cells.

The growth method at room-temperature with subsequent annaling [Nagl1] yields
smooth Ims, suitable for surface sensitive photoemissionspectroscopy. The sample
was characterised in the group of Richard Haglund by measung the hysteresis loop
optically and checking the surface structure via SEM. A sumnary is given in Figure
4.20: In a) the transmission of a broadband light source throigh two di erent locations
on the thin Im is measured with respect to sample temperature. A typical hysteresis
showing a drop in relative transmission by 30% is shown. To aalyse the hysteresis fur-
ther in b) the derivative with respect to temperature is displayed. Fitting two Gaussian
line shapes allows for easy quanti cation of the hysteresis The critical temperature
upon heating is 330 K (57 C) and the hysteresis width between heating and cooling
branch is 6 K. The transition between insulating and metallic phase is approximately
8 K wide in both cases.

From the deviation between the two curves in a) just above 30K it can be con-
cluded, that the sample is not perfectly homogeneous. Thisan also be qualitatively
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Figure 4.20: Characterisation of 45 nm VO, thin- Im grown on Al ,03. a) Change in trans-
mission of a broadband whitelight source upon heating across the @se transition temperature
for 2 di erent spots on the sample (Data has been kindly provided byChristina McGahan, who
made the samples in the group of Richard Haglund). b) Normalised devative of data measured
on spot 2 in a), together with Gaussian line shape ts to characterig transition upon heating
and cooling. ¢) SEM image of the sample surface. d) scheme of sampt®unted in tantalum
pocket.

deduced from the SEM image shown in Figure 4.20 c).

To ensure electrical contact for photoemission experimergt and uniform heating,
the sample was mounted in a tantalum pocket as shown in Figure4.20 d), which
was spot-welded onto two tantalum wires. A hole of 5 mm diameter in the pocket
guaranteed access to the thin Im for the laser beam and for pltoemission. A spot-
welded thermocouple pair (Type K) was clamped between tantium pocket and sample
for temperature measurements. The sample was transferrediio the UHV chamber38,
using the sample transfer system described in Section 3.2a@hd Appendix B.

The sample surface was cleaned from adsorbates by repeatedreealing at 600 K
for 30 minutes, while providing a background G pressure of 104 mbar. The oxygen-
background pressure was employed to prevent oxygen to di useut of the thin- Im into
the vacuum and therefore to keep the sample stoichiometric.The surface quality was
checked by monitoring charging e ects and detecting a charateristic hysteresis loop
in-situ using photoemission spectroscopy, as presented ithhe next section (4.2.2).

4.2.2 Thermal insulator-to-metal transition

In the following, (single-photon) photoemission (PE) spetra at di erent sample tem-
peratures are investigated in detail, to characterise inslating and metallic phase of
VO,. As a reminder, Figure 4.21 a) and b) show energy diagrams thaillustrate the
photoemission process for both cases. In a), a metallic sarfgwith work function

%care was taken to keep the sample close to room temperature wiile transfer to avoid oxygen
de ciency
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Figure 4.21: Detailed analysis of photoemission spectra of V@ at di erent temperatures: a)
and b) illustrate the single-photon photoemission process and resting photoelectron spectra
for metallic and insulating sample (with defects), respectively. c) PES spectra for temperatures
below 280 K (blue) and above 365 K (red) representing the insulatingand metallic phase of
VO,. The temperature-induced change of photoemission signal (gregis tted well by a Fermi
distribution function (solid black) and a constant DOS (see main text). The DOS needed
to t (dashed black) the low temperature, insulating spectrum (blu e) is shown in the inset.
d) Shows background subtracted spectra at di erent temperaures, when crossing the phase
transition temperature upon heating. Fit results (black) are geneaated by tting with only one
free parameter (amplitude). Fit residuals normalised to the respetive amplitude are shown in
the inset.
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is investigated, using a photon energy hppe > . In @ rst approximation (neglect-
ing e.g. transition matrix elements and scattering processs), the occupied density of
states (DOS, orange) is projected from its initial energy oo nal states above the
sample vacuum levelE 4 in the continuum3°. The detected photoemission intensity
is indicated by the grey curve and exhibits a low energy cut-o(also called secondary
edge) at Ey4c, due to the sample vacuum level and a high energy cut-o (alsccalled
Fermi edge) at Erx, because initial states are only occupied up to the Fermi engy
Er (Thermal occupation is given by the Fermi-Dirac distributi on function).

b) Shows a schematic representation of a similar situationdr an “insulator with
defects' instead of a metal. Defect states are indicated byhe occupation (blue) that
decays towards the Fermi energy. No clear Fermi edge is vidié, as there is no DOS
at the Fermi energy. In contrast to the metal, the insulator does not exhibit a Fermi
surface!

In the case of VO, the employed photon energy ofh = 6:2 eV is able to probe
weakly bound (600 meV with respect to the Fermi energy) states, as the workunction
of VO3, is on the order of 5.6 eV. Figure 4.21 a) shows photoemissiopsctra generated
by h =6:2 eV photons of insulating (blue) and metallic (red) VO,. For the spectrum
representing the insulating and metallic phase, spectra dew 280 K and above 365 K
were integrated, respectively, clearly outside of the trasition region. The di erence
is striking: the metallic phase spectrum shows a high photomission intensity at the
Fermi energy (E Ef = 0), in contrast to the spectrum of the insulating phase, whee
the intensity at this energy is close to zero. Under the assumption that the PE intensity
in the region of the band gap of insulating VO, (blue) is due to photoemission from
defect states and does not change signi cantly with tempergure, it can be subtracted
from the high-temperature data to yield the additional density of states created by
the thermal phase transition in VO, (green lled curve). To quantify this di erence
spectrum further in the region around the Fermi energy, the bllowing t function was
used:

f(E)=(A F(E;T) DOS(E)) G(E; ); (4.47)

F(E;T) is the Fermi distribution function, which is multiplied by the density of states
DOS(E). This product is convolved with a Gaussian function G(E; ), representing the
experimental resolution. To determine the experimental bioadening , the width of the
low energy cut-o of the photoemission spectra (secondary @ége) was convolved with
the laser bandwidth, which yields a value of 85 meV. The relaive position of the Fermi
energy was determined independently by a reference measument on the gold-plated
part of the sample holder and the temperatureT was directly measured via a type-K
thermocouple pair attached to the sample.

To t the low temperature data, shown in Figure 4.21 a) (blue curve), a non-
constant density of states, decaying towardsEg, has to be assumed (shown in the
inset). In absence of a better knowledge about the DOS, a Gassg&an function was
used, producing the displayed exponential tail towards theFermi energy. This tail (in
agreement with e.g. the exponential Urbach tail, observedn optical spectroscopy of
amorphous semiconductors) is due to defect states in the bahgap of insulating VO,

39 For a more detailed description including the energetics of the photoelectron analyser, see Section
3.2
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but does not resemble signi cant metallic DOS at the Fermi erergy.

In contrast to that, tting of the temperature-induced chan ge (green curve) was
performed, assuming aconstant DOS across the Fermi energy, close to the expected
situation for a metallic system?®°. It is noteworthy, that the only free t parameter left
is the amplitude A. Nevertheless the t result describes the data remarkably vell. At
high temperatures, the density of states becomes much moredmogeneous (constant)
across the Fermi energy. This is the equivalent to the formaibn of a Fermi surface,
characteristic for a metal.

The evolution of the system upon heating, is illustrated by gectra at intermediate
temperatures in Figure 4.21 b). They are background subtrated and tted (black
lines) analogous to the dierence spectrum (green) in a), dexibed previously. The
inset shows the residuals of the t that have been normalisedto the amplitude A,
as a measure of the t quality. Apart from the noise that is slightly amplied by
the normalisation, only ts for the two lowest temperatures (299 and 323 K) have a
signi cant residual. At these temperatures the sample is sill (at least to a large extent)
in the insulating phase and the slight increase in photoemision intensity cannot clearly
be attributed to increased metallicity. To capture this small change in insulating PES
signature that is likely mixed with the emergence of metallc DOS, a more complex t
function would be necessary. This is not feasible, becausd the signal-to-noise and
rather unspeci ¢ shape in these two spectra, and thus neglded.

This analysis shows, that the integrated photoemission inénsity below the Fermi
energy directly probes the metallicity of the VO, sample and therefore can be used as
a marker for the insulator to metal phase transition. It also constitutes the most direct
and natural marker of metallicity of a solid, which is de ned by DOS crossing the Fermi
energy (i.e. the existence o a Fermi surface).

To verify further that the photoemission experiment is senstive to the insulator-to-
metal transition observed via optical properties (see e.gstatic transmittivity hysteresis
in Section 4.2.1), the PE intensity in the energetic region lelow the Fermi energy is used
to measure a hysteresis loop. Therefore photoemission spex were recorded continu-
ously while heating the sample from the insulating to the mesllic phase. Figure 4.22
a) displays normalised photoemission intensity, encodedia false colour scale with re-
spect to energyE  Ef and real time, recorded during a heating and subsequent coiolg
cycle. The simultaneously recorded sample temperature ishe@wn below (black curve).
Without further analysis it is clear that the photoemission intensity directly below the
Fermi energy (red box) is larger at high temperature ¢ 320 K), as characterised before
in Figure 4.21.

Integration of the PE intensity over the energetic window indicated by the red box
(i.e. between zero and 200 meV binding energy) in Figure 4.23) yields the intensity
that is shown in b) with respect to sample temperature. Cleaty the shape of a hysteresis
loop is visible. This intensity directly indicates the metallicity of the sample during the
heating and cooling cycle.

To quantify this hysteresis loop, a binned (20-fold) replia of the data (black curve
in b)) is used to numerically calculate its derivative with r espect to temperature d=dT.

40 A strictly constant DOS would be observed in an ideal 2D free- electron metal. In the present case,
the real metallic DOS is approximated su ciently well by a co nstant, due to the limited energy window
and resolution of this analysis.
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Figure 4.22: The hysteresis in VO, probed by photoemission spectroscopy: a) PE intensity,

probed by (h = 6:2 eV), is recorded upon heating the sample and displayed with respéto

real time of the measurement and energy (top). Sample temperaire is varied between 240
and 375 K (bottom). b) Integrated intensity over an energy window indicated by red box in

a) is shown as well as binned ( 20) data. c) Derivative of the binned data in b) with respect

to temperature and Gaussian ts to quantify transition temperat ures of heating and cooling
branch.

This derivative is shown in ¢). The increasing and decreasig branches of the hysteresis
in b) are therefore converted to a positive (red) and negatie (blue) peak in c), re-

spectively. The heating branch has its maximum slope (peak rmximum) at a higher

temperature (346 K) than the cooling branch (314 K), as expeted for a hysteresis.

run | 1| 2 4 | mean |
Theat (K) | 347 346 338 345 344 | 4
Teool (K) | 317 | - 314|332 321 |10

Table 4.1: Overview of phase transition temperatures extracted from fourtemperature de-
pendent photoemission spectroscopy measurements performad various days.

The positions and widths of the hysteresis branches are chacterised by Gaussian
ts. Similar temperature dependent measurements and data aalyses have been per-
formed after repeated sample preparations and most probalglat di erent positions 4*
on the sample, which yield the critical temperatures summaised in table 4.1. On aver-
age the critical temperature upon heating (cooling) is 344 4 K (321 10), yielding a
hysteresis width of 23 K. The increased width of the hystereis of 23 K in comparison
to the optically measured one (6 K) and also the width of the shgle branches shown
in Figure 4.22 (20 and 33 K as compared to 7.8 and 8.2 K measuregptically) mea-
sured at the same sample can be explained by an increased sagé sensitivity due to

41 Even with a reproducibility of sample positioning on the ord er of 100 m on a day to day basis,
using a probe-laser spot size smaller than 50 m does not guarantee probing at the exact same location
on the sample.
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photoemission probing combined with an increased inhomogeity of the surface, or
minor sample ageing. Nevertheless the qualitative agreemé and the previous analysis
of photoemission spectra (Figure 4.21) leaves not doubt thathe photoemission ex-
periment is sensitive to the insulator-to-metal transition in VO 2 by directly
probing the relevant property: The spectroscopic appearance of a Fermi
surface.

4.2.3 Photo-induced change of electronic density of states

After characterising the di erences between the equilibrium insulating and metallic
phase of VG, in photoemission spectroscopy (using low-energy photonsphoto-induced
changes are investigated. The photo-excitation was perfoned using laser pulses cen-
tred at a wavelength of around 800 nm, in analogy to the opticd experiments pre-
sented in the previous chapter and most of the earlier work imolving time-resolved
spectroscopy on VQ (see Section 2.2). The uence was chosen as high as possible
(F =6:7 0:8 mlicm ?-see Appendix D for details), without charging the sample va
the photoemission process or creating signi cant average dating e ects*?. Fluences
above the photo-induced phase transition (PIPT) threshold uence, determined by the
optical experiments, (Fry =5:9 1:.0) could nevertheless be achieved.

As a starting point, the photo-induced change for a time delg > 2 ps is analysed
in order to characterise the transient phase in this tempor&regime, which was used for
PIPT threshold determination in previous studies [Kub07, Pas11, Wall13] as discussed in
Section 2.2. To quantify photo-induced changes, averagedhmtoelectron spectra before
(between -20 to -1 ps) and after (between 2 and 100 p&) strong photo-excitation,
measured at a sample temperature of 270 K, are shown in Figurd.23 a). Both do
not exhibit the characteristic shape of a Fermi-distribution function, but merely the
onset of the valence band of insulating VQ and a secondary electron background
created by the pump-light alone (the non-zero intensity abae the Fermi-energy). The
photo-induced change i.e. the di erence of the two curves in a), is displayed in Figure
4.23 b) after ten-fold binning (red curve). It compares very well with the temperature
induced change, already shown in Figure 4.21 a) (green) and its Fermaistribution t
after normalisation. This means that the pump-pulse has induced an ultrafast
metallisation of parts of the illuminated area and is a direct observation of
the photo-induced insulator-to-metal  transition in VO 5.

The photo-induced signal is about a factor of 20 smaller, altough a direct com-
parison of absolute intensities is not feasible, as slighyl di erent probe uences were
used. The reasons for the reduced intensity as compared to ¢htemperature-induced
phase transition can be explained as follows: the pump- uene of 6.7 mJ/cm 2 is still
well below the saturation regime, presented in the previoushapter (compare Figure
4.10 a). At such uences in the close vicinity of the phase trasition threshold, the

*2Heat dissipation into the vacuum is only possible via radiat ion and therefore signi cantly lower in
experiments performed in UHV as compared to optical experim ents under atmosphere. To keep the
illuminated spot below the critical temperature for the pha se transition, the sample had to be cooled.
This was only possible in a limited range, as charging e ects due to the insulating/semiconducting
character of the surrounding of the illuminated spot become more likely at low temperatures.

*3No signi cant change is apparent in this time interval, it wa s therefore integrated to improve the
signal-to-noise ratio
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Figure 4.23: Photo-induced changes of DOS probed by time resolved PES: In a)varaged
data between 20 and 1 ps before and between 2 and 100 ps after gib-excitation using a
uence of 6.7 mJ/cm? is shown for a sample temperature of 270 K. Subtracting the data bfore
excitation (< -1 ps) from data after photoexcitation (> 2 ps), i.e. blue curve from orange
curve, yields the photo-induced change (binning: 10) of photoemission intensity displayed in
b). This is compared to the temperature induced change (lled grea curve) from Figure 4.21
and its Fermi-distribution t (black) after normalisation.

photo-inducedre ectivity change at 800 nm at 1 ps pump-probe delay is about 70 times
smaller than the change in re ectivity upon thermally drivi ng the phase transition.
This is due to the inhomogeneous photo-excitation throughat the probed volume and
explains the reduced change observed in photoemission as lwe

In Figure 4.24 a) photoemission spectra including 800 nm pum, but at negative
pump-probe delays, i.e. in the unpumped situation, are show to illustrate the e ect
of equilibrium sample temperature plus average heating by the pump-laser. The in-
creasing amount of metallicity, due to an increased equilibum temperature, is clearly
observed. However closer evaluation shows that it is shifek to lower sample tempera-
tures compared to Figure 4.21, because the pump light elevat the local temperature
at the illuminated spot: For example, comparison of the shag of a spectrum including
pump-light at 320 K (orange curve) with a spectrum without pu mp-light (grey curve)
at > 365 K yields only marginal di erences, indicating that the temperature in the
illuminated area is on the order of 30 K higher than when the saple is not illuminated
by pump-light.

In order to characterise the in uence of temperature on the APT, Figure 4.24 b)
shows pump induced change at di erent equilibrium sample tenperatures. The data
has been binned ( 10) to reduce noise. Least-mean-squares ts (black lines) here
performed using the amplitude as the only free parameter, wite the sample temperature
was xed at the measured temperaturé* and an experimental broadening of 85 meV

4 Laser induced average heating was not taken into account at this point, as the estimated di erence
of 30 K would not change the shape of the experimentally broadened Fermi-distribution function on a
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Figure 4.24: Probing photoinduced changes at di erent equilibrium temperatures: a) Photoe-
mission spectra (i probe = 6:19 eV) before perturbation by pump pulse (i.e. at negative delays)
for di erent sample temperatures (curves are o set for clarity) . A spectrum without any pump
light is shown (grey curve) for comparison. b) Photoinduced chang at > 2 ps for sample
temperatures displayed in a) binned ( 10). Fits with a broadened Fermi-distribution function
for each curve (black curves) are generated using the amplitudé as the only free parameter.
This parameter is shown in ¢) with respect to sample temperature. § Sketch of domains in
VO, before and after strong photoexcitation for low and high sample tenperature (see text).

was assumed. The energetic position of the Fermi energy wagtermined using the gold
plated part of the sample-holder as a reference. The amplitde A of the Fermi-Dirac-
distribution function is shown in Figure 4.24 c) with resped to sample temperature
and normalised to the maximum value of the series. Error barsndicate the standard
deviations generated by the t routine. No clear trend can be observed, meaning

that the amount of photo-induced metallisation does not depend on sample
temperature in the range the measurements were performed in. To illustrate
the implications of this observation, a proposed VQ surface domain structure is shown
in d). At low temperatures (bottom) only a limited amount of d omains (circles) is
thermally in the metallic phase (blue circles) and at moderde uences around the phase
transition threshold a certain subset is switched into the netallic state by the pump-
light (red circles). At higher temperatures (top) the initi al amount of metallic domains
is larger, but still a di erent subset (exhibiting a higher ph ase transition temperature)
of domains can be made metallic by photo-inducing the phaseransition®,

On the other hand, when the sample is uniformly in the temperaure-induced metal-
lic phase already T  T¢), strong photo-excitation should not increase the metallcity
of the sample. Such a behaviour is veri ed by monitoring the ghoto-induced spectral
change while increasing sample temperature, as shown in Rige 4.25. To enhance

signi cant level.

%5 The inhomogeneous pump-pro le due to the Gaussian laser bean shape can explain di erent subsets
undergoing the phase transition at di erent temperature/  uence-combinations as well. The beam radius
of the probe beam was chosen 2.3 times smaller than the pump bam to minimise such e ects.
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Figure 4.25: Temperature dependence of photoinduced changes at 1 ps pungebe delay: a)

Integrated PE intensity below the Fermi-energy. b) False colour pld of photo-induced changes
due to strong photo-excitation (11 1 mJ/cm?) with respect to sample temperature and kinetic
energy of photoelectrons. Integrating the indicated area (blackox) in b) yields the temperature

dependence of photo-induced metallisation displayed in c).
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signal-to-noise ratio and perform the temperature-dependnt measurement in a reason-
able time, the pump uence (h = 1:54 eV) was increased to 11 1 mJ/cm?. This
raised the need for larger counter-cooling of the sample wbh created additional ex-
perimental di culties: As the surrounding of the illuminat ed spot is now at a lower
temperature, overall electrical conductivity is decreasd while due to the higher uence
the photoemission process (for secondary electrons) is eahced. These two processes
lead to an increase in sample charging, re ected by transietshifts of the photoemission
spectra. To cope with these charging e ects, that are observe on a slow timescale on
the order of seconds, two things had to be done:

1 Long averaging times had to be omitted, so spectra in uencedby a di erent
amount of charging are not averaged over. Therefore spectravere recorded at a

pump-probe delay of = 1psand = +1 ps alternately while slowly increasing
the sample temperature. The integration time for each speaum was set to
500 ms.

2 A spectral signature had to be used to compensate for slowemgts. A Fermi-
edge is not present in the insulating phase, therefore the l@-energy cut-o of the
spectra was used to compensate for chargingfter the photo-induced change was
determined by subtracting spectra at = 1 ps (unpumped) from spectra at

= +1 ps (pumped) for all temperatures separately. The fact that the spectra at
negative and positive pump-probe delays were taken at di eret real times was
accounted for by interpolating the intensities to a common pint in time. 46

A detailed description of the data treatment is given in Appendix E. Figure 4.25 a)
shows the integrated photoemission intensity (below the Fami-energy) of unpumped
( = 1ps) VO, A clear increase corresponding to additional DOS due to theéem-
perature induced phase transition is visible. The heating lbanch of the hysteresis is
centred around 300 K (indicated by the orange line). The reasn for the lowering of
the apparent transition temperature by 40 K in comparison to measurements where
no pump-light was employed at all (Figure 4.22), is average bating of the illuminated
region of the sample by the pump-light. Nevertheless threegmperature regions can be
identi ed corresponding to insulating A and metallic C VO, and the transition region
in betweenB.

The photoinduced change (di erence between spectra at plusrad minus 1 ps pump-
probe delay) is shown in Figure 4.25 b) with respect to kinett energy and sample
temperature. The low energy cut-o of the raw data at each temperature was used
as an energetic reference for the presented data. The Fermekergy of metallic VO, is
at 0.6 eV on this kinetic energy scale. In the region between @nd 400 meV below
the Fermi-energy, a clear positive signal (red) is visible.A photo-induced decrease of
PE intensity at lower energies (not shown, see Appendix E) coesponds to a photo-
induced increase of the work function leading to a transientshift of the low energy cut-
0 to higher energies. A work function increase undergoing he phase transition from
insulator to metal has been observed before [Koll]. The obsed intensity contrast

6 Further systematic errors were excluded by con rming the ob served e ects without interpolation,
but by either subtracting the background (at negative pump- probe delays) measured directly before
and directly after the photo-excited (positive pump-probe delays) spectrum.
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between positive and negative pump-probe delays isot compatible with a rigid shift
of the spectrum (e.g. due to charging) or a pump-induced brodening e ect (e.g. due
to increased space charge e ects). The pump-induced increascan therefore only be
attributed to additional DOS due to the photo-induced phase transition.

To illustrate the temperature dependence of the photo-indiced change, the inte-
grated intensity below the Fermi-energy (black box in b)) is shown in Figure 4.25 c).
The contrast is signi cantly positive, above noise level inthe region between 270 and
340 K, which corresponds to the transition region, where inglating and metallic do-
mains are present. At higher temperatures, the system is atady uniformly metallic
and strong photo-excitation cannot increase the metallicly any further. At temper-
atures below the transition region, the uence (F = 11 1 mJ/cm?, still far below
saturation) is not high enough to induce the phase transition in a su ciently large
subset of domains to be detected. This is due to the moderatenaount of averaging to
avoid charging artefacts and therefore rather low signal-b-noise ratio.

The preceding sections provide clear evidence, that the performed pho-
toemission experiments are sensitive to both the temperature- and photo-
induced insulator-to-metal transition in VO ». The metallisation in both cases
manifests itself by additional density of states below the ermi-energy exhibiting the
shape of a Fermi-distribution function. To gain insights into the dynamics of the photo-
induced phase transition, the next section presents the dyamical evolution of PE spec-
tra upon strong photo-excitation.

4.2.4 The dynamics of the photo-induced insulator-to-meta | transi-
tion

To investigate the electronic dynamics of photo-inducing the phase transition in VO,
and thereby to expose its driving mechanism, time-resolvedneasurements have been
performed. Figure 4.26 illustrates the goal of these expemients. The starting point
is the monoclinic (M), insulating phase of VO, (blue), which is strongly photoexcited
across the band gap by the pump pulse. If atomic movement is re@ssary (pathway A)
to generate a metallic band structure, the gap-closing (gap) Would happen on a char-
acteristic timescale of the lattice ( jatice ), for example the famous structural bottleneck
timescale of 80 fs, reported in [Cav04] (see Section 2.2).

If in contrast, a transient metallic phase is generated (gren) due to the photoexci-
tation itself while the atoms are still in their monoclinic p ositions (pathway B), the gap
closing should occur faster than typical lattice timescale ( gap < jattice ). HOt electron
decayinside the band gap would in both cases only be observed when the gap already
closed. The quasi-equilibrated rutile (R), metallic phase(orange) is only reached after
the whole system is thermalised and atoms have moved to theinew quasi-equilibrium
positions.

Experimentally, after strong photoexcitation (in the prev iously established thresh-
old uence region F ' 7mJ/cm?) 6.2 eV photons were used to monitor the dynamics
below the Fermi-energy of metallic VO, and directly follow the photo-induced metalli-
sation and equilibration of VO,. In addition, lower photon energies (below the work
function of VO,) were used to probe only the transiently occupied states abee the
Fermi-energy after photo-excitation and widen insights into hot electron dynamics of
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Figure 4.26: Timescales of the two supposed pathways for the photoinduced ingator-to-
metal transition: A Structural changes are needed to generate a metallic density ofates. The
gap closing ( gap) Would happen on a “lattice timescale' (jarice ). B @ transient metallic phase
with monoclinic crystal structure is generated directly due to the photoexcitation, before any
movement of the atoms (gap < gap). In both cases hot electron/hole decay (not) inside the
gap can only be observed if the gap is closed.

the transient metallic phase.

Metallisation Dynamics in VO 2 The dynamics of the photo-induced phase tran-
sition is analysed in detail in this paragraph. A typical time- and energy-resolved
photoemission spectroscopy dataset is shown in Figure 4.28). The equilibrium back-
ground has been extracted at negative pump-probe delays, #refore only the pump-
induced change in photoemission intensity is displayed. Atzero time delay between
pump (h = 1:54 eV) and probe i = 6:19 eV) pulse an intensity increase (red) is
observed at all energies between -0.4 and 0.6 meV with respeo the Fermi energy. At
positive pump-probe delays a photo-induced increase is detted at energies below the
Fermi energy, that persists at least for hundreds of picosemnds?’.

The main part of intensity around timezero is interpreted as two-photon photoe-
mission via virtual intermediate states in the band gap of urswitched, insulating VO,
as observed in other systems previously [Kno95, Sch96]. Thegion indicated by the
green box 400 to 600 meV above the Fermi energy is used to extathe cross corre-
lation of pump and probe pulse displayed in b) (green lled cuve). It is tted with
a Gaussian function (blue) yielding a XC-width (FWHM) on the order of 90 fs. It is
also used to determine the exact temporal overlap between pup and probe pulse for
further analysis. Together with displayed wavelength spetra of probe (left) and pump
(right) their pulse duration can be estimated: The transform limited pulse duration is
used both as a lower limit and also to estimate the upper limitof the respective other
pulse together with the cross-correlation width xc ' 90 fs via:

2 _ 2 2
XC — pump+ probe (4-48)

47 A slight pump-induced decrease (blue) in photoemission intensity is observed at energies below
-0.4 eV due to the dynamic work function increase as described in [Koll]. It is a minor e ect as
compared to the increase (red) and not compatible with space-charge broadening of the spectrum or a
rigid shift due to transient charging of the sample.
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Figure 4.27: Overview over exemplary time-resolved PES dataset: a) shows thehange in
photoemission intensity induced by aF = 7 mJ/cm 2 pump pulse, centred at 1.54 eV photon
energy, when probed by UV f = 6:19 eV) light. Region | (< -1 ps) has been used for
background subtraction of the uncorrelated signal. The XC of theemployed laser pulses (green)
taken from the region indicated by the green box and a Gaussian t plue) are displayed in b).
The insets show laser spectra of probe (left) and pump (right) light The transient evolution
of DOS below the Fermi energy (region indicated by black box in a)) is bown in ¢). The t
with an empirical model (responseR( t) convolved with cross correlation from b)) yields the
red curve.
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Exploiting additional knowledge about the 800 nm pump-pulse duration ( pymp = 40 fs,
measured ex situ) that is realistically achievable the mostlikely pulse durations ~ are
given together with the limiting values in table 4.2 as to indicate an estimate of the
time resolution of the experiment.

‘min‘ max‘

pump | 29 fs| 63 fs| 40 fs
probe | 64 fs| 85 fs| 81 fs

Table 4.2: Lower ( min) and upper ( max) limit for pump and probe pulse durations and
estimated value ~ Note that assuming the upper limit for the pump pulse implies the lower
limit for the probe pulse and vice versa.

In Figure 4.27 c) the temporal evolution of the integrated erergetic region between
0 and 400 meVbelow the Fermi energy (as indicated by the black box in a)) is shown
(black curve). A contribution from two-photon photoemission via virtual intermediate
states, exhibiting no lifetime, results in a peak at timezeo. This peak appears asym-
metric, as it is superimposed to a decaying intensity, that $abilises into a persisting
increase at positive delays. Such a photo-induced increasd# photoemission intensity
below the Fermi energy is attributed to a change in DOS, i.e. the medallisation of
parts of the sample as discussed before (section 4.2.3). lppears immediately after
excitation and stays constant on the order of hundreds of pioseconds. This paragraph
concentrates on the initial fast dynamics, while longer timescales are discussed later.

To analyse the transient change of photoemission intensityfurther, especially how
fast it appears, a t model has to be developed. Rate equatios describing the ap-
pearance of DOS and on top of that quasiparticle relaxation gnamics turned out to
be too complex (inhomogeneous quadratic di erential equatbn with at least one time-
dependent coe cient) to yield a robust t function. Therefo re a phenomenological
model is used to quantify the timescales of the observed dymaics. The function used
to describe the responsdR(t) upon photo-excitation is as follows:

R(t)= (1) Aie®1 Ae¥®2+C +D () (4.49)

The response consists of a positive exponential decay withnaplitude A; and time-
constant ;, a negative exponential decay (i.e. rise) with amplitudeA, and time con-
stant , and a constant oset C = A,  Aj (fulls initial condition R(0) = 0). The
contribution, due to two-photon-photoemission via virtual intermediate states, is gen-
erated by the approximate delta-distribution (t) with amplitude D. The Heaviside
function (t) ensures zero response before timezero. The resporRét) is convolved
with the the Gaussian function XC (t), corresponding to the XC of the laser pulses
extracted at high excess energies, as shown in Figure 4.27.bYhe resulting curve is
then tted to the data by a least-mean-squares algorithm.

The global t optimum is reached for values of ; =125 74 fs for the decay and
2 =28 19 fsfortherise. As the large error bars already indicate, lte tis not entirely
robust when none of the parameters inR(t) is kept constant. The reason is, that for
small = , 1 the parameters, especially the two amplitudes, are not indpendent
any more.
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Figure 4.28: Exemplary t results for transient metallisation of VO , below the Fermi energy:
a) ts for various xed rise times 5. The inset shows the 2-property of the t with respect to
the di erent values of ;. In b) selected response®(t) are shown for , =10, 30 and 100 fs.
The grey lled curve is a Gaussian function representing the XC of punp and probe pulse.
The dependency of parameter ; as a t result on the xed  is shown in the inset. Panel c)
displays the rising (green) and decaying (red) part of the respons for the free t (none of the
response-parameters are xed).

To give an upper limit for the rise time, a trial and error meth od was employed: The
t was performed while the rise time constant , was xed at various values between
10 and 100 fs. An exemplary dataset and t results for various , are shown in Figure
4.28 a). As the , is increased above 60 fs a secondary shoulder at 250 fs pummbe
delay develops that visually deviates from the data. To quatify the quality of the t,
the variable 2, which follows the total deviation between data and t, is di splayed in
the inset. The small value of 2 between , = 10 and » = 60 fs indicates optimal
tting in that range. The signi cant increase of 2 above , = 60 fs signals a decrease
in t quality, already observed visually as the shoulder appearing in the t results. It
is therefore concluded that the rise time constant , of the employed empirical mode
cannot be larger than 60 fs. A clear global optimum is not obsesed as the tting is
more or less equally good for, < 60 fs. This means that in this simpli ed model, a rise
of intensity, interconnected to the creation of DOS, has to lappen with a time constant
of 60 fs or faster. The phase transition to the transient metdlic phase happens on a
timescale on the order of the time resolution of the experimat e,

To clarify the problems of tting with time constants , < 60 fs the tted response

8 As discussed in Section 3.2.7, optical Bloch equations are aitted when modelling the temporal
response, because dephasing times are not known. Using Bldt equations would in fact result in a
delayed population [Her96, Ern04], with respect to the resp onse generated by two-photon photoemission
via virtual intermediate states (the delta peak, without re al population). This alone could result in the
observed, slightly delayed rise (30 fs) of the optimal t. Be cause quanti cation is not possible, it can
not be discussed further.
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R(t) for » =10, 30 and 100 fs is displayed in Figure 4.28 b) (the approximate delta-
distribution  (t) is not fully shown). The subtle changes for small , in the region
before 100 fs pump-probe delay are completely masked by theetta-peak amplitude
after convolution with XC (t) (XC (t) is indicated by the grey solid curve in b)). Only
for larger » the region for larger delays than 100 fs is a ected and resultsn signi cant
deviation of t result as the delta-peak does not a ect this region. Increasing the time-
resolution down to tens of fs would help to clarify the exact esponse at very small
pump-probe delays. On the other hand cross-polarised pumpand probe-beams could
reduce coherent contributions [Sch96], potentially simpfying data evaluation.

The interdependence of the two time constants ; and » is displayed in the inset of
Figure 4.28 b). In the region between 10 and 60 fs, for which té t model works well,
an inverse relationship between the two time-constants is bserved. As , increases
up to 60 fs, » decreases from 210 to 70 fs. The uncertainty in determining, is well
re ected on the results for ;. Further investigation of quasiparticle decay dynamics is
necessary and will be presented later, when discussing theydamics above the Fermi
energy, i.e. in unoccupied states of transient metallic VQ.

A bottleneck behaviour [Cav04] is not observed within the temporal resolution of

this experiment. The transition from monoclinic insulating VO > to a highly
excited transient metallic state is quasi-instantaneous ( 2 =30 30 fs) and
most likely not mediated by the crystal lattice. This constitutes a very strong

indication for an electronically driven band gap collapse,as the material is excited into
a transient state with metallic properties on the timescaleof the laser pulse duration$®.
Hot carrier relaxation timescales on the order of 100 fs are observed in this

transient metallic phase. This agrees well with the timescale, it takes to observe a
metallic-like, optical response after photoexcitation (®e Section 4.1.5). To gain insight
into whether the instantaneous band gap collapse is a reasable scenario, the e ect of
photo-excited electrons on the electronic band structure 6VO, can be investigated by
theoretical calculations, as presented in the following peagraph.

