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Kurzfassung

Im Rahmen dieser Arbeit wurde der Einfluß der elektronischen Struktur auf das
Relaxationsverhalten optisch angeregter Elektronen an Festkörperoberflächen un-
tersucht . Mit der Methode der zeitaufgelösten 2-Photonen Photoemissionsspek-
troskopie ist es möglich, die Dynamik elektronischer Anregungen zu verfolgen. Der
Schwerpunkt lag hierbei auf der Bestimmung der Beiträge von d-Bändern und
Oberflächenzuständen auf den Populationszerfall und die Lebensdauern von so-
genannten "Bildpotentialzuständen" in Übergangsmetallen. Bildpotentialzustände
sind gebundene - normalerweise unbesetzte - elektronische Oberflächen- zustände,
die im Vakuum vor der Oberfläche lokalisiert sind und energetisch - vergleichbar
einer Rydbergserie beim Wasserstoffatom - gegen die Vakuumenergie konvergieren.
Es wurde gezeigt, daß eine gezielte Veränderung der Oberfläche durch Adsorbate die
Lebensdauern der Zustände, die im Femtosekundenbereich liegen, sowohl verlängern
als auch verkürzen kann. Somit ist es möglich, elektronische Lebensdauern auf ul-
trakurzen Zeitskalen zu kontrollieren und zu be- einflussen .

Im speziellen wurden die ersten beiden Bildpotentialzustände auf der Pt(111)
Oberfläche sowie der jeweils erste Bildpotentialzustand auf den (111) und (100)
Orientierungen von Nickel untersucht .

Auf der Pt(111) Oberfläche wurden Lebensdauern von 26 ± 7 fs und 62

	

10 fs
für die ersten beiden Zustände gemessen, die um einen Faktor zwei nach Adsoption
einer viertel Monolage Sauerstoff verkürzt werden . Dies läßt sich im wesentlichen
durch eine Reorganisation der Valenzbandstruktur erklären, die knapp unterhalb
des Ferminiveaus beobachtet wurde.

Die gemessenen Lebensdauern des jeweils ersten Bildpotentialzustandes auf den
beiden Nickeloberflächen sind mit weniger als 20 fs deutlich kürzer verglichen mit
solchen aufEdelmetalloberflächen. Dies ist aufden Einfluß von d-Zuständen zurück
zuführen, die am Ferminiveau lokalisiert sind . Es wurde ein Modell entwickelt, mit
dem sich die gemessenen Lebensdauern auf den Oberflächen von Übergangs- und
Edelmetallen sehr gut beschreiben und voraussagen lassen .



Abstract

The influence of the electronic structure upon the relaxation dynamics of optically
excited electrons has been investigated on the transition metal surfaces of Pt and Ni .
Using time-resolved two-photon photoemission spectroscopy the population dynam-
ics of excited electronic states can be observed . It was the purpose of this thesis to
extract the influence of d-band and surface-state contributions onto the dynamis and
lifetimes of so called "image-potential states" . Image-potential states are a special
class of bound, normally unoccupied, electronic surface states . They are localized
in the vacuum region in front of a metal surface and energetically converge - similar
to the Rydberg series of a hydrogen atom - with quantum number n towards the
vacuum energy. It has been demonstrated that changes in the surface geometry
caused by adsorbates influence the lifetimes of those states, which typically lie in
the femtosecond range. Our experiments show that the lifetimes of image states can
be both lowered and increased depending on the the sort of atoms adsorbed at the
surface. Therefore, it is possible to control lifetimes of surface states on ultrashort
time scales .

In particular, we have investigated the first two image-potential states on the
Pt(111) surface as well as the first state (n = 1) on the (111) and (100) orientations
of Ni.

On Pt(111), lifetimes of 26 ± 7 and 62 f 10 fs have been measured for the first
two image states, respectively. The adsorption of a quarter of a monolayer leads to
a reduced lifetime for both states by a factor of 2. This decrease can be explained
by the redistribution of the density of states close below the Fermi energy.

The observed lifetimes of < 20 fs for the first image-potential state on Ni(100)
and Ni(111) are significantly shorter compared to those on Pd, Pt and the noble
metals Cu and Ag. This can be essentially attributed to the high density of states
of d-bands at the Fermi level, which contribute to the population decay. In order to
understand the lifetimes of image-potential states on the transition and noble metal
surfaces, a model has been developed which is able to describe the observed lifetimes
reasonably well and allows to predict up to now unmeasured lifetimes.
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Chapter 1

Introduction

The time resolution of the human eye is limited to ~50 ms. It is, therefore, not
suited for the investigation of dynamic processes on shorter timescales . We meet
this restriction in time resolution in our daily life . Watching movies is only enjoyable
since the repetition rate of the pictures exceeds 20 Hz. A variety of methods has
been developed for the investigation of processes that happen on 1,Ls or even shorter
timescales . The common problem concerning the investigation of ultrafast dynamics
is the available temporal resolution . For instance, high-tech electronic instruments
provide a time resolution somewhat better than 100 picoseconds (ps) . However, a
lot of interesting and important phenomena in physics and chemistry happen on ps
and femto second (fs) timescales [1, 2, 3, 4, 5] .

The development of femtosecond-laser systems opened the door to study ultrafast
dynamcal processes which range from relaxation dynamics of charge carriers in
solids [l, 4] to the formation or breaking of chemical bonds in molecules [5] . Typically
pulses are about 100 fs long, presently the shortest is 4.5 fs [6] .

The field of femtosecond spectroscopy is a remarkable and fascinating new topic
in science. It has met great fundamental and technological interest and opens a wide
range of research in different fields of physics and chemistry. Consequently, one of
the pioneers in femtosecond chemistry, A. Zerwail, was awarded the Nobel Prize in
chemistry in 1999.

Femtosecond spectroscopy is based on the pump-probe technique. Two individ-
ual fs-laser pulses, which can be delayed in time with respect to each other, are used
to excite (pump) and probe the physical system . A characteristics of this approach
is that the investigated system is no longer in thermodynamic equilibrium. After
excitation by the pump pulse, the system is in an excited state whose decay into
other degrees of freedom is being probed . The observed state at a given pump-probe
delay can thus be regarded as a "snapshot" of the momentaneous condition of the
system. Hence, fs spectroscopy is also referred to as the "fastest camera in the
world" .

A challenging aim of current research is the investigation and understanding
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of electron dynamics at surfaces and interfaces after optical excitation [7, 8, 9] .
Electron-hole excitations play a key role in a variety of phenomena such as surface
chemistry [10], charge transport [11], electron stimulated desorption [10], and device
physics [1, 12] . Moreover, it has been demonstrated that hot electron distributions
govern the demagnetization of ferromagnetic thin films via spin flip processes and
the creation of magnons [13] .

Time-resolved 2-photon photoemission spectroscopy (TR2PPE) is a powerful
technique for investigating ultrafast electron dynamics with the unique possibility
of directly studying the population of normally unoccupied electronic states . This
is the main advantage compared to "indirect" optical techniques such as measuring
the transient absorption [14] or reflection [15] .

Initially TR2PPE experiments with ps time resolution focused almost 20 years
ago on the transient electron populations in conduction bands and normally unoc-
cupied surface states on semiconductor surfaces in the fs regime [16, 17] . Advances
in laser technology have finally enabled the observation of excited electronic-state
lifetimes on a variety of metal surfaces [7, 8] . Before it was possible to use ultra-
fast lasers, the only method available for obtaining information about the electron
lifetimes on metal surfaces was the measurement of spectroscopic linewidths .

The main difficulty with linewidth measurements is associated with the assump-
tion that the linewidth is dominated by lifetime broadening . Interestingly, it has
been shown that so called "dephasing" or "initial state" effects give rise to compli
cated and unexpected behaviour of the linewidth [18, 19, 20] . Therefore, lifetime
measurements in the time domain are highly preferred. Recent TR2PPE experi-
ments on a variety of metal surfaces focused on

* hot electron distributions above the Fermi level [4, 8, 11, 21],
9 the transient response of the population of surface states [7, 22, 23] .

The general aim of these time-resolved experiments is the determination and under-
standing of the scattering mechanisms which govern the decay of excited electrons.
The relaxation time of excited electrons reflects a number of interactions such as
electron-electron, electron-phonon, electron-plasmon, or electron-impurity scatter-
ing. In addition, it has been demonstrated that excited electronic states in metals
influence chemical reactions [10] and open the possibility of observing adsorbate-
atom motion above a metal surface in real time [2] .
A special class of surface states are the so-called "image-potential states" . These

normally unoccupied states are similar to the highly excited Rydberg states in atoms
or molecules. They occur if electrons are trapped close to a metal surface by their
own positive image charge inside the metal . In analogy to the hydrogen atom, this
gives rise to a series of novel electronic states with quantum numbers n converging
towards the vacuum level Eva,,. Image-potential states are localized mainly in thevacuum. Parallel to the surface their wave functions are delocalized . With increasing
n, electrons populating image-potential states are localized further and further in



the vacuum . For example, the n = 7 state on Cu(100) is localized about 200 A away
from the surface [24] .

Image-potential states provide a useful model to study the interaction of surface
electrons with the underlying substrate. This coupling is responsible for the cross-
sections and branching ratios of all electronically induced adsorbate reactions at
metal surfaces .

Recent research has focused on the dynamics of image-potential states on clean
and adsorbate covered surfaces of Cu and Ag [7, 23, 25] . The observation of
quantum-beats between coherently excited high-order image-potential states on Cu(100)
[24] provide new information about binding energies and lifetimes of image-potential
states with n >_ 4 . By exciting electronic states close to the vacuum level, electron-
wave packets are formed which travel more than 200 A away from the surface and
oscillates back . Moreover, those quantum beats provide information about dephas-
ing by the loss of coherence in the quantum beats [26] .

However, up to now almost no information is available about image-potential
state dynamics on transition metal surfaces . Electron dynamics on these surfaces
should provide additional information about the influence of d-bands and surface
states on the decay of electrons populating image-potential states . The d-band
contribution is of considerable interest since d-levels are responsible for magnetism
on the transition metal surfaces of Fe, Co, and Ni.

Within this thesis we present first measurements of image-potential state dy-
namics on Pt and Ni surfaces in the time domain by using TR2PPE. The chapters
in this thesis are arranged in the following way. First we give a short introduc
tion into the experimental technique of TR2PPE in chapter 2 . Chapter 3 provides
a general overview about the physical properties of image-potential states such as
lifetimes, effective masses and binding energies . Before we start the presentation of
the measurements, the experimental setup is described in chapter 4. In chaper 5,
the dynamics of the first two members of the image-potential series on the clean
and oxygen covered Pt(111) surface will be presented. Our results will be compared
with a theoretical calculation performed in collaboration with E.V. Chulkov et al . .
The dynamics of the first image-potential state on the (100) and (111) faces of Ni
are explored in chapter 6. In order to separate the various decay channels of the
image-state population, hydrogen was adsorbed on the Ni(111) surface . In chapter
7, a comparison of n = 1 state lifetimes on various surfaces is given. It is the aim of
this chapter to find a general trend by accounting for the wave-function penetration
into the crystal and the electronic states involved into the decay. Finally, chapter 8
summarizes the results.
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Chapter 2

Principles of photoemission

It is the scope of this section to give a short introduction into the techique of two-
photon photoemission which has been used throughout this thesis to probe the
dynamics of normally unoccupied electronic states after optical excitation . We start
the description with an overview of direct and inverse photoemission spectroscopy.
These techniques probe the occupied and unoccupied electronic levels, respectively .
We then introduce two-photon photoemission as suitable tool for the direct investi-
gation of electron dynamics in normally unoccupied electronic states .

2 .1

	

Historical remarks

The interaction of light with matter, such as scattering or absorption of photons
provides a variety of techniques for studying structural and electronic properties
of solids . In particular, photoemission spectroscopy is one of the most powerful
methods to probe electronic core levels, valence bands and the dispersion E(k) of
energy bands of solids and their surfaces .

The photoelectric effect was first observed by Hertz in 1887 [27] . He observed that
an arc between two electrodes occurs more easily if the negatively biased electrode is
illuminated with UV radiation. In the following years additional experiments were
performed by Thompson [28] and Lenard[29], who showed unambiguously that the
effect observed in Hertz's experiment can be explained by the emission of electrons.
Moreover, Lenard found that the number of emitted electrons from an illuminated
metal is proportional to the intensity of the incident light . However, the velocity of
the emitted electrons depends on the wavelength of light, not on the light intensity.
The observed behaviour could not be explained within the framework of the classical
electromagnetic theory.

These observations led Einstein to postulate his theory of the photoelectric effect
in 1905 [30], which was capable to explain the experiments of Lenard and Thompson .
Within this theory only portions of light of an energy E = by could be absorbed
by the sample where v is the frequency of light and h denotes the Planck constant .
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Therefore, the quantum nature of light and the existence of light particles, referred
to as "photons", were established . For this work Einstein was awarded the Nobel
Prize in Physics 16 years later in 1921 .

The development of angle-resolved photoelectron spectroscopy [31] opened the
door for detailed studies of the occupied electronic structure . Using this technique,
the kinetic energy E and the momentum k of the emitted electron is measured
such that the band structure of solids can be mapped . On the other hand, angle
resolved inverse photoelectron spectroscopy has become a versatile method to ex-
pand the investigation to the unoccupied electronic structure [32] . The advent of
fs-laser systems introduces time resolution in photoemission experiments. The new
technique of time-resolved two-photon photoemission spectroscopy offers the oppor-
tunity of studying electron dynamics in real time . In addition, its improved energy
resolution compared to inverse-photoemission experiments makes it favourable for
the investigation of unoccupied electronic states .

2.2

	

Direct and inverse photoemission spectroscopy
The energy E of allowed electronic states in dependence of the electron wave vector
k is referred to the electronic bandstructure E(k) . Due to the periodic crystal
potential the dispersion relation E(k) for the crystal electrons deviates from the
dispersion relation for free electrons . The dispersion of energy bands in solids has
been the focus of interest in the last years. A powerful tool to investigate the E(k)
dependence is the technique of angle resolved ultraviolet photoemission spectroscopy
(ARUPS). Using this technique, both the kinetic energy and the emission angle of
the photoemitted electrons are measured .

In order to obtain information about the electronic structure of a solid, it is
illuminated with monochromatic light of energy hv. If the photon energy exceeds
the work function, electrons can be excited into normally unoccupied states above
the vacuum level Eva, and can be photoemitted . Since the energy of an absorbed
photon is completely transferred to the excited electron, the kinetic energy of the
photoemitted electron is

Ekin = hw - (Eva, - EF) + EB = h2W - (I) -I- EB

	

(2.1)

where BB - EF- Einitial denotes the binding energy relative to the Fermi level EF.
The photoemitted electrons can then be separated with respect to their kinetic en-
ergy and detected . From the obtained energy distribution curve (EDC) the position
of the Fermi level', the vacuum level and the energy position of electronic states can

'It should be noted that the Fermi level can only be measured on metals . In many cases thebinding energies for electronic states in semiconductors are also referenced to EF , which thenusually was taken from a reference metal sample . Thus EF serves as a physical reference in solids .However, one should keep in mind that the kinetic energy is measured with respect to the vacuumlevel.
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be obtained . The work function -1) of a metal sample is given by the width of the
EDC between EF and the low energy cutoff according to equation 2.1 .

The inverse-photoemission process can be thought of as the time reversal to the
process of direct photoemission [32] . In inverse-photoemission experiments a beam
of monochromatized electrons hits the sample under a defined angle. The electrons
injected into the sample occupy states above Eva, . Such electrons in excited states
may decay via radiative transitions to lower lying empty states between EVa, and
EF. The emitted photons are counted and energy analyzed .