Band structure calculation of photoexcited monoclinic VO 2 Theoretical in-
vestigations of VO, and its phase transition(s) are only recently able to reprodice a
band gap in the equilibrium low temperature monoclinic phas [GatO7b, Eyell, Bie05].
The experimental observation of a quasi-instantaneous pho-induced band gap col-
lapse in VO,, which was presented in the previous paragraph, motivated teoretical
investigations into the following scenario: Can such a bandyap collapse be reproduced
by electronic structure calculations in the monaoclinic lattice structure, if electrons are
promoted from valence to conduction band?

In close collaboration, such calculations were performedybLede Xian (in the group
of Angel Rubio, San Sebastan) and Matteo Gatti (Ecole Polytechnique) using a rst-
principles Greens functions approach (the self energy is alculated in the GW approx-
imation (GWA), where G is the single particle Green's function andW the screened

49 A timescale of 30 fs could be explained entirely by a responsethat is delayed with respect to the
driving laser pulse, due to a coherence/polarisation build -up described correctly only in the framework
of optical Bloch equations. This delay would be an e ect of el ectronic population only and further
con rm the electronic, instantaneous nature of the phase tr ansition. As quanti cation is not possible,
because dephasing times are unknown, this argument is negleted in the further discussion.
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Figure 4.29: Calculations of the band structure a) and DOS b) of the monoclinic prase of
VO,. The calculations are done on a scCOHSEX level including perturbatie GW correction.
In a) a band gap of 0.65 eV is reproduced representing the insulatinghase of VO, correctly.
The red arrows indicate the excitation photon energy of 1.55 eV. Tle projected DOS onto V 3d
(blue) and O 2p (orange) orbitals is shown in b). Occupied region (bela the Fermi energy) is
shaded in grey, the excitation photon energy of 1.55 eV is indicated yothe red arrow. a) and
b) are modi ed from [Gat07a] and [GatO7b].

Coulomb potential) in combination with DFT calculations. T hese calculations con rm
a gap-closing by arti cially promoting electrons from valence- to conduction-band of
monoclinic phase VO and are discussed in this paragraph.

To nd the monoclinic ground state as a starting point for pho toexcitation, the band
structure is calculated by density functional theory (DFT) in the local density approx-
imation (LDA) rst. After that, 27 iterations of self-consi stent COHSEX (COulomb
Hole and Screened EXchange, a static approximation to GW) pls 9 iterations of per-
turbative GoW,° calculations are used [Gat07a, Gat07b].

Figure 4.29 a) shows the result of these monoclinic ground ate calculations of
the electronic band structure of monoclinic VO,. The calculations correctly yield an
indirect band gap of 0.65 eV, close the experimental value dd.6 eV [Koe06], indicated
by the light blue arrow. It is important to note that when self -consistency is obtained
on the COHSEX level, screening is considered in a static appximation, leading to
the correct opening of a band gap in these calculations. b) Siws the corresponding
projected DOS onto V-3d (blue) and O-2p (orange) orbitals. Qccupied (at T=0 K)
states are indicated by the grey shading.

In analogy to the experiment, electrons have to be “excitedfrom occupied states
(below Eg) to unoccupied states (aboveEr) in the calculation. Possible vertical!
excitations in the calculated monoclinic band structure are indicated by the red arrows
in @) and b). A schematic representation of the photoexcitaion is also shown in c):

01n GoWio, the previously calculated eigenvalues and orbitals are recycled and self-energy corrections
are evaluated

1 The wave-vector of a photon k =2 = is small compared to the size of the Brillouin zone for the
photon energies used.
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Figure 4.30: Comparison of experimental data with band structure calculations a) Integrated

DOS for equilibrium monoclinic phase (green). The broken lines are asatculated, the solid

lines are broadened by the experimental resolution (85 meV - illustreed by grey shaded Gaus-
sian). The red curve corresponds to the calculated DOS, when 0.3lextrons per monoclinic
unit cell are promoted to the conduction band of monoclinic VO,. In b) the DOS for the pho-

toexcited system (broken red curve) and the occupation (solid rd curve) is displayed assuming
a Fermi distribution at 300 K (black curve). In c¢) the experimental data is compared to the
experimentally broadened occupation from b). Error bars of 50 meV are estimated. Modi ed

from [Weg14].

Electrons (grey circles) are excited from valence band (VB)to conduction band (CB)
by photoexcitation (red arrow) and leave behind holes (whit circles). This means that
the occupation in the VB is reduced and in CB increased by the ame amount.

The band structure is then re-calculated in the framework ofthe GW approxima-
tion. The photoexcitation is mimicked by modi cations of th e occupations. According
to the calculated (maximum) excitation density of 0.075 eletrons per vanadium atom
(i.e. anincident uence of 6.25 mJ/cm?, see Appendix D for details), used in the exper-
iment, the occupation numbers are reduced for occupied anchcreased for unoccupied
states by the same amount (i.e. generating an equal amount atlectrons and holes).
This occupation change a ects the screened Coulomb interaevon W, and thus the band
structure is re-calculated using this modied W.

Figure 4.30 a) shows the initial DOS? (green) and the re-calculated photo-excited
DOS (red). The density of states is integrated over the Brillouin zone. Remarkably,
this re-calculated band structure does not exhibit a gap formonoclinic VO,. This
collapse of the calculated gap in the monoclinic lattice structure con rms

%2The monoclinic gap size of 0.77 eV slightly overestimates the experimental value, because the
nal GoWo-step has been omitted to reduce computational cost. Nevertheless, qualitatively the results
remain valid.
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the experimental observation of an instantaneous metallisation in VO 2. The
di erence between monoclinic ground state and photoexcitedstate DOS is entirely due
to the di erence in the screened Coulomb interactionW. Screening is enhanced, when
electrons are promoted from VB to CB, mainly because intrabad transitions within
VB and CB are possible and allow low energy (smaller than the mnoclinic gap size)
excitations.

To compare the calculated band structure change with the exprimentally observed
one, in Figure 4.30 b), the calculated DOS (dashed red curvels multiplied by a Fermi-
Dirac distribution function at T = 300 K (black curve), which results in the occupation
at room temperature (red shaded area). c) compares this caldated occupation to the
measured photoemission spectrum presented earl®x The qualitative agreement of
measured data and calculations is very good. Deviations cabe explained by systematic
errors in the determination of a reference Fermi energy, as all as the fact that the
experiment might very well not integrate over all k-space, n contrast to the calculated
DOS. In fact, when ignoring scattering processes only partef the band structure with
small momenta (i.e. around the -point) are probed with the | ow photon energies that
have been used.

To gain additional insights into the microscopic origin of the band gap-collapse,
di erent occupation distributions (with the same number of t otal electron-hole-pairs)
are used and the results are compared. While a detailed anadys is presented in [Weg14],
a summary of the ndings is presented here: It is mainly the ceation of holes in the
top of the rather localised valence band (corresponding totie bonding orbitals of the
V-dimers along the monoclinic c-axis) that leads to a dramaic change of low-energy
excitations pathways. Theselow energy excitations are vital to allow for a energetically
cheap charge redistribution that corresponds to e ective sceening of the Coulomb
interaction. As a rough estimate of screening timescales iWO», the plasmon energy of

1.5 eV [Bia81, Gat07b] of the metallic phase corresponds to ansaillation period of
approx. 3 fs. Hence the terminstantaneous band gap collapse is justi ed in the context
of timescales of electron thermalisation or lattice dynamcs.

The cartoon in Figure 4.31 a) concludes what has been learneish context of this
work, about the initial steps of the photoinduced phase trarsition in VO , and its driving
mechanism. The initial step is of course photoexcitation ofelectrons (grey circles) from
VB to CB 1. The holes (white circle) in the VB and the electrons in the CB open up
new intraband transitions ( E) within VB and CB. Due to the higher joint density of
states in the VB, there are more states available inside a sniker energy range. These
low-energy excitations, mainly due to holes in the VB, are precisely the
reason for a photo-induced, strongly enhanced screening of the Coulomb
interaction W in VO , that leads to a massive band gap renormalisation
and the transition from an insulating to a metallic band structure 2. The
calculated dielectric function in Figure 4.31 b), for initi al insulating (blue) and transient
metallic (red) electronic structure, exhibit a large change at low energies, corresponding
to these intraband transitions.

The collapse of the gap happens on a screening timescale of ewf femtoseconds.
Only after the gap has closed, carriers thermalise within the energy igton of the former

53 Error bars are estimated to be 50 meV, as for the determination of a reference Fermi energy (on
the gold plated part of the sample holder), no DOS was considered.

101



4 INSTANTANEOUS BAND GAP COLLAPSE IN VO ,: PHOTOINDUCED
CHANGE OF SCREENING

a) cB I E — Rel |
\ === 1Im! 1
= insulator
‘V}MM@ ® ® E metal
/ As) )
VB I E )] _\~__r_._-—_=-_——_._—=ﬁ.--_;
insulator metal 00 02 04 06 08 10

energy (eV)

Figure 4.31: Mechanism of the instantaneous band gap collapse due to enhancegreening
in VO, a): 1 photoexcitation promotes electrons (grey circle) in the CB and leaes behind
holes (white circle) in the VB. Intraband transitions increase the saeening of the Coulomb
interaction 2 and thereby close the band gap before further thermalisation of arriers within
the energetic region of the former gap3. Real and imaginary part of the dielectric function
are shown for initial insulating (blue) and transient metallic (red) phase. b) is adopted from

[Weg14].

gap, inside the newly formed conduction band manifold 3. It is very likely that the
time constant ; = 125 fs, from the experimental data shown in Figure 4.27 c) infact
corresponds to hot-hole thermalisation in this region.

The fact that the calculations have been performed in the mowclinic crystallo-
graphic structure means that no change in atomic positions lattice contribution) is
needed to explain this e ect. This of course does not mean thathe lattice will not
respond quickly to this new electronic band structure. In fact the optical experi-
ments, presented in Chapter 4.1 have shown that the lattice potential, de-
ned by the bonds, i.e. especially by the electronic valence band structure,
is changed instantly, in perfect agreement with the observed instantaneous
metallisation of VO .

Temperature dependence of the photo-induced phase transition After having
established that the photo-induced insulator-to-metal-transition from the monoclinic
insulating to the transient metallic phase happens instananeously, the temperature
dependence of the phase transition dynamics are investigat along the lines of the
previously described empirical model (Equation 4.49).

Figure 4.32 a) shows integrated photo-induced change belothe Fermi energy (black
box in Figure 4.27 a)) for di erent sample temperatures between 270 and 320 K (The
transients are o set for clarity). Qualitatively the transi ents look similar for all temper-
atures and are therefore tted with the same model used for the detailed analysis two
paragraphs earlier. Exact pump-probe overlap and FWHM of the laser pulse XC was
determined for each temperature at high energies (green boix Figure 4.27 a)) and an
average value was used. After a rst round of tting where all amplitudes A1, A, and
D as well as the decay time constants were left free an averagese time , =30 20 fs
was determined that showed no clear trend with temperature ad is in good agreement
with the previously determined value of 30 fs. To stabilise he tting routine it was
held xed at 30 fs in a second round of tting.

The resulting dependence of decay time1 on sample temperature is displayed in
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Figure 4.32: Temperature dependence of the photo-induced phase transitiodynamics: a)
Integrated PE intensity below the Fermi energy for di erent sample temperatures. Resulting t
parameters, when keeping o = 30 fs xed: b) decay constant 1, ¢) -distribution amplitude,

d) amplitudes of rise- and decay-component and e) ratio between-distribution amplitude and

rise-amplitude. Error bars are standard deviations calculated by he tting routine.
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Figure 4.33: a) Explanation of decreasing PES intensity directly below the Fermi energy after

photo-induced electronic phase transition. Thermalisation of holegeduces e ectively reduces
the occupation belowEg. b) lllustrates the photoinduced phase transition of di erent dom ains

for increasing temperatures 1 < T, < T3). PE signal from insulating region (grey) reduces
with temperature, while signal from photo-induced metallic domains remains constant. See
main text for details.
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Figure 4.32 b) where no clear trend can be observed. Fittingd a constant value yields
117 24 fs as an average decay time constant. In the context of theheoretical calcula-
tions (Figure 4.31 a) in the previous paragraph), this time onstant can be interpreted
as an average relaxation/thermalisation time for holes in he transient metallic phase.
The reasoning is illustrated in Figure 4.33 a). After the phaoinduced band gap col-
lapse, at time t1, a non-thermal distribution of electrons (grey circle) and holes (white
circle) remain, as these carriers are not able to thermalisestantly (i.e. before or dur-
ing the collapse). When those carriers subsequently relaxowards the Fermi energy,
a thermal distribution is reached at time t,. In comparison with t; the occupations
directly below the Fermi energy EF and within the monoclinic phase gap (indicated by
the blue dashed lines) iseduced at t,. Therefore the photoemission intensity decreases
slightly in this energetic region. This can only happenafter the band gap has collapsed
because otherwise there would be no DOS, con rming again theoromptness of the
electronic phase transition. Furthermore, a similar time mnstant has been observed
in the optical experiments, described in Section 4.1.5: Theverage time it takes, until
the photoinduced transient metallic phase exhibits a simiar re ectivity response as
the equilibrium metallic phase was 190 30 fs, in qualitative agreement with the hot
carrier relaxation time determined here. And of course it isreasonable that the optical
response only starts to resemble theequilibrium metallic phase after hot carriers have
thermalised.

Panel c) of Figure 4.32 shows the amplituded of the approximate -distribution. A
slight decrease with temperature is observed. At the same ithe the amplitudes A; and
A, seem to increase slightly with temperature as shown in paned), although due to the
large error bars more or less constant amplitudes cannot bexeluded. Panel e) shows
the ratio betweenD and A,. This ratio decreases with temperature, following the trerd
of D. Figure 4.33 illustrates an explanation for this behaviour based on the domain
structure of VO, already shown in Section 4.2.3. The grey circles indicate mmoclinic
VO, with existing band gap. These regions are responsible for # photoemission via
virtual intermediate states, captured by the -amplitude D. When heating from T; over
T, to T3, this grey portion reduces as more and more domains are therafly switched
to the metallic phase, leading to the observed decrease @f.

The domains that change phase upon photoexcitation are indiated by the red circles
(bottom row, after photoexcitation in contrast to the top ro w, before photoexcitation)
and connected to the amplitude A;—,. At the dierent temperatures T;, the phase
transition is induced in di erent subsets of domains, becaus of slight variations of the
threshold due to the inhomogeneity of the sample. The amplitdesA -, are therefore
not a ected by the increase in temperature (as long as notall domains are thermally in
the metallic phase). The ratio D=A, that shows the same trend asD, shown in Figure
4.32 suggests that the trend inD is not just due to random uctuations. The di erent
subsets of domains seem to switch independently and with no signi cantly
di erent dynamics.

The phase transition on longer timescales Figure 4.27 a) and c) have already
shown that the signatures of the transient metallic state donot change over the course of
100 ps. In addition pump-probe photoemission experiments éve been performed with
signi cantly lower time resolution, but spanning a wider range of pump-probe delays

104



4.2 Ultrafast metallisation of VO,

I I I I I
3 ]
= high resolution -20 to 100 ps (270K) F = 6.7+ 0.8 micm’

pump
® low resolution -100 to 400 ps (310K)

LT

] ] ] ]

-100 0 100 200 300 400
time delay (ps)

N
[
|

=
I

norm. intensity

Figure 4.34: Transient change of DOS below the Fermi energy (interval of betvween -0.4 and
0 eV with respect to Er) up to 400 ps: A low time resolution scan up to pump-probe delays
of 400 ps (orange) is shown for an incident excitation uence of & 0:8 mJ/cm?. Data with
better time resolution (black) from Figure 4.27 c) is displayed for conparison. Both datasets
have been normalised to an average between 20 and 100 ps.

between -100 and 400 ps. The average photoinduced change iM@0 meV wide energy
window directly below the Fermi energy is shown in Figure 4.3 (orange markers). The
previously mentioned transient (black) is shown for compaison. No signi cant change
for long delays (larger than 20 ps) is visible.This means that the electronic struc-

ture does not change considerably after the initial ultrafast metallisation.

X-ray di raction experiments performed with similar excita tion densities (8.7 mJ/cm?)
have shown, that transformation of the atomic position to the high temperature rutile
equilibrium positions is complete after 250 ps[Had10]. Ths structural transformation
from the equilibrium monoclinic to the rutile phase on a timescale of 25 to 250 ps does
not a ect the electronic band structure further.

Of course the energy that is initially deposited in the electonic system by the
photoexcitation dissipates with time, and electrons and ldtice thermalise, most likely on
a pstimescale. This leads to a transiently increased tempature in the illuminated spot.
It has been shown that the threshold excitation density coriesponds to a similar amount
of energy as the one needed to thermally drive the phase traiton [Pasl1l]. It is likely
that after thermalisation a temperature is reached that stabilises the metallic rutile
phase until the heat is e ectively transported out of the excited region of the sample.
The observed relaxation time back to the initial insulating monoclinic low temperature
phase depends on how fast the thermal energy is carried awayoim the probed volume.
In optical experiments in air, an incomplete recovery was oberved (data not shown) at a
laser repetition rate of 300 kHz, i.e. the sample does not rak completely within 3:3 s.
Optical experiments were therefore conducted at a lower regtition rate of 100 kHz,
where complete recovery was observed. The photoemission gtiments presented in
the previous sections have been performed at even lower retiteon rates of 40 kHz,
because heat transport out of the probed volume was e ectivgl reduced due to the
in-vacuum measurements.
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Figure 4.35: Pump-induced photoemission intensity changeabove the Fermi energy: a) in-
tegrated intensity in an energetic range between 0 and 400 meV alve the Fermi energy for
two sample temperatures and corresponding ts (The t model is described in the main text).
b) and c) show results of simpli ed ts by Gaussian functions for lineouts at various energies
between 0 and 800 meV abov&g. In b) the FWHM and in c¢) the maximum position to of the
Gaussian function is displayed with respect to excess energy.

4.2.5 Relaxation dynamics in the transient metallic phase

In addition to the dynamics of the phase transition itself, i.e. the renormalisation of
the bands leading to a closing of the insulating gap, the dyneics and relaxation of
excited quasiparticle (electron) dynamics is investigate in this section. Therefore the
focus is shifted from regions below to above the Fermi energywhere states are only
occupied in a non-equilibrium situation or due to a Fermi-Dirac distribution at nite
temperatures.

Time-resolved 1PPE Time-resolved photoemission data integrated over an enesg
interval between the Fermi-energy and 0.4 eV above (comparéo Figure 4.27 a) for
energetic reference) is shown in Figure 4.35 a) for samplengeratures of 270 K (blue)
and 320 K (red). Least-mean-square- tting has been perforned to quantify average
quasiparticle dynamics. The following response function w&s employed:

Rt)=D (t)+ (t) A e¥ +C (4.50)

The parameter D is the amplitude of a delta-like distribution function capt uring 2PPE
via virtual intermediate states, A is the amplitude of a decaying exponential andC is
a constant o set, due to occupied band structure changes leakg to energies slightly
above the Fermi energy via the Fermi distribution function at nite temperatures. is
the decay time constant of the exponential decay. Note, thata rising term is omitted, as
including it prevents the t from converging. This further ¢ on rms the instantaneous
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nature of the gap collapse. (t) is a Heaviside function that ensures zero response before
excitation. The t is convolved with the laser pulses XC extracted at higher energies
(see Figure 4.27 a)) to account for the time resolution of theexperiment. The best

t is achieved for decay time constants of 250 fs (340 fs) for a sample temperature
of 270 K (320 K). Unfortunately the standard deviations calculated by the t routine
are on the same order of magnitude. An average relaxation tirascale on the order of
hundreds of fs is therefore the only extractable informatia.

Performing these ts in an energy-resolved way (i.e. averamg over distinct, smaller
energetic regions) is not possible, as the signal-to-nois&tio gets worse and prevents
the t algorithm from converging. To nevertheless catch a global trend, 100 meV wide
energetic regions have been extracted and tted with a simpé Gaussian distribution
function (Intensity 1(t) / e C to)?= 2). Lifetimes should shift the maximum position
to and increase the FWHM of the Gaussian curve.

The results for the t parameters to and FWHM are shown in Figure 4.35 b) and
c). Again there is only a minor di erence for measurements talen at temperatures of
270 K and 320 K. Both FWHM and tg increase with decreasing energy towards the
Fermi energy. This agrees with an increasing lifetime of quasiparticles (i.e. hot
electrons), the smaller their excess energy with respect to the Fermi energy,
compatible with e.g. Fermi liquid theory. The minor di erence for the two shown
sample temperatures can be explained by the fact that in the land gap region of VO,
the only change in photoemission signal is due to creation of the transient retallic
phase. This corresponds to two di erent subsets of the samplshowing slightly di erent
transition temperatures, but exhibiting the same characteistic relaxation dynamics.
This is in perfect agreement with the observed transition ard hole relaxation dynamics
below the Fermi energy, shown in the preceding Section (seeidgure 4.33). The hot
electron relaxation timescale is on the order of 100 fs, sirfdr to the time constant for
hole-equilibration and again in agreement with the appearace of equilibrium metallic
response, which has been observed in re ectivity measuremes (See Section 4.1.5).

Time-resolved 2PPE To avoid intrinsically large background signal due to singke
photon photoemission, two-photon-photoemission experirants (h prope < ) have been
performed at a repetition rate of 200 kHz to investigate dynamics of unoccupied states
explicitly. Average heating e ects result in elevated sampk temperatures at this repe-
tition rate. Therefore, it has to be assumed that large sampé portions are thermally
metallic in these measurements. It will be shown that, althaigh a pump pulse uence
of only 1 mJ/cm? (below threshold of the photo-induced phase transition) wa used,
signatures that can be related to the photo-induced phase tnsition are observed. A
probable reason is the inhomogeneity of sample surface andchptoexcited volume.

As a reminder Figure 4.36 b) shows a schematic energy diagramwf the 2PPE pro-
cess. Similar to the previous experiments, electrons are eited by an IR pulse (h 1
= 1.55 eV, red arrow) from occupied (grey) states below to unacupied (white) above
the Fermi energy (Ef) of the metallic phase of VO,. A time delayed (by ) UV pulse
(h » = 5:3 eV, blue arrow) probes the transient occupation of initialy unoccupied
states. Variation of captures the temporal evolution of this transient occupation.>*

% See Section 3.2.5 for a detailed description.
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Figure 4.36: Time resolved 2PPE of unoccupied states in VQ: a) The inset shows raw data.
Vertical lineouts at di erent time delays are shown in the main gure. RegionsA, B and C
correspond to fast, intermediate and slow dynamics, respectively b) Simpli ed pump-probe
scheme for a). See main text for details.

The inset of Figure 4.36 a) shows the raw 2PPE data in a false ¢our scale on an
intermediate energy scale and with respect to pump-probe day . The signal before
= 0 fs comes from thermally occupied states directly above tle Fermi energy. This
signal is constant for negative delays down to -50 ps and is tegrated with respect to
and used for background subtraction. The increased signalraund =0 fs is due to
hot electrons, excited in metallic VO,. For positive delays the signal appears similar
to the one before timezero, but slightly increased. Analyss in the time domain, i.e. of
linouts along the delay axis, is not feasible, because theriited time resolution does
not allow for robust tting. Instead transient spectra at di erent delays are discussed
in the following.

Figure 4.36 a) shows such spectra for various delays. At timeero (0 fs) the largest
intensity is recorded, which decays for increasing on di erent timescales. The corre-
sponding energetic windows are indicated by the coloured gions A, B and C (from
right to left). In A, the intensity drops to zero after 90 fs already (thick greencurve).
The intensity in region B is zero before 960 fs (thick blue curve) and the intensity in
the energetic window with the lowest excess energy persistsn a signi cantly longer
timescale, and does not even decay after 50 ps (thick pink cue).

The fast component at excess energies above 0.8 eV, which istrresolved in this
speci ¢ experiment, either corresponds to very short hot ekctron lifetimes or residual
2PPE via virtual intermediate states in insulating parts of the sample®®. Within the
intermediate timescales, observed at excess energies betn 0.25 to 2.75 eV, the life-
times' increase gradually towards lower excess energieShis trend agrees with the
Fermi liquid theory prediction that quasiparticle lifetimes scale with the

%5 Of course the elevated temperature of 374 K should guaranteea metallic sample, but deviations of
stoichiometry and inhomogeneity can certainly lead to rema ining semiconducting regions.
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inverse squared excess energy above Eg, as expected for a metallic sample.

The persistent increase in the direct vicinity of the Fermi energy could have various
origins: Either it is due to residual photoinduced metallisation or at least an additional
change of DOS within the metallic phase, or simply an increasd temperature after
electron thermalisation that leads to an increased Fermi tal, i.e. a change of thermal
occupation aboveEg. The limited energy window and the limited knowledge about the
shape of the DOS does not permit a further quantitative analysis of this Fermi tail.

The time resolved spectroscopy of unoccupied states of VO - at elevated
temperatures shows qualitative agreement with the expected metallic dy-
namics.

4.2.6 Summary: Instantaneous band gap collapse in VO 2

Photoemission experiments have been performed to directlpccess the electronic band
structure of VO,. First, thermally induced changes were characterised to geerate a

baseline for the time-resolved studies of the photoinduceghhase transition. A clear

appearance of metallic density of states crossing the Fermlevel is observed resulting
in a Fermi-Dirac distribution-like high-energy cut-o .

When driving the PIPT, density of states is again generated n the band gap of
the insulating phase within the pump laser pulse duration. This corresponds to an
ultrafast photoinduced metallisation of VO ,, observed directly with unprecedented time
resolution. An empirical model t shows that the DOS is generated on a timescale of
30 fs, excluding a structural bottleneck timescale of 80 fsdr the electronic transition.
This is di erent to optical experiments in the saturation reg ime reported earlier [Cav04],
which showed a structural bottleneck in the dielectric response.

Theoretical calculations con rm the idea of a purely electronic initial step for the
phase transition: By promoting electrons from occupied to uwnoccupied states in the
insulating monoclinic phase, similar to the initial photoexcitation in the experiment,
a change of electronic structure is calculated that completly closes the band gap in
VO,, without any structural change. The origin of this band gap collapse is low-
energy intraband transitions, mainly due to the photoholesin the valence-band that
signi cantly increase the screening of the Coulomb interation. This increased screening
leads to a massive band gap renormalisation and a closure ohé¢ gap, a process that
happens on electronic screening timescales of a few fs in thlreal system, in perfect
agreement with the performed experiments.

Hot carrier relaxation (of electrons and holes) in the monodinic band gap region
con rm the instantaneous nature of the electronic phase trasition further. The hot
carriers decay on an average timescale of 100-200 fs. Thisrmsponds to the time
it takes after photo-inducing the phase transition, until t he optical response (after
additional photoexcitation, see Section 4.1.5) is similarto equilibrium-metallic phase.
It also coincides with the timescale of incoherent conductiity changes, observed in
[Pas11], which might originate from hot carriers in VO,.

Further changes at later times after the photoinduced phaseransition of the elec-
tronic band structure, i.e. due to changes in real space latte structure are not observed.
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Figure 4.37: Ultrafast phase transition in VO ,, due to photoexcitation (at time tg): band

gap collapse on ultrafast screening timescales {ap 3 fs) and hot carrier thermalisation

( hot 100 fs) is observed via photoelectron spectroscopy (top). Cohent phonon spectroscopy
reveals (bottom) arbitrarily fast change in atomic potential energy landscape ot ! 0 fs, long
before the lattice reaches its equilibrium, high-temperature rutile gructure ( jatice < NS).

4.3 An new picture of the photo-induced,
ultrafast phase transition in VO

VO, in spite of the simplicity of its chemical formula, represents a complex system
with distinct peculiarities that concealed the nature of the underlying physics both
experimentally and theoretically for nearly a century. Especially the photo-induced
phase transition and its mechanism are subject of ongoing terest and discussion.
The experimental and theoretical results, presented in thepreceding chapters, help to
clarify the nature of the initial steps after photoexcitati on and therefore of the driving
mechanism of the phase transition.

Figure 4.37 illustrates these ndings: Strong photoexcitdion (red arrow) in the
monoclinic (M1) insulating phase at timezero () generates a transient non-equilibrium,
metallic phase (green). Photoemission experiments (top pa of the gure) show that
the system undergoes a quasi-instantaneous 4,p) insulator-to metal transition upon
laser excitation. Theoretical investigations reveal thatespecially the generation of holes
at the top of the valence band (magni ed in the circle), allows intraband transitions
and changes the screening of the Coulomb interaction (W) to such an extent that
the band structure is strongly renormalised. At excitation densities comparable to the
photoemission experiments, the insulating gap in VQ is closed completely, turning the
insulator into a metal. Therefore, screening timescales oh few femtoseconds de ne

gap- Subsequently hot electron and holes, within the energeticegion of the collapsed
monoclinic band gap, decay on an average timescaley:) on the order of hundreds of
femtoseconds.
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The all-optical experiments (bottom part of the gure) expo se that the symmetry of
the potential energy landscape that de nes restoring force on the ions, is changed upon
photoexcitation and that this change happens increasinglyearly within the exciting
laser pulse, when increasing the excitation density. Furtlermore, the timescale at which
the optical pump-probe responseof the transient phase starts to get similar to the one
of the equilibrium metallic phase coincides with the timesale of hot carrier decay pqt.

Combined, these results draw a comprehensive picture of th&@IPT: The initial
driving force is purely electronic, i.e. a photo-induced clange of screening (magni ed
circle in Figure 4.37) is responsible for the electronic phse transition from insulator
(blue) to metal (green). Contributions of the lattice struc ture to the initial photoin-
duced metallisation are neither needed (theoretically), or observed (experimentally).
At the same time, this change of the electronic structure, which de nes the inter-atomic
bonds, modi es the lattice potential and monoclinic symmetry (blue) is lost (green).

The optical excitation leads to an electronic band gap coll@se and atomic potential
symmetry change without a detour via the lattice structure, i.e. without a structural
bottleneck. This of course does not mean that the lattice dos not respond to the new
potential energy landscape, both initially and on longer timescales. It is very likely
that the lattice plays an important role in stabilising the m etallic rutile phase, due
to its increased temperature after thermalisation with the electronic subsystem. At
later times ( jatice ), the energy, deposited by strong laser excitation, is equibrated
throughout the system, which is then locked at the high tempeature global potential
minimum of the thermally rutile metallic phase (orange).
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5 Screening and electron dynamics in
two-dimensions: The SrTiIO  a/vacuum
Interface

Recently, SrTiO3 (STO) experienced attention in connection with the discovey of a
two-dimensional electron gas (2DEG) at the interface of heg¢rostructures with LaAlO 3
[Oht04]. This is remarkable, as both constituents are tranparent insulators and nev-
ertheless a high mobility 2DEG is formed at their interface.

The vacuum cleaved surface of STO also exhibits metallic stas that are strongly
localised in the surface normal direction, but delocalisedvithin the surface plane. Such
a 2DEG at the vacuum interface is easily accessible by photoeission spectroscopy
[SS11, Meell] and can act as a prototypical system to invegjate e ects of con nement
and dimensionality on screening and carrier dynamics.

This work focusses on theunoccupied states at the STO surface and the carrier
dynamics after optical excitation. Distinct nal states ar e found with free electron like
dispersion in the surface plane of STO. Excess energy-depsgnt electron scattering
rates are extracted from time-resolved measurements that gree with 2D Fermi liquid
theory predictions for the most part. Deviations are explained by the distinct band
structure of the system. Furthermore, a transient photoinduced lling of the surface
2DEG via photoexcitation from in-gap states is observed andts temporal evolution is
analysed. Such a control of the lling of the 2DEG by photoexdtation opens up new
investigations into a system where the screening and thergbquasiparticle lifetimes
could be transiently modi ed by light.

5.1 Vacuum cleaved and polished STO

Oxygen vacancies at the SrTiQ surface, acting as an e ective electron donor into the
Ti 3d manifold and leading to a downward band bending, are themost likely reason
for the formation of the 2DEG [Aiu02]. Even at the vacuum-cleaved surface, Oxygen
vacancies seem to be present in a su cient amount, such that a2DEG is generated.
While cleaving or fracturing is a very convenient way of surfce preparation, it does not
produce a macroscopically at surface of STO, due to the lackof a preferred cleaving-
plane in its cubic crystal structure.

In Figure 5.1 a), a magni ed optical image of the cleaved STO srface is shown. The
sample height of 0.5 mm is indicated. Di erent regions re ecting light in various direc-
tions can be distinguished, indicative of varying surface dentations. Typical laser-spot
diameters between 50 and 100 m (FWHM) will therefore likely lead to photoemission
spectra that average over a certain distribution of surfacenormal directions. This can
potentially smear out angle-resolved measurements.

Another complication is the rather low speed of emitted phobelectrons, when using
low photon energies. Electric elds are enhanced by the ratker sharp edges of the cleaved
sample, which seem to in uence photoemission spectra. Espmlly at the low-energy
cut-o, the photoemission spectra are strongly distorted.

To ensure comparability with previous high-resolution ARPES measurements [SS11,

113



5 SCREENING AND ELECTRON DYNAMICS IN TWO-DIMENSIONS: THE
SRTIO3/VACUUM INTERFACE

Figure 5.1:  Optical microscope

image of the cleaved STO surface.
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surface is visible at this particular : :
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(dotted line). The sample height
of 0.5 mm is indicated.
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Meell] and at the same time improve on the described problemsleaved and polished
samples (supplied by SurfaceNet GmbH) were compared by phoemission spectroscopy
and low energy electron di raction (LEED) measurements®®. As the surface of polished
STO samples is contaminated during polishing and storage, aleaning procedure is
performed. To generate a clean STO surface, showing similgoroperties as cleaved
STO, the sample was kept at a temperature of 900 K for one hour mtil no charging
(i.e. rigid shift of photoemission spectra with illuminati on time) was observed any
more.

In Figure 5.2, angle-integrated photoemission spectra areompared for a polished
(green) and two exemplary cleaved samples (red and blue). Tcompare the existence
of the metallic 2DEG an energetic window around the Fermi enegy is chosen. The
spectra are normalised at -70 meV below the Fermi energy. Thélack dotted line is
a least-mean-square t to the green curve. Clearly a experirantally broadened Fermi-
Dirac distribution describes the high energy cut-o of all the three spectra very well.
The deviations in terms of density of states are most likely die to di ering secondary
electron background and possibly di erent amount of band bering due to a varying
oxygen vacancy density. Nevertheless a metallic electroaistructure is found in cleaved
as well as polished and annealed STO surfaces.

To con rm the validity of treating polished and cleaved samples on even grounds
further, the surface crystal structure has been compared \d@ LEED. Electron di raction
patterns are shown in Figure 5.3 for a) cleaved and b) polishe and annealed sample,
using 92 eV primary electron energy. A qualitative analysisshows that the patterns

%8 n fact the most recent studies regarding the 2DEG on STO have used polished, etched and ex-situ
annealed samples [SS14, Plul4]. Dierent surface treatmerts (annealing temperatures) did not a ect
the 2DEG-signatures [Plul4].

114



5.2 Unoccupied states at the STO(001) surface

[N

norm. intensity

o

Figure 5.3: Qualitative comparison of LEED images for a) cleaved and b) polished ad
annealed STO surface: Diraction spots exhibit expected cubic symrmetry in both cases.

exhibit the same symmetry (cubic) and indicate the same latice constant. The pattern
originating from the polished and annealed sample exhibitssharper di raction spots
and less inelastic background intensity. Furthermore, hidner di raction orders are more
clearly visible, than for the fractured surface.