The process of photoemission is a quantum phenomenon and has, therefore, to be
described within the theory of quantum mechanics. Since the optical perturbation
due to the incident electromagnetic field of light is only small, the problem can be
treated in first order perturbation theory. The transition probability per unit time
for the excitation of an electron from the initial state I i) with energy Einitial to an
excited state I f) with energy Efinal is then given by Fermi's Golden Rule as

2U fi =h I

	

f I Hint I
i) I2

&(Efinal - Einitial - hW)

	

.

2
Hint =

2mc(A - P+ .P - A) -
e~o + 2m-c2 I

A
IZ

	

.

2.2.1

	

The three-step model

(2.2)

The b-function guarantees the conservation of energy in the photoemission process.
Hint is the Hamiltonian describing the interaction between the electron and the
incident electromagnetic wave and can be written as

(2.3)

A and cp are the vector and skalar potentials of the incoming light . In general
the diamagnetic term I A 12 is small and can be neglected. Further on, a gauge
transformation could be found such that the skalar potential ~P can be set to zero .

The process of direct photoemission is often described in the so-called three-step
model which is useful in the interpretation of photoemission spectra and relatively
simple .

In a first step a photon is locally absorbed and its energy is transferred to a
bound electron in an initial state I i) with energy Einitial below the Fermi level EF,
which is excited into an unoccupied final state I f) with energy Efinal above EF.
Here, the interaction between electron and photon is characterized by energy and
momentum conservation :

Efinal = Einitial +1~W

	

(2.4)
-i

	

-1

	

-1 -i

Efnal - kinitial = K+ kph

	

-

	

(2.5)

kfinal and kinitial denote the electron momenta of the final and initial states, respec-
tively. K represents a wave vector of the reciprocal lattice and can be neglected in
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solid
tin

	

solid

inverse
photoemission

Einitial

Figure 2.1 : (A) In the photoemission process an electron is excited by the absorption
of a photon with energy E = hw. It can leave the surface and escape into the
vacuum if the photon energy exceeds the work function (b . Using this technique,
one can probe states below EF (initial state) and above EVa,, (final state) . (B)
The inverse photoemission process can be thought of the time reversal process of
direct photoemission . This technique allows to probe bands in the energy range
between EF and Eya,, (final state) and bands at energies above Eva'. Hatched areas
denote electronic states which are accessible with direct (inverse) photoemission
spectroscopy . In both processes, energy and momentum are conserved as described
in the text .
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the reduced scheme of the Brillouin zone . The wave vector of the photon, kph, is
rather small compared to those of electrons and to the expansion of the Brioullin
zone and can also be neglected . Thus, only vertical transitions in the reduced scheme
of the Brillouin zone are possible :

In a second step the excited electron propagates through the sample to the
surface. If now the state I f) lies energetically above the vacuum level Eva,, the
electron can finally couple to a free-electron like vacuum state, can leave the surface
and escape into vacuum. The process of photoemission is schematically shown in
the left panel of Fig. 2 .1 . The necessary condition for the last step implies that the
photon energy, hw, exceeds the work function, -1) = Evae - EF, of the sample .

100

50

10

5

3

kffinal - kinitial = 0

2

	

5 10

	

50 100

	

500 1000

Electron energy (eV)

(2 .6)

Figure 2 .2 : The mean free path of electrons in a solid plotted as function of their
kinetic energy [33] . The curve shows an universal behaviour for all elements and
is calculated by Penn [34] . The dots represent experimental data for the indicated
elements [35] . By selecting the photon energy one is able to control the escape depth
of electrons from the sample and the surface sensitivity of the experiment .

During the propagation to the surface the electrons can scatter inelastically with
other electrons or phonons resulting in a loss of energy. However, if the energy loss
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is small enough so that the electron energy remains above the vacuum level, the
electron is still able to escape into the vacuum. This leads to a background in the
energy distribution curve due to secondary electrons . The probability of such scat-
tering events is described by the "mean free path" of electrons inside the solid. The
mean free path of an electron is the statistical propagation length without inelastic
scattering, that means without losing a fraction of its energy. Hence only electrons
which are excited within a distance given by the mean free path away from the
surface provide useful information about the electronic structure in a photoemission
experiment. It is interesting to see that the mean free path of electrons is approx-
imately independent of the material . This is shown in Fig. 2.2, where the kinetic
energy of electrons is plotted versus the mean free path . The universal curve has a
minimum of 4 Ä around a kinetic energy of 50 eV and increases again towards lower
and higher energies . The surface sensitivity of the photoemission experiment can
then be controlled by the chosen photon energy.

When the electron leaves the surface (third step in the three-step model), one
has to take into account the termination of the three-dimensional periodicity per-
pendicular to the surface . The momentum k of the electron can be divided into
components parallel and perpendicular to the surface:

k = k1I + kl

	

(2.7)

Since the period of the whole system is still conserved parallel to the surface the
value of k11 is unchanged and one obtains

k lln =
k1jut

kin

	

ut

	

-v/-
II

	

1=1
~101

	

I_

	

2~kin
cos(19)

where z9 is the angle between the surface and the emitted electron . The question for
the component perpendicular to the surface is more complex since this componentis not conserved:

kLt I=

	

2m(Ekzn + Eo +

	

sin(t9)
where Eo is the, so called, inner potential of the sample .

(2 .8)

(2.9)

~l 101 lt

	

(2.l0)
When the electron leaves the surface, its energy is renormalized . In the solid, theenergy of the electron is referred to the inner potential which usually is close to thebottom of the valence band. After the photoemission process the kinetic energy ofthe electron is measured relativ to the vacuum level. Hence the value for I klt I canbe calculated by
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Similar to the process of direct photoemission, the inverse photoemission process
can be divided in three steps of reversal order. However, in this case the third step
is characterized by energy and momentum conservation, i .e .

Efinal = Einitial - hW

kfinal -

	

initial =

2.2 .2

	

Linewidths measurements

(2.12)

(2.13)

The technological development in photoemission spectroscopy has made possible
precise linewidth measurements of electronic states . State of the art electron analyz-
ers possess an energy resolution below 100 meV, in some cases an energy resolution
below 5 meV has been reported [36] . The intrinsic linewidth P and the lifetime 'T of
an electronic state are intimately connected through the relation

I' = h

	

.

	

(2 .14)
T

Therefore, accurate linewidth studies provide information about elementary excita-
tions and, thus, about dynamical processes such as the scattering length of electrons.
Due to the finite spot of the light source on the sample, the photoemission exper-
iment integrates over a relatively large area of the surface . Thus, the roughness of
the surface, i.e . residual defects, steps and other imperfections, can be expected to
increase the linewidth .

Another method for the investigation of electronic states is the spectroscopy
with a scanning tunneling microscope (STM) . Using this technique, in a first step
an atomically resolved image of the surface is scanned. By selecting an almost
perfect, defect free position on the surface, finally the current-voltage characteristics
(scanning tunneling spectroscopy : STS) at this particular position is measured [36] .
From the width of the steplike onset in the äv curve the linewidth of electronic
states at their band minimum and, thus, their lifetimes can be determined [36, 37] .

One should note, that, despite of the mentioned advantage in STS, recent high
resolution photoemission and STS experiments yield almost identical values for the
linewidths of occupied surface states2 on noble metal surfaces [36, 37] .

A major disadvantage in inverse photoemission experiments is the relatively low
energy resolution (> 200 meV) . Therefore, the linewidths of unoccupied electronic
states can only be resolved with minor accuracy. This problem can be overcome by
using the technique of two-photon photoemission spectroscopy, which provides an
energy resolution as good as in direct photoemission experiments . This method is
described below in the next section .

zA brief description of surface states will be given in the next chapter .
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2.3

	

Investigation of electron dynamics after opti-
cal excitation

As described in the previous section, direct and inverse photoelectron spectroscopy
are appropriate techniques for the investigation of the occupied and unoccupied elec-
tronic structure in solids, respectively. However, inverse photoemission spectroscopy
probes "quasi static" processes and fails in the investigation of electron dynamics in
normally unoccupied states . Therefore, additional methods are required for studying
dynamics in states between EF and EVa,.

As soon as electrons are optically excited into normally empty states they start
to interact with their environment since the physical system is now far away from
thermal equilibrium . The excited electrons start to scatter in order to cool down .
Those scattering events lead to a depopulation of the excited states induced through
an energy transfer to the environment. In all possible relaxation mechanisms energy
and momentum conservation is required . The relaxation pathways depend on the
individual physical system and govern the time scale of the decay and lifetimes of
excited electrons . On short time scales of up to 200 fs, the so called "coherent
regime"' [38], electron-electron scattering dominates the relaxation dynamics . On
longer timescales carrier-phonon scattering appear and is the most likely decay path .
Note that a number of other mechanisms could be involved in the relaxation process,
for instance electron-hole scattering, carrier-capture in quantum wells or carrier
recombination. The measured lifetimes are therefore excellent hints for the involved
decay channels and the involved final states in which the electrons are able to scatter .

A large number of experimental investigations in this field use the so called
pump-probe technique . Here a first light pulse (pump pulse) is used to excite the
electronic system whereas a second light pulse at variable time delay probes the
momentary state.

2 .3.1

	

Two-photon photoemission

CHAPTER 2. PRINCIPLES OF PHOTOEMISSION

If light of sufficient intensity interacts with matter, an electron can be excited si-
multaniously with twice the photon energy hw of the incoming light. This process
is referred to as a two photon process or two-photon absorption . As a consequence,
even if the work function (D exceeds the photon energy, a photocurrent can be de-
tected if 2hw > -1) . The simultaneous absorption of two photons is a nonlinearprocess of second order. Thus, the probability of such a process is by far smallerthan the excitation of an electron by only one photon . Accordingly, these pro-cesses are negligible in standard photoemission experiments which were describedin the previous section. One has to distinguish between nonresonant and resonantprocesses. In a nonresonant process, the photocurrent Zphoto due to two-photon pho-

'In the "coherent regime" the excited electrons retain their coherence among themselves andwith the electromagnetic radiation.
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toemission is proportional to the square of the light intensity Night. If, for example,
an unoccupied surface state4 serves as intermediate state, the observed 2PPE inten-
sity exceeds the 112 behaviour. The dependence of the photocurrent is linear in
one-photon photoemission : Iphoto oc hight-

Pulsed laser sources can generate light pulses with pulse energies of up to a few
mJ which provide sufficient light intensities to cause two-photon processes and in
a smaller extend three- and four-photon processes can occur' . In the following the
description will mainly focus on two-photon processes.

Two-photon photoemission (2PPE) spectroscopy is similar to the above de-
scribed technique of photoemission, but can give additional information of the elec-
tronic structure . A first photon of energy hvl excites an electron from an occupied
state ji) below EF into an unoccupied state In) between EF and Evac. A second
photon with energy hv2 lifts up the electron above the vacuum level into the final
state If) so that the electron can leave the surface and escape into the vacuum where
its kinetic energy is analyzed . The distinction between vl and v2 is necessary since
both photons may have different energies and polarizations .

Furthermore, if the time delay between the two photons can be controlled, time
resolution as an additional experimental parameter can be achieved since the pop-
ulation of state In) can be probed through the second photon by varrying the time
delay between photon 1 and photon 2. This is accomplished by the use of two ul-
trashort laser pulses as shown in Fig. 2.3(A) . Time resolution is then determined
by the temporal duration of the laser pulses . If both pulses have the same photon
energy, hvl = hv2, the experiment is referred to a one - colour experiment, else it
is called a two - colour experiment .

Due to the high intensity of both light pulses, a variety of possible electronic
transitions are expected to occur which contribute to the energy distribution curve
in a 2PPE experiment . Let us assume that in a two-colour experiments both photon
energies are smaller than the work function of the sample and both pulses arrive
at the same time at the sample surface. There are four possibilities for transitions
involving both pulses as sketched in Fig-2.3(B) in a schematic bandstructure.

Processes (1) Here only photons of one pulse take part in the photoemission pro-
cess. Two photons with energy hvl are absorbed simultaneously and lift an
electron above Ev,,,. Since no electronic intermediate states are involved, this
process is referred to a nonresonant process. Photoemission is only possible
via a virtual state [39] . In this case, only occupied electronic states can be
observed in the EDC .

4 Surface states will be described in the next chapter.
51n general, depending on the light intensity on the sample, the number of photons involved in

the excitation of one electron is not restricted so that the whole of these processes can be referred
to as multi-photon processes.

'This problem can be easily transferred to a one - colour experiment .
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Figure 2 .3 : (A) The realisation o£ TR2PPE experiments requires precice control
of the time delay between pump and probe pulse at the sample . By taking pho-
toelectron spectra at different time delays, time resolution can be achieved . The
population decay of excited electrons can therefore be investigated in the time do-
main. (B) Possible transitions in a two - colour 2PPE experiment . Occupied and
unoccupied electronic states are marked by shaded areas. An example for a resulting
EDC is shown in the upper right part of the figure . Only the processes (3) and (4)
can be used to investigate the dynamics of excited electrons in the time domain.
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Process (2) A first photon with energy hv2 excites the electron into a previously
unoccupied state while a second photon with the same photon energy pho-
toemits the electron . The difference between the processes (1) and (2) is the
resonant nature of process (2) since an intermediate electronic state is involved .

Process (3) A photon of pulse 1 (pump pulse) with energy hvl excites the electron
into a normally unoccupied state, whereas a second photon of pulse 2 (probe
pulse) with energy hv2 lifts the electron into the vacuum. Similar to process
(1), this case is an example for a nonresonant transition .

Process (4) The reverse of process 3 with the difference that this process possesses
an intermediate state, thus it is concerned to be a resonant transition . A pho-
ton with energy hv2 populates unoccupied states, the second pulse containing
photons with energy hvi probes those states .

The first two processes can be distinguished form the processes (3) and (4) by
blocking one of the two beams. Moreover, the first two processes are independent
of the time delay between pump and probe pulse . Thus, peaks resulting from the
processes (3) and (4) change significantly in intensity if the delay between the pulses
is scanned. However, care has to be taken concerning the classification of peaks
originating from the processes (3) and (4) . Such a peak must not consequently
belong to an excited state. For example, photoemission from an occupied state in
a non-resonant two-photon process via a virtual state might be responsible for an
observed peak .

It should be noted that, by using different photon energies in the pump and
probe pulses, the processes 3 and 4 usually probe dynamics of different states as
can be seen in figure 2.3 . The choice of the photon energy depends on the energy
position of the intermediate states which should be investigated . The processes 1
and 2, if not desired, can be reduced by decreasing the light intensity of each pulse.
However, this may reduce the time dependent pump-probe signal as well. Usually
the pulse with the smaller photon energy is kept more intense . Its photon energy, if
possible, can be chosen such that a three photon process is necessary to overcome
the work function and reduce 2PPE within this pulse.