The crystallinity of the polished sample seems to be homogeous over a larger
spatial extent, than of the fractured sample, as already sugested by the optical mi-
croscopy image. The employed electron energy of 92 eV leads the shortest possible
mean free path according to the fundamental curve (see Figw 3.9) and therefore is
most surface sensitive. There is no indication for surfaceaconstruction [Shil2] in the
presented LEED patterns.

Photoemission spectroscopy and LEED pattern show that both lattice and elec-
tronic structure at the STO vacuum interface, do not signi c antly di er for cleaved
and annealed samples. This is con rmed by the independencef the 2DEG electronic
structure on di erent sample treatments (annealing temperature, oxygen background
pressure) [Plul4] and dierent bulk dopings [SS11]. Most of he following evaluation
has therefore been studied on the polished and annealed STOngle crystal, as it is
better suitable for low-energy photoemission spectroscop

5.2 Unoccupied states at the STO(001) surface

The clear metallic signature on insulating STO, already shavn in Figure 5.2, con rms
the presence of electrons close t&g. The following sections will rst show that low
photon energies are sensitive to unoccupied nal states ab@ the vacuum energy and
that the structure of presented photoelectron spectra are dminated by those. After
that, the dispersion of two distinct nal state bands is analysed, yielding e ective masses
on the order of m =2me.

As a rst step towards the investigation of dynamics of the 2DEG at the STO
surface, distinct changes of photoelectron spectra upon vaation of the incident uence
are presented at the end of this section.
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Figure 5.4: Final states in STO: a) di erent excitation schemes for 1 initial, 2 intermediate
and 3 nal states for di erent photon energies h ;=2. b) Single colour one- and two-photon-
photoemission spectra of STO with respect to nal energy axis. Firal states FS1 and FS2 are
indicated by the red and blue solid lines. c) Single- and two-photon phtoemission energetics
of b): arrows correspond to the spectra in b) by their respectivecolour.

Final state e ects Photon energy dependent photoemission spectroscopy cangdi
tinguish between initial, intermediate and nal state e ect s on spectral intensity dis-
tributions. As a reminder, a schematic representation of these three cases is shown in
Figure 5.4 a) for single colour two-photon-photoemission \ith two di erent, exemplary
photon energiesh ; <h 5. Initial states 1 shift with twice the photon energy di er-
ence h , as two photons probe the state via virtual intermediate staes. Intermediate
states 2 are populated by one and probed by the second photon, therefe they shift
with one times the photon energy di erence h . Final states 3, on the other hand,
do not shift at all when varying the photon energy.

In Figure 5.4 b), photoemission spectra for various photon rergies between 39 and
6:16 eV are shown. A nal state energy axis is used with respectd the Fermi energy of
the sample holderEg sy. As the photon energy is tuned across the sample work functio

= Ewa Ef single- and two-photon photoemission (1PPE and 2PPE) specht are
recorded. 1PPE spectra are o set for clarity. Two states can tearly be identi ed in
most of the spectra, indicated by the red vertical lines and @&noted FS1 and FS2. They
both appear at a constant energy on a nal state energy axis, Wh slight deviations due
to the change in secondary electron background intensity ominor shifts due to e.g. a
voltage drop between sample holder and samp?. FS1 (FS2) resides approximately
4.1 eV (4.5 eV) above the Fermi energy.

For intermediate (initial) states, a shift of 310 meV (620 meV) would be expected,
when changing the photon energy from 3.69 (orange) to 4.00 e\dark green). This
is clearly not the case, con rming the nal state character of the observed spectral
features. Furthermore, a change of work function due to anoralous preparation or
ageing of the sample does not a ect the nal state energy posibn with respect to the
Fermi-energy of the 2DEG. The two spectra probed with 4.65 eV(dashed and solid

5"For discrete states, degenerate with bulk continuum bands quantum interference in the context of
Fano's model [Fan61] might explain intensity variations th at also might appear as shifts, when tuning
across a resonance between 2DEG and nal states [Eic11]. Dueto the limited number of spectra and
some uncertainty with respect to incident uence a systemat ic analysis in this context is not possible.
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Figure 5.5: Resonant photoemission
via nal states: This illustration is
based on bulk band structure calcu-
lations (DFT using hybrid functional
HSEO06 from [EM11]) between and
X on the left. The simpli ed photoe-
mission scheme from initial state 2DEG
below the Fermi energyEg (green) and
guantised nal states (red) that lie en-
ergetically in the region of the Sr 5
bands. Resonant photoexcitation from
initial 2DEG to these nal states above
fo I [T N waalads. . Y. the vacuum level E 4 is achieved with
N\ a photon energyh = 4:65 eV. Note
f X " zo’z the reciprocal and real space axes.
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blue) for example, show a di erent low energy cut-o energy. The di erence is due to
a change in work function > 300 meV. Nevertheless the energetic positions of the
two nal states remain constant. Two nal states are found, which lie 4.1 and

4.5 eV above the Fermi level and are energetically pinned to it.

The energetics of the photoemission process for the di erenphoton energies are
depicted in c), where the arrows correspond to spectra in b) ¥ their respective colour.
Clearly the 1PPE process (only one arrow) can be distinguised from the 2PPE process
via intermediate states (two arrows) in this simpli ed energy diagram.

The enhanced appearance of the nal state signatures for thephoton energy of
h =4:65 eV (blue spectra) can be explained by a resonance e ect. Thiis illustrated
in Figure 5.5. The calculated band structure from [EM11]in -X direction (see Section
2.3 for reference) is displayed on the left. In the middle, tle surface band bending
region is indicated by downward bent bands (sample surfacetazp). Below Eg, 2DEG
states (blue) that are localised at the surface and origina¢ from the Ti 3d tog manifold
are shown. Absorption ofh = 4:65 eV photons excites electrons above the vacuum
level in the vicinity of Sr 5s bands, which are modi ed by the surface band bending
as well. This modi cation could either result in quantised sub-bands, as proposed in
[SS11, Meell], or a lifted degeneracy of the Sshands at the point and thereby lead
to the two distinct nal states FS1 and FS2. Taking into account a certain uncertainty
of the underlying band structure calculations with respect to absolute energies, the
two bands could also stem from the two separated Sr band marudlds (red), or even be
unrelated to these bulk bands.

The resonant character of this excitation ath =4:65 eV is a clear indication that
these nal state bands are localised at the surface, similato the 2DEG, because if
they were not, a dispersion ink, direction (perpendicular to the surface) would lead
to a photon energy dependent shift of the resonance, i.e. ohe nal state energetic
position.

For the other photon energiesh (shown in Figure 5.4 c)) that are smaller than
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Figure 5.6: Dispersion of nal state bands in STO: a) Photoemission intensity in false colours
with respect to kinetic energy andk,. Upper and lower portion of the Plot have di erent colour

scales. b) Exemplary energy distribution curves (EDCs) from a), br a parallel component of
electron wavevectork, = 0:016 and 0058 !. Gaussian ts of states FS1/2 (black curves) and
t intervals (grey shaded area) are indicated. Peak position of FS1from Gaussian ts of EDCs
at various k, are shown in c), also for photon energies of 3.81 and 6.2 eV. d) shoWS2 peak
positions. Parabolic ts (solid lines) yield e ective massesm indicated in a) and given in the
main text.

the sample work function ( 3:8 eV) a non-resonant two-photon process and for
h = 6:16 eV a non-resonant one-photon process leads to photoemims at the nal
state energies, hence the lower peak-to-background ratiolhe initial states are in both
cases located in the band gap of STO, i.e are defect or in gapaes, as mentioned in
Section 2.3). In the following, the dispersion of the nal states within the surface plane
of STO is analysed in detail.

Figure 5.6 a) shows photoemission intensity with respect tonal state energy E
Er.sn 2 and momentum component parallel to the emitting surfacek, (corresponds
to the - X direction in the cubic Brillouin zone) encoded in a false cabur scale. The
photon energy for photoemission wafr = 4:66 eV. The high energy cut-o (at 4.66 eV)
corresponds to the Fermi energy of the 2DEG, while two distirct dispersive nal states,
FS1 and FS2, are visible at lower energies. As determined irhe previous section, the
nal states lie approximately at 4.1 (FS1) and 4.5 eV (FS2) above the reference Fermi
energy at the -point.

To analyse the dispersion of the two nal state bands, energydistribution curves
(EDCs, i.e. photoemission spectra) at variouk, are extracted from a) and the energetic
position of FS1 and FS2 is determined. Two exemplary EDCs (ggen and orange)
and simple Gaussian peak ts for FS1 and FS2 (black lines) areshown in b). The

%8 The Fermi level of the sample holder Er sy was used as a reference.
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5.2 Unoccupied states at the STO(001) surface

background is considered to be constant over the t range to nmnimise systematic
errors when tting. Fits are performed only in the vicinity o f the respective peaks, as
indicated by the grey shaded regions. The centre position oFS1, as determined by
those ts, are shown in c) (blue markers) with respect to the k, of the corresponding
EDC. A similar analysis of peak positions has been performedor photon energies of
3.81 and 6.2 eV (pink and orange markers) for comparison. Thanalogue analysis of
FS2 leads to the dispersion shown in d). The error bars in eackase are the standard
deviation of the Gaussian peak position, calculated by the tting routine. To quantify
the dispersion in a quasi-free electron model, a simple pabalic relation, corresponding
to

o (5.51)

is used to t the data. m is the e ective electron mass, which is a measure for the
localisation of the band. For m = 1 the dispersion corresponds to that of a free
electron. The t based on 4.66 eV data, i.e. the blue curve in § and the green

curve in d), yield m = (1:97 0:09) me for FS1 andm = (1:74 0:.07) me

for FS2 (m¢ is the free electron mass). The extracted peak positions fra the other

datasets (with h = 3:81 and 6.2 eV) exhibit larger error bars and deviations from
the parabolic t, because the peak-to-background ratio in the corresponding EDCs was
lower. Nevertheless the values omm = (1:48 0:13) me (for h = 3:81 eV) and

m =(1:2 08 me(for h =6:2 eV) agree well with the ones extracted from the
4.66 eV data.

For comparison, the free electron masses of the light 2DEG bals found in [SS11]
are @7 me and in [Meell] 05 me. The nal states observed here, are slightly less
delocalised (in plane) than the 2DEG bands.

In conclusion, the nal states FS1 and FS2 exhibit the following properties:

1 they do not shift with photon energy

2 they are resonantly excited from initial states (usingh = 4:65 eV photons) that
are localised inz direction (the 2DEG) or

3 they are non-resonantly (i.e. involving phonons) excited fom initial states within
the STO band gap (defect states or vacancy induced IGS), i.elocalised states.

4 they are delocalised in the surface plane and exhibit e ectie masses in the range
of 1 to 2 times the free electron massne

5 their energetic position is pinned to the Fermi energy rathe than the vacuum
level.

The resonant character and the fact that the nal states do nat shift with photon
energy (1 and 2) indicate that they are also localised in the z-direction, $milar to
the 2DEG in STO, because otherwise for di erent photon energés, di erent resonances
between non-dispersive initial and dispersive nal state would be observed [DamO04].
The e ective masses are (1-Bhe), heavier than the 2DEG states but similar to the
lightest bulk e ective masses of 1me [Meell]. In conclusion, two distinct nal
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Figure 5.7: Fluence dependent 1PPE (h =4:65 eV) on STO: a) Exemplary angle integrated
1PPE spectrum with nal state FS2 (purple) and exponent of power law t for each energy (red)
from uence dependent measurements. b) Fluence dependent Bhof Fermi edge. The inset
shows a linear increase of Fermi edge position (red circles) with uece, while the low-energy
cut-o (green triangles) of the spectra does not show a similar trend.

states are found that are delocalised within the surface plane but are non-
dispersive perpendicular to it. They are energetically pinned to the surface

Fermi level. Over the angular range of the the measurements (7 ) the dispersion
is energetically small (10 meV), therefore from now on angle integrated spectra are
presented for simplicity.

Figure 5.7 shows the impact of the photon density on the photemission spectra.
An exemplary spectrum (purple) is displayed in a) on a nal state energy axis, using
the Fermi energy of the sample holderEr sy as a reference. The low energy cut-o
of the spectrum corresponds to the position of the vacuum lesl with respect to the
reference Fermi energy. Therefore, the work function is = 4:03 0:01 eV, and FS1
is partially cut o by the low energy edge of the spectrum. As expected, FS2 is visible
at an energy of 4:5 eV above the Fermi energy.

Photoemission intensitiesl for various incident uences F have been analysed in an
energy resolved manner by a power law tl (F;E) / F*(E). The extracted exponent
x(E) is the solid red line in a). It only deviates strongly from th e expected linear power
dependence (single photon photoemission process) at the ges of the spectrum. These
deviations are due to changes of the shape, rather than the tensity, of the spectra
with uence.

The most prominent changes of spectral shape are found in theicinity of the
Fermi edge, as shown in Figure 5.7 b). When increasing the indent uence from
1.1 to 45.5 J/icm? the position of the Fermi edge shifts by 30 meV. The results
of a quantitative analysis of the edge positions, by nding the energetic position at
half-maximum of the edge, and FS2 peak position, by tting with a Gaussian, are
displayed in the inset and compared with the low-energy cute position. The position
of the Fermi edgeEF is displayed with respect to the Fermi energy of the sample hider
Er sn, measured separately. The low energy, or secondary electi@ut-o position Egpg
is displayed with respect to an average valud ;. and the change in FS2 peak position

E FS2is shifted to match the energy scales dEg and E,ng. Clearly EF and  Egsp
exhibit a linear shift with uence, whereas E,,q does not show any systematic trend,
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5.2 Unoccupied states at the STO(001) surface

surface

>
§ o Figure 5.8: Possible origins of photon den-
< sity dependent shifts in STO: Above band gap
excitation (photon energy: h = 4:65 eV)
leads to surface photo voltage e ect and coun-
teracts band bending 1, e ectively shifting
the 2DEG Fermi level (and the entire PE
‘Gs spectrum) to higher energies. Photoexcitation
from in gap states (IGS) into the 2DEG via
intermediate excited states 2 leads to a tran-
sient increased lling of the 2DEG, i.e. a Fermi
level shift, without any e ect on the over PE
7, % spectrum.

energy E-E; (eV)

i.e. is constant within the experimental resolution. Linear ts yield shifts of (305 15)
and (435 9)) ;=% for FS2 and Ef respectively.

To rationalise the origin of these shifts, several e ects tha are driven by 4.65 eV
photons are discussed in the following and illustrated by Fjure 5.8:

1 a transient surface photo voltage (SPV) shift (Figure 5.8 1): electron-hole pairs
are generated via above band gap (grey region) excitation ahare subsequently
separated by the potential gradient in the surface band banéhg region. This
counteracts the band-banding, leading to at bands in the limiting case. The
apparent Fermi energy of the surface 2DEG would thereby be sfted to higher
energies with increasing light uenceF.

2 atransient lling of the 2DEG from defect or in-gap states (I GS, red), localised at
the surface (Figure 5.8 2). As both 2DEG and IGS are localised at the surface no
charge separation is expected. A transiently increased Ihg of the 2DEG would
nevertheless up-shift the apparent Fermi level position with F and possibly the
nal states, as they are pinned to Ef.

3 vacuum space charge e ects would lead to an overall broadengof the photoe-
mission spectrum that could be misinterpreted as an energét shift.

Surface photo voltage e ects (1), i.e. transient photoinduced relaxation of surface
band-bending, usually result in a rigid shift of the photoemission spectrum [Retl12],
which is clearly not observed here, because the low-energyteo does not shift.

Broadening and shift of a Fermi edge due to vacuum space chaege ects ( 3) in laser
based solid-state photoemission spectroscopy have beensanved and characterised be-
fore [Gral0]. The lack of a clear shift of the low-energy edgen the same order of
magnitude as that of the Fermi edge suggests a di erent origin On the other hand it is
not clear how vacuum space charge a ects speci ¢ signaturesiiphotoemission spectra.
In [Hel09] detailed investigations have been performed andndicated that a complex
interplay between di erent experimental parameters de nes the character of the space
charge broadening. Interestingly a stronger broadening aah shift is predicted for elec-
trons with larger kinetic energies, which would explain theobserved di erence between
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low- and high-energy cut-o qualitatively. More detailed arguments and estimates of
the number of photoemitted electrons are given in Appendix Ffor this speci c case
and summarised here:

The worst case scenario yields 1300 electrons perd/cm?, while a more realistic
estimate yields 13 electrons per Jicm?. Assuming that the shift in Figure 5.7 b) is
purely a vacuum space charge e ect and comparison with [Gral]) yields 2000 emitted
electrons per shot for the highest uence of 45 J/lcm?, i.e. 44 electrons per J/cm?.
This is clearly less then the unrealistic worst case, but sghtly higher than the more op-
timistic estimate. Space charge broadening can thereforeat be excluded as a possible
reason of the observed shifts.

A transient photoinduced lling of the 2DEG from defect or IG S (2) would increase
the e ective Fermi energy position, but not a ect the work func tion. This is due to the
lack of charge separation, because electron hole pairs aremgerated and stay within the
surface region (The surface oxygen vacancy induced IGSs alecated at the surface).

While it is not possible to decide whether vacuum space chaeyeects 3 or a
transient lling 2 lead to the observed phenomena (a mixture of both is also po#se),
the lack of a shift of the low energy cut-o slightly favours the latter e ect. Time-
resolved data, presented later will con rm this assessment

In the following, time-resolved photoelectron spectroscpy is used to shed light on
this question. Two-photon photoemission experiments yial a higher contrast between
uncorrelated background signal and transiently populatedelectronic states, as energet-
ically only the latter ones are probed. The overall electronyield is usually a lot smaller
than for 1PPE [Fau94]. Vacuum space charge e ects are therefe not expected to
a ect those measurements signi cantly at the employed uences.

5.3 Hot electron dynamics in STO

Usually hot electron decay in metals, due to electron-elecbn scattering with rate  ¢.e,
can be approximated fairly well by Fermi liquid theory (FLT) [Her96, Kno96, Oga96,
Oga02]. Predicted electron scattering rates scale with thejuadratic excess energy with
respect to the Fermi level: ¢e/ (E Epemi)? [Pin66, Qia05] (compare Equation 2.2).
A quantitative deviation from this scaling law in real systems is expected, as screening
and phase space is modi ed by the band structure of real soligl. For example d-bands
enhance screening and thereby increase lifetimes in Cu [C&f], while they provide
increased phase space for scattering in the vicinity of the &mi level in Ta, resulting
in shorter quasiparticle lifetimes [Kno96].

Fermi liquid theory also predicts a deviation of this scaling law for two-dimensional
systems. Due to the competition of lower phase space for sdating (decreased scatter-
ing rate) and less e cient screening of the Coulomb interaction (increased scattering
rate) a small, logarithmic correction is added.[Giu82, Qi&®5] (compare Equation 2.4).

In this section, e ective hot electron lifetimes at the STO/v acuum interface are
analysed and compared to FLT. In Figure 5.9 a), time- and enegy-resolved 2PPE
data of the annealed STO surface, recorded at a sample tempature of T < 120 K,
is shown. As illustrated in b), electrons of the 2DEG and in-gap states are excited
by h pump = 1:54 eV photons (red arrows) and populate unoccupied states. fe
population is probed by photons with energy h pone = 3:86 eV (blue arrow) and
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Figure 5.9: 2PPE intensity with respect to time delay and intermediate state enegy is encoded
in a false colour scale in a) and pump- uence dependence of photoéssion intensity is displayed
in the inset. The diagram in b) illustrates energetics of photoexcitaion (h = 1:54 eV) and
probing (h = 3:86 eV) (see main text for details). Exemplary lineouts and correspoding ts
(described in the main text) are shown in ¢). The resulting e ective hot electron lifetimes with
respect to excess energy (green) and ts are displayed in the insef c).
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decays towards positive delay times. The asymmetric shapenia) indicates that the
population is longer lived, the lower the excess energies thi respect to the Fermi level
gets, in qualitative agreement with FLT predictions. For further quantitative analysis,
horizontal lineouts at various energy intervals in equidigant steps between the white
dashed lines have been extracted and characterised by a t nuel, based on simple
rate equations. Exemplary lineouts are shown in Figure 5.9 pwith their respective ts
(black). The t model consists of the response functionR(t) convolved with a Gaussian
pulse XC. The response function is assumed to be:

R(t)= (t)(Ae ¥ ==+ C) (5.52)

The single exponential decay with amplitude A quanti es an e ective electron lifetime
e-e- This e ective lifetime is an upper limit for the real quasiparticle lifetimes, which
would require analysis via optical Bloch equations [Kir09] The Heaviside- function
prohibits response before timezero and the constant o sefC is necessary to capture
a persistent signal increase directly above the Fermi enegg which will be discussed

separately in Section 5.4.1.

Although the pulse duration and exact timezero (temporal owerlap between both
laser pulses) was not determined independently, ts of vardus lineouts with all t
parameters free (including the laser pulse width and timezem) yielded consistent values
for timezero and a clear t optimum for a laser pulse XC width of FWHM xc = (61:5
0:8) fs (i.e. an average pulse duration of 44 fs).

Before focusing on the quasiparticle lifetimes, the behawur of the amplitude A with
respect to infrared-pump (IR-pump) uence is evaluated: The exponentx(E) of the
power-law A(F;E) / FX(E) with uence F is characteristic for the order of the initial
photoexcitation process into the unoccupied statesiE  Eg > 0). To nd the excitation
order, the dataset from a) was recorded for three additionallR-pump uences. Based
on these, overall four, datasets, the inset in a) shows the ence dependence of the
t amplitude A for lineouts at energies indicated by round markers in a) wih the
respective colour. Power law ts (red) yield an exponent betveen 1.2 and 1.3 for all
energetic positions. The non-integer exponent points to a rixture of single and two
photon processes for the dominant IR-excitation pathway. As indicated by the red
arrows in Figure 5.9 b), single and two photon processes caspond to excitation of
electrons from initial states within the band gap (grey shaded), because one (1.54 eV)
and two (3.08 eV) times the photon energy is both smaller thanthe indirect band gap
of 3.25 eV (the direct gap is even larger with 3.75 eV).This means that the initial
states, which are photoexcited by the IR-pump pulse, originate from within
the band gap of STO, i.e. from in-gap states (IGS) or the 2DEG. Transient
surface photovoltage shifts require above band gap excit&in and are therefore never
induced by these IR-pump pulses.

The inset of ¢) shows the e ective lifetimes ¢ of hot electrons with respect to
excess energye  Ep sy for various incident pump uences (green to black curves).
E ective lifetimes do not signi cantly depend on excitation density, as there is no clear
trend for the dierent uences. For excess energies> 0.5 eV an adequate t by 2D
FLT (Equation 2.4, red curve) is possible (the start of the t ted interval is indicated
by the dashed line), yielding electron density ofn,p = 3:5 10'®=m? (as the only t
parameter). A t with 3D FLT (Equation 2.2, blue curve) in the same energy interval
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a) A b) A Figure 5.10: a) Dierent regimes of scat-

15 tering rates: aboveE Ef > 0.5 eV the
. rates are described well by 2D-FLT (blue).
51.0 10 Increased rates belonE Eg =0:5 eV de-
u viate from 2D FLT, i.e. quasiparticles de-
Yos cay faster (red). b) Shows strongly disper-
5 sive and more localised components of bulk
g of- band-structure (green) and indicated bent

Jocalised

JDEG tog band of the 2DEG (blue) in order to ex-

plain this deviation (see main text for de-
! X 7k, tails).

p

does not agree well with the data. The extractedn,p from the 2D- t agrees well with
the value of 2 10'=m? determined from the Fermi surface area in [SS11].

The scattering rates of hot electrons at excess energies > 0:5 eV are
explained well by electron-electron scattering in the framework of 2D-FLT ,
even though the 2DEG bands are energetically degenerate witthe bulk conduction
band.

The deviation from FLT predicted curves (2D and 3D) at lower excess energies
(ie. E Efr < 05 eV) is signi cant and discussed in the following. Figure 510 a)
sums up the observations at the surface region of STO: AbovE Eg =0:5 eV 2D
FLT behaviour is observed (blue), while at lower energies deations towards higher
scattering rates (e.e 40 fs) are observed (redf?

To explain the deviations at low excess energies, the bandsicture of STO is shown
in Figure 5.10 b). The 2DEG (blue) originates from the bulk tog manifold (green). The
downward band bending towards the surface is indicated by tle exemplary replica
(dark blue curves). At high excess energies, only the strorlg dispersive, free-electron
like band contributes, resulting in the good agreement with2D-FLT. At lower excess
energies the less dispersive, more localised band contritas in addition. Therefore, the
density of states is suddenly enhanced, which means that thphase space for scattering
is increased within this energetic region.This increased phase space for electron-
electron scattering explains the observed increased scattering rates [Kno96]
at low excess energies. Electron-phonon scattering can, of course, also contribu,
but is not necessary to explain the observed quasiparticleifetimes in the 2DEG at the
STO surface.

In summary, the investigation of hot electron population dynamics, directly probed
by 2PPE, yields good agreement with 2D-FLT for excess energsE Efg above 0.5 eV.
The deviation from FLT at lower excess energies can be dest®d by the increased
phase space for electron-electron scattering due to the merlocalised components of
the Ti 3d-bands that generate the 2DEG. Therefore, the hot carier dynamics of the
2DEG in STO have been evaluated and rationalised comprehengly with a focus on
equilibrium unoccupied states. In the following section ths focus is shifted towards
occupied states and photoinduced changes therein, where &ift of the Fermi energy is
directly observed.

%9Not shown is the persistent increase C, directly above Ef. Its origin will be discussed separately
in Section 5.4.1.
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Figure 5.11: Time resolved PES of STO upon IR pump excitation: a) raw photoemisgon
data with respect to energy and pump probe delay. The Fermi levelof the sample holder is
indicated by the dotted line. b) shows data from a) after backgrownd subtraction. Averaged
spectra between -50 and -1 ps were employed as background.

5.4 Pump-induced dynamics of the occupied band
structure

When using photon energies larger than the work function i prone > ) the occupied
band structure is probed. Strong pump excitation can modify this band structure
signi cantly (see Section 4) and trigger dynamic e ects. In STO, a transient shift of
the surface Fermi level is observed, as IR-pumping increasehe lling of the 2DEG by
photoexcitation from in-gap states (IGS).

A photon energy of h = 4:65 eV probes the 2DEG in STO resonantly via nal
states, as presented earlier (Section 5.2). The result of aexperiment, monitoring the
band structure of STO before and after IR (h = 1:54 eV) pump excitation in a time
resolved manner is shown in Figure 5.11 a). The incident IR pmp and probe uences
were 400 J/cm? and 7 J/cm?, respectively. No multiphoton signal from the IR pulses
alone was observed at this excitation density, excluding tansient vacuum space charge
e ects. The photoemission intensity is encoded in a false cour scale with respect
to energy and pump probe delay. The energy axis is reference the Fermi level of
the sample holder, which was in electrical contact with the SO surface. At negative
delays, the UV pulse arrives before the IR pump pulse and probs the unperturbed
system. The spectra expose a peak at 100 meV, which results from the nal
state FS2, as discussed in Section 5.2, and a 2DEG band at theefmi energy, both
indicated by the arrows. The 2DEG band is prominently probed because s-polarised
UV light was used (see Section 3.2.3). At zero delay, a shoflived feature is visible in
the unoccupied region of the band structure, correspondingo hot electron dynamics,
which were discussed in the previous section.

In the occupied region of the band structure, the photoemis®n intensity changes
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Figure 5.12: Transient Fermi level shift in STO: The inset shows exemplary extracted e ective

Fermi level positionsE; and E, at xed intensity |-, before (blue) and after (orange) IR-pump
photoexcitation (Spectra are lineouts from Figure 5.11 a)). The thereby extracted Fermi edge
position (red) is tted by a simple step-like response with slow exponatial decay (green curve,
see main text for details). The Gaussian XC function of pump and prdoe pulses is indicated by
the grey shaded curve.

at positive delays, i.e. after IR-pumping. It will be shown in the following that the
main reason for these intensity change is a transient shift bthe Fermi level. After
background®® subtraction, the pump induced change, depicted in b) remais. At the
energetic region of FS2 and 2DEG, photoemission intensitynicreases up to 10 % and
then stays constant. To disentangle energetic shifts and &al' intensity changes, the
raw data (Figure 5.11 a)) is analysed further, instead of thebackground subtracted
one.

The inset of Figure 5.12 shows two spectra (linouts from Figue 5.11 a)) in the
energetic region of their Fermi edge, before (blue) and afte(orange) IR-excitation.
The Fermi edge of the spectrum after photoexcitation (orang) is clearly shifted to
higher energies. To determine the transient evolution of ths shift, spectra at each
pump-probe delay were evaluated: The spectra were rst normalised to the maximum
intensity (this was only a minor correction) and then the half rise intensity 1,-, (dashed
line) of the Fermi edges was visually determined. Then, the eergy at which |-, is
crossed E; and E», indicated by the arrows) was found by linear interpolation between
the two data points closest tol 1—,. Thereby the energetic position of the e ective Fermi

level EF was determined for each pump probe delay from Figure 5.11 a)The result of
this analysis is shown by the red curve in Figure 5.12.

Er is constant for negative delays at approximately 40 meV higler energy than
the reference Fermi levelEg sy, measured at the sample holder. Photoexcitation leads
to a fast increase ofEF att to=0fsby E ' 5 meV. This shift relaxes slightly
towards its value before timezero on a timescale of many ps.t has to be noted that
this photoinduced change corresponds to a shift rather thana transient increase in
(electronic) temperature, as the Fermi edge shape is unchayed.

60 Averaged spectra at negative delays were used as background
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Figure 5.13: a) IR-photoexcitation (red arrow) at the STO surface is possible fom IGSs (red)
and the 2DEG (green), but not from the valence band (VB). b) Photoinduced shift (blue) of
Fermi level (Ef) and nal state (FS2) enhances resonant probing from initial 2DEG states to
FS2. c) Photoinduced Fermi level increase (blue) can equilibrate larally (in the x vy surface
plane) within the STO 2DEG.

To quantify the temporal evolution of this e ective Fermi lev el, a least mean squares
t was performed. The transient responseR(t) was modelled by a step (Heaviside-)
function multiplied by a single exponential decay:

R(t)= (t tg) Ee 17 4+ Eg (5.53)

Timezero tg, a decay time constant , a time-independent shift Ep and the amplitude
of the transient shift E were the t parameters. R(t) was convolved with the cross-
correlation function XC(t) of pump and probe pulse, which was determined ex-situ via
di erence frequency generation (DFG) in a thin BBO crystal 8. The full-width at half-
maximum was FWHMxc = 87 fs and held xed for the tting. The t result (green
curve) agrees very well with the data (red). The photoinducel shift of the Fermi level
was E =5:1 0:1 meV and the relaxation time constant =77 13 ps.

The constant shift Eg, visible even before pump excitation, is due to the UV-probe
beam alone (as observed before: see Figure 5.7 in Section)5.& addition, the following
pump-induced e ects are observed:

1 A quasi-instantaneous shift of the Fermi edge by 5 meV to higler energies.
2 Slow relaxation of this change of the electronic structure a a timescale of 77 ps.

3 An increase of the photoemission intensity of FS2 that can nbbe explained by
this shift alone (Figure 5.11 b), analysis not shown).

As mentioned before, transient space charge and surface ptuvoltage e ects can be
excluded, because there is no photoemission from the IR-ps#s alone and no above-gap
excitation is performed (the pump photon energy is signi cantly smaller than the band
gap and no shift of the low-energy cut-o of the photoemissim spectra is observed). The

b1 Care was taken that the DFG beam path exhibited the same dispersion as the path to the sample.
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5.4 Pump-induced dynamics of the occupied band structure

only remaining explanation has been suggested in SectionZ&. A transiently increased
lling of the 2DEG due to photoexcitation. This mechanism is outlined in the following:

Figure 5.13 a) shows a sketch of the surface electronic striiwe of STO and pho-
toexcitation pathways. Single photon photoemission probng via h = 4:63 eV UV
light is indicated by the purple arrow. Initial states for IR -excitation (red arrow) are
exclusively in-gap states (IGS) or the 2DEG, because the IRphoton energy is not suf-
cient to excite from the valence band. Excitation from the 2DEG will not change
the occupation within the 2DEG, but photoexcitation from lo calised IGSsinto unoccu-
pied 2DEG states can transiently increase the lling of the 2DEG. Because hot carriers
above Ef relax fast, within tens of fs (Section 5.3), the shift of the Fermi level appears
guasi-instantaneously after photoexcitation (explaining 1). Final states are pinned to
the (transient) surface Fermi energy, and therefore, a simar energetic shift is observed
for FS2.

The additional intensity increase of the FS2 signature @) can by rationalised by a
resonant enhancement. Figure 5.13 b) illustrates such an e& via a simpli ed energy
diagram, involving initial 2DEG states (green) and nal state FS2 (red). Before pump
excitation (left), the photon energy (purple arrow) excites slightly o -resonant between
2DEG and FS2. After IR excitation (right), the transient shi ft of Fermi level and nal
states (blue arrows), due to the increased lling of the 2DEG enhance the resonance
condition, and thereby the photoemission intensity of sigrature FS2 increases.

The remaining open question is regarding the stability of the transiently increased
Fermi level. A system in equilibrium does only exhibit one clemical potential, i.e.
the Fermi energy should be equal everywhere. The relaxatioof the transiently shifted
Fermi level can therefore either happen laterally within the 2DEG by equilibration with
the unpumped region of the sample, or by recombination of el@rons from the 2DEG
and localised holes in the IGSs. Figure 5.13 c) illustratestte lateral equilibration in
the 2DEG. The initial (at t = tp) Fermi level shift follows most likely the intensity
pro le of the laser pulse, i.e. has a radius of approx. 50 m. At a later time after
photoexcitation (t >t o) the additional electrons equilibrate laterally and the e e ctively
raised Fermi level reduces and spreads spatially. To estinta a limiting timescale for
such an equilibration, one can consider ballistic transpar of electrons at the Fermi
energy and the time it takes for those electrons to move fromte middle of the excited
area to its edge (i.e. by 50 m). The Fermi velocity for a 2D carrier density n?P) js:

2E¢
= 5.54
VE Mo ( )
with (for two dimensional systems)
h2k2 p—
F=—F and kPP = 2n@D) (5.55)
2Me

With the previously determined value n®®) =3:5 10'8/m 2 and using the free electron
mass forme this results in vg = 543465 m/s. Therefore, the electrons need 92 ps to
leave the photoexcited area. This is in very good agreement ith the relaxation time
constant =77 13 ps of the transient Fermi level shift. Di usive electron tr ansport
would be even slower, but as also the recombination timescalwith the photoholes
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in the 1GSs is unknown, further speculations are omitted. The shift of 5 meV itself

corresponds to an increased carrier density of:2  10'®/m 2, i.e. is on the order of one
percent of the initial 2DEG carrier density. This is a reasorable number, because the
incident IR-pump uence of 400 J/cm? corresponds to 16  10'° IR-photons per m?

and is therefore larger. The present analysis shows that the photoinduced shift

of the Fermi edge is due to a transiently increased lling of the 2DEG with

electrons from in-gap states by IR-photoexcitation.