Some experiments require photon energies close to the work function . In such a
case the laser pulse can excite electrons from the high energy side of the Fermi tail
right above the vacuum level via the absorption of only one photon leading to a large
number of photoemitted electrons per pulse due to the high light intensity. Since
the electrons are only photoemitted7 within the laser pulse duration, the emitted
electrons can affect each other as long as they are close to the surface. The elec-
trons next to the surface are retarded, whereas the electrons which are far away are
accelerated. This leads to a broadening of the resulting EDC, the structures and

7The photoemission event takes place on a time scale in the 10"s regime . Therefore it can be
treated as an instantanous process on a femtosecond timescale .
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peaks in the EDC may be broadened or smeared out, in other cases new artificial
structures can occur. This phenomenon is called "space charge effects" and should
be avoided. To avoid space charge effects care must be taken in the choice of the
used photon energy and the intensity of the laser pulses . Space charge effects can
also occur in two- or three-photon absorption if the intensity at the sample surface
is too large. However, R. Haight has shown that time resolved 2PPE (TR2PPE) is
possible on a large number of semiconductor surfaces with probe photon energies
around 10 eV by choosing low light fluences and pikosecond pulses .

2PPE experiments provide an energy resolution between 20 and 100 meV, de-
pending on the used spectrometer. In inverse photoemission experiments, a lower
limit of about 250 meV is reported . Thus, due to the improved energy resolu
tion, 2PPE is also superior for the investigation of the electronic structure above
EF . However, the major aspect of TR2PPE compared with IPE is the feasibility of
measuring dynamics and lifetimes of excited electrons directly in the time domain.
Together with the energy resolution in photoemission experiments direct access to
the population of every individual excited state is possible .

This can be accomplished by recording photoemission spectra at different time
delays between pump and probe pulse. Each photoelectron spectrum at various
delay can then be seen as a "snapshot" of the momentanous occupation of the
electronic states. Time dependent structures should than decrease in the EDC for
increasing time delay after the pump pulse has passed by. The population decay of
normally unoccupied states after the excitation with a short laser pulse can therefore
qualitatively and quantitatively be detected in a direct measurement .



Chapter 3

Image-potential states : a special
class of surface states

The subject of this thesis is the investigation of electron dynamics in a special class
of surface states, the so called "image-potential states" . These occur if an electron
placed in front of a metal surface is attracted by its own image charge leading to
a series of unoccupied bound states converging towards the vacuum level . Due to
their reduced overlap with bulk wave functions, electrons populating image-potential
states exhibit significantly longer lifetimes compared to other electronic states in
metals thus providing useful systems to study the interaction of excited surface
electrons with the underlying substrate. This chapter gives a general introduction
into the properties of electronic states localized at surfaces with a focus on image-
potential states . It starts with a description of novel electronic states occuring at
the surface. In a second step elementary multiple-reflection theory is discussed as an
elegant way of looking at surface states, especially image-potential states . Finally,
their binding energies, effective masses and lifetimes are briefly discussed.

3.1

	

Crystal-induced surface states

The three-dimensional periodicity of the crystal lattice is reduced to two dimensions
at the surface. The broken symmetry gives rise to modifications of the electronic and
geometrical structure due to redistributions of the electronic surface charge density.
Electronic wave functions must no longer be periodic in the direction perpendicular
to the surface plane. This leads to novel electronic states at the surface which
can be distinguished from electronic bulk states arising from the three-dimensional
periodicity of the crystal lattice [40, 41]. Wavefunctions of those states decay rapidly
into the crystal. In addition, as do all bulk states below Ev,,c,, the wavefunction
is also strongly damped in the vacuum . Thus, these two dimensional states are
spatially confined at the surface . If their wave function is confined to the outermost
atomic layers, they are somewhat artificially called crystal-induced "surface states"
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or "surface resonances" [42] . They can thus be separated from image-potential states
discussed in the next section. "True" crystal-induced surface states are located
inside a gap of the projected bulk-band structure whereas crystal-induced surface
resonances decay slower into the crystal and may be degenerate with bulk bands.

How can we distinguish surface states (or resonances) from crystal bulk states
in photoemission experiments?

There are three criteria which can be applied [43] . First of all surface states are,
as mentioned above, two dimensional systems. Therefore only the quantum numbers
for energy and momentum parallel to the surface plane are of interest since k1 is
no longer a good quantum number. Hence, perpendicular to the surface an E(k)
dependence could not be observed since the state can not disperse in that direction.
The latter could easily be checked by varying the photon energy and detecting the
photoelectrons in normal emission .

A second criterion is the sensitivity of surface states to contamination. One can
expect that changes at the surface due to adsorbates may also influence the electronic
structure specially of the first few layers since surface state are mostly located at
the topmost layer. Therefore a number of experiments have been performed in
order to investigate how the electronic structure has changed after exposure of the
sample to only one sort of atoms or molecules. Surfaces of reactive materials rapidly
contaminate even under UHV conditions through adsorption from the residual gas.
Hence, surface states are expected to be strongly attenuated with time . However,
one should be careful to take this criterion into account alone, because it must not
be valid in all cases.

The last criterion concerns the location of surface states in k space. Surface
states can only exist in regions of the Brillouin zone where a hybridisation with bulk
states is impossible . The symmetry of bulk bands must be in such a manner, that
at given energy E and wave vector k1l a coupling between the surface state and bulk
states can not occur. A projection of the bulk band structure to the surface plane
results in regions of allowed bulk states . The gaps in this projected bandstructure
are regions in k space where surface states can occur.

It has become customary [42] to distinguish between Shockley and Tamm states
depending on their origin and concentration near the surface. Shockley states are
created in a gap of the sp-bulk band structure due to the termination of the crystal
by the surface. Their wavefunctions may extend more than one atomic layer into
the crystal.

Tamm states are d- or f-like surface states in transition metals . In contrast to
Shockley states Tamm states are more localized in real space. They are split-offfrom a band (e.g . a d-band) of the crystal due to the deviation of the periodicpotential at the surface .
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3.2

	

Image-potential states at surfaces

Image-potential states discussed in the following have a somewhat different origin
from the crystal-induced surface states described above. These surface states arise,
when electrons in front of a metal surface are trapped by their own positive image
charge inside the metal.

Image-potential states where first predicted by Cole and Cohen [44] . Using
a multiple-reflection approach, Echenique and Pendry considered these states as
electrons trapped between the bulk crystal via a band gap and the attractive surface
barrier which prevents them from escaping into the vacuum [45] . The gap in the
projected bulk-band structure prevents the electron from escaping into the crystal.
Within their model an electron with corresponding wave function T+ travels towards
the crystal' and is reflected at the crystal surface due to the lack of bulk states . The
reflected wave function can be expressed by

and

T_ = rc exp(i4)c)1P+

	

(3.1)

where T_ travel's from the crystal towards the surface barrier . Reflection of IF_ at
the surface barrier towards the crystal leads to [45]

T+ = rb exp(i(b) *_ = rb exp(i'1)b)rc exp(i,1) c)T+

	

(3.2)

where rc and rb are the reflection coefficients and -1), and 'I)b are the phase changes
occuring upon reflection at the crystal and the vacuum barrier, respectively. Sum-
ming over an infinite number of reflections yields the total scattering amplitude
[45]

[1 - rcrb exp(i((I'b + (I'CM-1-

	

(3.3)

In such a scattering formalism bound surface states are characterized by poles
in the amplitude [45] . A pole requires that the denominator in equation 3.3 must
be zero . Thus the necessary condition for the excistence of a surface state is given
by

IFor simplicity the authors viewed in a first step only plane waves .

where n is an integer comparable to a quantum number in a hydrogen atom. Since
by definition rc < 1 ; rb < 1, the first condition may also be read as

rc = rb = 1

	

(3.6)

Condition 3.6 can only be satisfied for energies below Eya,c where the electron can
not escape into the vacuum (rb = 1) . Another requirement is a bulk-band gap
providing high reflectivity at the crystal surface (rc = 1).

rc -rb=1 (3.4)

4-T)c + 'I)b = 2.7rn (3.5)
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Figure 3.1 : Schematic potential in the vicinity of a crystal surface. Dashed areas
indicate electronic bulk bands. Due to the lack o£ allowed electronic states in the
gap the wave can not penetrate into the crystal and is therefore reflected. Surface
states arise by multiple reflection between the crystal surface and the surface barrier
[46] .

The phase condition 3 .5 determines the energy of the surface states since the
phases -1), and (1) b are functions of energy [45, 46] . The variation of either 4), or
% with energy is an important element in the creation and classification of surface
states . The greater the variation the greater the chance of sweeping through the
27rn condition.
A rapid variation of the phase (b, leads to a crystal induced surface state and

that induced by a rapid variation of IN is referred to as a barrier induced state.
The formation of surface states also depends on the used potential for the surface
barrier. Models using a step-potential barrier or a pure image potential give similar
results for the lowest energy state n = 0 [46], which is a crystal-induced surface
state . However, only the image potential gives barrier-induced surface states for
n = 1, 2, . . .2 forming a Rydberg series . These n > 1 states are located in a narrow
energy range. Hence, in a first approximation a reasonable assumption is to treat
the phase (]~, as a constant over the whole range of the Rydberg series [46] . These
barrier-induced surface states are called "image-potential states" .

ZIt should also be mentioned that all surface states emerging from the multiple reflection ap-
proach are Shockley-type states .
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The exact form of the barrier potential is difficult to estimate . However, an approx-
imation with a Coulomb-like potential

for the barrier gives surprisingly good results [45, 47] . The factor 4 in the denomi-
nator of this image potential arises because the electron and the image charge are
separated by a distance 2z . Using this potential the phase % can be written as a
simple function of the vacuum energy Eva, and the perpendicular energy E [48, 49] .
In order to calculate the energies of surface states (n >_ 0) on low-index faces of met-
als, a phase analysis of ~15, and 4% including a combination of the multiple reflection
approach described above and elemtary nearly-free electron theory (2-band model)
can be used [46] .

The rough approximation of a pure Coulomb-like potential in order to model the
barrier potential can also be rationalized by the following consideration[50] . The
electric field induced by an electron placed at a distance z away from a metal surface
is identical to the one produced by an opposite charge placed at the same distance
inside the metal. This situation is shown schematically at the top of Fig. 3.2 . The
attractive force due to the image charge is then given by a Coulomb potential:

e2 1
V(z) = Evan - 47re o 4z

(3.8)

The situation reflects the hydrogen problem in one dimension. A calculation leads
to a series of bound states with energies [50]

E(n) = Evac -
0.

n2
85eV

	

;

	

n

	

(
= 1~ 2~ . . .

	

3.9)

converging towards the vacuum level . This equation leads to binding energies rel-
ative to Eva, of E(1) = -0.85, E(n) = -0.21 and E(3) = -0 .09 eV for the first
three members of the Rydberg series, respectively, independent of the metal sur-
face and orientation . Fig. 3 .2 shows schematically the first two members of the
image-potential state series . In addition, the square of their wave functions are dis-
played . The localization of the wave function maxima in the vacuum reflects their
nature as barrier-induced surface states . With increasing quantum number n the
wave-function maxima are localized further and further away from the metal surface.

At metal surfaces image-potential states were first detected using the technique
of inverse photoemission [51, 52, 53] . Due to the limitations in energy resolution
of inverse photoemission experiments, a systematic and accurate investigation of
binding energies for higher quantum numbers n is impossible . Thus, a detailed
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EF

Figure 3.2 : An electron near a metal surface induces its own image charge. Thisgives rise to a series of bound states converging towards the vacuum level . The firsttwo image-potential states and their wavefunctions are shown . Shaded areas displaythe projected bulk bandstructure .
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Table 3.1 : Binding energies with respect to the vacuum level Ev", of the first two
members of the Rydberg series for different fcc-metal surfaces .

investigation of image-potential states on different metal surfaces requires experi-
mental methods with improved energy resolution . The development of high-power
laser systems offered the opportunity of measuring normally unoccupied states in a
photoemission setup [54] . Image-potential states up to the n = 4 state have been
identified using 2PPE with an energy resolution better than 50 meV [54, 55] .

Binding energies for a number of surfaces are listed in table 3.1 . It can clearly
be seen that binding energies at different metal surfaces for the n = 1 state range
between -0.53 and -0.83 eV, while the n = 2 state exhibits values between -0 .15 and
-0 .26 eV. These results deviate significantly from the values of -0.85 and -0 .21 eV
for the first two members of the image-potential series, respectively, obtained from
equation 3.9, which predicts binding energies independent of the metal surface . At
first sight it seems that the binding energies depend on the crystal orientation and
a first assumption leads to the distinction between (100) and (111) surfaces . Only
the Pd(111) surface deviates from this first classification .

A more physical explanation can be given by taking into account the bandstruc-
ture and the energetic position of image-potential states within the band gap. Since
image-potential states are pinned to the vacuum level, the position of EVa, with
respect to the upper band-gap edge determines the localization of image-potential
states inside the band gap. Since the phase change (bc upon reflection at the crystal
surface of electrons in image states varies across the band gap, the binding energy
with respect to Evac will also change . This leads to a modification of equation 3.9
to [46, 48]

0.85eV

	

(3-10)

surface E(n=l) (eV) E(n=2) (ey) ref.
Cu(100) 0 .57 -4- 0 .02 0 .18 ± 0 .02 [73]
Cu(111) -0.82

-0.83
±
±

0.05
0.03

-0.25 0.07
-

[56]
[73]

Ag(100) -0.53 ± 0.02 -0.16 0.02 [55]
Ag(111) -0.77

-0.78
f
f

0.03
0.05

-0.23 0.03
-

[73]
[57]

Au(111) -0.80 f 0.03 - [58]
Pd(111) -0.55 ± 0.03 -0.l5 ± 0.03 [59]
Ni(100) -0.6l f 0.03 -0.18 ± 0.03 [61]
Ni(111) -0.80 ± 0.03 -0.25 ± 0.05 [62]
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where the quantum defect a depends on the phase (b, as

3.4

	

Effective masses

3.5 Lifetimes

a= I (I

	

4~c
2 Ir

)

The quantum defect varies in the range between 0 > a >_ 0.5 across the gap . At the
bottom of the band gap a would have a value of a = 0 .5 . It changes to zero as the
top of the band gap is approached. The image-potential states on (111) surfaces of
the noble metals such as Cu, Ag and Au lie close to the top of the band gap (n = 1
state) or are even degenerate with bulk bands (n _> 2 states) leading to a quantum
defect a close to zero . On the other hand on the (100) noble metal surfaces (Cu,
Ag) and on Pd(111) image-potential states lie close to the middle of the gap and
a .^; 0.25 . Thus with the introduction of the quantum defect a, the binding energies
of image-potential states on different surfaces can be explained.

Image-potential states show, as do all surface states, no E(kj_) dispersion perpen-
dicular to the surface . Since electrons in image states are localized in the vacuum
region in front of the surface, they represent a quasi free-electron like two dimen-
sional system . Therefore one would expect that the effective mass m*

2
m* _ h2 . (d2)-1

	

(3 .12)
II

is close to the reciprocal of the free electron mass m, that means m ^- 1 . This
is indeed observed for a large number of surfaces with the exception of Ag(111),
where angle resolved 2PPE studies yield a value of m* = 1.3 ± 0 .15 [47, 63] . A
ratio m different from unity results when the phase ~, and consequently E(n)
depends on kll [63] . Moving away from kll = 0 the projected band gaps decrease
with increasing kll . The lower band-gap edge disperses upwards in energy more
rapidly than in the case of free-electrons . The upper gap edge, however, is relatively
flat . These characteristics are imposed on the dispersion relation of surface states
at the lower and upper band-gap edges. Hence surface states localized close to the
upper (lower) band gap edge show a weaker (stronger) dispersion leading to a value
m* > 1 (m.. < 1) .

The decay of image-potential state populations is mostly governed by the creation of
electron-hole pairs [45, 64] . In a simple picture the overlap of the wave function with
bulk states is responsible for the relaxation dynamics of electrons in image states .
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Table 3.2 : Linewidths for image-potential states on different surfaces measured with
2PPE. The lifetime can be deduced by -r(f s) -: r~v) . * : no value for the error
given.