With this knowledge one open question with respect to the preiously presented
2PPE experiments can nally be addressed: What is the reasorfor the “constant'
oset C that was needed to t hot electron transients at low excess eerrgy (Section
5.3)? In the following section it will be shown that C is a signature of the transient
Fermi level shift as well.

5.4.1 Fermi level shift in 2PPE data

With the knowledge about the transient, photoinduced shift of the Fermi level from
the previous section, one observation within the investigdons of the unoccupied band
structure by 2PPE (Section 5.3) can be explained now: An o setC was necessary to
model the low-excess energy transients of the hot electrongpulation. In the following,
the uence dependence of this parameter is investigated and is shown that it can be
explained by a photoinduced shift of the Fermi level as well.

The underlying datasets (e.g. Figure 5.9 a)) have been backgund subtracted, using
averaged spectra before timezero. Therefore, their internity is the di erence between
the spectrum with equilibrium and transiently shifted Ferm i edge. Figure 5.14 b) shows
two exemplary Fermi-Dirac distributions with shifted Ferm i edges (red and green) and
the di erence between the two (black, scaled by a factor of 15) Then, C corresponds
to the intensity change(black) at the excess energy with respect t&EF of the respective
lineout in Figure 5.9 a). This can be described mathematicdy by the di erence of two
Fermi-Dirac distribution functions, shifted with respect to each other and evaluated at
energyE:

1 1
e(E EF  F )=(ksT) +1 e(E Er)=(ksT) + 1

C(E;F)= A (5.56)

The photoinduced energetic shift E = F is a function of the uence F to the
power multiplied by a scaling factor . Such a nonlinear scaling is expected, because
the hot electron photoemission intensity scales scales néinearly with the IR-pump
uence F (inset of Figure 5.9 a)). A is an amplitude and T the temperature of the
Fermi-Dirac distribution.

Figure 5.14 a) shows the osetC from the ts (according to Equation 5.52, as
shown in Figure 5.9) with respect to excess energy for four dérent IR-pump uences
(coloured circles). The data pointat E Egsy = 0:2 eV has been manually inserted
and set to zero, as no o set was needed to perform the ts at thisenergy.

A global t, based on Equation 5.56, was used to model the fourdatasets simul-
taneously, using global values for most of the parameters: Aingle equilibrium Fermi
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Figure 5.14: a) Energy dependence of t parameterC for di erent uences and global t (solid
lines). The t model is based on the di erence between two Fermi-Dirac distributions that are
slightly shifted with respect to each other (see main text). These [Ermi-Dirac distributions and
their di erence | are shown for the highest uence (984 J/cm?) in b).

energyE, scaling factor , exponent and e ective temperature® T have been used.
Only the uence was set constant to the respective measuredalue for each dataset.
The amplitude A was also kept constant, because for small energetic shiftsg, the dif-
ference between two Fermi-Dirac distributions scales withA and E in a very similar
way®,

The global t (Figure 5.14 a), solid lines) describes the dat remarkably well. The
exponent = (1:15 0:14) in the scaling law agrees nicely with the ones determined
earlier (Section 5.3: 12 1:3 in Figure 5.9 a)). The scaling factor =(1:7 1.6)-%%,

Jlecm
is a hundred times smaller than for the static shift, inducedby UV light (Section 5.2),

but this is easily explained by the rather di erent experimental conditions: Only the
transient photoinduced change is considered and a much lowghoton energy is used
here.

Figure 5.14 b) shows the equilibrium (green) and shifted (rel) Fermi-Dirac distribu-
tion that results in the blue curve in a), to illustrate the ma gnitude of the photoinduced
shift: A photoinduced Fermi level shift of only 4.6 meV is able to describe
the persistent o set C that was necessary to model the transient evolution
of hot electrons in the 2DEG at the STO surface . This value agrees very well
with the 5 meV observed in time-resolved 1PPE measurementspfevious Section 5.4),
although the uence there was smaller by a factor of two. Altogether a complete picture
of the e ects of photoexcitation within the 2DEG at the STO/va cuum interface can be
drawn, as concluded in the following section.

®2Neither experimental broadening nor real density of states was considered explicitly, therefore the
temperature does not correspond to the real temperature.

®To nd a reasonable value for A, a Fermi-Dirac distribution was tted to raw data (without
background subtraction, not shown) and the resulting t amp litude was used.
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Figure 5.15: lllustration of ultrafast elec-

tron dynamics in STO: near-IR photoexcita-

tion (red arrows) from initial in-gap states

(IGS) and the 2DEG generates hot carriers
above the Fermi level. At high excess ener-
gies, those decay as predicted by Fermi liquid
theory for two dimensions. At low excess en-
ergies the quasiparticle decay is faster than
expected. Bulk valence and conduction bands
are indicated (VB, CB). b) shows a transient VB
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5.5 Summary & Conclusion: dynamic 2DEG at
STO(100)/vacuum interface

Photoemission spectroscopy has been used to investigate géhunoccupied electronic
band structure of the SrTiO3(100)/vacuum interface and ultrafast dynamics therein,
after near-IR photoexcitation.

Distinct nal states, pinned at 4.1 and 4.5 eV above the surface Fermi level, have
been discovered. They exhibit a free electron like dispersn within the surface plane,
but are localised perpendicular to it.

The nonequilibrium quasiparticle dynamics of the system ater IR photoexcitation
have been investigated extensively and yield the followingpicture: As illustrated in
Figure 5.15 a), electrons are photoexcited (red arrows) frm in gap states (IGS, red)
and from the two-dimensional electron gas (2DEG, green), bil localised at the sample
surface, into unoccupied states above the Fermi energy. Létimes of quasiparticles with
high excess energies (top double arrow) are described wely B-ermi liquid theory for
two dimensions (2D-FLT). When the excess energy is lower tha 0.5 eV above the
Fermi level, this situation changes drastically: An increassed phase space for electron-
electron scattering due to more localised bands within the PEG (originating from the
bulk Ti 3d tog-bands) in this energetic region leads to an increased scaiting rate, i.e.
decreased hot electron lifetimes (bottom double arrow).

In addition, a second transient e ect is observed and illustated in Figure 5.15 b):
The Fermi level shifts to higher energies after photoexcitéion, due to a transiently
increased lling of the 2DEG from initial in-gap states via near-IR excitation. This
corresponds to an increase of charge density in the 2DEG on &order of one percent.
The relaxation of this shift can be explained by ballistic transport of these excess
electrons out of the photo-excited surface area, but di usive transport or electron-
hole recombination are also likely to play a role. Varying the excitation density could
potentially be used to tune the carrier density in the 2DEG and thereby transiently
modify the electron-electron scattering rates in this sysem.

The screening of the Coulomb interaction plays a more restrimed role in the sys-
tem: In two-dimensions, screening is less e cient than in three dimensions. The excess
energy dependence of scattering rates for quasiparticlepredicted by Fermi liquid the-
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ory, deviates from the ones in three dimensions, because ohanterplay between this
reduced screening and on the other hand a reduced phase spdoe scattering. At low
excess energies, the latter e ect is compensated for by adddnal, localised electronic
bands. The decreased screening for two dimensions remainsdaresults in the observed
increased scattering rates.
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6 Screened excess electrons in amorphous
ice: Transmission, trapping and reac-

tivity
The interaction between matter and excess electrons is impgtant in various elds of
physics and chemistry. Screening plays a stabilising roleof excess charges in polar
solvents like water. Instead of quasi-free carriers, as foexample in metals, dipole
moments of the solvent molecules screen the Coulomb interdion with the excess charge
by structural reorientation.

In this work, amorphous solid water (ASW) is used as a exemplegy polar environ-
ment to study various processes in connection with screenedxcess electrons. Those
processes include the transmission of these electrons thrgh the molecular adlayer (de-
ned by the mean free path), stabilisation and trapping of th e electrons. The extremely
long residence times of these trapped electrons enhance gdse electron-induced chem-

ical reactions with the environment, like for example the socalled bimolecular water
reduction reaction [Barll]:

(H20),2!  (H20)n 2(OH )2+H> (6.57)

The build-up of hydroxide (OH ) at the surface leads to a change of work function
that depends on the photon dose and therefore on the spatialno le of the laser beam.
In Section 6.4.1 such a spatially dependent work function igdirectly observed and Ap-
pendix G describes the implications for low photon energy pbtoemission spectroscopy
on such inhomogeneous systems, in general.

6.1 Preparation of D ,0 Layers on Cu(111)

Well established recipes for cleaning the Cu single crysta{111) surface by repeated
Ar-ion sputtering and annealing cycles and adsorbing amorpous D,O Ims [Sta07b,

Meyl1] have been used in this work. The Cu(111) single crystavas placed in front of

a sputter gun under a shallow angle. At an argon partial presare of 22 10 ©® mbar

Ar-ions (generated by a lament inside the sputter-gun) are accelerated towards the
sample by a voltage of 0.7 kV for ten minutes. The ion current vas on the order
of 8 A. The sample was annealed after each sputtering at a tempetare of 800 K

for 30 minutes in order to generate a smooth crystalline sudce. The procedure was
repeated until the signatures of the Cu(111) surface- and irage-potential-states were
the dominant features in the photo-electron spectra.

D,0 (supplier: Sigma Aldrich) was puri ed via freeze-pump-thaw cycles and dosed
via a pinhole doser as described in [Deill]. The sample was gitioned in front of the
pinhole doser and cooled down to 100 K for compact and below 5 for porous ASW
via a liquid Nitrogen/Helium cryostat. By variation of dosi ng pressure and dosing time
the absolute dose and therefore PO coverage was adjusted in a controlled manner.
The D,0O molecules form closed amorphous layers at such temperates (below 110 K)
in UHV [Sta07b]. The D,O coverage has been determined independently by TPD spec-
troscopy, using a quadrupole mass spectrometer. ExemplaryPD spectra are shown
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Figure 6.1: Characterisation of amorphous D20-layers via TPD and work funcion: ina) TPD

spectra for various D,O-coverages are displayed. The inset con rms the linear relation bsveen
dose (dosing pressure times dosing time) and integrated TPD interity. In b) a reference t

(blue) performed in [Deill] is used to translate dose into coverage iBL, via the measured
change in work function (red) of the system.

in Figure 6.1 a) for various coverages. Zero-order desorpn sets in at a temperatures
between 140 and 150 K, independent of PO coverage. As the intermolecular binding
strength is on the same order as to the metal surface no muli@lyer desorption can-
not be distinguished from the rst layer desorption. The dependence of the integrated
QMS signal on dose (i.e. dosing time times BO-pressure) is shown in the inset (green
circles). The expected linear behaviour is indicated by thesolid line.

Without distinct mono- and multilayer features a direct det ermination of cover-
age from the TDP spectra is not possible. Instead the changefowork function ,
measured via the spectral bandwidth in photoemission specbscopy, is us&d topde-
termine the coverage: One bilayer (BL) is initially de ned by the ordered 3
structure of D,O/Ru(0001) [Hel95]. A calibration of work function change with cov-
erage of O/Cu(11l) in comparison of coverage in bilayers for DO/Ru(0001) has
been performed in [Bov03, Gah04]. This speci ¢ work functim dependence was used
to determine the D,O coverage on the Cu(111) surface, as shown in Figure 6.1 b).hHe
reference curve (blue) is a t with a decaying exponential peformed in [Deil1f*. Red
markers indicate measured values of with respect to the depsited dose.

6.2 Mean free path of low energy excess elec-
trons in ASW

The interaction of secondary electrons (e.g. generated byhising radiation) with water
is an important eld of research in radiation chemistry and highly relevant for biological
systems. In this Section the mean free path, de ned by such iteractions, of low-

%1t is assumed that the work function decreases linearly with the reduction of free substrate surface.
A simple rate equation for the available binding sites on the metal surface leads to the exponentially
decaying behaviour. Saturation is reached when a closed adsrbate layer is formed, i.e. between 2 and
3 BL [Gah02]
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Figure 6.2: Coverage dependence of solvated electron signature: In line of éhanalysis de-
scribed in context of Figure 2.9, the t amplitude of the solvated eledron signature with respect
to pump-probe delay is shown for di erent D,O-layer thicknesses in a). The mean free path

max = 2:42  0:25 BL is extracted from the thickness dependence of the t amplitude from
a) in the inset. In b) the binding site and changing situation for the respective layer thickness
is illustrated.

energy excess electrons in ASW will be estimated. The inveesmean free path in
semiconductors and insulators is proportional to the loss dnction Im(1=), which is
usually small for energies below the band gap [kf10]. In ice, the band gap is on
the order of 8 eV, therefore, a large large mean free path is pdicted for low-energy
electrons.

Solvated electrons in ASW layers, as presented in Section 2. reside at a constant
distance to the metal substrate [Mey08]. Figure 6.2 b) illusrates this situation: Elec-
trons, excited from the substrate, are solvated 2 to 3 BL fromthe substrate surface.
Photoexcitation of these electrons by visible light (e.g. aphoton energy ofh =1:9 eV)
turns them into low energy, 1.3 eV with respect to the conducton band minimum
(CBM) %5, electrons that are photoemitted from this de ned spatial and energetic loca-
tion. On the way from this location to the ice/vacuum interfa ce, their interaction with
their surrounding de nes their mean free path. An e ective mean free path®® can be
de ned within

[(z) = loe = (6.58)

The transmitted “electron-intensity' |(z) through a material, in this case ASW, of
thicknessz decreases exponentially, with the characteristic length , i.e. the mean free
path. Observing the intensity for di erent thicknesses z, therefore, allows to determine

. Figure 6.2 c) illustrates the idea of the experiment: Solvéed electrons (red) are used
as a localised electron source for low energy electrons. Ire@asing the overall thickness

®Solvated electrons are energetically 0.6 eV below the CBM [S&14]. Photoexcitation by 1.9 eV
photons, thus, lifts them 1.3 eV above the CBM.

% ncluding elastic and inelastic contributions, see e.g. [Pow09] for detailed de nition of the termi-
nology.
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of the ASW layer, then, corresponds to an increase of materlawhich the electrons
have to be transmitted through, before photoemission and diection.

Figure 6.2 a) shows the transient evolution of photoemissio intensity from solvated
electrons, after photoexcitation, for a ASW coverage of 3.9BL® (blue circles), as
evaluated from pump-probe data earlier (Section 2.4). For mcreasing coverage (green
and red circles) the intensity decreases as expected, but éhdynamical evolution (rise
and decay) do not change signi cantly. The peak amplitude As is hence used for
quanti cation of the transmitted electron intensity | (z) (Equation 6.58). At coverages
above 11.7 BL, no solvated electron signal was detected any are.

The inset of Figure 6.2 a) shows the change of amplitudé\s with respect to the
overall ASW coverage. A single exponential t (Equation 6.58) yields a value of max =
2.6 0:2 BL. It has to be noted that for an exact analysis, the laser uences would
need to be considered. These have not been recorded, but it isiown that they were
not decreased for increasing coverages. Hence it is possilthat the photoemission
signal decreases even faster with increasing coverage thamown here, but certainly
not slower. The determined mean free path is therefore an upgr limit, hence the term

max -

The mean free path of low-energy (1.3 eV with respect to the CBM)
electrons in compact ASW is remarkably short, i.e. 2.6 BL (approx. 10 A).
As mentioned earlier, the mean free path (as a result of eleobn-electron scattering)
of electrons with energies below the band gap of the materialthey are transmitted
through, is predicted to be long. The observed short mean fre path of 10 A must
therefore stem from scattering with defects and phonons. Diect scattering is not
unlikely in an amorphous system and by exciting OD stretch vbrations, 300 meV are
transferred to the lattice [Ang84], explaining the small e ective mean free path.

As mentioned before, photoelectrons, originating from thg species of solvated elec-
trons, are not observed for coverages above 11.7 BL (due to dir short mean free
path). Instead, a new species ofrapped electrons is detected in thicker layers (i.e. for

> 11:7 BL). These will be subject of the following sections. They &hibit a remark-
ably long lifetime on the order of tens of seconds (14 ordersfanagnitude larger than
for the previously discussed solvated electron species)inslar to the species found at
the vacuum interface of D,O crystallites [Bov09] that were introduced in Section 2.4.

6.3 Trapped electrons in thick ASW Ims

In ASW 8 layers, thicker than 11.7 BL, a new species of electrons is teeted. Figure
6.3 shows characteristic signatures of this species: a) Slwe a photoemission spectrum,
generated by UV-light (h yy = 4:62 eV) with respect to an intermediate state energy
axis. A very broad feature e is assigned to this new species. It spans an energy

5 The sample temperature while adsorbing D,O was 100 K in these experiments, therefore compact
ASW layers were formed and the conversion from 1 BL to more common units of distance is estimated
from lattice constants of crystalline ice, which are similar: 1 BL 39 A

% Porous amorphous water to be exact, as the DO Ims were deposited at substrate temperatures
of 40 K [Sta07b]. The trapped electrons have also been observed after bating the sample above 90 K,
i.e. for compact ASW (data not shown).
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Figure 6.3: Electrons probed by UV and visible light: a) shows a photoemission sperum
generated by UV light irradiation (h gy = 4:62 eV). A new species of electrons are marked
er. b) Shows a modi ed spectrum (green) when visible light o s = 2:49 eV) is added. The
signal er decreases (blue arrow) and at lower energies an increased intensis detected (red
arrow). c¢) Shows a schematic energy diagram of trapped electr@ane; and probing pathways
for UV (purple) and visible (green) light to explain these e ects: UV lig ht populates er and at
the same time photoemits electrons from it, which are detected aE , (1). Visible light ( 2)
cannot populate e; due to its lower photon energy, but can still photoemit electrons that are
detected at a lower nal state energy Equench . This also reduces the intensity atE p .

window roughly between 1 eV and 3 eV above the substrate Fermenergy?®. The
peak-like structure at low energies stems from an onset of sgle-photon photoemission
(1PPE) from parts of the sample with a low work function and is discussed in detail
in Section 6.4 and Appendix G. When adding visible light the pghotoemission spectrum
changes drastically. This is shown in b) (green curve) with he UV-only spectrum as a
reference (grey curve), with respect to an intermediate stte energy axis for visible light
(h vis = 2:49 eV) probing. The er signature has decreased signi cantly (blue arrow)
and at lower energies an intensity increase is observed (rearrow).

To explain these changes, a simpli ed energy level scheme wepicted in Figure
6.3 ). In the UV-only ( 1) experiment, UV photons (purple arrows) populate a state
er by photoexcitation in the metal substrate and subsequent tansfer of photoexcited
electrons into the ASW Im. At the same time these photons phatoemit electrons from
er to the nal state energy E , .

When adding visible photons (green arrows) a new photoemigsn pathway is opened,
but the population channel stays unchanged, because the \ilsle photons do not possess
enough energy to populate ¢ from occupied substrate states. This results in a rise of
photoemission intensity at lower energiesEquench and at the same time reduces the
photoemission intensity generated by the UV photons atE , .

This mechanism is con rmed by the energetics of the observedhanges in b): The
increase by visible light photoemission energetically stds below 3 eV (right axis) and
is cut by the work function of the system at lower energies. Tlis coincides with the
er signature probed by UV light, which also starts roughly at 3 eV (left axis) and
extends further down to 1 eV (Binding energies that are too lage for visible light
photoemission).

% From now on 'Fermi energy" always refers to the Fermi energy of the metal substrate.
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Figure 6.4: Xenon overlayer on top of ASW/CU(111). Intensity changes in phaoemission
upon UV plus VIS illumination (on) in contrast to UV-only illumination (0 )  are shown in a).
The quenching contrast (on minus o ) is shown in b) with respect to real time and energy upon
xenon adsorption. Integrated increase and decrease (region aftegration is indicated by the
arrows) are shown in c¢). d) Shows the adsorbed amount of xenon.

This e ect, i.e. the "quenching contrast', does not depend orthe temporal order of
visible and UV pulses (not shown). The population of @ must therefore stay constant
for at least the inverse repetition rate of the laser, i.e. 333 s. Otherwise the contrast
would be dierent when visible light pulses interact directly after UV-excitation or
directly before (i.e. 3.33 s after UV excitation). The electrons remain in a quasi-
stationary, excited state e 1 (1 eV to 3 eV above the Fermi energy) at least
for the inverse repetition rate of the laser (3.33 s). It will be shown later
that they in fact survive for tens of seconds in their trapping sites, and therefore, will
be calledtrapped electrons They are similar to the species of trapped electrons at the
vacuum interface of D,O crystallites [Bov09]. Before investigating the timescaés on
which these electrons stay in an excited state in detail, thelocation of the trapping
sites within the ASW Im is determined in the next section.

6.3.1 Trapped electrons at ASW/vacuum interface

To determine whether the trapped electrons reside in the vimity of the ASW/vacuum
interface or within the bulk of the adsorbate, xenon overlayer experiments have been
performed. The basic idea is the following (as shown in [$107a, Mey08]): An electronic
state or trapping site close to the ice/vacuum interface wil be strongly in uenced by
a coadsorbed overlayer of xenon, while bulk-ice states wilhot be a ected strongly.
Xenon as a rare gas will not interact chemically and therefoe can be viewed as inert.
It nevertheless acts as a polarisable overlayer that will cange the dielectric environment
at the vicinity of the ice/vacuum interface and thereby modify lifetimes and “squeeze'
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6.3 Trapped electrons in thick ASW Ims

the wave function of excess electrons [807a].

Figure 6.4 a) shows photoemission intensity encoded in a fs¢ colour scale with re-
spect to intermediate state energy (for UV probed states) anl real time, while switching
the visible beam on and o. When the visible light is on, a clear intensity decrease
is observed in the region of ¢ (red box), whereas at lower energies the intensity is
increased due to photoemission from ¢ by the visible light (marked e;). This was
already shown in the previous section.

The di erence between on and o yields the quenching contrast shown in b). Blue
corresponds to the decrease and red to the increase due to Mk photons, which is
displayed with respect to real time (bottom axis), while dosng Xe. The quenching
contrast clearly decreases quickly with time. To emphasizehis further, an integration
was performed over the indicated energetic regions of incese and decrease (red and
blue arrow) in b). ¢) Shows this integrated decrease (blue) ad increase (red). In d)
the xenon dose is displayed with respect to real time. It was @lculated by integrating
the partial Xe pressure in the vacuum chamber, which was meased by an ion gauge,
with respect to time.”°

The quenching contrast in ¢) stays constant when no Xe is adsbed (t < 180 s),
but decreases rapidly as soon as Xenon is dosed onto the systel.ong before a dose of
1L, indicated by the dashed line in c) and d), is reached, the antrast has completely
vanished. Assuming a sticking coe cient of 1, which is a reagnable estimate at a sample
temperature of 36 K, this means that at a coverage of 1 ML the tapped electron state
has been substantially modi ed. The massive in uence of the Xe-overlayer on
the trapped electron state e 1 shows that it resides at the ASW/vacuum
interface.

Defects at the ice-vacuum interface could e.g. act as pre-esting traps for electrons,
leading to extraordinary long residence times, similar to he ones observed on crystalline
ice [Bov09]. Such a species of long lived excess electronstlae vacuum interface has
the great potential of enhancing (electron induced) chemial reactions there. Before
observing the reactivity of this species directly, the resilence times at the surface are
investigated in more detail in the following section.

6.3.2 Relaxation dynamics of trapped electrons in ASW

When an excitation does not relax within the inverse repetiion rate (i.e. temporal
separation between two subsequent laser pulses on the ordef s) of the laser system,
pump-probe experiments start to probe quasi-stationary catributions and the system
is prevented from reaching its initial equilibrium state at all times. The evolution of
the occupation n(t) of trapped electron sites (maximum available sites shall ke N) with

®The pressure reading from a Bayard-Alpert ion gauge is calculated from the ration of ion current
I, and electron emission current |, including a sensitivity factor Sy depending on the constituents of
the measured gas pressure:

I
Sgl e
Usually Sq is at a value of 19 corresponding to N, for detection of air-like rest gas. For Xenon the
correction is Sy = 55, due to a the lower ionisation cross-section. Therefore, the measured pressure has
to be corrected by a factor of  2:9.

P= (6.59)
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Figure 6.5: Trapped electron population during pump-wait-probe experiment:

time can then be described by the following rate equation [GRO4]:

a=a I(N n@®) Sn@ b1 ne (6.60)

The rst term covers the population of the sites by the laser with intensity | (single
photon processes are assumed for population and depopulati) and cross sectiora. It
is proportional to the number of sites that are not populated yet (N n(t)).

The remaining terms describe the decrease of population(t) due to relaxation of
the excited state on timescale and de-population by photoexcitation (i.e. photoemis-
sion) with cross sectionb. Both are proportional to the number of occupied sites. The
solution of the di erential equation (Equation 6.60), with b oundary condition n(0) = 0,
is:

al N _
()= 7 1 e (= *l(arbt (6.61)

= +l(a+ b
Figure 6.5 a) illustrates how the population n(t) reaches the quasi-equilibrium pop-
ulation n, on a timescale ~= (1= + I (a+ b)) ! under pulsed UV illumination. In
the experiments, presented within this thesis, ~is short compared to the experimental
resolution of 1/4 s and the important quantity

a N
a+b

ng = t_Iir|r11 n(t) = (6.62)
depends only on population @) and depopulation (b) cross sections and the total num-
ber of trapping sites N for long relaxation times

Figure 6.5 b) displays the evolution ofn(t) when the light is switched o (i.e. | =0)
after reachingny . The system relaxes andh(t) decays exponentially with time constant

Probing with lower energy, visible light pulses does not poplate but only depopulate
trapped electron states via photoemission, as indicated irthe previous section. Figure
6.5 c) illustrates this situation: The population has reached a valuen(t ) after relaxation
in the dark and is depleted quickly by photoemission with visble pulses on a timescale
of

=lim (1= +1 b 1=1=1 b): (6.63)
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6.3 Trapped electrons in thick ASW Ims

The integrated photoemission intensity during visible light probing is proportional to
the integrated population (red shaded area) and therefore @ n(t ), the population at
the end of the “wait' interval:

lpesvis(t  t= t)=lys N1 be © (6.64)

A pump-wait-probe experiment (corresponding to a), b) and 9 in Figure 6.5) can
be used to nd the intrinsic relaxation time by measuring |l pes,vis (t ) for di erent
wait-times t ~ t©

Figure 6.5 d) shows an exemplary pump-wait-probe dataset (Wh t= 0). Photoe-
mission intensity is encoded in a false colour scale and showwvith respect to intermedi-
ate state energy. The left axis corresponds to the energy fduV-probed (h = 4:62 eV)
states and the right one to the one for visible light (h = 2:49 eV) probing relative
to the Fermi energy. The quasistationary population is reated at negative delays.
To make suren; is reached, the sample is illuminated for 40 s with UV light orly
(pump) such that the signal is constant with time. The photoemission intensity during
this time interval corresponds to the spectrum previously $iown in Figure 6.3 a). The
red arrows indicate the energetic region that correspondsd trapped electrons g yv
between 1 and 3 eV (left axis).

After t = 0 the sample is left in the dark for a certain wait time ( t = 7 s in
this example), during which the system relaxes (wait). Obvbusly no photoemission
intensity is recorded during that time.

In this case att = 7 s, the visible (probe) beam is switched ori* and photoemits from
the trapped electron states generating the photoemissiomtensity et vis . Energetically
the signature is lower in energy, because the photon energg lower, than for UV light.
The signal appears in an energetic window between 2 and 3 eVi¢ght axis), which
agrees well with the one for the UV-signal (1 to 3 eV), if one cosiders the fact that the
work function determines the low energy cut o here’?. The photoemission intensity
vanishes with time, because trapped electrons are not re-gpulated by visible light.
The red curve in d) corresponds to the integrated photoemisen intensity probed by
visible |Ight I PES,VIS -

According to Equation 6.64, this integrated as a function of wait time t can be
used to nd the intrinsic relaxation time  of the system: The inset of Figure 6.6 a)
shows further analysis ofl pes vis : An asymmetric Gaussian t with amplitude A (red)
and, alternatively, the integrated intensity | (blue) were extracted from the data.

The experiment was repeated for various time delays t between 1 and 180 s. The
data analysis shown in the inset yields the red (t amplitude A) and blue (integrated
intensity 1) markers in Figure 6.6 a). Both ways of extracting the photoemission
signal intensity coincide very well (red and blue). A singleexponential t according to
Equation 6.64 results in a time constantof =24 3s( =20 3 s) based on the t
amplitudes A (integrated peak area) from the inset. The trapped electrons relax
on a timescale on the order of 20 s, at least 14 orders of magnitude slower
than solvated electrons at the ice-metal interface.

"L Computer controlled mechanical shutters were used to switch beams on and o .
2The signal appears within a region of an inhomogeneous work finction distribution, as discussed
in Section 6.4
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Figure 6.6: Trapped electron relaxation times: a) Trapped electron photoemision intensity
at various times after injection. The data is tted by a single exponential decay. The inset
shows extraction of amplitude A (red) and peak area (blue) from raw data. b) and c) illustrate
the loss of photoemission signal from g, due to energetic relaxation (see main text for details).

Figure 6.6 b) illustrates the fact that this intrinsic relaxation time does not nec-
essarily correspond to thelifetime of trapped electrons. In this simpli ed picture 1
corresponds to the time it takes the trapped electron to relx back to the metal sub-
strate, which would correspond to its lifetime in a sense thathe system would relax
back to its initial state via this route. In contrast, » would correspond to further
energetic stabilisation of the trapped electron. c) shows liat this energetic relaxation
at the surface region can also lead to a disappearing photodssion signal: The probe
photon energy is not su cient for photoemission (the nal st ate is below the vacuum
energy Eyqc) if the trapped electron state stabilises too far towards the Fermi energy
(i.e. gains too much binding energy). Also, further relaxaion channels (e.g. laterally
within the ice layer) are not considered, but might play a role. The low signal-to-noise
ratio of the data does not allow to distinguish between thesepathways, therefore, the
e ective relaxation time  is not speci ed further.

Film thickness dependence
Because the trapped electrons reside at the ASW/vacuum intgface, changing the ad-
sorbed ASW coverage is equivalent to changing the distancefdhe trapped electron
sites to their energetically most favourable relaxation ctannel, the metal substrate.
To gain further insights into the main relaxation mechanism, pump-wait-probe mea-
surements have been performed for ASW Ims between 15 and 30IBthickness. The
extracted trapped electron relaxation times with respect to D,O coverage are shown
in Figure 6.7 a). has been extracted for each individual measurement (light ue
circle), as discussed in the previous paragraph and shown iRigure 6.6 a). Average
values are shown with error bars resulting from the spread othe data points (dark
blue squares).Within the error bars the relaxation time of trapped electrons
is independent of their distance to the metal substrate.

Figure 6.7 b) illustrates possible relaxation channels: Tuneling to the substrate as
a rate limiting process is clearly excluded, because an expential dependence on the
barrier thickness (i.e. coverage) would be expected. Also ave function overlap with
substrate states is improbable at these distances and a stngy coverage dependence
would be expected as well.
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Figure 6.7: a) ASW layer thickness dependence of trapped electron relaxatiotimes: Indi-

vidually measured values lifetimes (light blue circles) and average valuger thickness (dark
blue squares). The y-error bars are extracted from the spreadf measurements and the x-error
bars correspond to the estimated error of 4.3 % due to the bilayereference calibration. b)
lllustration of various relaxation pathways. See main text for details.

Hopping via bulk defect states or energetic stabilisation vithin the ice/vacuum in-
terface are two relaxation mechanisms that would show sign¢antly less or no coverage
dependence, as compared to e.g. tunneling. A mixture betweeboth, on a similar
timescale, might very well result in the observed e ective rdaxation times on the order
of 20 s. This would also explain the large spread of the data im): Exact preparation
conditions (Temperature, dosing pressure, purity of O, etc.) might in uence the
defect density and properties, which a ect the relaxation times more strongly than the
thickness of the ice layer.

Trapped excess electrons thatl reside 2 eV above the substrate Fermi energy,
2 are located at the ASW/vacuum interface and that 3 exhibit extraordinary long
relaxation times on the order of 20 s, are extremely relevanfor electron induced chem-
ical reactions [Ber09, Sal12]. They have the potential to be highly reactive, becausef
their exposed location at the vacuum interface and the enhaced reaction probability
due to their long residence times there.

In the next chapter their reactivity will be investigated fu rther. A signi cant change
of work function due to UV illumination of the system, not only results in peculiar
photoemission spectra, but is explained by excess electranduced generation of OH
within the dielectron hydrogen evolution reaction

6.4 Trapped electron induced chemistry at the
ASW/vacuum interface

The possibility to e ciently localize and trap charges at th e ASW-vacuum interface
paves the way for investigations of interactions of these esess charges with their envi-
ronment. Trapped electrons at ice-crystallites have been sed before to trigger chemical
reactions e.g. CFCk-dissociation [Ber09, S&12]. Due to their extremely long residence
times and location at the vacuum interface, the reaction cr@s section is enhanced.

In this chapter, it is shown that this is also the case for trapped electrons at the
ASW/vacuum interface. Electron-induced chemistry is obseved that modi es the sur-
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Figure 6.8: Photoinduced modi cation of the work function of D ,O/Cu(111): a) The relative
beam sizes of 4.6 and 6.2 eV beams used to modify and probe the wotanttion of the sample,
are indicated by the blue and violet circles. The low energy region of pbtoemission spectra are
displayed in the 2D plot with respect to nal state energy and probing position on the sample.
The red curve shows the spatial progression of the extracted w& function for this dataset.
In b) lineouts from a) at the positions indicated by the black lines and numbers, are shown.
The result of spatially averaging over various widths, indicated by the Gaussian curves at the
bottom of a) is displayed in ¢). Adopted from [Weg13].

face chemical composition of the ice layer itself. This leaslto signi cant changes of the
vacuum potential: A photon dose dependent, persistent, wdk function change of up to
1 eV is the result of a modi cation of the surface electronic sructure by the trapped
electron species. Thalielectron hydrogen evolution reaction[Barl11] is proposed, as the
underlying mechanism for OH generation that modi es the vacuum potential.

In addition, it is found that the change of work function a ect s the photoelectron
spectra in a very distinct way for photon energies close to tb sample work function.
This e ect is universal and is proposed to be observed in varios photo(re)active sys-
tems. Their peculiar e ect on photoemission spectra is desdbed very well by a simple
phenomenological model in Appendix G.

6.4.1 Spatially varying photoinduced work function change

The low-energy cut-o of spectra in photoemission spectrosopy is determined by the
work function of the investigated system, as the kinetic energy Ej, of photoemitted
electrons

Ewn=n h +(E Ef) ; (6.65)

with the order of the emission processn and photon energyh , has to be positive.
Even electrons with the lowest binding energies £ = Eg) are only emitted if the
photon energy h (or for higher order photoemission its multiples) is largerthan the
work function . The low-energy cut-o can therefore be used to directly determine
the work function of the investigated sample. A spatially dependent change of work
function is observed as follows: A high power (1.3 mW averagpower), large diameter
((FWHM =110 m)) beamwithh =4:6 eV is employed to populate trapped electron
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sites for a duration on the order of 3 minutes, as presented itsection 6.3. The impact
of those trapped electrons is then afterwards measured by sgially scanning over the
previously illuminated area with a very weak (600 nW averagepower) and smaller
(FWHM =25 m) beam with h =6:2 eV photon energy. The relative beam sizes are
indicated in Figure 6.8 a). In the false colour plot, photoenission intensity is shown
with respect to nal state energy E  Eg (i.e. the energetic position of the low energy
cut-o corresponds to the work function with respect to the Fermi energy) and the
sample position with respect to xed laser beam and photo-edctron analyser. The
large diameter 4.6 eV beam was centred at zero position. Theed dashed line indicates
the local work function of the sample and is determined by andysing the low energy
cut-o position for various line-outs 7. The shape of this distribution qualitatively
follows the 4.6 eV beam prole. The spatial resolution is on the order of the 6.2 eV
probe spot size (25 m).

Selected line-outs, as indicated by the black lines and numérs in a), are displayed
in b). An exemplary half rise position is sketched (red line3. The lineouts show
remarkably di erent low-energy cut-o positions and edge widths. 6 corresponds to a
lineout that has not previously been illuminated by the 4.6 e/ beam. A work function
of =4 :61 eV has been determined here. In the centre position of the.@ eV beam
(at 1), the e ective work function is =5 :16 eV, thus the 4.6 eV illumination has
increased the work function by more than 0.5 eV. The e ect on aeraged photoemission
spectra is illustrated by integrating over distinct spatial extents (indicated by the red,
orange and yellow Gaussian curves in a)) in ¢): Cut-o positons dier by 230 meV
between 100 and 300 m spot sizes and the edge width (20 % to 80 %) is not only
comparably large, but also di ers between 220 and 300 meV.

The importance of this observation is manifold:

Such a spatially inhomogeneous work function distributiona ects experimental

procedures: referencing to the low energy cut-o becomes motrivial as its po-

sition is only locally de ned. Often, the low energy cut-o i s used to determine
the experimental energy resolution of photoemission exp@nents. The appar-
ent resolution can therefore be underestimated due to a variyng work function

distribution, if the measurement averages spatially.

A photoinduced change of work function is a strong indicator for signi cant
changes in the surface electronic structure, which can be caed by photodes-
orption or other types of photochemistry. This means that the measurement
process is highly invasive and modi es the system.

Electron induced photochemistry at the vacuum interface ca be exploited to
enhance certain chemical reactions via the generation of &pped electrons.

A phenomenological model that describes the e ect of such a sially varying work
function distribution on low-energy photoemission spectoscopy is presented in Ap-
pendix G.

In the following Section, the underlying mechanism for thiswork function change
is addressed: The dielectron hydrogen evolution reactionsi proposed to generate OH

the half rise position was used as an e ective edge position
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that resides at the vacuum interface and thereby persisterly changes the surface dipole,
i.e. the work function.

6.4.2 Mechanism of work function modi cation in D »O/Cu(111)

To gain additional insights into the underlying mechanism o the persistent photo-
induced work function increase, observed in 15-30 BL amorptus D,O/Cu(111) at

low temperatures (40 K), the transient evolution (in real time) of the work function

change upon illumination is examined in detail. In experiments using only UV-light

with a photon energyh = 4:6 eV, the work function is at the same time modi ed and
probed, as discussed in Appendix G. A microscopic model, eXgining work function

change and decrease of trapped electron signal at the samente, is used to shed light
on the underlying mechanism in the following.
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Figure 6.9: Transient changes of photoemission spectra under UV-illumination:a) Photoe-
mission intensity (h = 4:6 eV) with respect to nal state energy and illumination time encode
in a false colour scale.is the e ective work function extracted from the low-energy cut -o.

b) Shows integrated intensity in the energetic region indicated by tte red box in a). The work
function change with respect to photon dose for indicated pulse egrgies is shown in c).

The spectral changes that happen upon illumination of a prevously non-illuminated
spot on the sample are summarized in Figure 6.9: Photo-elexin spectra with respect
to a nal state energy E  Efr and real time are shown in a 2D false colour plot in a).
The black line is the edge position (at half maximum amplitude) for the low energy
cut-o ’* of the 2PPE-part of the spectra and is a marker for the averagk ective

"The feature at 4.6 eV is due to 1PPE from spatial areas with a wo rk function lower than the photon
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work function ~ 7> One can clearly observe that under illumination the e ective work
function increases with time.

Furthermore, the trapped electron state er, previously identi ed in the energetic
region A, looses intensity. b) Shows the integrated intendy of this region with respect
to real time: It decreases on a similar timescale as the workuhction increases.

Both, work function increase and intensity decrease, are psistent and do not relax
back to their initial value, when the sample is left in the dark for hours. The trapped
electrons with lifetimes of tens of seconds can therefore m@nly cause the observed
changes by themselves, but must induce some permanent modiation in the adsorbate.

To gain additional information about the driving force for t he work function change,
intensity-dependent measurements have been carried out,aeh on previously not illu-
minated spots on the sample, i.e. under the same initial conitions. When plotted with
respect to the deposited photon dosed = | t (I = light intensity, t = illumination
time), the transient work function curves lie on top of each dher, as shown in Figure
6.9 ¢). This means that the work function increase depends dy on the photon dose,
i.e. is a linear with light intensity. In summary the observations are:

1 The amount of trapped electrons reduces.
2 The work function increases on the same timescale.
3 The photon dose determines the total work function change.

In Section 6.3.2 it was shown that the population of trapped dectrons within a
quasi-stationary limit ny is (Equation 6.62):

a N . _a
e N with s (6.66)

n, = t;Ilr!rl1 n(t) =

1 demands that ny becomes dependent on illumination time:n; ! nq (t). Under
the assumption that the population and depopulation cross ections (@ and b) stay
constant, this means that N must change with illumination time: N ! N (t)

As the quasistationary population (Equation 6.66) is reacted quickly, faster than the
experimental resolution of 1/4 s, and the photoinduced chage happens on a timescale
of many seconds it can be assumed that (in contrast to a modi ation of the underlying
rate equation 6.60)

ny ()= N() ; (6.67)

i.e. the amount of occupied trapped electron sites; (t) follows the change of the total
amount of available sitesN (t). The expression is still independent of light intensity,
contradicting 3: An increased uence does speed up the observed changes. lden
N (t) must become a function of light intensity | 7.

energy and is discussed in detail in Appendix G

SThe exact spatial work function distribution is neglected a t this point, as it would complicate the
analysis further. For details see sections 6.4.1 and G.

"8 The fact that the work function change depends on photon dose d = | t implies directly that it is
a function of t |
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6 SCREENED EXCESS ELECTRONS IN AMORPHOUS ICE:
TRANSMISSION, TRAPPING AND REACTIVITY

The work function of a system consists of at least two contrilutions: The crystal
potential  and the surface dipole barrierD = ep=¢9= € o gip= o [Leu03, Mon12]

€ 0 dip,
0

(6.68)

The photo-induced change of work function is then most likey due to a modi cation of

the latter surface dipole term, commonly observed when adsbing atoms or molecules.
Microscopic dipole moments are generated, due to charge trasfer [Ger70], ordered
adsorption of molecules with intrinsic dipole moment [Blu, Duh08] or both [Cril1l,

All03]. To irreversibly change the surface dipole in O/Cu(111) either some ordering
of the intrinsic water dipoles, or a chemical reaction leadng to a new species with
modi ed dipole moment (e.g. OD ) is needed.

Assuming that the change of work function is connected to thetrapped electrons
(2) it should have two contributions: 1. due to the negative chage of the trapped
electrons at the surface themselves, which is proportionato their population nq (t)
and 2. due to the amount of already modi ed trapping sites, proportional to Ng N (t)
(with Ng the initial amount of potential trapped electron sites before illumination):

wt(t)= A (No N())+ B np () (6.69)
=A No+ N({)[B A] (6.70)

The individual contributions to the total work function cha nge is unclear, as e ective
dipole moments are unknown. ParametersA and B are introduced that correspond to
the e ective weighting of both contributions.

The question then remains how the total amount of trapping stes is modi ed, i.e.
what is the underlying mechanism or, mathematically speaking, how does the number
of modi ed sites Ng N (t) depend on timet?

One possible electron-induced chemical reaction is the smalled dielectron hydrogen
evolution reaction’’ [Bar11]:

(D,0),2! (D20), 2(OD )2+D> (6.71)

In a doubly charged cluster of n water molecules, the two excess electrons induce
two covalent bond breaks in adjacent water molecules. Therdgy two hydroxide ions
(OD ) and one hydrogen molecule (B) are formed. If this reaction happens at the
ASW/vacuum interface and the hydroxide ions remain at the ice surface, this could
explain the observed permanent work function increase.

In line with this dielectron hydrogen evolution reaction(Equation 6.71) two electrons
are involved in the reaction. At least one of them has to be in atrapped state to
enhance the reaction, otherwise the work function change wdd be observed at any
ASW coverage and not only in thicker adlayers. Also the chang of trapped electron
signal strongly indicates their involvement. Figure 6.10 llustrates three possible ways
to realise such an electron “pairing' for this reaction. Thealready trapped electron is

" As a possible candidate for the slightly less speci ¢ bimolecular water reduction reaction, also called
hydrogen evolution disproportionation reaction or hydrat ed-electron bimolecular self-recombination
[Barll]. H is replaces by D, because heavy water was used in tle present experiments. While reactions
rates might change due to this replacement, no change of the gneral mechanism is expected.

150



6.4 Trapped electron induced chemistry at the ASW/vacuum interface

e/ oo

Figure 6.10: Dielectron hydrogen evolution reaction at the ASW surface. Possike scenarios,
involving two electrons, are: One trapped electron (red arrow) ineracts with: 1 an electron
in the ice conduction band (CB), 2 a subsequently trapped electron ¢, in the same trapping
site or 3 a subsequently trapped electron in any trapping site. Transfer rdes are indicated
(see main text for details).

indicated by the red arrow. A second electron arrives at the arface, most likely via
the ice conduction band (CB). Then, the already trapped eletron and ...

1 ...this second electron in the CB directly induce the reacton. The reaction rate
then is proportional to the excitation probability into the CB ( ¢g) and the laser
intensity |, as well as the number of already trapped electronsn; (t)):

N(t) = ce | ni(t) (6.72)
= 11 N() with 1= CB (6.73)
) N(t)= Cie 't (6.74)

The constants are combined with the reaction probability into a single rate
constant 1 and C; is determined by the initial conditions. Equation 6.67 was
used to transformny (t) to N (t), the total amount of trapping sites.

2 ...and an electron from the CB, subsequently trapped inthe samesite, induce
the reaction. The reaction rate then is proportional to the excitation probability
into the CB ( ¢cg) and the laser intensity | , as well as the trapping probability for
a second electron (T2) and to the number of trapped electrons f; (t)) squared,
i.e. once for the already trapped electrons and once for ther&pping of the second

electron:
N(t) = T2 N () cs | ni(t) (6.75)
= 2 I N (t)2 with: 2 = T2 CB 2 (676)
3 1
) N(t)= ﬁ (6.77)

The constants are combined with the reaction probability into one constant »
and initial conditions de ne C,.

3 ...and an electron from the CB, subsequently trapped inany site, induce the
reaction. The reaction rate then is the same as for2, except that the second
electrons trapping probability scales with all free sitesN (t) instead of only the
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6 SCREENED EXCESS ELECTRONS IN AMORPHOUS ICE:
TRANSMISSION, TRAPPING AND REACTIVITY

occupied sites (i1 (t)):

N(t) = T N() cs | np(t) (6.78)
= 31 N@{? with: = T cB (6.79)
_ 1
) N(t) = S 1t Cs (6.80)

As before, the constants are combined with the reaction prohbility into 3 and
initial conditions de ne Cs.

The solution for 2 and 3 vyield the same analytical form for N (t). With initial
conditions N (0) = Ng, the constants areC; = Ng and C, = C3 = 1=Np. Insert-
ing the solution N (t) into Equation 6.70 yields the expected change of work fungon
with time. The photoemission intensity from trapped electrons is proportional to their
number (Equation 6.67), also de ned by N (t). This means that one can t both ex-
perimental observations with the function X (t) = A+ BN (t) with the respective N (t),
corresponding to model 1, 2 and 3 and compare the results.

S a) -

g g

8 & 0
0.7 - 5.3
0.6 — data ] 52

5 model ¢ model

£05 — It — It 7] 51

& o residual @ residual S

204 L

% -. 5.0

£03r — It — It

JO o 4.9 o residual = residual
0.1 | | | 4.8 | | | | [

0 20 40 60 80 100 0 20 40 60 80 100
time (s) time (s)

Figure 6.11: Comparison of two model ts for transient changes of the ASW/vacuum interface,
based on the dielectron hydrogen evolution reaction (see main textor details). a) Shows the
global t to the decreasing trapped electron intensity and b) to th e increasing e ective work
function. Model A (red) assumes one trapped electron and one it is simply " ying by' initiates
the reaction, whereas model B (blue) assumes both electrons atepped. This analysis favours
model B, because the t residuals corresponding to B are smaller, i.ethe ts describe the data
better.

Figure 6.11 shows a comparison of ts to experimental data baed on the two
functional dependencies (modell and 2/ 3). a) Displays the decrease of signal from
er (black) and the t with model 1 in green and model 2/ 3 in red. The red curve
(model 2/ 3) is able to describe the evolution of the measured signal be&tr than the
green one. This becomes clearer when considering the resals of the ts (top part of
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6.5 Excess electrons in ASW: Long residence times enhanceaotivity

the graph). The dierence between data and t are shown in the respective colours.
The residual is smaller for model 2/ 3 and constantly close to zero.

b) Shows the change of e ective work function () and ts according to the two
models. Again the model corresponding to2/ 3 (red) describes the data better than
the one for 1 (green), even though the dierence is not as pronounced as in)a as
evident from the t residual shown at the top of the graph. The residual of the model
2/ 3 is only slightly smaller than the one of model 1.

Both ts favour the analytical function derived for model 2 or 3 over the one for
model 1. This means that the reaction is more likely to happen with two electrons
that are both trapped. Model 3 also includes interactions between arbitrarily distant
trapped electrons, hence2 might be the more reasonable choice. This is in agreement
with investigations of liquid water clusters [Barl1l], where also two electrons in one sin-
gle solvation cavity induce this reaction. The transient changes of photoemission
spectra are described well by a consistent model, based on the dielectron
hydrogen evolution reaction. Pairs of trapped electrons at the ASW/vacuum in-
terface react with pairs of D,O molecules, generating a pair of hydroxide ions and a
hydrogen molecule. This blocks electron trapping sites andhereby reduces their total
number N (t), which leads to a reduced occupationn (t) and therefore, a decrease of
trapped electron photoemission signal. At the same time thehydroxide ions at the
ASW/vacuum interface change the work function of the system

6.5 Excess electrons in ASW: Long residence
times enhance reactivity

Photoemission spectroscopy has been used to investigateri@us aspects and properties
of excess electrons in amorphous solid water (ASW). Figure.62 summarises the nd-
ings. The large band gap ( 8 eV) of ASW allows for a selective excitation of electrons
within the Cu substrate. A few of the exited electrons in the metal are transferred to
the adsorbate layer, i.e. true excess electrons are geneedat.

Solvated electrons that are stabilised due to screening ofhie polar environment
are used as a de ned, local electron source, to investigatehe mean free path (1) of
low excess energy electrons in ASW. A maximum value of 1@ is found, which must
stem from e ective scattering with phonons or defects, as eletronic states are too well
separated by the large band gaf?.

For thicker ice layers at coverages above 15 BL, a new specie§stabilised electrons
appears: Trapped electrons at the ice-vacuum interface 2) are observed for many
seconds after photoexcitation. Most likely surface defed stabilise and screen these
excess charges so e ciently that they can be observed for siiclong times. This is not
without consequence:

An electron induced chemical reaction, probably the dieletron hydrogen evolution
reaction, is observed at the ASW/vacuum interface, which transforms water molecules
into hydroxide ions and hydrogen molecules with the help of gair of trapped electrons

8Only a transient population of excess charges in the conduction band could provide electronic
scattering partners.
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6 SCREENED EXCESS ELECTRONS IN AMORPHOUS ICE:
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Figure 6.12: Summary of excess electron interactions within ASW: The mean fregath of
excess electronsl is found to be 10A. At the vacuum interface excess electrons are e ciently
trapped 2 on a timescale of many seconds. This increases the reaction crosscson and
hydroxide is generated e ciently via the dielectron hydrogen evolution reaction 3. The surface
electronic structure is modi ed by the accumulation of hydroxide at the surface 4.

(3). Such enhanced chemical reactivity is highly interestingin itself but also leads to
a modi cation of the surface electronic structure of the sysem:

The work function increases (4) by up to 1 eV due to this reaction. This work
function change depends on light intensity and is thereforespatially inhomogeneous,
following the beam pro le of the laser. This leads to speci cand universal signatures

in photoemission spectroscopy, described well by a phenomelogical model (Appendix
G).
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7 Summary & Conclusion

The present work focuses on the ultrafast electron dynamic# solids and the respective
role of screening of the Coulomb interaction. Screening is &ollective response of
charges that modi es the e ective interaction between thesecharges. The questions
how screening in uences electron dynamics and how one can dgmically in uence
screening are addressed by investigating three model systss. The role of screening
within these systems is outlined in the following, before a étailed description of all
experimental ndings is presented:

The (thermally and photoinduced) insulator-to-metal tran sition in Vanadiumdiox-
ide (VO») has been studied by means of time-resolved optical and phoemission spec-
troscopy. A change in screening due to photoholes in the vafee band of VO, is shown
to lead to a band gap collapse in the insulating phase, turnig the material into a metal,
before its crystallographic structure changes.

The modi ed screening of the Coulomb interaction in two dimensions is imestigated
in the two-dimensional electron gas (2DEG) at the SrTiOs/vacuum interface. Time
resolved photoemission spectroscopy reveals modi ed quigsrticle scattering rates and
distinct, two-dimensional, nal states.

Dipolar screening of excess charges in a amorphous solid wat(ASW, amorphous
ice) has been exploited to trap electrons at the ASW/vacuum nterface. Trapping for
at least tens of seconds allows these electrons to enhanceechical reactivity at the
surface of the ice layer.

While the screening of the Coulomb interaction is a universée ect that de nes
key properties in these three model systems, it is not the oml interesting aspect to
investigate. Hence, a more detailed overview of the results given in the following:

Instantaneous band gap collapse in VO  ,: Photoinduced change of screening
VO, exhibits a seemingly simultaneous electronic and crystatigraphic phase transition
from insulating monoclinic to metallic rutile structure. T his transition can, e.g., be
driven by temperature or ultrashort light pulses.

Especially the driving mechanism behind the photoinduced msulator-to-metal tran-
sition in VO, is still debated. The seemingly simultaneous transition ofthe lattice
structure raised the question which of both initiates the phase transition on an ultra-
fast timescale. This work contributes a signi cant amount of pieces to the puzzle: It
is shown that the insulating phase loses its band gap and laite potential symmetry
instantaneously with photoexcitation. This happens with the atoms still in their initial
monoclinic positions, i.e. is a purely electronic e ect. In fact the role of screening is
vital:

Photoexcitation across the insulators band gap generateshmtoelectrons and pho-
toholes. Especially the latter open up intraband-transitions within the valence band
that increase the screening of the Coulomb interaction to sah an extent that the band
gap collapses. This signi cant change in the valence eleatnic structure is likely to be
responsible for the instantaneous symmetry loss of the laite potential as well, because
it de nes the bonding between the atoms.

Further investigations would require a wider range of exciation densities, which
were limited by the type of sample in this work. Single crystds on conducting sub-
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7 SUMMARY & CONCLUSION

strates would allow for stronger photoexcitation. This and the investigation of di er-
ently grown samples could clarify the large spread of meased quantities and proposed
mechanisms in the literature regarding this intriguing sygem.

Screening and electron dynamics in two-dimensions: The SrTiO s/vacuum
interface

In two dimensions, electrons can screen the Coulomb interdion less e ciently, because
their ability to ‘'move’ is restricted in one spatial direction. This and the dierent
phase space for electron-electron scattering in two dimem@ns modi es the lifetime of
quasiparticles in such a system. How screening and phase gmaa ect quasiparticle
dynamics in the 2DEG at the SrTiO3 (STO) surface has been investigated by time-
resolved photoemission spectroscopy. Fermi-liquid thegr predicts correct lifetimes as
long as the electronic density of states (DOS) is constant. Mre localised bands at low
excess energies lead to increased scattering rates with pestt to those predictions.

Another aspect of the unoccupied electronic band structureof the STO surface,
two distinct nal states with the same two-dimensional character as the 2DEG, are
discovered. Dynamically, a transiently increased lling of the 2DEG from localised
in-gap states, was observed that relaxes on timescales of lkstic transport.

The screening in the 2DEG, and therefore the observed quasggticle lifetimes de-
pend on the carrier density. It would be interesting to vary this systematically (by
changing the oxygen defect density) and nd out if and at which carrier density Fermi
liquid theory fails to predict quasiparticle lifetimes. Al so, if the transient lling of the
2DEG could be increased even more, this could have a measufate ect on hot electron
lifetimes. A three pulse experiment could be performed: 1. ong near-IR excitation
increases the lling of the 2DEG from in-gap states, 2. Hot cariers are generated by
a second IR pump pulse and the hot carrier lifetimes after thesecond excitation could
be investigated. As these lifetimes depend on the screeniraf the Coulomb interaction
and, therefore, the carrier density, they could be “tuned' ly the excitation density of
the rst pulse.

Screened excess electrons in amorphous ice: transmission, trapping and
reactivity
The idea of the last investigation was to use dipolar screemg of excess charges in
amorphous solid water (ASW) to stabilise them to such an extat that they enhance
chemical reactivity. The electrons are literally trapped at the ice-vacuum interface
for at least tens of seconds. There, they enhance a chemicataction, most likely the
dielectron hydrogen evolution reaction, resulting in the litting of water molecules
into hydroxide (OD ) and hydrogen (D). The hydroxide ions stay at the surface and
change the work function of the system dramatically.

Apart from this enhanced reactivity, the mean free path of low-energy electrons
in ASW is estimated to be 10 A at maximum. This is very short and indicates a
strong interaction with defects and/or phonons, a result that is important in the eld
of radiation chemistry where interaction of secondary eletrons with biological systems
(that consist of water to a large extent) play an important role.

In the future, the study of the mean free path could be extendd for di erent ice
structures and sample temperatures. To substantiate the obervation of the dielectron
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hydrogen evolution reaction, an attempt could be made to detect the generated hydro-
gen.

These studies have contributed signi cantly to the understanding of electron dy-
namics considering the role of screening, and at the same tiep open up new pathways
for interesting future investigations. The initial drivin g mechanism of the photoin-
duced phase transition in VO, is found to be purely electronic, chemical reactions can
be enhanced at the ASW/vacuum interface and the 2DEG at the STO surface shows
interesting properties and its lling can be manipulated by light.

Given the conceivable concept of the general phenomenon o€reening, its large
impact on the properties of condensed matter is, in each paitular system, intriguing
and impressive.
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A Screening of a point charge

The electrostatic potential o(r) of an electron obeys the Laplace equation ( r) and

IS
e

4" or:
When additional mobile electrons with density (r) are present instead, The Poisson
equation has to be solved:

o(r) = (A.81)

(r)

n

0

(r)=1r E=

(A.82)

Within Maxwell-Boltzmann statistics (ignoring the Fermio nic character of electrons)
the particle density of these additional electrons depend®sn potential energy e ( r), if
N is the density of the unperturbed system, without the excesscharge:

e(n
n(r) = ngeke™ (A.83)

The change in charge density is themg n(r), generating a netcharge density

e(n) e’n (r)

= kg T 1
(r) eny eks Ko T

(A.84)

The rst order linear approximation can be inserted into the Poisson equation in spher-
ical coordinates A.82:

d? e?

With the Debye length p = ("okg T=nge?)172, this becomes:

d*(r(r) _r(n
dr2 2

(A.86)
D

When considering the boundary conditions (1 )=0and ( r! 0)= o(r) (Equation

A.81), this becomes:
e

R

which is the screened Coulomb potential of an electron (poinhcharge) that has the
form of a Yukawa potential. Using Maxwell-Boltzmann statistics is only correct for low
electron densities, or far away fromEg (i.e. in semiconductors). In the Thomas-Fermi
approximation, which considers the fermionic nature of eletrons, the Thomas-Fermi
screening length 1 replaces the Debye length p:

(r) e = o (A.87)

r—
2 n O E F
= A.88
i 3n 062 ( )

For further quantum-mechanically correct treatments refer to [Cha99].
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B EXPERIMENTAL SETUP FOR TR PHOTOEMISSION SPECTROSCOPY

)  ion gauge @) ion gauge

Phoibos|
100

gate valve
focusing

leak valve "Q
Ar, Xe, D,0, etc. AN

time dela

Figure B.1: UHV chamber: a) Sample is xed on cryostat and can be moved (along, vy, z)
and rotated (around z). UHV chamber for preparation (red) is separated from spectr@copy
chamber (green) by a gate valve. Overview of preparation chambeis shown in b): LEED
and QMS for characterisation, ion gun for single crystal surface peparation, PHD for D,0
adsorbate dosing. The spectrometer part is displayed in ¢): Phoib® 100 electron analyser and
incoupling window for focused laser pulses. Time delay control via lineatranslation stage is
indicated. See text for details.

B Experimental setup for TR photoe-
mission spectroscopy

Photoemission spectroscopy is performed inside an ultragh-vacuum (UHV) chamber
to avoid contamination of the sample surface, which could gjni cantly alter the pho-
toemission signal due to the surface sensitivity of the techique. On the other hand,
the sample surface has to be prepared by various procedurespmetimes involving
comparably high background pressures (e.g. sputtering wit Ar-ions, annealing un-
der Oj-atmosphere and dosing of adsorbates). To separate spectwopy from sample
preparation the employed vacuum-chamber is divided into twp parts, as shown in Fig-
ure B.1 a). Preparation (red) and spectroscopy (green) areeparated by a gate valve.
When the gate valve is open, the sample, which is attached to &quid He/N »-cryostat’®
(Cryovac), can be moved downwards (alongz) from preparation to spectroscopy com-
partment. The linear movement along x-, y- and z-axis and rotation around z is
controlled by a motorised manipulator. Computer-controlled stepper motors outside of
the UHV chamber move the cryostat and sample along with it.

A few key components installed in the preparation chamber ag shown in b). A
commercial LEED (low-energy electron di raction) apparatu s (SPECS) is used to char-
acterise sample surface crystal structure. Residual gas atysis and thermal desorption
spectroscopy (TDS) is performed using a quadrupole mass spteometer (QMS, model:
MKS satellite). The UHV pressure is monitored routinely via an ion-gauge.

For sample surface cleaning procedures (sputtering) an Abackground pressure can

" Temperatures around 90 K are reached when cooling with liquid N, liquid He enables cooling
down to 40 K.
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a b) TC-pin
) ) P — méﬁﬁaiion Figure B.2: a) Upper part

teryostatt of sample holder (Cu and gold

macor Mo plated Cu) is xed at the cryo-

nsulation stat. A transferable sample

Cu—0 Cu(l11) surface  Koat (Mo) is inserted along indi-
cated direction and xed via two

sapphire screws at the back (not shown).
T~ Electrical insulation is done via
macor® ceramics and sapphire
_ pieces. b) Sample boat with
Ta-wire Cu single crystal sample. Left

and right side of boat act as
\ electrodes for resistive heating

gold plated Cu via Ta-wires. Two thermocou-

Mo ple (TC) pins are used for tem-
\ ‘ﬁnsfer perature measurements. ¢) STO
Cu— \ sample is glued into a grooved

sto Cu-piece.

c)

be set via a leak valve and an ion gun (SPECS) ionises and aceehtes Ar-ions onto
the sample. Light molecules and gases can be adsorbed on thengple via a home-built
pinhole doser (PD). Gas enters the preparation chamber via & m diameter pinhole
followed by a 22 mm long metal tube [Deill]. The direct beam idblocked by a small
piece of tantalum behind the pinhole. Collision of moleculs with each other and the
walls of the tube ensure a homogeneous molecular beam [Mey11The complex gas
distribution system (GS), described in detail in [Deill], is used to provide pure gases
and adsorbates at de ned pressures. It is thereby possibleotadsorb distinct doses in a
very reproducible manner.

A turbomolecular pump (Pfei er, HiPace 700, not shown) is used to keep the prepa-
ration chamber at a pressure in the range of 1 10 1° mbar.

The spectroscopy part of the UHV system is routinely kept at abase pressure below
5 10 ! mbar by additional ion- and Ti-sublimation-pumps, which easily keep such
low pressures even when the gate valve is closed (i.e. the tuomolecular pump is
disconnected from that part). A Phoibos 100 (SPECS) hemisplrical electron energy
analyser is used in this spectroscopy part to acquire photaaission spectra. Light is
coupled in via a MgF, window. Focusing of pump and probe laser pulses with fused
silica lense&® and temporal delay via a linear translation stage and retroe ecting
arrangement of mirrors are set outside of the UHV system. Thetravel distance for
photoelectrons is minimised by an extended analyser entrate nozzle reaching close
(4 mm working distance) to the sample and is shielded from magetic elds by a -
metal shielding.

Sample holder and transfer A versatile sample-holder, which allows sample-transfer
into the UHV system, while providing controlled electrical contacts and allowing the
use of temperature sensors, was needed to e ectively invegiite di erent types of sam-

8 custom broadband anti-re ection coatings (Laser Componen ts) were employed to minimise losses.
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B EXPERIMENTAL SETUP FOR TR PHOTOEMISSION SPECTROSCOPY
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Figure B.3: Hemispherical electron analyser Phoibos 100: Photoelectrons et the analyser
through an adjustable lens system and entrance slit. Energy dispsion is introduced via two

hemispheres along the vertical axis, while conserving the emission gle (horizontal, non-energy-
dispersive axis). Analysed photoelectrons are ampli ed by a MCP andconverted into photons

via a phosphorous screen. A two-dimensional image is acquired by aissitive CCD-camera
(PCO sensicam QE), containing information about photoelectron erergy on one, and emission
angle on the other axis. Modi ed from [Deill)]).

ples. The sample-holder system described in [Hag09] ful Ithose requirements and was
therefore replicated.

A schematic drawing of the sample holder is displayed in Figte B.2 a): A cen-
tral copper piece is xed to the bottom of the cryostat. Two in dividually insulated
(sapphire was used for high thermal conductivity instead ofmacor® ceramics) gold-
plated Cu parts act as the slot for the transferable sample bat (which is crafted out
of Molybdenum for better thermal endurance and to avoid fushg).

A detailed schematic of such a sample-boat is shown in FigurB.2 b). It consists of
two electrically insulated Molybdenum parts, which thermally and electrically connect
to the two gold-plated Copper pieces of the xed sample holdein a). They act as
electrodes for resistive sample heating via two Tantalum wies, which are used to X
the sample mechanically to the boat. Two thermocouple (TC) fns connect to two
jacks on the bottom of the xed part of the sample holder. The sample temperature
can therefore be monitored over a wide range via thermocouplwires.

A di erently mounted sample is shown in ¢): SrTiO 3 (STO) samples can be prepared
for measurements by cleaving (i.e. breaking) them. Crashig the STO vertically into
a xed tool inside the UHV chamber exposes a clean surface fomeasurements. The
sample therefore needs to be attached rmly to a Copper pieceising conducting glue.
Resistive heating is not possible in this case.
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Electron analyser Phoibos 100 The probably most vital part of the setup is the
electron energy analyser Phoibos 100 (SPECS), which allonanalysis of photoelectron
energy and emission angle simultaneously, via a two-dimei@al detector. The system,
currently in use, has been described and characterised in E11].

A schematic view of the analyser is shown in Figure B.3. Photelectrons, emitted
from the sample surface, rst enter a lens system consisting@f several electrostatic lens
tubes. The lens system can be used to manipulate the projean of the photoemitted
electrons onto the entrance slit of the analyser, either coserving emission angle or
spatial position of emission. More importantly the photoelectrons are accelerated in
the lens system such that a certain moveable energetic winawocan be analysed.

The entrance slit size can be chosen via a magnetically cougdl hand-wheel to adjust
transmission versus energy resolution. The smallest podse slit (size: 200 m) was
selected for best energy resolution. The hemispheres act ascapacitor and generate a
radial electric eld E(r):

Vin Vout Rin Rout

E(r)=
) r2 Rout  Rin

(B.89)

The eld is de ned by voltages Vi, and radii Rj, o, Of of the inner and outer
hemisphere and energetic dispersion is introduced along éhradial direction, alongr.
The hemispherical geometry furthermore generates a focusj condition after passing
180 [Lwt01], such that an angular spread inr-direction behind the entrance slit does
not a ect the energy resolution. The energetically dispersé electrons are multiplied
locally by a multi-channel plate (MCP of chevron type) and the electron bunches are
subsequently converted into light on a phosphorous screentype P43, time constant

1 ms) [SPEa]. A highly sensitive CCD camera (PCO sensicam QEJ}ecords this
visual image of impinging electrons. The conversion from piel mg to kinetic energies
E follows [SPED]:

M
E = Eqn+ Del Epass M Ps(mg TE) (B.90)

The parameters Eyin and Epass de ne the energetic window that is simultaneously
detected and can be set via the computer-controlled power sply (SPECS HSA3500).
Del is the energetic dispersion due to the hemispherical anadger, M the magni cation
of the camera objective andPs the pixel size of the CCD chip. The latter three
constants are saved in the windows operating system registr le. The total range of
pixels Mg along the energy dispersive axis is adjusted by the data acdgition software
(National Instruments LabView), such that the acquired image is centred around the
middle of the screen, i.e. centred arouncE;, .81

The translation from pixel along the energetically non-digersing direction m to
emission angle is slightly less trivial. Due to chromatic aberrations inside lens system
and the hemispherical part of the analyser, the conversions non-linear and depends
on parametersEyj, and Epass.

Based on calculated electron trajectories, an image transfmation (called unwarp-
ing) may nevertheless be performed. For a certain set of paraeters, iso-angle lines can

8L A removable slit aperture at the analyser exit plane is used for calibration.
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C NONLINEAR OPTICS

Figure B.4: a) Raw
photoemission intensity
image in false colours
and exemplary iso-angle
lines (red,orange,yellow).
Magni ed portion of a) is

shown in b), as indicated / _— \
by the black square. See m,(E)!) A ||
text for details. m, m,(E!-1) m,(E,!) m,,(El+1)

L
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be calculated that describe how a constant emission angle diks after traversing the
analyser. The pixel (humber)m corresponding to the angle at energyE is given by
the second order polynomial:

m (E;r)= no(;r )+ ni(;r JE + no(;r )E? (B.91)

The coe cients n; depend on the retarding ratio r = Eyjn=Epass and are indirectly
provided by SPECS via another polynomial expression and irgrpolation, as described
in [SPEb]. Exemplary iso-angle lines are overlayed onto a i&-CCD image in Figure
B.4 a). Clearly the iso-angle lines (red, orange, yellow) daot follow a constant pixel
m along the angular direction.