Their lifetimes -r within a Rydberg series are theoretically predicted to increase with
quantum number n as [45]

T oc n3

	

.	(3 .l3)

With increasing n image states are localized further and further away from the metal
surface leading to a decreasing wave-function overlap with adjacent bulk states.
Hence the overlap with bulk bands decreases with increasing quantum number n
and conesquently lifetimes for higher Rydberg members should increase according
to the n3-power law. However, one can expect that this general law is not valid
for all surfaces since the interaction of image-potential states with bulk states or
crystal-induced surface states may change from surface to surface . As mentioned
above, 2PPE measurements yield considerable variations of image-potential state
binding energies on different surfaces . To obtain a deeper understanding of these
model systems, lifetime investigations of image-potential states are therefore of great
fundamental interest .

The intrinsic linewidth I' of an electronic states is inversely proportional to its
lifetime -r (see equation 2.14) . Thus, by measuring the linewidth one has access to
the lifetime T of the corresponding state. However, one has to take into account
that the surface roughness and defects may increase the linewidth. Electronic states
with lifetimes of some ten femtoseconds possess Linewidths below 100 meV . In order
to accomplish accurate Linewidths measurements, spectroscopic techniques with suf-
ficient energy resolution are required . Using high resolution 2PPE, the Linewidths
of image-potential states have been measured on a number of metal surfaces. The
results are listed in table 3 .2 .

surface rn=i (meV) rn=2 (meV) reference
Cu(100) 28 f 6 - [23]
Cu(111) 16 f 4

85 f 10
62 5

-
-
-

[61]
[19]
[65]

Ag(100) 21 4 5 f 5 [23, 61]
Ag(111) 44 9 < rn=1 [66]
Pd(111) 70 ± 20

32 f 4
< Pn=1

-
[59]
[60]

Ni(100) 70 ± 8 < rn=1 [61]
Ni(111) 84 ± 10 12 ± 10 [61]
Fe(110) 130* 25* [67]
Co(0001) 95* 18* [67]
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Table 3.3 : Lifetimes of the first three members of the Rydberg series on the (100)
faces of Cu and Ag, measured with TR2PPE. The observed lifetime values increase
with quantum number n, thus following the trend predicted by the n3 power law.

The linewidths given in table 3.2 for a number of n = 2 image states are sig-
nificantly reduced compared to the n = 1 states . This indicates a longer lifetime
according to equation 3.13. For the n = 2 states a correct linewidth determination
becomes problematic due to the large relative error. This demonstrates that despite
of the improved energy resolution in 2PPE compared with inverse-photoemission
spectroscopy, accurate linewidth measurements for n >_ 2 states will fail . The first
problem arises from the energetic position of higher Rydberg members close to the
vacuum level Eva,. In order to populate these states, the photon energy has to be
tuned close to the work function so that a peak broadening due to space charge ef-
fects may occur. Another problem arises from the reduced energy spacing for states
with n > 3 according to equation 3.10 . Even with an improved energy resolution,
these states cannot be resolved .

The limitation for states with n < 3 can be overcome by real-time investiga-
tions of the electronic population in time-resolved pump-probe 2PPE experiments.
Moreover, in time resolved 2PPE (TR2PPE) experiments a direct comparison of the
lifetime, measured in the time domain, and the linewidth, obtained from the energy
distribution curve within the same experiment, is possible .

In recent TR2PPE experiments on noble-metal surfaces of Cu and Ag lifetimes
of image states up to the n = 3 state were obtained . The results are shown intable 3.3 . A significant lifetime increase with quantum number n is indeed observedconfirming the trend predicted in equation 3.13 .
A comparison between lifetime values obtained from TR2PPE with those ob-tained from linewidth measurements shows relatively large deviations even for then = 1 state . This observation can be explained by the dephasing of the image-potential population after the coherent excitation . The lifetime T describes thepopulation decay due to inelastic scattering processes and is measured directly inthe time domain with TR2PPE. Additional elastic scattering events leave the elec-trons in the excited states but destroy their phase coherence. This introduces thepure dephasing time T* [39] of the initial and intermediate states, which increasesthe linewidth P to

(3.14)

surface Tn=i (fs) Tn=2 (fs) T,,,=3 (fs) I reference I
Cu(100) 40 6 120 f 15 300 20 [23]
Ag(100) 25 10

55 5
180 ± 20
160 ± 10

-
360 15

[7, 25]
[23]
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The observation of quantum beats in TR2PPE on Cu(100) [24,20] directly shows
the loss of coherence due to the influence of pure dephasing. Ifthe laser bandwidth of
the excitation pulse is comparable to the energy spacing of the image-potential levels,
the optical excitation creates a coherent superposition of several states forming a
wavepacket .

Fig. 3.3 shows quantum beats occuring after the coherent excitation of image-
potential states on Cu(100) with quantum numbers n = 4, 5, and 6. The curve
corresponds to the measured 2PPE signal as a function of pump-probe delay. Image
potential states are populated via optical excitation from bulk bands near the Fermi
level. Since the image-potential states are delocalized some ten A away from the
surface, the initial wavepacket is localized in the region of largest wavefunction
overlap with the initial states . Hence this leads to an increased probability of finding
the excited electron close to the surface immediately after excitation . After the
wavepacket has been created, it periodically moves away from the surface and travells
back . Far away from the surface, the electron is nearly free and therefore it cannot
absorb a photon from the probe pulse . This leads to dips in the time-dependent
pump-probe signal . Only close to the surface the crystal lattice is able to provide
momentum for photon absorption. Thus the probe pulse measures the recurrences
of the wavepacket at the surface .

The loss of coherence can be increased by adsorption of molecules or atoms which
then reduce the number of quantum beats due to rapid dephasing. The observation
of quantum beats provides further information about binding energies and lifetimes
for higher image-potential states with n >_ 4. Up to now, the spacing between
image-potential levels for states n >_ 4 has not been resolved in the energy domain,
since an energy resolution beyond 10 meV is difficult to achieve experimentally.

H6fer et al . deduced the binding energy difference between n = 4 and 5 from
the Fourier transform of the data shown in Fig. 3.3 to DE4, 5 = 17.8 meV and that
for n = 5 and 6 to DE5,6 = 9.6 meV. Furthermore, quantum beat spectroscopy
on Cu(100) also provides information on the lifetimes of the states with quantum
numbers n = 4,5 and 6 with value of 0.63 ps, 1 .2 ps and 2 ps, respectively. This is
in reasonable agreement with the n3 power law.

3.6

	

Influence of adsorbates

So far we have focused on the description of physical properties of image-potential
states on bare metal surfaces . We now extend the discussion to adsorbate induced
changes in binding energies and lifetimes . A modification of the surface due to
adsorbates affects the surface geometry and electronic structure. It, therefore, may
have a large impact on the formation of image-potential states and their interaction
with the bulk electronic structure. The adsorption of atoms or molecules usually
leads to a change in the work function of the sample . Since image-potential states
are pinned to the vacuum level (see equation 3.10), a work function change will also
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Figure 3.3 : (A) Temporal response of the coherent excitation of image-potential
states with quantum numbers 4, 5 and 6. The formation of a wave packet which
travels away from and back towards the surface results in the observed dipsin the
response. (B) Relative population of the individual image-potential states. Taken
from reference [24] .
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influence their energy positions relative to EF . In other words, the adsorbtion of
atoms or molecules changes the energetic position of the Rydberg series relativ to the
band gap and will therefore affect their lifetime as well . Several experiments have
been performed to investigate the lifetime dynamics on adsorbate covered Cu(111)
and Ag(111) surfaces[22, 56]. For instance, the adsorption of 1 monolayer Xe on
Cu(111) [56] lowers the work function by 0.5 eV. The work function change shifts the
image-potential states towards the band gap center which in turn leads to stronger
damping of their wavefunctions . In addition the wave-function overlap with bulk
states is reduced by the Xe layer. This reduces the binding energy of the n = 1
state to En-i = 0.68 ± 0.05 eV. The lifetimes of the first two Rydberg states are
increased to 75 ± 15 and 40 ± 10 fs for the n = 1 and n = 2 state, respectively, as
compared to lifetimes of 18 ± 5 and 17 ± 5 fs3 obtained for the pure metal surface.

3The reason for the relatively short lifetime of the n = 2 state will be explained in chapter 5 .
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Chapter 4

Experimental setup

TR2PPE measurements were performed under ultrahigh-vacuum (UHV) conditions
at a base pressure better than 6 -10-10 mbar. The UHV apparatus consists of two
different UHV chambers for sample preparation and photoemission measurements,
respectively, separated through a valve as shown in Fig. 4.1 . Using a transfer rod,
the sample can be easily moved from chamber to chamber. Photoelectron spectra
were recorded using a Ti:sapphire (Ti : A1203) laser system (Coherent) as light
source in combination with a commercial hemispherical analyzer (Leybold) or a
homebuilt time-of flight spectrometer (TOF) for electron detection . In order to
measure the density of occupied states, the measurement chamber is also equipped
with a HeI-discharge lamp (21 .22 eV photon energy) . Samples were prepared in the
other chamber equipped with standard preparation and analysis tools. In partic-
ular, the preparation chamber contains a sputter gun (ion-bombardment gun) for
cleaning the sample, a quadrupole mass spectrometer for the residual gas analysis, a
LEED' system for characterisation of the samples and several leak valves in order to
introduce gases like Ar, 02 , or H2 . In addition, the sample can be heated up to 1000
K while the sample temperature could be controlled using a Ni-Cr/Ni thermocouple.

During this thesis the existing laser system was upgraded from a 200 fs to a 50
fs version . For this purpose, the whole optical setup (pulse compressor, mirrors,
focusing elements), containing the optical paths from the laser system to the UHV
chamber, was completely new designed . This was necessary since care has to be
taken in order to keep the pulse length at the sample as short as possible . Moreover,
the setup for a photon energy of 4.5 eV has been realized in the experiment .

The photoelectron detection has been improved, as well . In order to enhance
the energy resolution, the above mentioned time-of flight spectrometer, which will
be described in section 4 .2 .2, has been developed and was successfully used in our
experiments . The second advantage of the TOF compared with the previously used
hemispherical analyzer lies in the reduction of the measuring time per photoelectron
spectrum. In addition, the use of the TOF makes possible the simultaneous mea-

'Low energy electron diffraction
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Figure 4.1 : The UHV system consists of two parts separated through a valve . The
left part is used for sample preparation and characterization, while photoemission
experiments are performed in the right "clean" chamber.

surement of the instrumental cross-correlation and the temporal responses of several
electronic states .

This chapter is divided into three parts: the first part describes the laser system
and the optical setup, the second illustrates the electron detection while the last
part describes the sample preparation and surface cleaning procedures in detail .

We start the description o£ the femtosecond-laser system with a short introduction
into laser technology. Three important components for the optical resonator of all
lasers are a mirror with 100 % reflectivty, a laser medium and an output coupler
with a reflectivity <100 %. Light amplification is only possible if the gain of the
laser medium exceeds the loss inside the resonator. In general this condition is
only fulfilled for a small wavelength range depending on the used laser medium. In
addition, the light path L inside the resonator determines the number of modes with
wavelengths a which could be amplified-
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where m is an integer . Wavelengths which satisfy condition 4.1 are referred to as
longitudinal modes .

We now turn to the general requirements for the formation of ultrashort laser
pulses . According to Heisenberg's uncertainty principle, pulse length and bandwidth
of the laser pulse are intimately connected. This means, that the pulse length is
proportional to the reciprocal bandwidth. Using the relation A = c/v, the difference
in frequency of two adjacent modes according to equation 4.1 can be written as

c
AV = 2L
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(4.2)

A fs-pulse shorter than 100 fs, which propagates through an optical resonator with
L = 1 .5 m length, contains around 104 modes. Thus the laser medium should be able
to amplify light over a wide- and quasi continuous energy range. Using Thsapphire
(Ti : A1203) as laser medium, this condition is fulfilled since Thsapphire is able to
amplify light anywhere from 680 nm - 1100 nm . The coupling of up to 10 adjacent
modes is depicted in Fig. 4.2a) taken from reference [68] . If several modes are lasing
simultaneously, they add to each other on a random basis depending on their relative
timing or phase. Therefore, intensity and length of the laser pulses are randomly
distributed . Nevertheless, a noticable amount in intensity and a reduction of the
pulse length could be observed . In order to obtain a stable and well defined train
of fs pulses, the phase between each mode should be adjusted non-randomly and
held constant as shown at the right part in Fig. 4.2a) . In this case the peak
intensity becomes much larger and the random distribution between the main peaks
diminishes. It is schematically shown that the larger the number of locked modes,
the higher the peak intensities and the shorter the laser pulses .

In order to realize these conditions, thousands of modes have to be locked to-
gether. In addition, all longitudinal modes must operate simultaneously. In general
the laser will operate with minor power fluctuations in a cwt mode with only one or
two simultaneously operating longitudinal modes. In order to enhance the number
of modes, a starting mechanism inside the cavity' rapidly changes the optical length
inside the cavity. This change in the cavity length terminates the previously oscil-
lating modes, leaving atoms in the laser medium available for new modes so that
there will be a period during which all these modes can be lasing simultaneously
and power fluctuations can start.

Once power fluctuations start, pulses with more or less intensity are formed . Let
us first consider an intense laser pulse with a gaussian beam profile perpendicular
to the direction of propagation. This means that the beam intensity decreases from
the center of the beam with a factor of exp(-cxr2), where r denotes the distance
from the beam center and a is a constant . If the beam travels through matter and
its light is intense enough, its electric field can distort the atoms of the material

2continuous wave
'The region of space between the output coupler and the high reflector is referred to as the

laser cavity.
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Figure 4.2 : a) Superposition of up to ten modes with a random (left part) and a
locked (right part) phase distribution . If the phases are non-randomely adjusted
and held constant, the peak power becomes much larger and the random spiking
diminishes . b) If the slit is open (left side), both the focused, randomely created
pulse and the continuous laser beam can pass through without any loss . After
adjusting the slit for modelocking operation, only the narrowed intense pulse passes
unattenuated .
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and alter the refractive index n* . The change in n* is larger at the beam center and
decreases with increasing distance r, thus a gradient index lense is formed . Changes
in the refractive index due to the beam intensity alter the beam diameter inside the
cavity and the beam is narrowed . This effect of self focusing is referred to as optical
Kerr effect .

Consider now a randomly created pulse caused through power fluctuations oscil-
lating in the cavity. This pulse travels through the Ti:sapphire crystal which acts
as Kerr lens and narrows the pulse (shaded area at the left part of Fig. 4.2b)) .
Less intense power fluctuations are not able to modify the Ti:spphire crystal so that
they remain as an unnarrowed low-power background as shown in the left part of
Fig. 4 .2b) (dashed area) . A slit aligned in the cavity at the focal point permits
only the focused high intense pulse to pass, while the unfocused cw background is
interrupted at its edges and attenuated (right part of Fig. 4.2b)) . This is the start
of passive modelocking. Since the Kerr lens is only formed upon the arrival of the
intense pulse, only narrowed modelocked pulses pass unattenuated through the slit .