One iso-angle line is calculated for each angle on the nal imge, to unwarp the
image. An algorithm traverses one iso-angle line and for e&cenergy E;, the pixel in-
tensities are averaged over in the horizontal directionw between neighbouring iso-angle
lines, as indicated in b). Proper weighting of intensities ased on the local density of
iso-angle lines is performed. Depending on the amount of amgar distortion, which sig-
ni cantly depends on the projected angular range de ned by the lens system, unwarping
has to be performed before further data analysi$?

C Nonlinear optics

This section recapitulates the most important concepts of mnlinear optics that are
used in this work. It is based on parts of the book "nonlinear ptics'[Boy08] and
A Femtosecond Laser Pulses' [Rul05]. Quantities like eletric elds and polarisations
are treated as scalar and, if applicable, complex quantitie for simplicity.

C.1 Introduction

If the electric eld strength E(t) of electromagnetic radiation is on the order of the
characteristic atomic eld strength of 5 10 V/m 83, the nonlinear terms in E(t) of

821n particular when angular dependence is discussed.
8Wwhile at the eld-strength, mentioned above, strong photoi onisation would make Equation C.93
invalid, already at lower light intensities nonlinear e ec ts start to play a role[Boy08]
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C.2 Second order e ects and conservation laws

the induced polarisation of matter are on the same order of mgnitude as the linear
one:

Pt)= o DEWM)+ QE?2(t)+ OE3)+ ::: (C.92)
PO+ PAO)+ PO)+ :::; (C.93)

The material response is now characterized also by higher der nonlinear optical sus-
ceptibilites ("D . The resulting nonlinear order polarisation componentsP ("6 (t)
act as a source term in the wave equation, adding new compon&nof electromagnetic

radiation:
?’E ()@FE _ 1 @pP(msl
dz2 2 @ o2 @*
The second order polarisationP @ (t) will generate new frequencies by mixing two
fundamental frequency componentsE;(t) = e " i, due to the quadratic dependence on
E(t). There are three waves involved altogether, hence the namthree-wave mixing.
Higher orders of P will subsequently add an additional wave component resultig for
example in four-wave mixing etc.

(C.94)

C.2 Second order e ects and conservation laws

Inserting two plane wave componentsE (x;t) = e "1t + e "2t + c.c. at a frequencies
I 1> into the second order term of Equation C.93, immediately leas to polarisation
contributions at the sum and di erence frequency! 3 =11 !5, corresponding to sum
and di erence frequency generation (SFG and DFG). Also the seond harmonic at 2 -,
is generated (SHG). In a particle picture two photons of enegy h! 1 and h! , create a
single photon of energyh(! 1 ! ), thereby ful lling energy conservation.

The analogy to momentum conservation in nonlinear optics cmes into play when
considering the spatial dependence of the propagating plaawave. The amplitude of
the newly generated components changes with propagation ate 'spatial frequency

k = ki + ko ks, which is called wavevector or momentum mismatch. Integraing
over the full propagation distance L yields an expression for the newly generated eld
component:

. kL
I3/ 11l5L%sinc? — (C.95)

As shown in Figure C.1 a), this expression is only non-zero fosmall arguments
kL=2. As the intensity |3 also scales withL?, this implies small k for e ective
an wave mixing process. In a particle picture this k = 0 corresponds to perfectly
ful lled momentum (wavevector) conservation. In terms of plane waves it corresponds
to a situation where all waves included in the mixing processare in phase, hence the
name phase-matching condition. As the refractive indexn(! ) and therefore also the
wavevectork(! ) usually increases with frequency (normal dispersion) in anon-resonant

situation, the phase matching condition for SFG,

ki + ko = k3 (C.96)
n(' )l 1+ n(t2)! 2= n(!3)! 3 (C.97)
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C NONLINEAR OPTICS
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Figure C.1: a) Intensity dependence on wavevector mismatch according to Heption C.95.
b) Phase matching condition in BBO for SFG of 800 nm and 400 nm photas, normalized to

o = 800 nm: For the left hand side of Equation C.97 (green curve) the odinary refractive
index no( ) applies, as the polarisation of the fundamental waves at 800 and@D nm is chosen
perpendicular to the plane of propagation direction and optical axis If the resulting sum
frequency would also see the ordinary refractive index (dashed ange curve), the two curves
would not intersect, meaning that the phase-matching condition cainot be ful lled. If on the
other hand the e ective extraordinary refractive index, according to Equation C.98, (red curve)
applies, the two curves cross at =44:3 . This means that the resulting SFG photons will be
polarized perpendicular to the two fundamentals.

can only be ful lled by using mixed polarisations and birefringent non-linear optical
crystals. Angle-tuning of the optical axis then changes thee ective refractive index
ne (; ) atthe angle between propagation direction and optical axs, , according to

S

co< sin?

Ne (; )= m‘*@ (C.98)

Plotting the left- and right-hand side of Equation C.97 with respect to directly yields
the phase matching angle at the point, where the two curves @ss, as displayed in Figure
C.1 b) for a BBO-crystal. The phase matching condition is metat an angle =44:3
if the fundamental (800 nm and 400 nm) beams are polarized peendicular to the
optical axis of the BBO, while the resulting SFG beam will be polarized perpendicular
to the fundamental beams.

When leaving a collinear geometryk becomes a vector and the calculations get more
complicated, but the overall concept remains the same. Usig a non-collinear geometry
is especially helpful for broadband optical-parametric anpli cation as described in [].

C.3 Third order e ects

According to Equation C.93, the induced polarisation in certrosymmetric media (i.e.
@) = 0) for a plane wave E(t) = E(! )e "t +c.c. after dropping the complex conjugates
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C.3 Third order e ects

is:
P(t) 1 itt 3 2 itt 3, i3l
—Z2= DE@)e™ + G 3EGMIE (e +E()% (C.99)
0
= DO+3iEM)PE @ E@)e™ + GF(@)3 3 (C.100)
= ¢E()e™ + Q@E(@)% ™ (C.101)
with o = @ +3jE())2 @ (C.102)
After dropping the third harmonic part (e.g. because phasematching conditions are
not ful lled), identifying jJE(!)j° = I, usingn? =1+ . and dropping some higher
order contributions, linear (ng) and nonlinear (n,) parts of the refractive index
q
np= 1+ @ (C.103)
3 0 C.104
n; = 2N (C.104)

will justify the de nition of an intensity dependent refrac tive index of the form
n(l) = ng+ nal: (C.105)

Equation C.105 can then be used to explain several third ordenonlinear e ects, e.g.
Kerr lens e ect and self-phase-modulation.

C.3.1 Kerr lens e ect

The spatial intensity dependence of a laser beam can be asseahto be Gaussian (r) =
loe e According to Equation C.105 this means that the refractiveindex in the centre
of the beam is higher than in the wings and in fact follows the Gussian intensity
distribution. This has the same e ect on the propagating waveront as a convex lens,
only that the optical path is increased towards the centre ofthe beam by the increasing
refractive index n(l) instead of the increased propagation distance through thenedium
(i.e. the centre part of the lens). The Kerr lens e ect is also trmed self-focusing.

C.3.2 Self phase modulation

Self phase modulation can be understood in a similar fashiomas the Kerr lens e ect,
but assuming a Gaussian intensity distribution of the laserpulse in time | (t) = Ige .
An optical pulse propagating along the positive x axis, can e written as

E(x;t) = P 1(t)et ot k(X (C.106)

with
k(t) = %On(t) (C.107)
| Fo+ Aol (1) (C.108)

167



D EXCITATION DENSITY IN VO -
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Figure C.2: Self phase modulation: a) Electric eld (red) and intensity envelope @reen) of
a transform limited Gaussian laser pulse. b) Self phase modulation leadto a modi cation of
the electric eld waveform (orange), while leaving the intensity envdope (blue) intact. The
instantaneous frequency (black) varies with time: the pulse is chirgd. c) spectral intensity of
original laser pulse (red) from a) and self phase modulated pulse (ange) from b).

The temporal phase of the oscillation becomes €)= ! gt RgX HRAalge t* and from
that the instantaneous frequency! (t) = @( t)=@ftan be calculated:

L (t)= ! o+2tRsloe ¥ (C.109)

A visualisation of the e ect on pulse and spectrum is given in Hgure C.2. A Gaussian
laser pulse (oscillating electric eld and intensity envelope) is displayed in a). Adding
the e ect of the intensity dependent refractive index leads to self phase modulation
as depicted in b). When neglecting dispersion e ects due to pspagation the intensity
envelope keeps its temporal shape. Fourier transforms of thpulses from a) and b) are
displayed in ¢) and clearly show a spectral broadening due tself phase modulation.

D Excitation density in VO

Calculating excitation densities is no trivial task, not because the calculations are dif-
cult, but because experimental parameters (e.g. spot sizgpossess rather large error
margins and often it is unclear under which assumptions ext¢ation densities are cal-
culated. To minimize uncertainties the calculation for the excitation density in VO , is
outlined here:

The absorbed light intensity dl over a distance & is proportional to the incident
intensity |, the absorption coe cient  and the distance z (yielding the Lambert-Beer
law):

d= 1 dz (D.110)

To calculate the amount of photons absorbed per unit cellN in the surface layer of
VO, the incident uence in mJ/cm 2 is converted to number of photons [n] (800 nm or
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1.55 eV) per unit cell [uc] and inserted in Equation D.110:

6:25 10' [eV/mJ] 2 2
155 [eVin] F [mJd/cm~“] A [cm“/uc] [L/nm] dz [nm]

(D.111)

For the (010) surface of VO, the monoclinic unit cell has a surface area of 26.082 =

26:05 10 % cm? [Eye02], the absorption coe cient at 800 nm is = 0:01 1/nm

[Gav72] and the unit cell dimension in surface normal diredbn is dz = 0:453 nm

[Eye02], therefore:

N [n/uc] =

N [n/uc] = 0:048 [cnf n/mJ uc] F [mJ/cm?] (D.112)

As inhomogeneity of surface and interface e ects do not allowfor precise calculations of
absorbed photons in the real system, thencident uence is used as a maximum limit
for calculated absorbed photon density. It is based on indepndent in-focus spot size
(FWHM) measurements, using a CCD-camera (Ophir Spiricon SB20U with 4.4 m

pixel spacing), and incident power measurements, using a #rmopile power detector
(Newport). If the photon energy is su cient to excite above gap, the number of ab-
sorbed photons is equal to the number of excited electrons ithe conduction band.

This approach allows for comparison with other experimentsand yields an upper limit

for the real deposited excitation density.

E Photoemission data treatment from
Section 4.2.3

As mentioned in Section 4.2.3, great care was taken when analing the photoinduced
change of photoemission signal during the thermal phase trasition in VO ,. This section
describes the steps of data treatment that lead to Figure 4.8. As a clearest possible
representation, the data (Figure E.1) is displayed with regpect to the acquisition number
of each photoemission spectrum.

The data was acquired continuously during heating (shown) ad cooling (not shown)
by measuring alternately at a delay =+1 (pumped) and = 1 ps (unpumped) for
500 ms each. "Pumped' means that the probe pulse arrives 1 p$ter the pump pulse
and ‘unpumped' the opposite order. The resulting raw data fo the pumped case (same
visual appearance as for the unpumped data set) is shown in Bure E.1 a) in a false
colour scale with respect to acquisition number and kineticenergy (The energy axis is
shifted arbitrarily at this point and will be xed to a spectr oscopic signature during
later steps). Fluctuations of intensity (due to a thermally induced movement of the
sample during heating) and charging (shift of the intensity along the energy axis) are
observed.

The temporal ordering of pumped (P) and unpumped (U;) acquisition cycles is
precisely P, Uy, P2, Uy, P3, etc. during the measurement { is the number of acquisition
cycles). To obtain the change induced by the pump pulse, unpmped spectra have to
be subtracted from pumped spectra. Two obvious choices aregssible without any
raw data treatment: P; minus U; or the opposite way around Rs; minus U;j. The
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E PHOTOEMISSION DATA TREATMENT FROM SECTION 4.2.3
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Figure E.1: Raw data treatment for Temperature dependence of photoindued changes in
VO,: a) Shows raw data, b) shows photoinduced change after interdating pumped and

umpumped acquisition to a common point in time (see text for details). ¢) and d) shows
datasets from a) and b) after correction for charging induced shits. Averaged (over the region
indicated by the yellow box in c¢)) spectra for unpumped (blue) and punped (red) situation.

The unpumped spectrum is shifted (grey) to indicate that such a rigd shift generate the red
(pumped) spectrum.
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rst choice subtracts unpumped background, measuredafter the pumped spectrum,
the second onebefore the pumped spectrum. Both choices result inthe samecontrast
as shown in b): An intensity increase (red) at higher energie and a decrease (blue) at
lower energies, at acquisition numbers between 160 and 25€hét is the thermal phase
transition region, shown in Figure 4.25). The intensity change displayed in b) is in fact
determined even more accurately by rst interpolating P; and U; to an intermediate
time between them. This is possible, because the exact timef smeasurement is recorded
for each acquisition. Via this analysis and the fact that raw data subtraction for two
di erent time orderings results qualitatively in the same ph otoinduced intensity change
excludes shifts due to charging as a reason for the observedrdrast (In the case of
slow charging the sign of the contrast would change).

To correct for sample chargingafter this background subtraction procedure, the
secondary edge (low-energy cut-o ) was determined from oneaw dataset at each ac-
quisition. The raw data spectra in a) and also the intensity cdhange spectra in b) were
then shifted accordingly, based on thissingle value for each acquisition. These shifted
datasets are shown in ¢) and d) respectively.

To further exclude rigid photoinduced shifts on a single acgisition timescale, pumped
and unpumped raw data is averaged over 10 aquisitions (indieted by the yellow box
in ¢)) and compared in €). The blue curve is from the unpumped dtaset and the
red one from the pumped one (both are interpolated to a commortime, as described
above). It is clear that the red curve is not just a rigidly shifted replica of the blue
spectrum, but two distinct e ects are observed: a change in seondary edge position
(i.e. a work function change) and an photoinduced increasetahigher energies &0 eV).
To illustrate this, a shifted replica of the blue (unpumped) curve is displayed (grey),
such that the low-energy cut-o coincides with the red curve. Still the red (pumped)
curve shows a higher intensity at most energies. This analys clearly shows that the
photoinduced increasein the phase transition region (see Section 4.2.3 for the actual
temperature dependence) below the reference Fermi energgt(0.6 eV in ¢) and d)) is
a real increase of density of states, not just an artefact.

F Space charge e ects

In photoemission spectroscopy, as soon as there is more thame electron emitted by
an ultrashort laser pulse, the repulsive Coulomb interacton between emitted electrons
has to be considered. While the proper treatment is a numerial simulation of electron
trajectories, describing the real experimental conditiors accurately, some qualitative
aspects are considered here. Systematic experimental antdoretical investigations are
for example presented in [Gral0O, Hel12, Hel09].

Photoelectrons, emitted with kinetic energy Eying, are accelerated by the potential
di erence, between sample and analyser work function, plus kas voltage +  Upjas,
during their ight path of 4 mm, before they enter the analyser. They are spatially
densest, in the initial time after emission and disperse at dter times, due to their
di erent velocities. Only this initial region is therefore c onsidered in a simpli ed plate-
capacitor scheme. This is illustrated in Figure F.1 a):

A spatially thin disk of electrons (blue shaded ellipse) is enitted at time t;, when
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F SPACE CHARGE EFFECTS
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Figure F.1:

space charge interaction is generally strongest. After prpagation in vacuum at time

t2, the electrons have dispersed, due to their kinetic energy idtribution and Coulomb

repulsion. As a rst extreme case, we start with no Coulomb irteraction and consider
the density of the electron cloud (in one dimension) to estinate the strength of space
charge broadening. Textbook physics yield:

F=m a (F.113)

=r V (F.114)

= gE (F.115)

Integration of the equation of motion and writing the electric eld E = V=qdin terms

of the potential drop V over the distanced gives the trajectory

]
\ 2+ 2Eino

t; F.116
2dme Me ' ( )

X(t; Exino) =

where the rst term captures the acceleration by the potential V and is constant for all
photoemitted electrons, and the second term captures the itial conditions (initial ki-
netic energy upon photoemission). The distance x(t; Eyin) between two photoemit-
ted electrons, possessing an initial kinetic energy dierene Eyin = Ekin2  Ekin1 IS
therefore:
Os r 71
2(Exin +  Egin) 2Ekin o
Me Me

X(t; Eiint; Ein)= @ (F.117)

Assuming a spectral bandwidth of 1 eV for photoemitted electons, a bias voltage
of 1 eV over a sample-analyser distance of 4 mm and a emissiopa size of 50
(FWHM), the total separation in z-direction is as large as the spot diameter (i.e. 50 m)
after t, = 84 ps. This con rms our initial assumption that only small t imes have to
be considered. The photoelectrons starting withEy, = 0 eV have then travelled to
z1 = 0:2 m, while the fastest ones withEyj, =1 eV are at z, =50:2 m.

In Figure F.1 b) the change of spatial separation with propagtion time for pairs of
electrons with kinetic energies ofEyn1 and Exn1 + 50 meV is displayed. Clearly low
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initial energies lead to a large separation (i.e. lower denty). From this consideration
one can argue, that faster electrons are a ected more stronglby vacuum space charge
broadening than slower ones.

Of course switching o the Coulomb interactions might be corsidered a very crude
approximation, especially when discussing an e ect based oit. Therefore we now
switch o the propagation and discuss the other extreme: Thephotoelectrons are space
charge broadened only at timetq, initially after emission. All electrons, no matter
which initial kinetic energy they possess, will interact ard repel each other. But no
acceleration due to the bias voltage has happened yet, so thelowest electrons with
Exn = 0 eV could be pushed back an reabsorbed by the sample. Againpace charge
e ects would only be visible at energiesEy, > 0. A decreased shift of the low-energy
cut-o would be expected.

Reality probably is situated between those two extremes, buwould only be acces-
sible by means of complex numerical simulations including g. image charge e ects.
This is beyond the scope of this Appendix. Nevertheless quiatively it seem that high
energy features in photoemission spectra might be in uencg more strongly by vacuum
space charge e ects, than e.g. the low energy cut-o .

For dynamic vacuum space charge e ects observed in [Leull], aharacteristic
timescale on the order of 100 fs has been reported at metal daces.

Estimated detection e ciency of hemispherical analyser investigating STO
In this paragraph an upper and lower estimate for emitted phdoelectrons per laser
pulse is given, for a specic experiment on STO (see Section.8). Two geometric
considerations can reduce the ratio between detected and dtted electrons: If pho-
toelectrons are emitted equally over a half solid angle o = 2 (neglecting any band
structure). The detection cone (in LAD analyser mode) with apex angle 2 = 16
yields a solid angle of 1 =2 (1 cos())) = 0:061 sr. The ratio between the two is
1 102

The employed analyser entrance slit has the dimensions of 20 mm?, where the
width of 20 mm corresponds to the apex angle of approx 8 and therefore restricts
transmission further in one direction. This reduces the degction e ciency by a factor
of L2 10 2.

Combining both e ciencies in a worst case estimate yields =1:2 10 * detected
electrons per emitted electron. A more optimistic estimateassumes uniform emission
into the detection cone ( 8 ), but no signi cant emission into the rest of the vacuum
half-space. Only the reduction due to the slit of =1:2 10 2 has to be considered
then.

To translate this into meaningful numbers, for the investigations of the SrTiO3 sur-
face, a single electron counting algorithm was employed to realyse camera pictures,
delivered by the 2D electron analyser (Phoibos 100 and Ser@am QE) in real time.
For a moderate incident uence of 1.7 J/cm? (photon energy 4.6 eV, i.e. single pho-
ton photemission), 0.27 electrons per laser shot are deteetl on average. The worst
case scenario then yields 2250 and the optimistic one 22.5 é@ied electrons per shot.
(Corresponding to 1300 and 13 emitted electrons per J/cm 2).
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G WORK FUNCTION DISTRIBUTION AND EFFECT ON
PHOTOEMISSION SPECTROSCOPY
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Figure G.1: a) Schematic view of a work function distribution (red) that crosses the pho-
ton energy (h ) and resulting in one- and two-photon-photoemission processesb) Shows a
measured photoemission spectrum (green markers, h= 4:63 eV) and the result of a model
calculation (red curve, model described in the text) agree very wi in the low energy region.
Single- (blue) and two-photon (brown) contributions of the model are separately shown in c).
The underlying work function distribution with respect to the laser in tensity in the Gaussian
beam pro le is displayed in d). Adopted from [Weg13].

G Work function distribution and ef-
fect on photoemission spectroscopy

In Chapter 6 it has been shown that a spatial work function didribution leads to an
e ective shift and broadening of the low energy cut-o of photo-electron spectra, when
photon energies are larger than the work function distribuion (h > ). For photon
energies on the order of the work function distribution (h ), the resulting photoe-
mission spectra exhibit a very peculiar shape, as both singt and two-photon-processes
can mix.8* Such a situation is schematically shown in Figure G.1 a): At aposition X,
where ( x) is smaller than the photon energy h , single photon photoemission (1PPE)
is energetically possible, whereas at positiong, where ( x) > h , two photons are
needed to photoemit (2PPE) an electron even from the most weldy bound states (i.e.
at the Fermi energy). A mixture of both processes is detected The phenomenological
model to describe such mixing and predict the resulting specoscopy is simple:

Under the assumption that the work function modi cation dep ends on photon
dose or light intensity, a work function prole ( r)is calculated from the laser
beam intensity prole I(r). Dierent functional dependencies f re ect di erent

84 Short laser pulses, exhibiting high enough peak intensities and therefore supporting non-linear two-
photon processes are a requirement for such a behaviour, whih is usually met by time-resolved 2PPE
and laser-based time-resolved ARPES sources.
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underlying mechanisms: (r) = f(1(r)). An exemplary work function pro le,
calculated from an intensity prole | of a 4.6 eV beam via

|
(= ot maxijiee ; (G.118)

is shown in Figure G.1 d). In this case,l is the normalized radial Gaussian light
intensity (1(r) = e re= ) that generates a work function pro le starting at ¢
and saturating at o+ max -

A density of initial states DOS(E) and some photoemission cross section or trans-
mission function T (E) has to be assumed, re ecting the energy dependence of the
emission process.

The resulting “spectrum' DOS(E) T(E) is shifted up (i.e. to higher energies)
from the initial state energy by the photon energy h for 1PPE(E) and by two
times h for 2PPE(E), to get to the nal state spectra.

Both contributions are convolved separately with the enery bandwidth of the
laser.

For each work function ( r) the low-energy side of the spectra are cut at the
respective position of , yielding 1PPE(E; ) and 2PPE( E; ).

It is numerically integrated over r, assuming a linear intensity dependence for
1PPE and a quadratic one for 2PPE contributions. The global ratio between
1PPE and 2PPE is a free parameter and depends on various corttins (laser
uence, cross sections, etc.). The 2D character of the lasdseam is accounted for
by an additional weighting by the illuminated area, which is proportional to the
radial position r.

Finally the resulting spectrum is convolved by the energetc resolution of the
detection apparatus.

Neglecting the mentioned convolutions for simplicity, the total yield Y (E) is
Z,
Y(E) = 1PPE(E; (r))I(r)+ 2PPE(E; ( r))I2(r)) rdr (G.119)
0

For the case of the investigated system, PO/Cu(111), a constant initial DOS multi-
plied by a Fermi distribution function (metal substrate) an d an exponentially decaying
transmission function T(E) / e E was assumed. The latter is due to the transmission
of secondary electrons, that constitute the signal at low eergies, through the 20 BL
thick D ,O layer and describes the typical shape of inelastically sdtered electrons for
low kinetic energies fairly well [All03]. Model calculation and experimental data are
compared in Figure G.1 b): A remarkable agreement at the low mergy side of the
spectrum is achieved, in spite of the simplicity of the model The deviation at higher
energies is due to the trapped electron stateer, discussed in the previous chapter,
which is not included in the model.
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G WORK FUNCTION DISTRIBUTION AND EFFECT ON
PHOTOEMISSION SPECTROSCOPY
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Figure G.2: Variation of model parameters: a) laser spot pro le and resulting work function

distribution for the functional dependence Equation G.118 b). c¢) $iows calculated spectra for
di erent maximum work function changes max - In d) the parameter is varied and resulting
spectra are shown for a photoinduced increase and decrease of A linear relationship between
beam intensity pro le and work function change yields qualitatively similar spectra, displayed
in d). Adopted from [Weg13].

Figure G.1 shows the two contributions leading to the pecular peak like structure
at the low energy side of the spectrum: A small contribution,where < h , generates
a photoemission spectrum dominated by a narrow single photo contribution (1PPE).
A more continuous spectrum, exhibiting a very broad low-enegy edge, is generated
via two-photon processes (2PPE). The exact shape of the workunction distribution
depends of course on the underlying mechanism of work funa change, but a gen-
eral peak-like structure below the broadened low energy cub is very robust against
modi cations.

This is veri ed by changing the functional dependence betwen laser intensity and
work function change, while initial DOS and transmission function are kept xed (as
described in context of Figure G.1): Figure G.2 a) shows a calllated Gaussian intensity
pro le of the laser beam. Using Equation G.118, an exemplaryspatial work function
pro le is calculated and displayed in b).

Variation of max tunes the gap between peak like structure (1PPE) and e ective
low-energy edge of continuum (2PPE), as can be seen in Figur€.2 c). The larger
the maximum change of work function, the wider the gap. It is noteworthy that the
maximum work function ( o + max) Of the system is found at the top of the edge
and not at the half-rise position, which is commonly used to aétermine the energetic
position of the low-energy cut-o .

In d) the parameter is varied, which tunes how quickly saturates with laser
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intensity. In addition to a photoinduced work function incr ease (red-yellow curves),
the inverse process, a photoinduced work function decreagelue curves), is modelled
as well. The peak-like structure from 1PPE is visible in all traces, whereas the gap
is only visible for a photoinduced work function increase ad gets more pronounced
for steeper (1), i.e. larger . e) Shows calculated spectra, when assuming a linear
dependence between light intensity and work function chang again for a photoinduced
increase (red, yellow) and decrease (blue). Both exhibit a ak at low energies as well as
a gap-like structure. The measured spectral data from photemission experiments on
D,0/Cu(111) is described remarkably well by this simple phenanenological model.

177



G WORK FUNCTION DISTRIBUTION AND EFFECT ON
PHOTOEMISSION SPECTROSCOPY

178



REFERENCES

References

[Ahn03]

[Aiu02]

[AIf70]

[AIf08]

[AII03]

[Ang84]

[Arc07]

[Ash76]

[Bab03]

[Barll]

C. H. Ahn, J.-M. Triscone, & J. Mannhart. Electric eld e ect in correlated
oxide systems Nature 424, 6952, (2003) 1015. URLhttp://dx.doi.org/
10.1038/nature01878 .

Y Aiura, | Hase, H Bando, T Yasue, T Saitoh, & D.S Dessal. Photoemission
study of the metallic state of lightly electron-doped SrTiO3 Surface Sci-
enceb15, 1, (2002) 61 . URL http://www.sciencedirect.com/science/
article/pii/S0039602802017843

R. R. Alfano & S. L. Shapiro. Emission in the Region 4000 to 7000A Via
Four-Photon Coupling in Glass Phys. Rev. Lett. 24, (1970) 584. URL
http://link.aps.org/doi/10.1103/PhysRevLett.24.584

R. R. Alfano. The Supercontinuum Laser Source Springer, Berlin, 2006.

Dana M. Alloway, Michael Hofmann, Darrin L. Smith, N adine E. Gruhn,
Amy L. Graham, Ramon Colorado, Vicki H. Wysocki, T. Randall L ee,
Paul A. Lee, & Neal R. Armstrong. Interface Dipoles Arising from Self-
Assembled Monolayers on Gold: UV-Photoemission Studies dflkanethiols
and Partially Fluorinated Alkanethiols. The Journal of Physical Chemistry
B 107, 42, (2003) 11690. URLhttp://pubs.acs.org/doi/abs/10.1021/
jp034665%2B

C. A. Angell & V. Rodgers. Near infrared spectra and the disrupted network
model of normal and supercooled waterThe Journal of Chemical Physics80,
12, (1984) 6245. URLhttp://scitation.aip.org/content/aip/journal/
jcp/80/12/10.1063/1.446727

E. Arcangeletti, L. Baldassarre, D. Di Castro, S. Lupi, L. Malavasi, C. Marini,
A. Perucchi, & P. Postorino. Evidence of a Pressure-Induced Metallization
Process in Monoclinic VO,. Phys. Rev. Lett. 98, (2007) 196406. URL
http://link.aps.org/doi/10.1103/PhysRevLett.98.1964 06.

Neil W. Ashcroft & N. David Mermin. Solid State Phyiscs Brooks/Cole,
Cengage Learning, 1976.

Daisuke Baba, Tohru Higuchi, Hirofumi Kakemoto, Yoshinori Tokura, Shik
Shin, & Takeyo Tsukamoto. Unoccupied Electronic State of Lightly La-Doped
SrTiO 3 Observed by Inverse-Photoemission Spectroscapyapanese Journal
of Applied Physics 42, 7B, (2003) L837. URL http://stacks.iop.org/
1347-4065/42/i=7B/a=L837 .

Robert N. Barnett, Rina Giniger, Ori Cheshnovsky, & Uzi Landman. Dielec-
tron Attachment and Hydrogen Evolution Reaction in Water Clusters. The
Journal of Physical Chemistry A 115, 25, (2011) 7378. URLhttp://dx.
doi.org/10.1021/jp201560n . PMID: 21595455.

179



REFERENCES

[BauQ7]

[Ber69]

[Ber09]

[Bia81]

[Bie05]

[BIu0O]

[Bon0O]

[BonO6]

[Bov03]

[Bov09]

180

Peter Baum, Ding-Shyue Yang, & Ahmed H. Zewail. 4D Visualization
of Transitional Structures in Phase Transformations by Electron Dirac-
tion. Science318, 5851, (2007) 788. URLhttp://www.sciencemag.org/
content/318/5851/788.abstract

C. N. Berglund & H. J. Guggenheim. Electronic Properties of VO2 near
the Semiconductor-Metal Transition. Phys. Rev. 185, (1969) 1022. URL
http://link.aps.org/doi/10.1103/PhysRev.185.1022

Mathieu Bertin, Michael Meyer, Julia Stahler, Cornelius Gahl, Martin Wolf,
& Uwe Bovensiepen.Reactivity of water-electron complexes on crystalline ice
surfaces Faraday Discuss.141, (2009) 293. URL http://dx.doi.org/10.
1039/B805198D

A. Bianconi, S. Stizza, & R. Bernardini. Critical behavior of the plasmon
resonance at the metal-insulator transition in VO,. Phys. Rev. B 24, (1981)
4406. URL http://link.aps.org/doi/10.1103/PhysRevB.24.4406

S. Biermann, A. Poteryaev, A. |. Lichtenstein, & A. Georges. Dynam-
ical Singlets and Correlation-Assisted Peierls Transition in VO,. Phys.
Rev. Lett. 94, (2005) 026404. URLhttp://link.aps.org/doi/10.1103/
PhysRevLett.94.026404 .

Hendrik Bluhm, Takahito Inoue, & Miquel Salmeron. Formation of dipole-
oriented water Ims on mica substrates at ambient conditiors. Surface Sci-
ence462, (2000) L599 . URL http://www.sciencedirect.com/science/
article/pii/S0039602800005951

Mischa Bonn, Daniel N. Denzler, Stephan Funk, Martn Wolf, S.-Svante
Wellersho, & Julius Hohlfeld. Ultrafast electron dynamics at metal sur-
faces: Competition between electron-phonon coupling and telectron trans-
port. Phys. Rev. B 61, (2000) 1101. URL http://link.aps.org/doi/10.
1103/PhysRevB.61.1101.

S. Bonora, |. Capraro, L. Poletto, M. Romanin, C. Trestino, & P. Vil-
loresi. Wave front active control by a digital-signal-processor-dven de-
formable membrane mirror. Review of Scienti c Instruments 77, 9, (2006)
. URL http://scitation.aip.org/content/aip/journal/rsi/77 /9/10.

1063/1.2337096.

Uwe Bovensiepen, Cornelius Gahl, & Martin Wolf. Solvation Dynamics and
Evolution of the Spatial Extent of Photoinjected Electronsin D20/Cu(111) .
The Journal of Physical Chemistry B 107, 33, (2003) 8706. URLhttp://
pubs.acs.org/doi/abs/10.1021/jp034654g

U. Bovensiepen, C. Gahl, J. Sahler, M. Bockstedte, M. Meyer, F. Baletto,
S. Scandolo, X.-Y. Zhu, A. Rubio, & M. Wolf. A Dynamic Landscape from
Femtoseconds to Minutes for Excess Electrons at Ice-Metal Iirfaces The
Journal of Physical Chemistry C 113, 3, (2009) 979. URL http://pubs.
acs.org/doi/abs/10.1021/jp806997d



REFERENCES

[Boy08]
[Bra09]

[Bud14]

[Cam99]

[Cav01]

[Cav04]

[Cen08]

[Chag9]

[Chal0]

[Cil10]

[Coc12]

Robert W. Boyd. Nonlinear Optics. Elsevier, 2008.

M. Bradler, P. Baum, & E. Riedle. Femtosecond continuum generation in
bulk laser host materials with sutf%l\] pump pulses Applied Physics B 97,
3, (2009) 561. URL http://dx.doi.org/10.1007/s00340-009-3699-1

John D. Budai, Jiawang Hong, Michael E. Manley, Elia D. Specht, Chen W.
Li, Jonathan Z. Tischler, Douglas L. Abernathy, Ayman H. Said, Bogdan M.
Leu, Lynn A. Boatner, Robert J. McQueeney, & Olivier Delaire. Metallization
of vanadium dioxide driven by large phonon entropyNature advance online
publication , (2014) . URL http://dx.doi.org/10.1038/nature13865

I. Campillo, J. M. Pitarke, A. Rubio, E. Zarate, & P. M . Echenique. Inelastic
Lifetimes of Hot Electrons in Real Metals. Phys. Rev. Lett. 83, (1999) 2230.
URL http://link.aps.org/doi/10.1103/PhysRevLett.83.2230

A. Cavalleri, Cs. Toth, C. W. Siders, J. A. Squier, F. Raksi, P. Forget, & J. C.
Kie er. Femtosecond Structural Dynamics in VG, during an Ultrafast Solid-
Solid Phase Transition. Phys. Rev. Lett. 87, (2001) 237401. URLhttp://
link.aps.org/doi/10.1103/PhysRevLett.87.237401

A. Cavalleri, Th. Dekorsy, H. H. W. Chong, J. C. Kie er , & R. W. Schoenlein.
Evidence for a structurally-driven insulator-to-metal transition in VO ,: A
view from the ultrafast timescale Phys. Rev. B 70, (2004) 161102. URL
http://link.aps.org/doi/10.1103/PhysRevB.70.161102

C. Cen, S. Thiel, G. Hammerl, C. W. Schneider, K. E. Amlersen, C. S.
Hellberg, J. Mannhart, & J. Levy. Nanoscale control of an interfacial metal-
insulator transition at room temperature. Nat Mater 7, 4, (2008) 298. URL
http://dx.doi.org/10.1038/nmat2136

Jean-Ne@l| Chazalviel. Coulomb Screening by Mobile ChargesBirkh auser,
1999.

Young Jun Chang, Aaron Bostwick, Yong Su Kim, Karsten Horn, & Eli
Rotenberg. Structure and correlation e ects in semiconducting SrTiOs3.
Phys. Rev. B81, (2010) 235109. URLhttp://link.aps.org/doi/10.1103/
PhysRevB.81.235109

Federico Cilento, Claudio Giannetti, Gabriele Ferini, Stefano Dal Conte,
Tommaso Sala, Giacomo Coslovich, Matteo Rini, Andrea Cavdeéri, & Fulvio
Parmigiani. Ultrafast insulator-to-metal phase transition as a switchto mea-
sure the spectrogram of a supercontinuum light pulseApplied Physics Letters
96, 2, (2010) . URL http://scitation.aip.org/content/aip/journal/
apl/96/2/10.1063/1.3291105

T. L. Cocker, L. V. Titova, S. Fourmaux, G. Holloway, H.-C. Bandulet,
D. Brassard, J.-C. Kieer, M. A. El Khakani, & F. A. Hegmann. Phase
diagram of the ultrafast photoinduced insulator-metal transition in vanadium

181



REFERENCES

[Con99]

[Coul3]

[Cri11]

[D'A12]

[Dacl1]

[DamO04]

[Dav08]

[DC123a]

[DC12b]

182

dioxide. Phys. Rev. B 85, (2012) 155120. URLhttp://link.aps.org/doi/
10.1103/PhysRevB.85.155120.

A. Continenza, S. Massidda, & M. Posternak.Self-energy corrections inVO
within a model GW scheme Phys. Rev. B 60, (1999) 15699. URLhttp://
link.aps.org/doi/10.1103/PhysRevB.60.15699

John E. Coulter, Efstratios Manousakis, & Adam Gali. Limitations of the
hybrid functional approach to electronic structure of transition metal oxides
Phys. Rev. B 88, (2013) 041107. URLhttp://link.aps.org/doi/10.1103/
PhysRevB.88.041107.

N. Crivillers, A. Liscio, F. Di Stasio, C. Van Dyck, S. Osella, D. Cornil,
S. Mian, G. M. Lazzerini, O. Fenwick, E. Orgiu, F. Reinders, S Braun,
M. Fahlman, M. Mayor, J. Cornil, V. Palermo, F. Cacialli, & P. Samori.
Photoinduced work function changes by isomerization of a asely packed
azobenzene-based SAM on Au: a joint experimental and thedieal study.
Phys. Chem. Chem. Phys.13, (2011) 14302. URLhttp://dx.doi.org/10.
1039/C1CP20851A

M. D'Angelo, R. Yukawa, K. Ozawa, S. Yamamoto, T. Hirahara,
S. Hasegawa, M. G. Silly, F. Sirotti, & I. Matsuda. Hydrogen-Induced Surface
Metallization of SrTiO3(001). Phys. Rev. Lett. 108, (2012) 116802. URL
http://link.aps.org/doi/10.1103/PhysRevLett.108.116 802

H Dachraoui, N Melller, G Obermeier, C Oberer, S Horn, & U Heinzmann.In-
terplay between electronic correlations and coherent stretural dynamics dur-
ing the monoclinic insulator-to-rutile metal phase transition in VO2 . Journal
of Physics: Condensed Matter23, 43, (2011) 435402. URLhttp://stacks.
iop.org/0953-8984/23/i=43/a=435402

Andrea Damascelli. Probing the Electronic Structure of Complex Systems by
ARPES. Physica Scripta2004, T109, (2004) 61. URL http://stacks.iop.
0rg/1402-4896/2004/i=T109/a=005

Humphry Davy. Electro-Chemical Researches, on the Decomposition of
the Earths; With Observations on the Metals Obtained from tb Alkaline
Earths, and on the Amalgam Procured from Ammonia Philosophical Trans-
actions of the Royal Society of London98, (1808) 333. URL http://rstl.
royalsocietypublishing.org/content/98/333.short

S. Dal Conte, C. Giannetti, G. Coslovich, F. Cilento, D. Bossini, T. Abebaw,
F. Ban, G. Ferrini, H. Eisaki, M. Greven, A. Damascelli, D. v an der Marel,
& F. Parmigiani. Disentangling the Electronic and Phononic Glue in a High-
Tc Superconductor. Science335, 6076, (2012) 1600. URLhttp://www.
sciencemag.org/content/335/6076/1600.abstract

R. Di Capua, M. Radovic, G. M. De Luca, |. Maggio-Aprile, F. Miletto Gra-
nozio, N. C. Plumb, Z. Ristic, U. Scotti di Uccio, R. Vaglio, & M. Sal-



REFERENCES

[Deill]

[Dek93]

[Dem02]

[DFOO]

[Duh08]

[Eerl3]

[Eic11]

[Ein05]

[EM11]

luzzo. Observation of a two-dimensional electron gas at the surfacof an-
nealed SrTiO3 single crystals by scanning tunneling spectroscopyPhys. Rev.
B 86, (2012) 155425. URLhttp://link.aps.org/doi/10.1103/PhysRevB.
86.155425.

Jan-Christoph Deinert. Zeit- und winkelaufgebste Zweiphotonen-
Photoemissionsspektroskopie: Aufbau und Charakterisieng des Experiments
anhand der Cu(111)- und der D20/Cu(111)-Ober ache Diplomarbeit, Freie
Universitat Berlin (2011).

T. Dekorsky, W. KA%tt, T. Pfeifer, & H. Kurz. Coherent Control of LO-
Phonon Dynamics in Opaque Semiconductors by Femtosecond $er Pulses
EPL (Europhysics Letters) 23, 3, (1993) 223. URL http://stacks.iop.
org/0295-5075/23/i=3/a=011

J. Demsar, L. Foro, H. Berger, & D. Mihailovic. Femtosecond snapshots
of gap-forming charge-density-wave correlations in quasiwo-dimensional

dichalcogenideslT TaS; and2H TaSe. Phys. Rev. B 66, (2002) 041101.
URL http://link.aps.org/doi/10.1103/PhysRevB.66.041101

N. Del Fatti, C. Voisin, M. Achermann, S. Tzortzakis, D. Christo los, &
F. Valee. Nonequilibrium electron dynamics in noble metals Phys. Rev.
B 61, (2000) 16956. URLhttp://link.aps.org/doi/10.1103/PhysRevB.
61.16956.

Ste en Duhm, Georg Heimel, Ingo Salzmann, Hendrik Gbwatzki, Robert L.
Johnson, Antje Vollmer, Jurgen P. Rabe, & Norbert Koch. Orientation-
dependent ionization energies and interface dipoles in omted molecular as-
semblies Nat Mater 7, 4, (2008) 326. URL http://dx.doi.org/10.1038/
nmat2119

P. D. Eerkes, W. G. van der Wiel, & H. Hilgenkamp. Modulation
of conductance and superconductivity by top-gating in LaAD3/SrTiO3 2-
dimensional electron systems Applied Physics Letters 103, 20, (2013)

URL http://scitation.aip.org/content/aip/journal/apl/10 3/20/
10.1063/1.4829555 .

Christian Eickho , Martin Teichmann, & Martin Weine [t. Two-State Double-
Continuum Fano Resonance at the Si(100) Surface Phys. Rev. Lett. 107,
(2011) 176804. URL http://link.aps.org/doi/10.1103/PhysRevLett.
107.176804.

A. Einstein. Wber einen die Erzeugung und Verwandlung des Lichtes betref-
fenden heuristischen GesichtspunktAnnalen der Physik 322, 6, (1905) 132.
URL http://dx.doi.org/10.1002/andp.19053220607

Fedwa El-Mellouhi, Edward N. Brothers, Melissa J. Lucero, & Gustavo E.
Scuseria.Modeling of the cubic and antiferrodistortive phases of SrTD3 with
screened hybrid density functional theory Phys. Rev. B 84, (2011) 115122.
URL http://link.aps.org/doi/10.1103/PhysRevB.84.115122

183



REFERENCES

[Ern04]

[Eye02]

[Eyell]

[Fan61]

[Fan92]

[Fan11]

[Fau94]

[Faul?2]

[Fogll]

[Fuj92]

[Gae00]

184

Ralph Ernstorfer. Spectroscopic investigation of photoinduced heterogengs
electron transfer. Dissertation, Free University Berlin (2004).

V. Eyert. The metal-insulator transitions of VO2: A band theoretical ap-
proach. Annalen der Physik 11, 9, (2002) 650. URL http://dx.doi.org/
10.1002/1521-3889(200210)11:9<650::AID-ANDP650>3.0. CO;2-K

V. Eyert. VO2: A Novel View from Band Theory. Phys. Rev. Lett. 107,
(2011) 016401. URL http://link.aps.org/doi/10.1103/PhysRevLett.
107.016401.

U. Fano. E ects of Con guration Interaction on Intensities and Phase Shifts.
Phys. Rev. 124, (1961) 1866. URL http://link.aps.org/doi/10.1103/
PhysRev.124.1866.

W. S. Fann, R. Storz, H. W. K. Tom, & J. Bokor. Direct measurement
of nonequilibrium electron-energy distributions in subptosecond laser-heated
gold Ims. Phys. Rev. Lett. 68, (1992) 2834. URL http://link.aps.org/
doi/10.1103/PhysRevLett.68.2834

W. Fan, J. Cao, J. Seidel, Y. Gu, J. W. Yim, C. Barrett, K. M. Yu, J. Ji,
R. Ramesh, L. Q. Chen, & J. Wu. Large kinetic asymmetry in the metal-
insulator transition nucleated at localized and extended effects Phys. Rev.
B 83, (2011) 235102. URLhttp://link.aps.org/doi/10.1103/PhysRevB.
83.235102.

Thomas Fauster. Two-photon photoemission  Prog. Surf. Sci. 46,
(1994) 177 . URL http://www.sciencedirect.com/science/article/
pii/0079681694900779 .

J. Faure, J. Mauchain, E. Papalazarou, W. Yan, J. Piron, M. Marsi, &
L. Perfetti. Full characterization and optimization of a femtosecond uiravi-
olet laser source for time and angle-resolved photoemissicon solid surfaces
Review of Scienti ¢ Instruments 83, 4, (2012) . URL http://scitation.
aip.org/content/aip/journal/rsi/83/4/10.1063/1.3700 190.

Laura Foglia. Transient re ectivity and coherent phonon excitation: An ul-
trafast probe of the metal-to-insulator transition in VO ,. Diplomarbeit, Freie
Universitat Berlin (2011).

A. Fujimori, I. Hase, M. Nakamura, H. Namatame, Y. Fu jishima, Y. Tokura,
M. Abbate, F. M. F. de Groot, M. T. Czyzyk, J. C. Fuggle, O. Stre bel,
F. Lopez, M. Domke, & G. Kaindl. Doping-induced changes in the electronic
structure of LaySr; xTiO3: Limitation of the one-electron rigid-band model
and the Hubbard model Phys. Rev. B 46, (1992) 9841. URL http://link.
aps.org/doi/10.1103/PhysRevB.46.9841

Alexander L. Gaeta. Catastrophic Collapse of Ultrashort Pulses Phys.
Rev. Lett. 84, (2000) 3582. URL http://link.aps.org/doi/10.1103/
PhysRevLett.84.3582 .



REFERENCES

[Gah02]

[Gah04]

[Gar96]

[Gat07a]

[Gat07b]

[Gav72]

[GC12]

[Geb97]

[Ger70]

[Giu82]

[Goo71]

[Gru94]

C. Gahl, U. Bovensiepen, C. Frischkorn, & M. Wolf. Ultrafast Dynamics
of Electron Localization and Solvation in Ice Layers on Cu(11). Phys.
Rev. Lett. 89, (2002) 107402. URLhttp:/Mlink.aps.org/doi/10.1103/
PhysRevLett.89.107402 .

Cornelius Gahl. Elektronentransfer- und Solvatisierungsdynamik in Eis ad
sorbiert auf Metallober &chen Dissertation, Free University Berlin (2004).

G. A. Garrett, T. F. Albrecht, J. F. Whitaker, & R. Mer lin. Coherent THz
Phonons Driven by Light Pulses and the Sb Problem: What is the &tha-
nism? Phys. Rev. Lett. 77, (1996) 3661. URLhttp://link.aps.org/doi/
10.1103/PhysRevLett.77.3661 .

Matteo Gatti. Correlation e ects in valence-electron spectroscopy of
transition-metal oxides: many-body perturbation theory ad alternative ap-
proaches Dissertation, LEcole Polytechnique (2007).

Matteo Gatti, Fabien Bruneval, Valerio Olevano, & Lucia Reining. Under-
standing Correlations in Vanadium Dioxide from First Princi ples Phys.
Rev. Lett. 99, (2007) 266402. URLhttp://link.aps.org/doi/10.1103/
PhysRevLett.99.266402 .

Anibal Gavini & Clarence C. Y. Kwan. Optical Properties of Semiconducting
VO, Films. Phys. Rev. B5, (1972) 3138. URLhttp://link.aps.org/doi/
10.1103/PhysRevB.5.3138.

Ricardo Grau-Crespo, Hao Wang, & Udo Schwingenschyl. Why the Heyd-
Scuseria-Ernzerhof hybrid functional description of VO, phases is not cor-
rect. Phys. Rev. B 86, (2012) 081101. URLhttp://link.aps.org/doi/10.
1103/PhysRevB.86.081101

Florian Gebhard. The Mott Metal-Insulator Transition . Springer, 1997.

R.L. Gerlach & T.N. Rhodin. Binding and charge transfer associated with
alkali metal adsorption on single crystal nickel surfacesSurface Sciencel9,
2, (1970) 403 . URL http://www.sciencedirect.com/science/article/
pii/0039602870900506 .

Gabriele F. Giuliani & John J. Quinn. Lifetime of a quasiparticle in a two-
dimensional electron gas Phys. Rev. B 26, (1982) 4421. URLhttp://link.
aps.org/doi/10.1103/PhysRevB.26.4421

John B. Goodenough.The two components of the crystallographic transition
in fVO2g. Journal of Solid State Chemistry 3, 4, (1971) 490 . URLhttp://
www.sciencedirect.com/science/article/pii/002245967 1900910

G. Gruner. Density Waves in Solids, Vol. 89 of Frontiers in Physics Addison-
Wesley, 1994.

185



REFERENCES

[GralQ]

[Gue95]

[Had10]

[Had11]

[Hag09]

[Har9g]

[Has96]

[Has05]

[Hed65]

[Hel95]

[Hel09]

186

J. Graf, S. Hellmann, C. Jozwiak, C. L. Smallwood, ZHussain, R. A. Kaindl,
L. Kipp, K. Rossnagel, & A. Lanzara. Vacuum space charge e ect in laser-
based solid-state photoemission spectroscaopjournal of Applied Physics 107,
1, (2010) . URL http://scitation.aip.org/content/aip/journal/jap/
107/1/10.1063/1.3273487 .

Th. Guerlin, H. Sauer, W. Engel, & E. Zeitler. The role of strontium in the
formation of unoccupied electronic states in SrTiO3 investgated by electron
energy loss spectroscopyphysica status solidi (a) 150, 1, (1995) 153. URL
http://dx.doi.org/10.1002/pssa.2211500113

Masaki Hada, Kunio Okimura, & Jiro Matsuo. Characterization of struc-
tural dynamics of VO, thin Im on c-Al 203 using in-air time-resolved x-ray
diraction . Phys. Rev. B 82, (2010) 153401. URLhttp://link.aps.org/
doi/10.1103/PhysRevB.82.153401 .

Masaki Hada, Kunio Okimura, & Jiro Matsuo. Photo-induced lattice
softening of excited-state VO2 Applied Physics Letters 99, 5, (2011)
. URL http://scitation.aip.org/content/aip/journal/apl/99 /5/10.
1063/1.3621900.

Sebastian Hagenlsomerization behavior of photochromic molecules in direct
contact with noble metal surfacesDissertation, Free University Berlin (2009).

M J Harris, M E Hagen, M T Dove, & | P Swainson. Inelastic neutron scat-
tering, phonon softening, and the phase transition in sodim nitrate. Journal
of Physics: Condensed Matter10, 30, (1998) 6851. URLhttp://stacks.
iop.org/0953-8984/10/i=30/a=022

M. Hase, K. Mizoguchi, H. Harima, S. Nakashima, M. Tai, K. Sakai, &
M. Hangyo. Optical control of coherent optical phonons in bismuth Ims
Applied Physics Letters 69, 17, (1996) 2474. URLhttp://scitation.aip.
org/content/aip/journal/apl/69/17/10.1063/1.117502

Muneaki Hase, Kunie Ishioka, Jure Demsar, KiminoriUshida, & Masahiro
Kitajima. Ultrafast dynamics of coherent optical phonons and noneqlibrium
electrons in transition metals. Phys. Rev. B71, (2005) 184301. URLhttp://
link.aps.org/doi/10.1103/PhysRevB.71.184301

Lars Hedin. New Method for Calculating the One-Particle Green's Functim
with Application to the Electron-Gas Problem Phys. Rev. 139, (1965) A796.
URL http://link.aps.org/doi/10.1103/PhysRev.139.A796

G. Held & D. Menzel. Isotope e ects in structure and kinetics of water
adsorbates on Ru(001) Surface Science327, 3, (1995) 301 . URL http://
www.sciencedirect.com/science/article/pii/003960289 4008361

S. Hellmann, K. Rossnagel, M. Marczynski-Bhlow, & L. Kipp. Vacuum
space-charge e ects in solid-state photoemissian Phys. Rev. B 79, (2009)
035402. URLhttp://link.aps.org/doi/10.1103/PhysRevB.79.035402



REFERENCES

[Hel12]

[Hen78]

[Her87]

[Her96]

[Huf10]

[Hig02]

[Hil07]

[lac98]

[lorl2]

[Ish06]

[Isho8]

S. Hellmann, T. Ott, L. Kipp, & K. Rossnagel. Vacuum space-charge e ects
in nano-ARPES. Phys. Rev. B 85, (2012) 075109. URLhttp://link.aps.
org/doi/10.1103/PhysRevB.85.075109

Victor E. Henrich, G. Dresselhaus, & H. J. Zeiger. Surface defects and the
electronic structure of SrTiO3 surfaces Phys. Rev. B 17, (1978) 4908. URL
http://link.aps.org/doi/10.1103/PhysRevB.17.4908

H. Hertz. Ueber einen Ein uss des ultravioletten Lichtes auf die eleaische
Entladung. Annalen der Physik 267, 8, (1887) 983. URL http://dx.doi.
0rg/10.1002/andp.18872670827 .

T. Hertel, E. Knoesel, M. Wolf, & G. Ertl. Ultrafast Electron Dynamics at
Cu(111): Response of an Electron Gas to Optical Excitation Phys. Rev. Lett.
76, (1996) 535. URL http://link.aps.org/doi/10.1103/PhysRevLett.
76.535.

Stefan Hufner. Photoelectron Spectroscopy - Principles and Applications
Springer, 2010.

T. Higuchi, S. Nozawa, T. Tsukamoto, H. Ishii, R. Eguchi, Y. Tezuka, S. Ya-
maguchi, K. Kanai, & S. Shin. Unoccupied electronic structure in the surface
state of lightly dopedSrTiO3 by resonant inverse photoemission spectroscopy
Phys. Rev. B66, (2002) 153105. URLhttp://link.aps.org/doi/10.1103/
PhysRevB.66.153105

D. J. Hilton, R. P. Prasankumar, S. Fourmaux, A. Cavalleri, D. Brassard,
M. A. El Khakani, J. C. Kie er, A. J. Taylor, & R. D. Averitt. Enhanced
Photosusceptibility near T, for the Light-Induced Insulator-to-Metal Phase
Transition in Vanadium Dioxide . Phys. Rev. Lett. 99, (2007) 226401. URL
http://link.aps.org/doi/10.1103/PhysRevLett.99.2264 01.

C. laconis & I.A. Walmsley. Spectral phase interferometry for direct electric-
eld reconstruction of ultrashort optical pulses. Opt. Lett. 23, 10, (1998) 792.
URL http://ol.osa.org/abstract.cfm?URI=0l-23-10-792

Federico lori, Matteo Gatti, & Angel Rubio. Role of nonlocal exchange in
the electronic structure of correlated oxides Phys. Rev. B 85, (2012) 115129.
URL http://link.aps.org/doi/10.1103/PhysRevB.85.115129

Kunie Ishioka, Muneaki Hase, Masahiro Kitajima, & Hrvoje Petek. Coher-
ent optical phonons in diamond Applied Physics Letters 89, 23, (2006)

URL http://scitation.aip.org/content/aip/journal/apl/89 123/
10.1063/1.2402231 .

Yukiaki Ishida, Ritsuko Eguchi, Masaharu Matsunami, Koji Horiba, Mune-
taka Taguchi, Ashish Chainani, Yasunori Senba, Haruhiko Otashi, Hiromichi
Ohta, & Shik Shin. Coherent and Incoherent Excitations of Electron-Doped
SrTiO3. Phys. Rev. Lett. 100, (2008) 056401. URLhttp://link.aps.org/
doi/10.1103/PhysRevLett.100.056401

187



REFERENCES

[Jac02]
[Jonl10]

[Kan93]

[Kan97]

[Kub07]

[Kim06]

[Kir09]

[KIi02]

[Kno95]

[Kno96]

[Kol1]

188

John David Jackson.Klassische Elektrodynamik De Gruyter, 2002.

Andrew C. Jones, Samuel Berweger, Jiang Wei, David @bden, & Markus B.
Raschke. Nano-optical Investigations of the Metal-Insulator Phase B&avior
of Individual VO2 Microcrystals. Nano Letters 10, 5, (2010) 1574. URL
http://pubs.acs.org/doi/abs/10.1021/nl903765h

D.J. Kane & R. Trebino. Characterization of arbitrary femtosecond pulses
using frequency-resolved optical gatingQuantum Electronics, IEEE Journal
of 29, 2, (1993) 571.

S. Kane & J. Squier. Fourth-order-dispersion limitations of aberration-free
chirped-pulse ampli cation systems J. Opt. Soc. Am. B 14, 5, (1997) 1237.
URL http://josab.osa.org/abstract.cfm?URI=josab-14-5-12 37.

C. Kubler, H. Ehrke, R. Huber, R. Lopez, A. Halabica, R. F. Haglund,
& A. Leitenstorfer. Coherent Structural Dynamics and Electronic Correla-
tions during an Ultrafast Insulator-to-Metal Phase Transition in VO ,. Phys.
Rev. Lett. 99, (2007) 116401. URLhttp://link.aps.org/doi/10.1103/
PhysRevLett.99.116401 .

Hyun-Tak Kim, Yong Wook Lee, Bong-Jun Kim, Byung-Gy u Chae, Sun Jin
Yun, Kwang-Yong Kang, Kang-Jeon Han, Ki-Ju Yee, & Yong-Sik Lim. Mon-
oclinic and Correlated Metal Phase in VO, as Evidence of the Mott Transi-
tion: Coherent Phonon Analysis Phys. Rev. Lett. 97, (2006) 266401. URL
http://link.aps.org/doi/10.1103/PhysRevLett.97.2664 01

Patrick S. Kirchmann. Ultrafast Electron Dynamics in Low-Dimensional Ma-
terials. Dissertation, Free University Berlin (2009).

V.A. Klimov, 1.O. Timofeeva, S.D. Khanin, E.B. Shad rin, A.V. llinskii, &
F. Silva-Andrade. Hysteresis loop construction for the metal-semiconductor
phase transition in vanadium dioxide Ims. Technical Physics47, 9, (2002)
1134. URL http://dx.doi.org/10.1134/1.1508078

E. Knoesel, T. Hertel, M. Wolf, & G. Ertl. Femtosecond dynamics
of electronic excitations of adsorbates studied by two-pkan photoemis-
sion pulse correlation: CO/Cu(111l). Chemical Physics Letters 240,
(1995) 409 . URL http://www.sciencedirect.com/science/article/
pii/000926149500527B .

E. Knoesel, A. Hotzel, T. Hertel, M. Wolf, & G. Ertl. Dynamics of photoex-
cited electrons in metals studied with time-resolved two4poton photoemission
Surface Science368, 368, (1996) 76 . URL http://www.sciencedirect.
com/science/article/pii/S0039602896010321 . Vibrations at Surfaces.

Changhyun Ko, Zheng Yang, & Shriram Ramanathan. Work Function of
Vanadium Dioxide Thin Films Across the Metal-Insulator Transition and the
Role of Surface Nonstoichiometry ACS Applied Materials & Interfaces 3, 9,
(2011) 3396. URL http://pubs.acs.org/doi/abs/10.1021/am2006299



REFERENCES

[Koe06]

[Koo34]

[Kop07]

[Kor02]

[Kor03]

[Kor06]

[Kor07]

[Kov9]

[Kuc79]

[Kut92]

[Lavi14]

T. C. Koethe, Z. Hu, M. W. Haverkort, C. Schel ler-Langeheine, F. Venturini,
N. B. Brookes, O. Tjernberg, W. Reichelt, H. H. Hsieh, H.-J. Lin, C. T. Chen,
& L. H. Tjeng. Transfer of Spectral Weight and Symmetry across the Metal-
Insulator Transition in VO,. Phys. Rev. Lett. 97, (2006) 116402. URL
http://link.aps.org/doi/10.1103/PhysRevLett.97.1164 02.

T Koopmans. Wber die Zuordnung von Wellenfunktionen und Eigenwerten zu
den Einzelnen Elektronen Eines AtomsPhysical, (1934) 104 . URLhttp://
www.sciencedirect.com/science/article/pii/S00318914 34900112

Konrad Kopitzki & Peter Herzog. Einfehrung in die Festlerperphysik Teub-
ner, 2007.

M. A. Korotin, N. A. Skorikov, & V. I. Anisimov. Variation of orbital sym-
metry of the localized 3d(1) electron of the V4+ ion upon the netal-insulator
transition in VO2 . Phys. Met. Metallogr. 94, (2002) 17.

M. A. Korotin, N. A. Skorikov, & V. I. Anisimov. Variation of orbital sym-
metry of the localized 3d! electron of the V** ion upon the metal-insulator
transition in VO »,. arXiv:cond-mat/0301347v1 [cond-mat.str-el] .

J. D. Koralek, J. F. Douglas, N. C. Plumb, Z. Sun, A. V. Fedorov, M. M.
Murnane, H. C. Kapteyn, S. T. Cundi, Y. Aiura, K. Oka, H. Eisak i, &
D. S. Dessau. Laser Based Angle-Resolved Photoemission, the Sudden Ap-
proximation, and Quasiparticle-Like Spectral Peaks inBi,Sr,CaCu,Og: .
Phys. Rev. Lett. 96, (2006) 017005. URLhttp://link.aps.org/doi/10.
1103/PhysRevLett.96.017005d .

J. D. Koralek, J. F. Douglas, N. C. Plumb, J. D. Grith , S. T. Cundi,
H. C. Kapteyn, M. M. Murnane, & D. S. Dessau. Experimental setup for
low-energy laser-based angle resolved photoemission spescopy. Review of
Scienti ¢ Instruments 78, 5, (2007) . URL http://scitation.aip.org/
content/aip/journal/rsi/78/5/10.1063/1.2722413

S. A. Kovalenko, A. L. Dobryakov, J. Ruthmann, & N. P. Ernsting. Femtosec-
ond spectroscopy of condensed phases with chirped supeftonum probing.
Phys. Rev. A 59, (1999) 2369. URL http://link.aps.org/doi/10.1103/
PhysRevA.59.2369.

D. Kucharczyk & T. Niklewski. Accurate X-ray determination of the lattice
parameters and the thermal expansion coe cients of VG near the transition
temperature. Journal of Applied Crystallography 12, 4, (1979) 370. URL
http://dx.doi.org/10.1107/S0021889879012711

W.A. Kutt, W. Albrecht, & H. Kurz. Generation of coherent phonons in
condensed media Quantum Electronics, IEEE Journal of 28, 10, (1992)
2434,

J. Laverock, S. Kittiwatanakul, A. A. Zakharov, Y. R . Niu, B. Chen, S. A.
Wolf, J.W. Lu, & K. E. Smith. Direct observation of decoupled structural and

189



REFERENCES

[Leal3]

[LeuO3]

[Leull]

[LiO6]

[Lon70]

[Lop02]

[Lou00Q]

[LutO1]

[Lys06]

[Mar87]

190

electronic transitions and an ambient pressure monaoclinitike metallic phase
of VO,. Phys. Rev. Lett. to be published

G. Leahu, R. Li Voti, C. Sibilia, & M. Bertolotti. ~ Anomalous optical
switching and thermal hysteresis during semiconductor-mmal phase transi-
tion of VO2 Ims on Si substrate. Applied Physics Letters 103, 23, (2013)

URL http://scitation.aip.org/content/aip/journal/apl/10 3/23/
10.1063/1.4838395 .

T. C. Leung, C. L. Kao, W. S. Su, Y. J. Feng, & C. T. Chan. Relationship
between surface dipole, work function and charge transferSome exceptions
to an established rule Phys. Rev. B 68, (2003) 195408. URLhttp://link.
aps.org/doi/10.1103/PhysRevB.68.195408

Dominik Leuenberger, Hirofumi Yanagisawa, SilvarRoth, Jerg Osterwalder,
& Matthias Hengsberger. Disentanglement of electron dynamics and space-
charge e ects in time-resolved photoemission fromh-BN/Ni(111) . Phys. Rev.
B 84, (2011) 125107. URLhttp://link.aps.org/doi/10.1103/PhysRevB.
84.125107.

Yongyao Li, Xianggian Luo, & Helmut Kr A{ ger. Bound states and critical
behavior of the Yukawa potential Science in China Series G19, 1, (2006) 60.
URL http://dx.doi.org/10.1007/s11433-004-0020-5

John M. Longo & Peder Kierkegaard.A Re nement of the Structure of VO .
Acta Chem. Scand.24, (1970) 420.

R. Lopez, T. E. Haynes, L. A. Boatner, L. C. Feldman, &R. F. Haglund. Size
e ects in the structural phase transition of VO, nanoparticles. Phys. Rev.
B 65, (2002) 224113. URLhttp://link.aps.org/doi/10.1103/PhysRevB.
65.224113.

R. Loudon. The Quantum Theory of Light. Oxford University Press, 2000.

Hans Luth. Solid Surfaces, Interfaces and Thin Films Springer-Verlag Berlin
Heidelberg, 2001.

S. Lysenko, A.J. Rua, V. Vikhnin, J. Jimenez, F. Ferrandez, & H. Liu.
Light-induced ultrafast phase transitions in f VO2g thin Im . Applied Sur-
face Science&252, 15, (2006) 5512 . URLhttp://www.sciencedirect.com/
sciencef/article/pii/S0169433205018027 . Proceedings of the Eight In-
ternational Conference on Atomically Controlled Surfaces Interfaces and
Nanostructures and the Thirteenth International Congress on Thin Films
ACSINS/ICTF13.

O.E. Martinez. 3000 times grating compressor with positive group velocity
dispersion: Application to ber compensation in 1.3-1.6 m region. Quantum
Electronics, IEEE Journal of 23, 1, (1987) 59.



REFERENCES

[Mat72]

[Mec88]

[McW74]

[Meell]

[Mey08]

[Mey11]

[Mon12]

[Mor59]

[Mor14]

[Mot49]

[Mot74]

[Nag08]

L. F. Mattheiss. E ect of the 110 K Phase Transition on the SrTiO3 Con-
duction Bands. Phys. Rev. B 6, (1972) 4740. URLhttp://link.aps.org/
doi/10.1103/PhysRevB.6.4740 .

W. Meckenheim, P. Lokai, B. Burghardt, & D. Basting. Attaining the wave-
length range 189-197 nm by frequency mixing in BBO Applied Physics B
45, 4, (1988) 259. URL http://dx.doi.org/10.1007/BF00687154

D. B. McWhan, M. Marezio, J. P. Remeika, & P. D. Dernier. X-ray di raction
study of metallic VO2. Phys. Rev. B 10, (1974) 490. URL http:/link.
aps.org/doi/10.1103/PhysRevB.10.490

W. Meevasana, P. D. C. King, R. H. He, S-K. Mo, M. Hashinoto, A. Tamali,
P. Songsiriritthigul, F. Baumberger, & Z-X. Shen. Creation and control of a
two-dimensional electron liquid at the bare SrTiO3 surface Nat Mater 10,
2, (2011) 114. URLhttp://dx.doi.org/10.1038/nmat2943

Michael Meyer, Julia Swhler, Daniela O. Kusmierek, Martin Wolf, & Uwe
Bovensiepen.Determination of the electron's solvation site on D20/Cu(111)
using Xe overlayers and femtosecond photoelectron specsmopy Phys.
Chem. Chem. Phys.10, (2008) 4932. URL http://dx.doi.org/10.1039/
B807314G

Michael Meyer. Ultrafast Electron Dynamics at Alkali/lce Structures Ad-
sorbed on a Metal Surface Dissertation, Free University Berlin (2011).

Oliver L. A. Monti. Understanding Interfacial Electronic Structure and
Charge Transfer: An Electrostatic Perspective The Journal of Physical
Chemistry Letters 3, 17, (2012) 2342. URLhttp://pubs.acs.org/doi/
abs/10.1021/jz300850x .

F. J. Morin. Oxides Which Show a Metal-to-Insulator Transition at the Neé
Temperature. Phys. Rev. Lett. 3, (1959) 34. URL http://link.aps.org/
doi/10.1103/PhysRevLett.3.34

Vance R. Morrison, Robert. P. Chatelain, Kunal L. Ti wari, Ali Hendaoui, An-
drew Brutacs, Mohamed Chaker, & Bradley J. Siwick. A photoinduced metal-
like phase of monaclinic VO2 revealed by ultrafast electrodi raction . Science
346, 6208, (2014) 445. URLhttp:/AMww.sciencemag.org/content/346/
6208/445.abstract

N F Mott. The Basis of the Electron Theory of Metals, with Special Refenece
to the Transition Metals. Proceedings of the Physical Society. Section /&2,
7, (1949) 416. URL http://stacks.iop.org/0370-1298/62/i=7/a=303

N. F. Mott & L. Friedman. Metal-insulator transitions in VO2, Ti203 and
Ti2-x V x O3. Philosophical Magazine30, 2, (1974) 389. URLyua.

Joyeeta Nag & R F Haglund Jr.Synthesis of vanadium dioxide thin Ims and
nanoparticles. Journal of Physics: Condensed Matter20, 26, (2008) 264016.
URL http://stacks.iop.org/0953-8984/20/i=26/a=264016

191



REFERENCES

[Nagl1]

[Nik91]

[Oga9s]

[Oga01]

[Oga02]

[Oht0A4]

[Par90]

[Pasll]

[Per06]

[Pin66]

[Pis0O4]

192

Joyeeta Nag, E. Andrew Payzant, Karren L. More, & Ridhard F.
Haglund. Enhanced performance of room-temperature-grown epitaxiathin
Ims of vanadium dioxide. Applied Physics Letters 98, 25, (2011)

URL http://scitation.aip.org/content/aip/journal/apl/98 125/
10.1063/1.3600333 .