It can be shown that once a fs-pulse is formed, the pulse lengthens after it
has passed through optical elements . For instance, a 10 fs-laser pulse with a center
wavelength of 795 nm is broadened to 100 fs after traversing a 1 cm thick fused silica
plate [69] . It is well known from fundamental optics that the refractive index n*,

which determines the phase velocity of each material, depends on the wavelength
A. The first derivative a

äaA determines the group velocity and thus defines the
velocity of a wavepacket with a central wavelength A. The second derivative finally
determines the group-velocity dispersion which governs the relative phase change of
the different frequency components. The material shows positive (negative) group-
velocity dispersion (GVD), if the red (blue) spectral components exhibit a larger
phase velocity compared to the blue (red) components . In the wavelength regime
between 200 nm and 1000 nm almost all materials exhibit a positive GVD, which
means that n* increases with decreasing wavelength . As mentioned above, a fs-laser
pulse contains a large number of adjacent longitudinal modes . Since the different
frequency components possess different phase velocities, the fs-pulse is reshaped
after the propagation through matter. The pulse experiences a modulation which
leads to a change in frequency with time (chirp) .

Another phenomenon affecting the fs-pulse length and structure occures when
the pulse traverses the Ti:sapphire crystal. When the pulse propagates through the

crystal, the refractive index is changed as a function of the light intensity and a
Kerr lens is formed . The caused refractive index change is small at the leading and

trailing edges, but large at the center of the laser pulse. Thus some parts of the

pulse move faster altering the pulse shape. This effect is referred to as "self phase

modulation" (SPM) and is equivalent to another source of positive GVD [33] .

Since the pulse oscillates in the cavity, it receives aslight chirp from the dispersive

optics (starter, wavelength tuning element, Thsapphire crystal) at each roundtrip.

In order to keep the oscillating pulse short inside the cavity, the positive GVD has

to be compensated. For this purpose an optical element with negative dispersion is



36

prism 1

	

prism 2

4.1 .2

	

Laser system

CHAPTER 4. EXPERIMENTAL SETUP

Figure 4.3 : Chirp compensation using a pair of prisms.

required, which is able to totally compensate the positive chirp . A pulse compressor
inside the cavity could easily be realized using a pair of prisms as shown in Fig.
4.3 [70] . Prisms bend different wavelength into different angles, so that the pair
of prisms opens the possibility of forming wavelength dependent paths length for
different frequencies .

The magnitude of the GVD compensation could be easily controlled by varying
the distance between the two prisms or by shifting prism 2 perpendicular to its base-
line . If the distance 1 between the two prisms is increased, the light path difference
between the red and the blue parts also increases . This results in an amount of
negative GVD due to the large optical path of the red part in prism 2 (optical path
L = geometrical path - refractive index = L - n*) . On the other hand, shifting prism
2 towards the beam increases the amount of glass in the optical path thus enhancing
positive GVD. Therefore the adjusting parameters l and d allow one to tune the net
cavity GVD to zero .

The laser system used in our experiments consists of a Ti : A1203 oscillator (Co-
herent Mira Seed) and a Ti : A1203 regenerative amplifier (Coherent RegA 9000)
pumped by an Ar+ laser (Coherent Innova 400) . The oscillator is tunable in a
wavelength range between 780 nm and 855 nm with a bandwidth of 35 nm at a
repetition rate of 76 MHz. This wavelength interval corresponds to photon energies
between 7..59 eV and 1.45 eV . The restriction in the wavelength range results from
the optics used (mirrors, tuning element) inside the cavity. It should be noted that
the pulse-length specification for the oscillator is based on the bandwidhs and not
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Ti:sapphire-laser system
wavelength

	

780 - 855 nm
intensity

	

up to 5pJ/pulse
repetition rate

	

250 kHz
average power

	

up to 1.25 W
number of photons

	

2-1013/pulse
5 - 101$/s

beam diameter

	

3mm
beam divergence

	

3 mrad
pulse length

	

50 - 60 fs

Table 4.1 : Technical data of the fs-Thsapphire laser system .
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on the pulse length, because the Mira output is highly chirped, which means that
due to group-velocity dispersion the pulse length is broadened after the propagation
through optical elements like output coupler or Thsapphire crystal4 . If needed, the
pulse can be compressed again below 50 fs using a second pair of prisms for external
GVD compensation.

In order to enhance the energy per laser pulse, the pulses from the oscillator are
first stretched to a length of more than 100 ps to guarantee safe operation during
amplification and then amplified in a regenerative amplifier (RegA) by a factor
of 1000 yielding a pulse intensity of up to 5 MJ at a repetition rate of 250 kHz.
After subsequent compression laser pulses of 50-60 fs are available over the whole
wavelength range. It is worthwhile to note that the stretcher and compressor stages
use gold-coated diffraction gratings (1200 grids per mm) instead of pairs of prisms .
However, the principle of compressing or stretching the laser pulses remains the
same. The corresponding power of a 50 fs-laser pulse can then be calculated to 100
MW. Table 4 .1 displays the technical data of the laser system .

Apart from alkali metals, most materials possess work functions between 4 and
6 eV, thus even in a two-photon process the laser output of around 1.5 eV is insuf-
ficient to photoemit one electron . In order to overcome this problem, laser pulses
with photon energies of up to 6 eV are required . Higher photon energies can be
generated using nonlinear optical processes in crystals . The infrared output can
be doubled (second harmonic), tripled (third harmonic) or quadrupled (fourth har-
monic) . Since the conversion efficiencies especially for higher harmonics are low,
high pulse intensities are required to provide sufficient photons per laser pulse even
at photon energies around 6 eV.

As mentioned above, higher photon energies are required to perform a TR2PPE

4The optics inside the cavity are arranged in the following way: after the pulse has passed

through the prism compressor, it has to traverse the Ti:sapphire crystal and a birefrigent filter

which selects the wavelength . Finally the emitted part of the pulse traverses the output coupler.
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Figure 4.4 : The emitted infrared radiation is frequency doubled and split into two
parts. The reflected light is again frequency converted (=* UV light), while the other
part could be delayed in time using a retroreflector . Both beams are focused onto
the same spot of the sample, which is mounted in a vacuum chamber.

experiment . It has become favorable to use /3-barium borat (0 - BBO) crystals to
generate radiation down to a wavelength of 205 nm via nonlinear optical frequency-
conversion processes. In a first step the RegA output is therefore frequency doubled
using a thin (< 1mm) ,ß-BBO crystal . This generates the second harmonic (blue
light) with photons of around 3 eV energy. A conversion efficiency of 20 - 30 per cent
was obtained using a concave mirror with 30 cm focal length as focusing element .
The choice of the second frequency conversion stage depends on the physical system
under investigation. Since image-potential states are pinned to the vacuum level with
binding energies < 0.85 eV, the photon energy should be high enough to populate
those states, but one should keep the photon energy well below the work function
to avoid space charge effects . Hence, samples with a work function of 5 eV require
photon energies below 5 eV.

The third harmonic with photon energies between 4.35 eV and 4.77 eV is gener-
ated by sum-frequency mixing of thefundamental and the second harmonic radiation
in a second Q-BBO . Since the laser pulses possess durations far below 100 fs, care
has to be taken to avoid different arrival times of the 1.5 eV and 3 eV pulses at the
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BBO crystal . Therefore only concave mirrors instead of lenses are used to avoid a
time delay between pulses of the fundamental and the second harmonic due to their
different group velocities in the lenses .

Photons of aroound 6 eV are required for samples like Pt(111) (4)=5 .97 eV) . For
this purpose, the fundamental and the second harmonic could be separated using a
dichroic mirror . The second harmonic is then focused into an appropriate ß - BBD
crystal generating the fourth harmonic (-- 6 eV) via another non-linear process5 .
Unfortunately, the wavelength range of the generated radiation is restricted to wave-
length > 205 nm. The conversion efficiencies for the third and fourth harmonic are
on the order of 10 % and 1 % [71], respectively.

Pump- and probe pulses for a TR2PPE experiment could be created by using
beam splitters or, in order to separate the harmonics, dichroic mirrors. A schematic
overview for the whole optical setup is displayed in Figure 4.46 . After the first fre
quency conversion stage, a beam splitter generates two pulses . The reflected part
which contains 70 % of the beam intensity is again frequency converted producing
UV photons of around 4.5 eV or 6 eV and serves as pump pulse. The transmit-
ted part runs through an computer-controlled optical delay line (retroreflector) and
serves as probe pulse. Both pulses are focused onto the sample and are brought into
spatial overlap . By physically moving the retroreflector, both pulses can be delayed
in time with respect to each other . A retroreflector shift of 1 Am corresponds to a
delay of 6.7 fs, so that precise time-resolved measurements are possible .

4.1 .3

	

Measurement of ultrashort laser pulses

A major ingredient in time resolved experiments is the exact knowledge of the
pulse durations at the sample . The laser pulse duration has to be measured in-
directly since all direct methods fail due to the long relaxation times of common
photodetectors[33] . In order to obtain information about the pulse structure, an
autocorrelation technique is used. In an autocorrelation setup the beam is split
into two parts of approximately equal intensity. One part is sent through a variable
optical delay stage before both parts are recombined at the measurement point, for
example at a ß - BBO crystal. The superposed beam has to induce a nonlinear
effect, in this case second-harmonic generation or sum-frequency mixing, which is
measured using a photodiode . The measured signal depends on the combined light
intensity, which is a function of the time delay between both pulses and the temporal
pulse width of the laser . Since the beam is split into two parts which are subse-
quently combined, a correlation of the beam with itself is created, hence the name
autocorrelation . The pulse structure of the infrared RegA output is monitored using
such an autocorrelator with integrated spectrometer (APE pulsescope) in order to

measure pulse duration and bandwidth in situ .

'In other words one may say that the second haxmonic of the 3 eV radiation is generated,

yielding the fourth harmonic .
ODetailed setups for a variety of pump- and probe photon energies are given in appendix A.
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Figure 4.5 : a) Autocorrelation curve of a blue laser pulse with a duration of 55 fs . b)
Cross-correlation curve in a two-color experiment (hwpump = 4.7 eV, hWprobe = 3.13
eV) . The corresponding fits are based on a sech2 function .

However, the monitored pulselength of the compressed RegA output is not neces-
sarily the same as that used for pump- and probe pulses at the sample . On the way
to the sample, the beams pass through 0 -BBO crystals, beam splitters, lenses and
the suprasil-vacuum viewport . As described above, these materials possess GVD
and therefore broaden the pulse length . In order to keep the pulses at the sam-
ple as short as possible, the grating-compression stage behind the RegA amplifier
can be used to impart a negative chirp to the pulse. This negative chirp is then
compensated by traversing the optical elements on the path to the sample . Some
experiments require independent pre-chirps for pump- and probe pulses . For this
purpose a pair of SF10 prisms was set into the light pass of the probe beam to vary
its pulse length independently.

The determination of the pulse duration of the frequency doubled blue light (,; 3
eV) at the sample can be done by using the TR2PPE photoemission setup . Since the
same photon energy and intensity in pump- and probe pulse is used, this technique is
referred to as "electronic autocorrelation" . Within this technique, the nonlinearity
of the 2PPE process is employed to determine the autocorrelation function of the
laser pulse. Due to the intense light, each pulse causes an independent two-photon
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photoemission signal which is detected using an electron spectrometer . It can be
shown that the photocurrent intensity is enhanced by a factor of 3 [72] if both
pulses are in exact temporal overlap. If the delay between pump- and probe pulse is
scanned, the pulse length can be extracted from the temporal response of the 2PPE
signal . An autocorrelation trace of second-harmonic light pulses with a photon
energy of 2.92 eV is shown at the top of Figure 4.5 (filled squares), indeed exhibiting
a peak to background ratio close to the expected value of 3:1 . The full width at
half maximum (FWHM) is deduced to 85 fs by fitting a sech2 function (sech2(t) =

1

	

) (solid line)to the data. The assumption of a sech2 pulse shapeexp(-1 .76T)+exp(1.76 T)
yields a better fit result compared to a gaussian function . A deconvolution of the
sech2 fit yields a duration of 55 fs for the second-harmonic laser pulse.

If the polarizations or photon energies of pump- and probe pulses are different,
the time dependent 2PPE signal is referred to as cross-correlation . All TR2PPE
measurements presented within this thesis are performed using different photon
energies in the pump and probe beams. In order to populate image-potential states
UV photons of X4.5 eV or -~6 eV were used, while the excited electronic distribution
was probed with infrared or blue light. Since the UV-laser pulses could not be
measured using the electronic-autocorrelation technique without big efforts in the
rearrangement of the whole optical setup, their durations has to be deduced from
a cross-correlation. This seems to be a disadvantage, but one should consider that
in our case electronic lifetimes are measured in a two colour experiment monitoring
changes in the cross-rorrelation curve. The measured instrumental cross-correlation
governs time resolution and determines the time zero in the experiment. One should
note that lifetimes much shorter compared to the instrumental function can be
resolved since small changes in the temporal response of electronic states with respect
to the cross-correlation can be measured.

Once the duration of the probe pulse (P~1 .5 eV or _-3 eV) is determined from
an autocorrelation measurement, the length of the UV-pump pulse can be deduced
from the FWHM of the cross-correlation . Figure 4.5b) displays a cross-correlation
measurement with photon energies of 4.7 eV and 3.13 eV for the pump- and probe
pulses, respectively. Together with the probe-pulse length at the sample of in this
case 70 fs, measured in an electronic-autocorrelation setup, the obtained UV-pulse
length is equal to the probe-pulse duration .

4.2

	

Electron detection

Photoelectrons were detected using a hemispherical analyzer (Leybold EA200) or
a homebuilt time-of flight spectrometer (TOF) . All 2PPE spectra were recorded in
the normal-emission direction (kjj = 0) . 2PPE measurements on the Pt(111) surface
presented in chapter 5 have been performed using the hemispherical analyzer, while
the data presented in chapter 6 were recorded using both techniques (Ni(111)) or
the time-of flight technique only (Ni(100)) . Both techniques are described in the
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following two subsections .
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Figure 4.6 : The Fermi edge of a Ag(100) single crystal obtained with a photon
energy of 6 eV . The pass energy was set to 3 eV. Curve A shows the measured curve
(filled dots) and a fit (solid line) to the data. The fit consists o£ the theoretical shape
of the Fermi edge (curve B) and a background (curve C) . The difference between
fit and data is shown in curve D.

The hemispherical analyzer EA200 from Leybold consists of a system of lenses and
apertures, a hemispherical capacitor and a multichannel-electron detector with spa-
tial resolution . The system of lenses and apertures defines in a first step the detection
area and the acceptance angle of the photoemitted electrons, which originate from
a certain spot of the sample . In a second step the electrons are retarded (or accel-
erated) to the pass energy and focused into a 180° hemispherical capacitor with a
nominal radius of 150 mm, which governs the spectroscopic energy resolution . The
pass energy is determined by the applied voltages at the outer and inner hemispheres
of the capacitor. At a defined retardation voltage only electrons with a kinetic en-
ergy corresponding to the pass energy follow the central trajectory of the capacitor
and can therefore reach the detector .

The multichannel detector consists of 18 channels, so that at a constant retar-
dation voltage and a selected constant pass energy electrons in a defined energy
interval are detected simultaneously. This is accomplished since distinct electron
energies in a certain energy interval lead to different trajectories within the capac-
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itor resulting in different arrival points (different channels) at the detector . Before
arriving at the detector, the electrons are accelerated after the exit plane of the
capacitor . The detector is a secondary-electron multiplier, so that the signal of each
counted electron is amplified in order to process the signal electronically.

The spectrometer was run at a constant pass energy and a variable retardation
voltage. Since the pass energy determines the energy resolution, the energy resolu-
tion DE was thus kept constant over the whole energy range' . All photoelectron
spectra were taken at a pass energy of 3 eV. The energy resolution was determined
by analyzing the width of a Fermi edge from a metal sample. The width of the mea-
sured Fermi edge consists of two contributions : the "physical" and the "technical"
broadening . The physical broadening is described by the Fermi-Dirac distribution
for electrons

f(E' T) - exp ( k$ ) + 1
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(4.3)

where e denotes the electron energy, T is the absolute temperature, kB Boltzmann's
constant, and M the chemical potential. The width can be defined by the full width
at half maximum of its first derivative . It can be shown that the temperature
dependent broadening is N 3.525kBT. This corresponds to the width of the edge
obtained between 15 and 85% of its height [33] .

On the other hand, the Fermi edge is broadened by the energy resolution of
the spectrometer and the bandwidth of the used light source . This is the so called
"technical" broadening . Fig. 4 .6 displays the Fermi edge of a Ag(100) sample taken
at room temperature with laser pulses of 6 eV photon energy and a bandwidth of 40
meV. The "technical" energy resolution of the analyzer was then deduced to 90 ± 5

meV8.
A -10 V bias was applied to the sample in order to improve the transmission of

the analyzer.

In order to improve the energy resolution and to reduce the data-acquisition time

for an energy-distribution curve, a time-of flight spectrometer (TOF) was built and

installed into the UHV apparatus instead of the hemispherical analyzer . The home-

built TOF consists of a N60 cm long metal tube which guarantees an electric-field

free drift zone for electrons . In addition, it is surrounded by two [I-metal tubes

which keep magnetic fields out of the drift zone . At one side photoemitted electrons

can enter the TOF through an electrostatic lens system and propagate through the

drift zone . Afterwards the electrons are accelerated for further amplification by

secondary-electron multiplication using again channelplates .

'The analyzer could also be run in a mode with constant relative energy resolution of . This

could be achieved by holding the retardation ratio of the input imaging system constant .

8Fits to the spectra obtained with a HeI-discharge lamp yield identical results .
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Figure 4.7 : Two-colour 2PPE spectrum of the image-potential series on Cu(100)
recorded with the homebuilt TOF.

The idea of the time-of flight technique is that electrons with different kinetic
energies also need different times to travel through the field-free drift zone . The
dispersive element, which also governs the energy resolution, therefore is the TOF
length l . According to the relation between kinetic energy and velocity, the drift
time t is inversely proportional to the square root of the electron energy E :

t a

	

1
N/E_

.	(4 .4)

According to equation 4.4, the drift-time difference becomes smaller the faster the
electrons are . Hence, the energy resolution becomes worse with increasing kinetic
energy.

The TOF output is monitored with an ultrafast multiple-event time digitizer
(model P7886 from FAST ComTec) with a bin width of 500 ps . The board is
capable of handling count rates o£ up to 2 GHz with no deadtime between timebins .
In order to start its internal clock for the drift-time measurement, the P7886 PCI
board is synchronized with the RegA output so that the laser pulses also serve as
start signals for the electron detection . It should be noted that the energy resolution
is limited if long laser pulses are used for the photoemission experiments . In our
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case fs pulses are used so that the process of photoemission could be treated as an
instantaneous process.

A problem arises for the detection of electrons with a kinetic energy close to
zero, since these electrons are not able to reach the channelplates in a defined time .
In addition, these electrons are sensitive even for small electric or magnetic stray
fields between sample and TOF. In order to overcome this problem, all measure-
ments were performed applying a small bias voltage of -1 V to the sample to detect
the low-energy cutoff' of the energy distribution curve. The energy calibration was
determined from 2PPE measurements on a Cu(100) sample using variable photon
energies . A variation in the photon energy leads to altered energy positions of sev-
eral peaks and structures in the EDC. For instance, a change in the photon energy
of 1.5 eV should therefore also result in a peak shift of 1.5 eV.

Figure 4.7 displays a typical two-colour 2PPE spectrum of the clean Cu(100)
surface taken with the calibrated TOF. Photon energies of 4.65 eV and 1.55 eV were
used for the pump- and probe pulses, respectively. The work function is deduced
from the low energy cutoff to 4.63± 0.02 eV . The first three members of the image-
potential state series are resolved with binding energies of 0.58±0.02 eV, 0.18±0.02
eV and 0.08±0 .02 eV, respectively, relative to the vacuum level. These values are in
excellent agreement with those reported in the literature[73] . The measured lifetimes
for the first three states of 38 ± 7, 110 ± 18 and 295 ± 25 fs, respectively, are also in
good agreement with previously published results [23] .

The energy resolution of the TOF was determined from the full width at half
maximum (FWHM) of the second image-potential state on Cu(100) when the pump
pulse has already passed, i.e . at very long pump-probe delay times (see chapter
5) . Since this state has a lifetime of more than 100 fs which corresponds to an
intrinsic linewidth of around 5 meV, the measured linewidth is mainly governed
by the instrumental function of the TOF spectrometer and the bandwidth of the
probe pulse. Using a Gaussian lineshape accounting for the overall resolution, the
fit procedure yields a value of I' = 50 meV at a kinetic energy of 2.4 eV. The
instrumental resolution of the TOF spectrometer can then be calculated by FTOF =

P2 - rprobe since the contributions are additive upon convolution . The 25 nm
bandwidth of the probe pulse corresponds to rprobe = 40 meV. Thus the energy
resolution of the TOF spectrometer can be calculated to be 30 meV at a kinetic
energy of 2 .4 eV.

4.3

	

Sample preparation
All samples were cleaned in the preparation chamber under UHV conditions . Re-
peated cycles of Ar+ sputtering (acceleration voltage: 500 eV, sample current:
- 6MA), heating in oxygen at X700 K and subsequent annealing to 1000 K to
remove any residual contamination were performed to obtain a clean and well or-
dered Pt(111) surface . The Ni surfaces were cleaned by a number of sputtering and
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annealing (900 K) cycles . In order to remove remaining carbon from these surfaces,
oxygen was adsorbed at 300 K followed by flash heating to 800 K.

The sample cleaness was checked using LEED, UPS and 2PPE. The samples
were prepared as described above until

" a sharp low background LEED pattern was observed and

" the measured work function agrees within the limits of error with the value
reported in literature .

It is worthwhile to note that the work function is very sensitive to surface contam-
ination. Therefore, it could be used as a probe for the surface cleaness . H2 or 02
could be introduced into the UHV system through leak valves to cover the surfaces
with adsorbates.

The Cu(100) crystal, which was used as reference system, was cleaned by cycles
of sputtering and subsequent annealing to 600-700 K.



Chapter 5

Image-potential state dynamics on
the Pt(111) surface

5 .1 Introduction

A fundamental question in the investigation of unoccupied electronic states at solid
surfaces deals with the decay and lifetimes of optically excited electrons. It is of great
interest to understand the dynamics of electronic excitations on a fs timescale since
they play a key role in a wide range of phenomena from chemical surface reactions
to carrier dynamics at semiconductor interfaces[8, 74] . The advent of high-power
lasersystems generating ultrashort light pulses has opened the possibility of studying
electron dynamics on the fs- and ps timescale. A large number of experiments has
been carried out to study both the dynamics of hot-electron distributions [9, 4, 17]
and special electronic states (image-potential states, surface states) after optical
excitation [23, 74] . Although Pt is widely used in catalysis and therefore a material of
fundamental and practical interest [75, 76], up to now no time-resolved investigations
on a fs timescale have been performed on those surfaces . This might be due to the
fact that Pt surfaces possess large work functions which require the use of fs-pulses
with photon energies between 5 eV and 6 eV. It is worthwhile to note that the use
of ultrashort fs-laser pulses with photon energies close to 6 eV and a pulse duration
shorter than 150 fs has not been realized so far. Thus, previous investigations on
metals were restricted to photon energies below 5 eV which is insufficient for probing

electronic states on Pt close to EF or Eva,.
So far, image-potential state dynamics have been investigated mainly on noble-

metal surfaces of Cu and Ag[7, 22, 23, 56] . The obtained lifetimes can be understood

quantitatively within the many-body framework of energy relaxation processes at

surfaces [77, 78] . In contrast, little information is available about the time-dependent

population of image-potential states on transition metal surfaces. A major difference

of transition metals compared to noble metals is the presence of unoccupied d-bands.

These states are expected to contribute to the decay of excited elctrons and may
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thus lead to different and much shorter relaxation times.

Figure 5 .1 : Projected bulk bandstructure (grey smbols) and states localized at the
surface (black symbols) along the K-P-M direction . The I' point corresponds to
k = 0 . From the Pt(111) film calculation only states have been included that had
either more than 50% of their charge localized in the surface layer or more than 10%
in the vacuum . The calculation has been performed by G . Bihlmayer and S . Blügel
[79] .

In the following sections we present our TR2PPE studies of the first two members
of the image-potential state series on the clean and oxygen-covered Pt(111) surface.
All measurements were performed using photon energies close to 6 eV and 3 eV in
order to populate and probe the image-potential states, respectively . This chapter
is arranged as follows. First the energy- and time-resolved measurements for the
clean and oxygen-covered Pt(111) surface are presented. This is followed by the
discussion of our results before a short summary concludes the chapter.
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Before we start our analysis with the determination of the image-potential state
binding energies with respect to Evd,, we first turn to a brief description of the
electronic structure of the fcc-Pt(111) surface. Fig. 5 .1 depicts the calculated two-
dimensional bandstructure of the Pt(111) surface along the K-r- .1Vy direction. The
surface electronic structure has been calculated by G. Bihlmayer and S . Bliiegel with
the use of the ab initio full-potential augmented plane wave (FLAPW) method [79] .
The grey symbols correspond to regions in the projected Brillouin zone where elec-
tronic states exist. Black symbols represent states with an enhanced amplitude at
the surface. The unoccupied surface state and the occupied surface resonance close
to EF are crystal-induced surface states . An occupied d-derived surface resonance
observed below EF has been reported in photoemission experiments [80, 81, 82],
while the occupied sp-like surface state is visible in early IPE experiments about 0 .5
eV above EF [83] .

As mentioned in chapter 3, the energy position of the image-potential series
within the band gap plays a crucial role for their binding energies and lifetimes . Since
image-potential states are pinned to the vacuum level Evac, the energy position of
Ev,,, relative to the upper band-gap edge is of enormous importance. Work-function
values of 5 .93 eV [84] and 5.98 eV [82, 85] for Pt(111) have been reported in the
literature . Hence image-potential states on the Pt(111) surface lie close to the upper
band-gap edge similar to the (111)-noble metal surfaces of Cu and Ag. Nevertheless,
since the calculated value for the Ll point is approximately 6 eV and may be also
affected by some sort of error, the exact energy position of Ev,,, with respect to
the upper band-gap edge is still not known with an accuracy of less than 100 meV.
According to equation 3.10, image-potential states with n >_ 2 are expected to
converge rapidly towards Ev., with binding energies of around 0.2 eV or less, so
that states with higher n may be degenerate with bulk bands.

5.2 .2

	

Energy-resolved spectra
In our experiment the work function of the clean Pt surface was determined from

the width of the energy distribution curve obtained by using a HeI-discharge lamp

(21.22 eV photon energy)1 . Its value of 5.97±0 .03 eV is in good agreement with the

values reported previously [82, 84, 85] . In order to avoid space charge effects, the

pump photon energy was set to 5 .84 eV while a photon energy of 2.92 eV was used

to probe the image-potential state population. The image-potential states can be

populated via excitation from the occupied surface resonance or from a continuum

of bulk states . From the 2PPE experiments presented here, we were not able to

The work function could also be extracted from the low-energy cutoff in 2PPE experiments, if

the position of the Fermi level is known .
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Figure 5.2 : 2PPE spectrum of the Pt(111) surface obtained with photon energies
of 5 .84 eV and 2 .92 eV for pump- and probe pulses, respectively. The EDC is
dominated through the low energy cutoff . At higher kinetic energies the first two
members of the image-potential series can be observed .

distinguish between these different excitation processes. The image-potential states
can also be populated via a two-photon process involving two 2 .92 eV photons (not
shown) and probed with a third 2 .92 eV photon . This would result in a background
in the EDC independent of the pump-probe pulse delay. In order to avoid such
three-photon processes, the pump-pulse intensity was reduced until the 3PPE signal
of the image-potential states had been suppressed. Fig. 5.2 displays the EDC
obtained at negligible time delay between pump and probe pulse. The electron
energies are referenced to the low-energy cutoff which is the dominant feature in
the 2PPE spectrum . The low-energy cutoff (or vacuum cutoff) is determined by
the work function of the sample . Apart from the low-energy cutoff much weaker
structures are visible at higher kinetic energies between 2 and 3 eV. This energy
region is enlarged in the inset of Fig. 5.2 . Two peaks are now clearly visible at
kinetic energies of 2.27 eV and 2.76 eV which are

" sensitive upon contamination and
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" exhibit relatively long lifetimes (see next section) and

3.0
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" also lie in the band gap (see next section) .
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Figure 5 .3 : EDCs recorded at sufficiently large time delays between pump-and probe
pulse . The n = 1 and n = 2 states are displayed in the left and right panel,
respectively. In order to simplify the fit procedure, the spectra are referenced to the
peak maxima . Accounting for the analyzer resolution of 90 meV and the bandwidth
of the laser pulse, the overall instrumental energy resolution was deduced to 100 ± 5
meV. The fits (dashed lines) yield linewidths of rn=i = 30 ± 15 meV and rn=2 =
18 ± 12 meV.

The sensitivity upon contamination manifests itself in a decrease in intensity and
a peak broadening with time . These observations demonstrate that the two peaks

are surface states . In addition, a shift of the vacuum cutoff due to a work-function

change goes along with similar shifts of the two observed peaks showing their fixed

value to the vacuum level . Therefore the first two states with quantum numbers

n = 1 and n = 2 are identified with binding energies of E(1) = -0 .65_ f 0.05 eV and

E(2) = -0.16 ± 0.05 eV with respect to EVac , respectively 2 . For the n = 1 state

we obtained a quantum defect of a = 0.144 ± 0.041 while the value for the second

state is slightly higher .

	

Nevertheless, they are identical within the experimental

uncertainty3 .
The binding energy of the first image-potential state is close to the value of -

0 .63 eV obtained from inverse-photoemission spectroscopy [86, 87], but is 0.13 eV

smaller than that reported by Kinoshita et al . [85] . The discrepancy between our

2The binding energy relative to Eya,c can be easily calculated by subtracting the probe-photon

energy from the kinetic energy.
3A value of E(2) = -0.185 eV, which still lies within the given limits of error, also leads to a

quantum defect a = 0.144 .
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value and the value reported by Kinoshitas group is unknown, since their reported
work-function value of 5.98 eV is almost identical with our observation. However,
our measured value for the binding energy of the n = 1 state agrees within the error
margin with the calculated value o£ -0 .70 ± 0.03 eV [88] .
A peak narrowing of image-potential states with increasing pump-probe delay

has been observed at various surfaces [23, 25, 89] . In a recent paper [23] this effect
was assigned to the interplay between direct two-photon ionization and the step-by
step photoemission process through an intermediate state [90] . Direct two-photon
ionization occurs if pump and probe pulse are in temporal overlap and may cause a
background in the EDC due to non-resonant 2PPE from initial states, which may
contribute to the peak as well as the spectral widths of pump and probe pulses .
However, these processes are only effective as long as the pulses are in temporal
overlap . As soon as the population dynamics is decoupled from the pump pulse at
longer delays times, the lifetime induced linewidths is measured. Therefore, using
femtosecond pulses, the intrinsic linewidth in energy resolved spectra can only be
detected at sufficiently large pump-probe pulse delays .