D.N. Nikogosyan. Beta barium borate (BBO). Applied Physics A 52, 6,
(1991) 359. URL http://dx.doi.org/10.1007/BF00323647

S. Ogawa & H. Petek. Femtosecond dynamics of hot-electron re-
laxation in Cu(110) and Cu(100). Surface Science357 - 358, 0,
(1996) 585 . URL http://www.sciencedirect.com/science/article/
pii/0039602896002282 .

T. Ogasawara, T. Kimura, T. Ishikawa, M. Kuwata-Gonokami, & Y. Tokura.
Dynamics of photoinduced melting of charge/orbital order n a layered man-
ganite Lag.5Sr1.5sMnO4. Phys. Rev. B 63, (2001) 113105. URLhttp://link.
aps.org/doi/10.1103/PhysRevB.63.113105

S. Ogawa, H. Nagano, & H. Petek. Optical Intersubband Transitions and
Femtosecond Dynamics in Ag=Fe(100) Quantum Wells. Phys. Rev. Lett. 88,
(2002) 116801. URL http://link.aps.org/doi/10.1103/PhysRevLett.
88.116801.

A. Ohtomo & H. Y. Hwang. A high-mobility electron gas at the
LaAIO3/SITiO3 heterointerface . Nature 427, 6973, (2004) 423. URL
http://dx.doi.org/10.1038/nature02308

J. C. Parker. Raman scattering from VO, single crystals: A study of the
e ects of surface oxidation. Phys. Rev. B 42, (1990) 3164. URL http://
link.aps.org/doi/10.1103/PhysRevB.42.3164

A. Pashkin, C. Kubler, H. Ehrke, R. Lopez, A. Halabica, R. F. Haglund,
R. Huber, & A. Leitenstorfer. Ultrafast insulator-metal phase transition in
VO, studied by multiterahertz spectroscopyPhys. Rev. B 83, (2011) 195120.
URL http://link.aps.org/doi/10.1103/PhysRevB.83.195120

L. Perfetti, P. A. Loukakos, M. Lisowski, U. Bovensiepen, H. Berger, S. Bier-
mann, P. S. Cornaglia, A. Georges, & M. Wolf. Time Evolution of the Elec-
tronic Structure of 1T-TaS, through the Insulator-Metal Transition. Phys.
Rev. Lett. 97, (2006) 067402. URLhttp://link.aps.org/doi/10.1103/
PhysRevLett.97.067402 .

D. Pines & P. Nozieres. The Theory of Quatum Liquids, Vol. | of Advanced
Book Classic Series W. A. Benjamin, Inc., 1966.

S Piskunov, E Heifets, R.I Eglitis, & G Borstel. Bulk properties and electronic
structure of SrTiO3, BaTiO3, PbTiO3 perovskites: an ab initio HF/DFT
study. Computational Materials Science 29, 2, (2004) 165 . URL http://
www.sciencedirect.com/science/article/pii/S09270256 03001812



REFERENCES

[Plul4]

[Pow09]

[Qaz07]

[Qia05]

[Rad95]

[Ret02]

[Ret12]

[Rey07]

[RicO3]

[Rie07]

N. C. Plumb, M. Salluzzo, E. Razzoli, M. Mnsson, M. Falub, J. Krempasky,
C. E. Matt, J. Chang, M. Schulte, J. Braun, H. Ebert, J. Mirar , B. Delley,
K.-J. Zhou, T. Schmitt, M. Shi, J. Mesot, L. Patthey, & M. Rado vc. Mixed
Dimensionality of Con ned Conducting Electrons in the Surface Region of
SrTiO3. Phys. Rev. Lett. 113, (2014) 086801. URLhttp://link.aps.org/
doi/10.1103/PhysRevLett.113.086801

C.J. Powell & A. Jablonski. Surface sensitivity of X-ray photoelectron spec-
troscopy. Nuclear Instruments and Methods in Physics Research Sedn
A: Accelerators, Spectrometers, Detectors and Associate@&Equipment 601,
(2009) 54 . URL http://www.sciencedirect.com/science/article/pii/
S0168900208020123Special issue in honour of Prof. Kai Siegbahn.

M. M. Qazilbash, M. Brehm, Byung-Gyu Chae, P.-C. Ho,G. O. Andreev,
Bong-Jun Kim, Sun Jin Yun, A. V. Balatsky, M. B. Maple, F. Keil mann,
Hyun-Tak Kim, & D. N. Basov. Mott Transition in VO , Revealed by In-
frared Spectroscopy and Nano-ImagingScience318, 5857, (2007) 1750. URL
http://Aww.sciencemag.org/content/318/5857/1750.abs tract .

Zhixin Qian & Giovanni Vignale. Lifetime of a quasiparticle in an electron
liquid. Phys. Rev. B 71, (2005) 075112. URLhttp://link.aps.org/doi/
10.1103/PhysRevB.71.075112.

C Radzewicz, Y.B Band, G.W Pearson, & J.S Krasinski.Short pulse nonlin-
ear frequency conversion without group-velocity-mismate broadening Optics
Communications 117, (1995) 295 . URL http://www.sciencedirect.com/
science/article/pii/003040189500103F

B. Rethfeld, A. Kaiser, M. Vicanek, & G. Simon. Ultrafast dynamics
of nonequilibrium electrons in metals under femtosecond ker irradiation .
Phys. Rev. B 65, (2002) 214303. URLhttp://link.aps.org/doi/10.1103/
PhysRevB.65.214303

L Rettig, P S Kirchmann, & U Bovensiepen. Ultrafast dynamics of occupied
gquantum well states in Pb/Si(111) New Journal of Physics 14, 2, (2012)
023047. URL http://stacks.iop.org/1367-2630/14/i=2/a=023047

N. Reyren, S. Thiel, A. D. Caviglia, L. Fitting Kourk outis, G. Hammerl,
C. Richter, C. W. Schneider, T. Kopp, A.-S. Reetschi, D. Jaccard, M. Gabay,
D. A. Muller, J.-M. Triscone, & J. Mannhart. Superconducting Interfaces
Between Insulating Oxides Science317, 5842, (2007) 1196. URLhttp://
www.sciencemag.org/content/317/5842/1196.abstract

Davide Ricci, Giuseppe Bano, Gianfranco Pacchioni& Francesc lllas. Elec-
tronic structure of a neutral oxygen vacancy inSrTiO3. Phys. Rev. B 68,
(2003) 224105. URL http://link.aps.org/doi/10.1103/PhysRevB.68.
224105

E Riedel & C Janiak. Anorganische Chemie de Gruyter, 2007.

193



REFERENCES

[Roa71]

[Ros11]

[Rul05]

[Sae09]

[Scho6]

[Sch02]

[Sch08]

[Sco74]

[Sea79]

[Shag8]

[Shi77]

194

W.R. Roach & I. Balberg. Optical induction and detection of fast phase tran-
sition in fVO2g. Solid State Communications9, 9, (1971) 551 . URLhttp://
www.sciencedirect.com/science/article/pii/003810987 190144X

K Rossnagels. On the origin of charge-density waves in select layered
transition-metal dichalcogenides Journal of Physics: Condensed Matter
23, 21, (2011) 213001. URLhttp://stacks.iop.org/0953-8984/23/i=21/
a=213001

Claude Rullere. Femtosecond Laser PulsesSpringer, 2005.

K. Saeki, T. Wakita, Y. Muraoka, M. Hirai, T. Yokoya, R. Eguchi, & S. Shin.
Band dispersion near the Fermi level for VQ thin Ims grown on TiO , (001)
substrates Phys. Rev. B 80, (2009) 125406. URLhttp://link.aps.org/
doi/10.1103/PhysRevB.80.125406 .

C.A. Schmuttenmaer, C. Cameron Miller, J.W. Herman J. Cao, D.A. Man-
tell, Y. Gao, & R.J.D. Miller. Femtosecond time-resolved photoemission study
of hot electron relaxation at the GaAs(100) surface Chemical Physics205,
(1996) 91 . URL http:/ww.sciencedirect.com/science/article/pii/
0301010495003282 Surface Reaction Dynamics.

Peter Schilbe.Raman scattering in VO,. Physica B: Condensed Matter316
- 317, 0, (2002) 600 . Proceedings of the 10th International Confeence on
Phonon Scatte ring in Condensed Matter.

F. Schmitt, P. S. Kirchmann, U. Bovensiepen, R. G. More, L. Rettig,
M. Krenz, J.-H. Chu, N. Ru, L. Perfetti, D. H. Lu, M. Wolf, I. R. Fisher,
& Z.-X. Shen. Transient Electronic Structure and Melting of a Charge Den-
sity Wave in TbTesz. Science32l, 5896, (2008) 1649. URLhttp://www.
sciencemag.org/content/321/5896/1649.abstract

J. F. Scott. Soft-mode spectroscopy: Experimental studies of structat phase
transitions. Rev. Mod. Phys. 46, (1974) 83. URL http://link.aps.org/
doi/10.1103/RevModPhys.46.83 .

M. P. Seah & W. A. Dench. Quantitative electron spectroscopy of surfaces:
A standard data base for electron inelastic mean free pathsiisolids Surface
and Interface Analysis 1, 1, (1979) 2. URL http://dx.doi.org/10.1002/
sia.740010103 .

N. Shanthi & D. D. Sarma. Electronic structure of electron doped SrTiO;
and S xLaxTiO 3. Phys. Rev. B57, (1998) 2153. URLhttp://link.aps.
org/doi/10.1103/PhysRevB.57.2153

Takashi Shibaguchi, Hideo Onuki, & Ryumyo Onaka. Electronic Structures
of Water and Ice. Journal of the Physical Society of Japand2, 1, (1977) 152.
URL http://dx.doi.org/10.1143/JPSJ.42.152



REFERENCES

[Shi9O]

[Shi12]

[Sob12]

[SPEa]

[SPED]

[Squos]

[SS11]

[SS14]

[Sta07a]

[Sta07b]

S. Shin, S. Suga, M. Taniguchi, M. Fujisawa, H. Kanzki, A. Fujimori, H. Dai-
mon, Y. Ueda, K. Kosuge, & S. Kachi. Vacuum-ultraviolet re ectance and
photoemission study of the metal-insulator phase transitins in VO35, VgOs3,
and V,03. Phys. Rev. B41, (1990) 4993. URLhttp://link.aps.org/doi/
10.1103/PhysRevB.41.4993.

Ryota Shimizu, Katsuya Iwaya, Takeo Ohsawa, Susumushiraki, Tetsuya
Hasegawa, Tomihiro Hashizume, & Taro Hitosugi. E ect of oxygen de -
ciency on SrTiO3(001) surface reconstructions Applied Physics Letters 100,
26, (2012) . URL http://scitation.aip.org/content/aip/journal/apl/
100/26/10.1063/1.4730409 .

J. A. Sobota, S. Yang, J. G. Analytis, Y. L. Chen, I. R.Fisher, P. S. Kirch-
mann, & Z.-X. Shen. Ultrafast Optical Excitation of a Persistent Surface-
State Population in the Topological Insulator Bi,Se;. Phys. Rev. Lett. 108,
(2012) 117403. URL http://link.aps.org/doi/10.1103/PhysRevLett.
108.117403.

SPECS.PHOIBOS CCD Imaging Detector User Manual 2.0

SPECS. SpecsLab, Juggler and CCDAcquire Software for 2D and 3D Detec-
tors.

Je Squier, Chris P. J. Barty, Frarcois Salin, Catherine Le Blanc, & Steve
Kane. Use of mismatched grating pairs in chirped-pulse ampli caton systems
Appl. Opt. 37, 9, (1998) 1638. URLhttp://ao.0sa.org/abstract.cfm?
URI=a0-37-9-1638.

A. F. Santander-Syro, O. Copie, T. Kondo, F. Fortuna,S. Pailhes, R. Weht,
X. G. Qiu, F. Bertran, A. Nicolaou, A. Taleb-lbrahimi, P. Le F evre, G. Her-
ranz, M. Bibes, N. Reyren, Y. Apertet, P. Lecoeur, A. Barthelemy, & M. J.
Rozenberg. Two-dimensional electron gas with universal subbands at theur-
face of SrTiO3. Nature 469, 7329, (2011) 189. URLhttp://dx.doi.org/
10.1038/nature09720 .

A. F. Santander-Syro, F. Fortuna, C. Bareille, T. C. Redel, G. Landolt, N. C.
Plumb, J. H. Dil, & M. Radovic. Giant spin splitting of the two-dimensional
electron gas at the surface of SrTi@. Nat Mater advance online publica-
tion , (2014) . URL http://dx.doi.org/10.1038/nmat4107

J. Swmhler, M. Mehlhorn, U. Bovensiepen, M. Meyer, D. O. Kusmier,
K. Morgenstern, & M. Wolf. Impact of Ice Structure on Ultrafast Electron
Dynamics in D,0O Clusters on Cu(111) Phys. Rev. Lett. 98, (2007) 206105.
URL http://link.aps.org/doi/10.1103/PhysRevLett.98.2061 05.

Julia Stahler. Freezing Hot Electrons - Electron Transfer and Solvation Dy
nameics at D,O and NHz-Metal Interfaces. Dissertation, Free University
Berlin (2007).

195



REFERENCES

[Stall]

[Stal2]

[Stal4]

[Sug09]

[Suh04]

[Tak09]

[Tak13]

[Tam13]

[Tao12]

196

Julia Swhler, Michael Meyer, Uwe Bovensiepen, & Martin Wolf. Solvation
dynamics of surface-trapped electrons at Nl and D,O crystallites adsorbed
on metals: from femtosecond to minute timescalesChem. Sci.2, (2011) 907.
URL http://dx.doi.org/10.1039/C0SC00644K

Julia Stahler, Cornelius Gahl, & Martin Wolf. Dynamics and Reactivity
of Trapped Electrons on Supported Ice Crystallites Accounts of Chemical
Researchd5, 1, (2012) 131. URLhttp://pubs.acs.org/doi/abs/10.1021/
ar200170s.

J. Swhler, J.-C. Deinert, D. Wegkamp, S. Hagen, & M. Wolf. Real time
measurement of the vertical binding energy during the birthof a solvated
electron. J. Am. Chem. Soc.submitted .

S Suga, A Sekiyama, S Imada, T Miyamachi, H Fujiwara,A Yamasaki,
K Yoshimura, K Okada, M Yabashi, K Tamasaku, A Higashiya, &
T Ishikawa. 8 keV photoemission of the metal-insulator transition systm
VO,. New Journal of Physics11, 10, (2009) 103015. URLhttp://stacks.
iop.org/1367-2630/11/i=10/a=103015

J. Y. Suh, R. Lopez, L. C. Feldman, & R. F. Haglund. Semicon-
ductor to metal phase transition in the nucleation and growhh of VO2
nanoparticles and thin Ims. Journal of Applied Physics 96, 2, (2004)
1209. URL http://scitation.aip.org/content/aip/journal/jap/96 12/
10.1063/1.1762995 .

M. Takizawa, K. Maekawa, H. Wadati, T. Yoshida, A. Fu jimori, H. Ku-
migashira, & M. Oshima. Angle-resolved photoemission study of Nb-doped
SrTiO 3. Phys. Rev. B 79, (2009) 113103. URLhttp://llink.aps.org/doi/
10.1103/PhysRevB.79.113103.

Kotaro Takeyasu, Keisuke Fukada, Masuaki Matsumob, & Katsuyuki Fuku-
tani. Control of the surface electronic structure of SrTiO3(001) by modulation
of the density of oxygen vacanciesJournal of Physics: Condensed Matter
25, 16, (2013) 162202. URLhttp://stacks.iop.org/0953-8984/25/i=16/
a=162202

A. Tamai, W. Meevasana, P. D. C. King, C. W. Nicholson, A. de la Torre,
E. Rozbicki, & F. Baumberger. Spin-orbit splitting of the Shockley surface
state on Cu(111) Phys. Rev. B 87, (2013) 075113. URLhttp://link.aps.
org/doi/10.1103/PhysRevB.87.075113

Zhensheng Tao, Tzong-Ru T. Han, Subhendra D. Maharit Phillip M.
Duxbury, Fei Yuan, Chong-Yu Ruan, Kevin Wang, & Jungiao Wu. De-
coupling of Structural and Electronic Phase Transitions in VO,. Phys.
Rev. Lett. 109, (2012) 166406. URLhttp://link.aps.org/doi/10.1103/
PhysRevLett.109.166406 .



REFERENCES

[TobO8]

[Tre69]

[Tre00Q]

[vBO1]

[Ver68]

[Wal09]

[Wal11]

[Wal12]

[Wal13]

[Weg11]

[Weg13]

R. I. Tobey, D. Prabhakaran, A. T. Boothroyd, & A. Cav alleri. Ultra-
fast Electronic Phase Transition in La;-,Sr-oMnO4 by Coherent Vibra-
tional Excitation: Evidence for Nonthermal Melting of Orbital Order. Phys.
Rev. Lett. 101, (2008) 197404. URLhttp://link.aps.org/doi/10.1103/
PhysRevLett.101.197404 .

E. Treacy. Optical pulse compression with diraction gratings. Quantum
Electronics, IEEE Journal of 5, 9, (1969) 454.

Rick Trebino. Frequency-Resolved Optical Gating: The Measurement of Ul-
trashort Laser Pulses Kluwer Academic Publishers, 2000.

K. van Benthem, C. Elsasser, & R. H. French. Bulk electronic structure of
SrTiO3: Experiment and theory. Journal of Applied Physics 90, 12, (2001)
6156. URL http://scitation.aip.org/content/aip/journal/jap/90 /
12/10.1063/1.1415766 .

Hans W. Verleur, A. S. Barker, & C. N. Berglund. Optical Properties of VO,
between 0.25 and 5 eV Phys. Rev. 172, (1968) 788. URL http://link.
aps.org/doi/10.1103/PhysRev.172.788

lan A. Walmsley & Christophe Dorrer. Characterization of ultrashort elec-
tromagnetic pulses Adv. Opt. Photon. 1, 2, (2009) 308. URL http://aop.
osa.org/abstract.cfm?URI=aop-1-2-308

S. Wall, D. Brida, S. R. Clark, H. P. Ehrke, D. Jaksch, A. Ardavan, S. Bonora,
H. Uemura, Y. Takahashi, T. Hasegawa, H. Okamoto, G. Cerullg & A. Cav-
alleri. Quantum interference between charge excitation paths in acfid-state
Mott insulator. Nat Phys 7, 2, (2011) 114. URL http://dx.doi.org/10.
1038/nphys1831.

S. Wall, D. Wegkamp, L. Foglia, K. Appavoo, J. Nag, R.F. Haglund, J. Stah-
ler, & M. Wolf. Ultrafast changes in lattice symmetry probed by coherent
phonons Nat Commun 3, (2012) 721. URL http://dx.doi.org/10.1038/
ncomms1719

S. Wall, L. Foglia, D. Wegkamp, K. Appavoo, J. Nag, R. F. Haglund, J. Stah-
ler, & M. Wolf. Tracking the evolution of electronic and structural prop-
erties of VO, during the ultrafast photoinduced insulator-metal transtion.
Phys. Rev. B87, (2013) 115126. URLhttp://link.aps.org/doi/10.1103/
PhysRevB.87.115126

D. Wegkamp, D. Brida, S. Bonora, G. Cerullo, J. Sahler, M. Wolf, & S. Wall.
Phase retrieval and compression of low-power white-light ytses Applied
Physics Letters99, 10, (2011) . URL http://scitation.aip.org/content/
aip/journal/apl/99/10/10.1063/1.3635396

Daniel Wegkamp, Michael Meyer, Clemens Richter, Mdin Wolf, & Ju-
lia Stahler. Photoinduced work function modi cations and their e ect

197



REFERENCES

[Weg14]

[Wen94]

[Wes61]

[Wu98]

[Yos14]

[Yual2]

[Yual3]

[Zee99]

[Zei92]

198

on photoelectron spectroscopy Applied Physics Letters 103, 15, (2013)
URL http://scitation.aip.org/content/aip/journal/apl/10 3/15/
10.1063/1.4823591 .

Daniel Wegkamp, Marc Herzog, Lede Xian, Matteo Gatt, Pierluigi Cudazzo,

Christina L. McGahan, Robert E. Marvel, Jr Richard F. Haglun g, Angel

Rubio, Martin Wolf, & Julia St ahler. Instantaneous Band Gap Collapse in
Photoexcited monoclinic VO, due to Photocarrier Doping. Phys. Rev. Lett.

accepted .

Renata M. Wentzcovitch, Werner W. Schulz, & Philip B. Allen. VO ,: Peierls
or Mott-Hubbard? A view from band theory Phys. Rev. Lett. 72, (1994) 3389.
URL http://link.aps.org/doi/10.1103/PhysRevLett.72.3389

Sven Westman.Note on a Phase Transition in VO,. Acta Chemica Scandi-
navica 15, (1961) 217.

Z P Wu, S Yamamoto, A Miyashita, Z J Zhang, K Narumi, & H N aramoto.
Single-crystalline epitaxy and twinned structure of vanatim dioxide thin Im
on (0001) sapphire Journal of Physics: Condensed Matter10, 48, (1998)
L765. URL http://stacks.iop.org/0953-8984/10/i=48/a=002

Rikiya Yoshida, Takashi Yamamoto, Yukiaki Ishida, Hiroki Nagao, Tsub-
asa Otsuka, Kuninari Saeki, Yuji Muraoka, Ritsuko Eguchi, Kyoko Ishizaka,
Takayuki Kiss, Shuntaro Watanabe, Teruto Kanai, Jiro Itata ni, & Shik Shin.
Ultrafast photoinduced transition of an insulating VO, thin Im into a non-
rutile metallic state. Phys. Rev. B 89, (2014) 205114. URLhttp://link.
aps.org/doi/10.1103/PhysRevB.89.205114

Xun Yuan, Yubo Zhang, Tesfaye A. Abtew, Peihong Zhamy, & Wenging
Zhang. VO,: Orbital competition, magnetism, and phase stability Phys. Rev.
B 86, (2012) 235103. URLhttp://link.aps.org/doi/10.1103/PhysRevB.
86.235103.

Xun Yuan, Wenging Zhang, & Peihong Zhang. Hole-lattice coupling and
photoinduced insulator-metal transition in VO,. Phys. Rev. B 88, (2013)
035119. URL http://link.aps.org/doi/10.1103/PhysRevB.88.035119

Erik Zeek, Kira Maginnis, Sterling Backus, Ulrich Russek, Margaret Mur-
nane, Gerard Mourou, Henry Kapteyn, & Gleb Vdovin. Pulse compression
by use of deformable mirrors Opt. Lett. 24, 7, (1999) 493. URL http://
ol.osa.org/abstract.cfm?URI=0l-24-7-493

H. J. Zeiger, J. Vidal, T. K. Cheng, E. P. Ippen, G. Dresselhaus, & M. S.
Dresselhaus.Theory for displacive excitation of coherent phononsPhys. Rev.
B 45, (1992) 768. URLhttp://link.aps.org/doi/10.1103/PhysRevB.45.

768.



[Zha06]

[Zy175]

Jin Zhao, Bin Li, Ken Onda, Min Feng, & Hrvoje Petek. Solvated Electrons
on Metal Oxide Surfaces Chemical Reviews106, 10, (2006) 4402. URL
http://pubs.acs.org/doi/abs/10.1021/cr050173c

A. Zylbersztejn & N. F. Mott. Metal-insulator transition in vanadium diox-
ide. Phys. Rev. B 11, (1975) 4383. URL http://link.aps.org/doi/10.
1103/PhysRevB.11.4383.

199



200



List of Publications

Publications within this thesis

D. Wegkamp, D. Brida, S. Bonora, G. Cerullo, J. Stahler, M. Wolf and S. Wall, Phase
retrieval and compression of low-power white-light pulses
Applied Physics Letters 99, (2011), 101101

S. Wall, D. Wegkamp, L. Foglia, K. Appavoo, J. Nag, RF. Haglund Jr, J. Stahler
and M. Wolf, Ultrafast changes in lattice symmetry probed by coherent mmons
Nature Communications 3, (2012), 721

S. Wall, L. Foglia, D. Wegkamp, K. Appavoo, J. Nag, RF. Haglund Jr, J. Stahler
and M. Wolf, Tracking the evolution of electronic and structural propeties of VO2 dur-
ing the ultrafast photoinduced insulator-metal transition,

Physical Review B 87, (2013), 115126

D. Wegkamp, M. Meyer, C. Richter, M. Wolf and J. Stahler, Photoinduced work func-
tion modi cations and their e ect on photoelectron spectroscopy,
Applied Physics Letters 103, (2013), 151603

D. Wegkamp, M. Herzog, L. Xian, M. Gatti, P. Cudazzo, C.L. McG ahan, R.E. Marvel,
R.F. Haglund Jr, A. Rubio, M. Wolf and J. St ahler, Instantaneous band gap collapse
in photoexcited monoclinic VO, due to photocarrier doping

Physical Review Letters 113, (2014), 216401

Publications concerning other topics

J.-C. Deinert, D. Wegkamp, M. Meyer, C. Richter, M. Wolf, and J. Stahler, Ultrafast
exciton formation at the ZnO(1010) surface,
Physical Review Letters 113, (2014), 057602

M. Meyer, M. Bertin, U. Bovensiepen, D. Wegkamp, M. Krenz and M. Wolf, Ultra-
fast Dynamics at the Na/D,O/Cu(111) Interface: Electron Solvation in Ice Layers and
Na* -Mediated Surface Solvation

The Journal of Physical Chemistry C 115, (2010), 204

201



In preparation

J. Stahler, J.-C. Deinert, D. Wegkamp, S. Hagen, M. Wolf, Real time measurement of
the vertical binding energy during the birth of a solvated ettron,
Submitted to Journal of the American Chemical Society

J. Stahler, D. Wegkamp and S. Wall,

The photoinduced phase transition in VQ,
Invited for Progress in Surface Science

202



Academic curriculum vitae

Daniel Wegkamp
12051 Berlin

15.10.1982
1989-1993
1993-2002
2002-2003

2003-2009
2009

2009-2014

Born in Coburg, Germany
Grundschule Ketschendorf, Coburg
Gymnasium Casimirianum, Coburg

Alternative civilian service (in lieu of military service)
at the Klinikum Coburg, Coburg

Study of Physics, Freie Universiit Berlin

Diploma in the group of Prof. Dr. Martin Wolf at

the Freie Universitat Berlin with the topic: Schnelle
Elektronendynamiken an Grenz achen untersucht mit
einer NOPA-basierenden Femtosekunden-Lichtquelle

PhD thesis regarding Ultrafast electron dynamics and
the role of screeningin the Department of Physical
Chemistry (Prof. Dr. Martin Wolf) at the Fritz Haber
Institute of the Max Planck Society in Berlin and the
Free University Berlin

203



204



Acknowledgments

An erster Stelle mechte ich Martin Wolf daf ur danken, dass er es mir ermglicht hat
eiber viele Jahre hinweg im Zuge meiner Doktorarbeit zu forsisen. Die Ausstattung in
Labor und Bero lies nichts zu weinschenebrig, was mir die Arbeit ungemein erleichtert
hat. Viele angeregte Diskussionen, meisaber Physik, manchmal aucheiber das kreative
Chaos auf meinem Schreibtisch, haben mir sehr geholfen undet Spass gemacht.
Martin Weinelt, meinem Zweitgutachter, danke ich ganz herdich fer sein stetes und
stets gut gelauntes Interesse an meiner Arbeit. Auch im Zusamenhang mit der von
ihm ins Leben gerufenen Doktorandenschul®ynamics in New Light (Leibniz Graduate
School), die alle Teilnehmer sowohl in nanzieller Hinsich als auch durch exzellente
wissenschaftliche Betreuung in Form von Seminaren, Kurserund kleinen Tagungen
unterstutzt hat, habe ich viel von ihm gelernt.

Julia Stahler, in deren Arbeitsgruppe ich in den letzten Jahren schiten durfte, danke
ich als erstes da#fir, dass sie mich vor vielen vielen Jahremiberredet hat in ihrer Gruppe
anzufangen, auch wenn das Labor damals aus nichts als einemeren Raum bestand.
Immerhin Parkettfu boden. Mittlerweile hat sich das Labor mehr ins Gegenteil eines
leeren Raumes gewandelt, als einem manchmal lieb ist, aberadkbar bin ich immer-
noch. Bei den meist freundlichen Meinungsverschiedenheaih zur Interpretation der
Daten (Bis jetzt konnten wir uns ja immer einigen.) angefangen, uber viel konstruktive
Kritik und Unterst utzung beim verfassen von Texten bis hin zum ein oder anderen
Feierabend-Bier (zumindest bevor der Nachwuchs kam)efhlte ich mich immer bestens
betreut. Wenn per Smartphone am Wochenende noch weiterangsiert wurde, dann
manchmal auch etwas zu gut.

A lot of thanks to Simon Wall, with whom | shared an o ce for a lo ng time. Starting
from exciting and funny lab-days, over countless discussits regarding related or totally
unrelated problems in physics and life, and ending at beer ashchampions league, | have
learned quite a lot from you. See you soon!

Es ist immer beruhigend, wenn man nicht der einzige ist, den & Arbeit in den
Wahnsinn zu treiben droht. Liebe Melanie, danke, dass Du mila mit davor bewahrt
hast. Deine Gesellschaft an langen Messtagen und danach bidanoi oder Pizza essen
waren immer ein Vergreigen.

Micha, schon bei meiner Diplomarbeit hast Du mir gezeigt wieman 2PPE Experimente
durchfuhrt. Dann am FHI wie man Elektronen solvatisiert und mit in S ticksto einge-
frorenen Bananen Nagel ins Holz lammert. Man hat immer viel Freude mit Dir und
deiner lieben Familie.

Die meisten der bis jetzt erwahnten sind in den letzten Jahren aucheber die Arbeit
hinaus gute Freunde gewordeneberhaupt ist es scten, dass das Verlaltnis im Grunde
zu allen anderen Kollegen in der Abteilung PC und daeiber hinaus am Institut, sehr gut
war. Lieben Dank an die Mitlaboranten und Kollegen Jan, Marg, Alex, Lutz, Clemens,
Ralph, Laura, Lea, Selene, Claude und wie sie nicht alle heéen.

Technisch bestens untersatzt gefehlt habe ich mich vor allem von Marcel (Computer,
Laser, Messzeug), Albrecht und Sven (UHV und basteln). Ihr vart immer eine gro e
Hilfe und ich danke euch stellvertretend #ir die weiteren Techniker-Kollegen und das
O ce Management. So heit das heutzutage, glaube ich. Oder,Manuel?

205



Naterlich kennte man diese Liste noch eine ganze Weile fortsetzen. Odanan sagt
einfach, dass man sich in den letzten Jahren an seinem Arbeaiplatz wohl gekhlt hat
und immer auf Hilfe und Unterstetzung vieler zahlen konnte. Entschuldigung an all
die Vergessenen.

Uber das Arbeitsumfeld hinaus habe ich mich in den letzten Jaren immer untersteitzt

und sicher getihlt. Das habe ich meiner lieben Familie zu verdanken, von deman

keine bessere habendnnte. Und gre er geworden ist sie auch. Erst ein lieber Gru e
nach Finnland, dann zum wichtigsten Menschen: Auch wenn dirunser Sohn Jonathan
diesbeazglich Konkurrenz macht, liebste Anna, den allerg® ten Dank, dass Du es mit
mir, trotz meiner vielen langen Arbeitstage, ausgehalten last. Ich kann es mir nicht
ohne Dich vorstellen.

206



Selbstst andigkeitserkl arung gem & x 7 der
Promotionsordnung

Samtliche verwendeten Hilfsmittel, Hilfen und Quellen sindan der entsprechenden Stelle
angegeben. Ich versichere, dass ich auf dieser Grundlagesde Arbeit selbstsendig ver-
fasst habe. Diese Arbeit wurde bisher weder in gleicher noclahnlicher Form einer
anderen Prifungskomission vorgelegt oder ver entlicht.

Berlin, den

Daniel Wegkamp

207



	Abstract
	Deutsche Kurzfassung
	Contents
	Introduction
	Questions and Background
	Electron interactions and screening in the investigated systems
	Crystallographic and electronic phase transition in VO2
	Surface 2D electron gas in insulating SrTiO3
	Electron solvation and trapping in amorphous solid water

	Experimental details and techniques
	The femtosecond laser system
	Commercial oscillator and amplifier
	Noncollinear third and fourth harmonic generation
	Adaptive white-light continuum compression for broadband optical probing

	Photoelectron spectroscopy
	One- and three-step-model of photoemission
	Angle-resolved photoemission spectroscopy (ARPES)
	Matrix elements and selection rules
	Unoccupied band structure and excited state dynamics
	Two-photon photoemission
	Time- and angle-resolved photoelectron spectroscopy
	Data analysis
	Experimental setup for TR photoemission spectroscopy

	Optical pump-probe spectroscopy
	Optical response, dielectric function and band structure
	Transient reflectivity upon photo-excitation
	Coherent phonon generation and detection


	Instantaneous band gap collapse in VO2: Photoinduced change of screening
	Probing the potential energy landscape of VO2
	Temperature induced phase transition in VO2/Si(100)
	Non-equilibrium dynamics of the insulating monoclinic phase
	Non-equilibrium dynamics of the rutile metallic phase
	Strong photoexcitation
	The dynamics of the photoexcited state
	Conclusion: Ultrafast symmetry loss of monoclinic VO2

	Ultrafast metallisation of VO2
	VO2/Al2O3(0001) sample for photoelectron spectroscopy
	Thermal insulator-to-metal transition
	Photo-induced change of electronic density of states
	The dynamics of the photo-induced insulator-to-metal transition
	Relaxation dynamics in the transient metallic phase
	Summary: Instantaneous band gap collapse in VO2

	A new picture of the photo-induced, ultrafast phase transition in VO2

	Screening and electron dynamics in two-dimensions: The SrTiO3/vacuum interface
	Vacuum cleaved and polished STO
	Unoccupied states at the STO(001) surface
	Hot electron dynamics in STO
	Pump-induced dynamics of the occupied band structure
	Fermi level shift in 2PPE data

	Summary & Conclusion: dynamic 2DEG at STO(100)/vacuum interface

	Screened excess electrons in amorphous ice: Transmission, trapping and reactivity
	Preparation of D2O Layers on Cu(111)
	Mean free path of low energy excess electrons in ASW
	Trapped electrons in thick ASW films
	Trapped electrons at ASW/vacuum interface
	Relaxation dynamics of trapped electrons in ASW

	Trapped electron induced chemistry at the ASW/vacuum interface
	Spatially varying photoinduced work function change
	Mechanism of work function modification in D2O/Cu(111)

	Excess electrons in ASW: Long residence times enhance reactivity

	Summary & Conclusion
	Screening of a point charge
	Experimental setup for TR photoemission spectroscopy
	Nonlinear optics
	Introduction
	Second order effects and conservation laws
	Third order effects
	Kerr lens effect
	Self phase modulation


	Excitation density in VO2
	Photoemission data treatment from Section 4.2.3
	Space charge effects
	Work function distribution and effect on photoemission spectroscopy
	Bibliography
	Publications
	Academic curriculum vitae