The spectra shown in Fig. 5 .3 display the n = 1 (left panel) and the n = 2 state
(right panel) at sufficient time delay when the pump pulse has already passed. The
dashed lines are fits of a model function to the data points . Assuming a Lorentzian
intrinsic lineshape, we used a convolution of a Lorentzian with a Gaussian to account
for the finite analyzer resolution of 90 meV and the laser bandwidth of 40 meV . The
overall energy resolution is then 100 meV. A linear background was substracted.
The fit procedures yield the lifetime-dominated linewidths of P = 30 ± 15 meV and
P = 18 ± 12 meV for the n = 1 and n = 2 state, respectively.

5 .2 .3

	

Fs-electron dynamics ofimage-potential states on Pt(111)
Time-resolved spectra
We now turn to the measurements of image-potential state populations on Pt(111)
in the time domain . Fig. 5.4 displays a series of EDCs taken at different pump-probe
delays . Each spectrum can be understood as a "snapshot" of the momentary image-
potential state population after excitation . As mentioned in the previous chapter,
the exact knowledge of the instrumental cross-correlation is of crucial importance
for a precise determination of lifetimes in the fs-regime. The maximum of the cross-
correlation curve corresponds to the maximumtemporal overlap between pump- and
probe pulse which determines the zero position in time At = 0, in our experiment.
Hence a delay of 30 fs corresponds to a temporal shift of the maxima of pump-andprobe pulses4.

With increasing time delay At the relative intensities of the two image-potentialstates change . At very long delays the n = 1 state completely disappears and onlythe n = 2 state is still visible in the spectrum . This observation demonstrates
4It will be described later how we determined the At = 0 position .
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Figure 5 .4 : EDCs for the two resolved image-potential states on the clean Pt(111)
surface taken at different times after At = 0.

qualitatively a longer lifetime of the second image-potential state. Another effect
seen in the spectra espeacially for the n = 2 state is a decrease in the spectral
width with increasing delay time. The broadening at short delay times is attributed
to direct two-photon ionization as described in the previous section. In order to
determine the image-potential state lifetimes quantitatively, the energy analyzer

was set to the kinetic-energy values of the emitted photoelectrons corresponding to
the two image-potential state peaks while the pump-probe delay was scanned. The

results are shown in Fig. 5 .5 for the n = 1 (b) and n - 2 (c) states (solid circles) .

The instrumental cross-correlation function was obtained on a contaminated Pt(111)

surface where all surface states were quenched (curve (a) in Fig. 5.5, open squares)' .

In order to ensure that the cross-correlation is not affected by hot electron lifetimes

probed by a reversal excitation process, the energy analyzer was set to an energy

'An identical curve was obtained by setting the analyzer to kinetic energies around 1 .9 eV on

the clean Pt(111) surface .



CHAPTER 5. IMAGE-POTENTIAL STATE DYNAMICS ON THE PT(111)

54

	

SURFACE

cross
correlation hv

	

= 5.84 eV
pump

hv
probe

= 2.92 eVNr

-240 -160 -80 0 80 160 240 320

Pump-Probe Delay ft)

Figure 5.5 : Transient responses of the n = 1 (middle panel) and n = 2 (bot-
tom panel) image-potential states (filled circles) . The cross-correlation trace (open
squares, top panel) reflects the instrumental function described by a sech2 function
(dashed lines) . From fits to the data (solid lines) lifetimes of 26 ± 7 fs and 62 ± 10
fs were obtained for the n = 1 and n = 2 state, respectively.

2.9 eV above EF, where hot-electron lifetimes are negligible [8].
A "reversal excitation process" means that electrons are excited by the 2.92

eV pulse and probed by 5 .84 eV pulses . The full width at half maximum of the
instrumental cross-correlation trace was deduced to 152 fs by fitting a sech2 function
to the data (dashed line in Fig. 5.5) . We determined the probe pulse length at the
sample in an electronic autocorrelation setup to be 60 fs . The temporal resolution
was, therefore, mainly limited by the pump pulse width of about 140 fs .g .

The transient responses of the image-potential states are affected by lifetime
effects in two different ways . We first concentrate on the transient response of the
n = 1 state. The curve is shifted by 14 fs towards positive delay time. In addition,
the curve is broadened by 18 fs . Both effects can be seen by comparing the data with
the cross-correlation trace (dashed lines) indicating a clearly resolved finite lifetime

6Note that the pump pulse length was not bandwidth limited since it was not possible to
compress this pulse after its generation . A compression setup would have been led to strong
intensity attenuation of the fourth-harmonic beam .



5 . 2. THE CLEAN PT(111) SURFACE

	

55

of this state [39] . A by far stronger effect is seen in the transient response of the
n = 2 state. The curve becomes significantly broader and shows a weak asymmetric
line shape corroborating its longer lifetime seen in the 2PPE spectra of Fig. 5.4 .



CHAPTER 5. IMAGE-POTENTIAL STATE DYNAMICS ON THE PT(11I)
56

	

SURFACE

Analysis of the time-resolved spectra

For a quantitative evaluation of image-potential state population dynamics, one has
to take into acount that the lifetimes are in the range of pump and probe pulse
durations. Therefore, substantial changes of the image-potential state population
occur during the pump pulse. Thus, a theoretical model must be applied which
excplicitly takes into account the coupling of the pump-pulse laser field E(t) -cos(wt)
with the transition-dipole moment [91], E(t) denotes the envelope of the pulse.
The response of the system to an optical perturbation can be described using the
Liouville-von Neumann equation [65]

dp = 1[Ho + V p] -I-
( dpdiss

)rela~dt ih

	

dt

which governs the evolution of the density matrix p in a three level system including
an initial state ji) below EF , the image-potential state as intermediate state in)
and a final state If) above EvQ,. Ho denotes the unperturbed Hamiltonian while V
describes the perturbation due to the laser field.

The dissipative term pdiss describes energy and phase relaxation on a phenomeno-
logical basis . The energy relaxation is governed by inelastic electron scattering
events leading to a decay via electron-hole pair creation while quasi elastic scatter
ing processes with phonons and defects destroy the coherence between the different
electronic levels ji), in) and If) but leave the electrons in their excited state . The loss
in coherence is referred to as "pure" dephasing. Both energy and phase relaxation
times contribute to the intrinsic linewidth I` of an image-potential state according
to

r = na(
2

+

	

)

	

.

	

(5 .2)
n

The parameters rn and Tn denote the energy-relaxation time (or lifetime) and the
pure dephasing time, respectively.

Due to the small light intensities used in the experiments, the transitions
in) and In) -+ ji) can be neglected [91] . To the lowest order perturbation theory,
i.e . neglecting all saturation effects, the Liouville-von Neumann equation is referred
to as optical Bloch equations [91, 23] . The formalism based on the optical Bloch
equations is rather complex and is described in detail in the literature [91, 65, 92] .

For some cases it has been shown that this formalism can be simplified [91, 92,
93] . For example, assuming a continuum of initial states and vanishing dephasing in
the initial and intermediate states, the transient response of the intermediate state
can be described by a convolution of the instrumental cross-correlation

00

I2PPE(t) a f

	

Ipump(t')Iprobe(t - t')dt'

	

5.3
00

with an exponential function which accounts for the population decay [92] . Ipump,probedenote the light intensities of the laser pulses and I2PpE is the measured signal from
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the electronic cross-correlation . This resembles the dependence of the excited state
population obtained from the much simpler rate equation model:

denn __ _Pnn + E(t)

	

,

	

(5.4)dt Tn

Pnn denotes the population of the intermediate state In), E denotes the laser field
of pump and probe pulse.

However, dephasing processes are expected to occur during the excitation process
[9, 94] and, thus, one may argue that the approximation made above seems to fail in
the quantitative description of the temporal response . On the other hand, introduc
ing the dephasing time to the fit procedure, the fit function is overdetermined [92] .
Therefore, a precise analysis of the dephasing time can only be performed using the
technique of interferometric TR2PPE [9] . Moreover, the transient response of the
intermediate state is a direct measure of its population . Assuming that the elastic
scattering events leave the electrons in the excited state [95] and that Tn exceeds
the lifetime T,z , which has been indeed observed [65, 23], to a first approximation
the above mentioned model can be applied.

In fact, it has empirically been shown that the choice of a rate-equation model or
the optical-Bloch equations yields identical lifetime values [56, 93, 39, 96] . Therefore,
applying a rate equation model might be favourable [93, 96]. Examples for this are
lifetimes of image states on Cu(111) and Cu(100) [56, 39]. On Cu(111), values of
20 f 3 and 18 ± 5 fs for the n = 1 state have been reported using the rate-equation
model or the optical Bloch equations, respectively. One should note that the lifetime
value of 10 ± 3 fs [39] obtained using the optical-Bloch equations has been revised
by the authors in a later paper [56] . Using a rate-equation model, we have obtained
lifetime values for the first three image states on Cu(100) (see chapter 4) which are
in excellent agreement with those reported in the literature [23] .

We, therefore, used a convolution of the instrumental cross-correlation and an
exponential decay function to model our data. The fits (solid lines in Fig. 5 .5)
yield lifetimes of Ti = 26 ± 7 fs and TZ = 62 ± 10 fs for the n = 1 and n = 2 state
on Pt(111), respectively. For sufficient long lifetimes it has been demonstrated [23]
that the decay of the image-potential state population shows a single-exponential
behaviour after the pump pulse has passed . Therefore the lifetime can be deduced
from the slope of the curve in a semi-logarithmic plot . Because of the relatively
short lifetime of the n = 1 state, this procedure was only applied to the n = 2 state.
The fit yields an identical lifetime value for the n = 2 state.

5 .3

	

The oxygen-covered Pt(111) surface
The idea of controlling electron dynamics on ultrashort time scales can be extended
to the manipulation of image-potential state lifetimes. A simple method to alter
the physical properties of a surface consists of the adsorption of atoms or molecules.
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Changes of the geometrical structure due to adsorbates affect the surface electronic
structure and can alter binding energies and population dynamics of surface states .
In addition, adsorbate induced work-function changes may also significantly affect
image-potential state lifetimes. An example where a work-function change leads
to an increasd lifetime is Cu(111) [56] . One monolayer Xe on Cu(111) reduces
the work function of 4.90 eV (clean surface) to 4 .40 eV . Due to the Xe adsorption
the Rydberg series is shifted towards the band-gap center since the image-potential
states are pinned to the vacuum level . This leads to stronger damping of the electron
wave function inside the crystal and hence to an increased lifetime. An additional
effect contributes from the decoupling of the image state from the crystal. The
polarization of the Xe layer leads to a shift of the image plane away from the surface
which in turn results in a weaker coupling of the electron with bulk states .

However, there are still open questions concerning the influence of the electronic
surface structure on the image-potential state decay. The dynamics of both hot elec-
tron cascades and electronic states are governed by the number of available occupied
and unoccupied states around EF [78, 97] . Especially surface states are expected to
serve as effective decay channels for electrons populating image states due to their
localization at the surface. To our knowledge, up to now no direct observations
in time-resolved experiments have been made which elucidate the influence of the
altered electronic structure around EF on the decay of image-potential states .

The adsorption of oxygen on the Pt(111) surface has been the focus of a large
number of theoretical and experimental investigations [98, 99, 100, 101] . A modi-
fication of the geometrical surface structure has been reported [100] which implies
significant changes in the electronic structure [82] . For our investigation two aspects
of the oxygen induced adaptations are of relevance: the observed change of the elec-
tronic structure close to EF and a small work-function variation which is expected
to lead to only a small energy shift of the first-image potential state within the band
gap [82, 98] .

5.3 .1

	

Energy-resolved spectra
On Pt(111), oxygen adsorbs dissociatively at temperatures above 170 K [99] . The
adsorption at room temperature results in a well ordered p(2x2) LEED pattern at
a saturation coverage of 0 .25 monolayers (ML) [99, 100] . The work function for the
Pt(111)-p(2x2)-0 surface was deduced to 6.16 f 0.04 eV. This corresponds to an
increase of 0.19 eV relative to clean Pt(111) in good agreement to the work-function
change observed by Parker et al . [98, 99] .

Using a photon energy of 5 .84 eV for the excitation process, only the n = 1
state was resolved in the EDC at delay times of At ~ 0 fs . The absence of the
second state in the spectrum can be explained by the work-function change due to
the adsorption of oxygen . As mentioned above, image-potential states are pinned
to the vacuum level . A work-function increase, therefore, leads to an energy shift of
the image-potential series away from EF. Thus the excitation energy of 5.84 eV is
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Figure 5.6 : a) EDC of the Pt(111)-p(2x2)-0 surface recorded in a two-colour ex-

periment at At = 0 fs . Photon energies of 6.06 eV and 3.03 eV were used for the

pump and probe pulses, respectively. The peaks between 2 eV and 3 eV correspond

to the first two image-potential states . A work function of 6.16 eV was deduced

from the low-energy cutoff. b) Due to the work-function change the image-potential

states on the oxygen-covered surface (filled circles) are shifted to higher energies rel-

ative to EF compared to those on the clean surface (open circles) . This behaviour

demonstrates the pinning relative to the vacuum level .
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Figure 5.7 : 2PPE spectra of the clean (solid line) and oxygen-covered (dashed line)
Pt(111) surface obtained with a photon energy of 4.47 eV. The occupied surface
resonance on the clean surface is marked by an arrow .

insufficient to populate the n --- 2 state. We checked this by tuning the Ti-,sapphire
output to a wavelength of 820 nm. This gives us photon energies of 6.06 eV and
3.03 eV for the pump and probe pulse, respectively. The complete spectrum at zero
delay time obtained with these photon energies is shown in Fig . 5.6a) . Indeed two
peaks are observed at kinetic energies between 2 eV and 3 eV which represent the
first two Rydberg states on the Pt(111)-(2x2)-0 surface with binding energies of
-0.67 ± 0.05 eV and -0 .19 f 0.05 eV, respectively .

The increased binding energies reflect the altered energy positions of the two
states within the gap of the projected bulk-band structure . Due to the work-
function increase the image states are shifted towards the upper band-gap edge,
thus, changing the phase 4), upon reflection at the crystal . This in turn leads to
reduced quantum defects of a = 0.126 and a = 0.115 for the n = 1 and n = 2 state,
respectively. Since the work function is the energy difference between EVa, and EF,
the energy shift of the image-potential states can be visualized in a plot with an
energy scale referenced to Er . Fig. 5.6b) displays EDCs for the clean (open circles)
and oxygen covered (filled circles) surface . The shifts towards higher energies with
respect to EF for states on the oxygen-covered surface are clearly visible . Since the
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n = 2 state narrows upon oxygen adsorption, one would argue that its lifetime is
increased according to equation 5.2 . As will be shown later, the narrowing of the
n = 2 peak on the oxygen-covered surface can not be explained by an increased
lifetime of this state.

Additional measurements have been performed to investigate the influence of
oxygen adsorption on the valence electronic structure . For this purpose the frequency-
tripled laser output with a photon energy of 4.47 eV was used . Fig. 5.7 shows the
energy distribution curves of the valence band from the clean (solid line) and oxygen-
covered (dashed line) Pt(111) surface obtained with 2PPE. A feature at an energy of
-0.55 ± 0.05 eV below EF is seen for the clean surface (marked by an arrow) which
is quenched under oxygen adsorption . This structure was also observed previously
[80, 82] and was assigned to an occupied surface resonance. Such a surface resonance
is also apparent in Fig. 5 .1 near P at energy slightly lower than that observed in
the experiments. In addition the density of states (DOS) near EF is considerable
enhanced by oxygen adsorption.

5.3.2

	

Image-potential state dynamics on the Pt(111)-(2x2)-
O surface

The transient response of the n = 1 (curve b)) and n= 2 (curve c)) image-potential
states on the oxygen-covered surface is displayed in Fig. 5.8 . The instrumental
cross-correlation with a full width at half maximum of 270 fs is also shown (curve
a), the dashed curve is a fit to the data using a sech2 function) . Unfortunately,
the cross-correlation width is larger than for the lower photon energies used on the
clean Pt(111) surface. The decrease in time resolution is assigned to an increased
pump-pulse duration since the probe-pulse length was still determined to 60 fs . The
duration of the pump pulse was deduced from the instrumental cross-correlation
trace to 260 ± 6 fs7 . Nevertheless, we were able to reproduce the image-potential
state lifetimes on clean Pt(111) for this higher photon energy. A lifetime of 32 ± 10
fs for the n = 2 state on Pt(111)-p(2x2)-0 was deduced from a fit (solid line) to
the data in Fig. 5.8 . The lifetime for the n = 1 state is much shorter as can
be seen from the transient response which follows directly the instrumental cross-
correlation trace . We estimated an upper limit of 20 fs for the lifetime of this state
keeping in mind that the temporal resolution is reduced due to the relatively broad
cross-correlation at these photon energies.

7We assume that uncompensated chirps due to group-velocity dispersion effects dominate the

broadening . However, we can not rule out losses in the high-energy tail of the frequency spectrum

in the second frequency-conversion stage .
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Figure 5.8 : Transient response of the image-potential states on the oxygen covered
surface are shown (curves b) and c)) . Using a sech2 function (dashed line) to model
the instrumental cross-correlation trace (curve a)) one obtains a full width at half
maximum of 270 fs . It can be seen that the transient response of the first image-
potential state (middle panel, curve b)) can be described by the sech2 fit o£ the
cross-correlation curve (dashed line) . The fit to the n = 2 state yields a value of
32±10fs .
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The measured longer lifetime for the n = 2 state of Tn12111) = 62±10 fs compared
to the lifetime of Tn E(1111) = 26 ± 7 fs for the first image-potential state can be
explained by a weaker wave-function overlap of this state with bulk bands, the
crystal-induced surface state and the surface resonance . As mentioned in chapter
3, image-potential states with increasing quantum number, n, are localized further
and further into the vacuum region . This leads to a reduced wave-function overlap
with bulk states and the lifetime is expected to increase according to the n3 power
law (equation 3.13) .

However, it has been shown that on (111) surfaces of Cu and Ag the n = 2
lifetimes were dramatically reduced to below 20 fs [56, 25] . Both the measured
value Tn2111) and the estimated value Tn

92111) are slightly smaller than the lifetimes
of the first image-potential states on those surfaces . In order to explain these results
one has to take into account the energy position of states with n > 2 with respect
to the band gap.

On those surfaces the n= 2 states lie above the upper band-gap edge (Ll point)
and are degenerate with bulk bands . Their wavefunctions penetrate deeper into
the crystal and even hybridize with bulk bands . It has been shown that such an
elastic resonance between the surface state and a continuum of bulk states yields
the main contribution to the population decay of image states . This, thus, reduces
the image-state lifetime dramatically.

As soon as the n = 2 state is shifted out of the gap, its lifetime is drastically
reduced and even shorter than the lifetime of the n = 1 state . Wolf et al . [56] have

Cu(111)
demonstrated on the xenon-covered Cu(111) surface that the lifetime Tn=2

40±10 fs for the second image state is still significantly shorter than
rCuilll) = 75±15

fs if the n = 2 state is moved close above_ 100 meV) the upper gap edge8 . One

should note that the authors assign the lifetime increase for the n = 2 state to a

decoupling of the image-state wave function from the substrate caused by the xenon

monolayer.
Therefore we conclude that on Pt(111) both states still lie inside the band gap.

This can also be inferred from an evaluation of the quantum defect a. The value

obtained for Pt(111) is intermediate to those of Cu(111) and Cu(100) (and also

to those of Ag(111) and Ag(100)), since on Cu(100) (Ag(100)) the image-potential

series lies closer to the center of the band gap.

The lifetimes of image states on Pt(111) are between those measured on the

(111) and (100) surfaces of the noble metals Cu and Ag. For example, the value

of TPt(1111) = 26 ± 7 fs is slightly higher than that on clean Cu(111) (T?C'(111) _

$The adsorption of one monolayer xenon reduces the work function of the clean Cu(111) surface

by 0 .5 eV thus shifting the n = 2 state towards the gap edge .
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18 ± 5 fs), but somewhat smaller than the value Tn
uiloo) = 40 f 6 fs obtained for

Cu(100) [23] . A recent TR2PPE study [60] of the first image-potential state on
the nearly isoelectronic Pd(111) surface yields a lifetime of Tn

d(lll) = 25 ± 4 fs
which is comparable to our value . This result might be surprising since on Pd(111)
the vacuum level and the image-potential state series lie closer to the center of
the bulk-band gap. Unfortunately no experimental lifetime values for higher image
states were presented since the available pump-photon energies were insufficient to
populate higher states on Pd(111) .

The measured intrinsic linewidth for the two image-potential states on Pt(111)
obtained at large time delays At between pump and probe pulse (see section 5 .2 .1)
correspond to lifetimes of 22 ± 11 and 36 ± 24 fs for the n = 1 and n = 2 state,
respectively . The agreement between the measured intrinsic linewidths and the life-
times is only satisfying for the first image state. A possible explanation for the
deviation in the lifetime values for the second state could be the limited resolution
of the hemispherical analyzer . Nevertheless, both linewidth values lead to shorter
lifetimes compared to those obtained in the time-resolved experiment . This effect
was also observed on the Pd(111) surface [60] and was explained by pure dephas-
ing. According to equation 5 .2, the linewidth of an image-potential state is also
affected by quasi-elastic scattering processes which do not change the occupancy
of the state. Such processes could be attributed to quasi-elastic scattering with
phonons or residual defects on the surface .

Following our measurements the group of Chulkov and Echenique have carried
out calculations on the basis of a many particle formalism. Within this theoret-
ical approach [78] electron-electron scattering is assumed to govern the decay via
electron-hole pair creation . The excited electron is scattered from a state of energy
Ei to a final state of energy Ef > EF by promoting an electron below EF to a final
state above EF . For the calculation of the damping rate (inverse lifetime) for the
n = 1, 2 image states they have constructed a one-dimensional model potential for
the direction perpendicular to the surface [102] . To this end they used the width
and position of the energy gap at I', the sp-surface state energy position of 0.4 eV
together with the experimentally determined binding energy of -0 .65 eV relative to
Eva, for the n = 1 image state . Their calculations yield lifetimes of Tn1 11 l = 29 fs
and Tn

12111, = 73 fs for the two image-potential states .
The lifetime values for the n = 1 state obtained from experiment and theory

agree within the accuracy. Nevertheless, the calculated lifetimes are slightly higher
than those measured with TR2PPE, especially the value for the second image state.
A possible explanation for this behaviour is that the theoretical model does not
account for d-electrons which also contribute to the decay. Bulk Pt possesses d-
orbitals which cross the Fermi level. These d-states are also involved in the decay
and, thus, should explain the lower measured lifetime values .
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We now turn the discussion to the oxygen-covered surface . The adsorption of
oxygen results in a well ordered Pt(111)-p(2x2)-0 surface structure that was found
to involve a slight rearrangement of the Pt substrate atoms [100] . Compared to the
clean surface, the lifetime of the n = 2 state is reduced by a factor of 2, whereas for
the lifetime of the first image state only an upper limit can be estimated. Several
effects can be responsible for the decrease in the image-state lifetime :

The oxygen atoms at the surface may act as additional scattering centers for
electrons in image-potential states .
Schuppler et al . have observed a linewidth broadening of image-potential states
on a Ag(100) surface under the disordered adsorption of oxygen [55] . The
linewidths of the image states were observed to increase linearly with oxygen
exposure indicating shorter lifetimes because of more effective scattering of
electrons in image states with 0-atoms. This may play a role on a surface
with disordered adatoms, but is expected to be negligible on surfaces with
well ordered layers of adatoms [22, 56, 103] . On the contrary, McNeill et al .
and Wolf et al . demonstrated independently that ordered layers of rare-gas
adatoms increase the image-state lifetimes .

" A shift of the image-potential states towards the upper band-gap edge due to
the increased work function may reduce the damping of their wave functions.

Due to the increased work function of 0.19 eV only the second image-potential
state can be shifted out of the band gap. As a result its wave function pene-
trates deeper into the crystal leading to a much stronger coupling with adja-
cent bulk bands. This resembles the situation on Ag(111) and Cu(111) [25, 56] .
As described above, in this system the n = 2 state shows a shorter lifetime
compared to the first image-potential state . However, on the Pt(111)-(2x2)-
0 surface this effect is unlikely since both image-state lifetimes are reduced
compared to clean Pt(111) .

" The occurence and occupation of crystal-induced surface states located mainly
in the topmost layer leads to an enhanced overlap with image-potential states .
This also changes the available phase space for electron-hole pair decay.

It has been shown that for the decay of image-potential electrons into electron-
hole pairs other surface states play a dominant role [77, 78] . For example as will

be shown in the next chapter, surface states are assumed to be one reason for the

relatively broad linewidth of the n = 1 state on Ni(111) . As mentioned in the

previous section, the surface resonance observed -0.55 eV below EF is quenched

under oxygen adsorption. It is presently not clear whether this state is simply

depopulated and shifted above EF [81] or whether a major reorganization of the

valence electronic structure occurs . The latter seems more likely since a small oxygen
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Concluding remarks

Table 5 .1 : Lifetimes for the first two image-potential states on the clean and oxygen-
covered Pt(111) surface obtained with different methods . The values obtained with
TR2PPE were measured directly in the time domain whereas the values of 22 ±
11 and 36 ± 24 fs result from the deduced linewidths obtained with 2PPE . The
theoretical values were calculated by the group of E.V. Chulkov and P.M. Echenique .

induced buckling reconstruction of the Pt substrate was observed [100] . Fig 5 .7
provides evidence that this leads to a rearrangement in the DOS around EF . This
could also create additional unoccupied states that influence the relaxation process,
hence accelerating the decay of the image-potential states . In addition, the work
function increase for the oxygen-covered surface increases the number of available
final states for the decay process. This is also expected to shorten the image-state
lifetimes.

The results for the clean and oxygen-covered surface are listed in table 5 .1 . The
lifetime values obtained using 2PPE are deduced from the intrinsic linewidths and
are somewhat shorter than those obtained in the time domain . This observation is
attributed to elastic scattering at defects or phonons. In addition, we have shown
that experimental and theoretical data are in excellent agreement . The observed
long lifetime of the n = 2 state on the clean surface reflects its energy position
inside the band gap. This is in contrast to the (111) surfaces of Cu and Ag, where
the n = 2 lifetime is strongly reduced . After oxygen adsorption a Pt(111)-p(2x2)-O
structure is formed leading to a quenching of the occupied surface resonance and
a major rearrangement of the surface DOS. This is in turn mainly responsible for
a faster depopulation of the image-potential states due to an increased number of
available final states .

surface method Tn=i fs
I 7-n=2

fs
Pt(111) TR2PPE 26 f 7 62 9

2PPE 22 11 36 24
theory 29 73

Pt(111)-p(2x2)-O TR2PPE < 20 132 ± 10



Chapter 6

Nickel: unusually short lifetimes of
image-potential states

6.1 Introduction

Although the 3d-transition metals Fe, Co, and Ni are of great fundamental and
technical importance, it is remarkable that the first direct lifetime investigations of
excited electrons in the time domain have only been reported as late as 1997 [104] .
This doesn't mean that electron relaxation phenomena on these surfaces are of minor
interest . On the contrary, since d-bands cross the Fermi level it becomes possible to
study the inluence of d-states on the decay of optically excited electrons. This is of
importance for magnetic materials which also provide the opportunity to study spin-
dependent interactions and electron lifetimes for minority and majority spins [97,
104, 105] . Finally the hot-electron distribution following an intense optical excitation
governs the demagnetisation speed of ferromagnetic samples [13] . Nevertheless,
demagetization processes and scattering dynamics of excited electrons on magnetic
surfaces are still quite poorly understood and remain controversial.

Surface states provide further information about the physical properties of a
surface. Due to their extreme surface sensitivity, surface states can be used as
probes for the magnetic properties of the topmost atomic layer. In fact, it has been
shown that the exchange splitting of bulk d-bands also causes an exchange splitting
of surface states[106] . Such a splitting has also been observed for image-potential
states [107, 108] . However, this splitting is somewhat smaller compared to crystal

induced surface states since image states are localized further away from the surface

in the vacuum region [107] .
There remain open questions concerning the lifetimes of image-states on magnetic

surfaces . Using high resolution 2PPE, intrinsic linewidth measurements of the n = 1

state on Fe, Co, and Ni surfaces linewidth values have been reported which are more

than 4 times larger than those on noble metal surfaces [61, 67]. Since the n = 1

states on Ni(111) and Ni(100) are located closer to the gap center compared to those
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on Cu(111) or Ag(111), one would expect an opposite trend, i.e . smaller linewidths .
From the localization of the n = 1 state on Ni(100) a lifetime similar to the (100)
faces o£ Cu and Ag can be expected [23] . The large linewidth can be a consequence
of the exchange splitting of the image states . Nevertheless, a splitting could not be
made exclusively responsible for the observed linewidths since 2PPE experiments
suggest only upper limits for the splitting on Ni [61], while spin-polarized inverse
photoemission experiments yield values of 13 ± 13 and 18 ± 3 meV for Ni(100) and
Ni(111), respectively [108, 109] . The reported values are too small to account for
the observed linewidth alone [61, 108, 109] . In addition, theory predicts a splitting
between 6 and 13 meV for Ni(100) [111] which is also insufficient to explain the large
measured linewidth .

As mentioned earlier, the measured intrinsic linewidth P of an excited state
obtained with 2PPE does not necessarily correspond to the lifetime T via the relation

since elastic scattering processes (scattering with phonons, electrons, or defects) may
contribute to the observed linewidth .

Moreover, it has been shown that initial state effects may affect the measured
linewidth in 2PPE experiments, as well. Early 2PPE studies on Cu(111) yield a
linewidth o£ 16 ± 4 meV [61] which corresponds to a lifetime of 40 fs (equation 6.1) .
Using TR2PPE, a lifetime of only 18 ± 5 fs was obtained [56] which in combination
with the intrinsic linewidth therefore would lead to a non-physical negative dephas-
ing time . In a later paper this discrepancy was explained by the photon energy
used in the linewidth measurement [19] . If the n = 1 state is resonantly (hcv = 4 .48
eV) populated from the occupied sp-derived surface state, a peak narrowing can be
observed compared to the non-resonant case, so that the initial state from which
the excitation starts has also to be taken into account.

The problematic nature of linewidth studies in combination with the still open
question concerning the exact lifetimes of image states on magnetic 3d-transition
metal surfaces warrants a more accurate investigation. Time-resolved measurements
directly probe the population dynamics of image states so that these techniques
are superior in the exact determination of lifetimes. Pure dephasing and initial
state effects do not affect the time-dependent population of those states and can be
separated.

In the following two sections, we present time-resolved studies of image-potential
states on Ni(100) and Ni(111), which are in fact the first measurements of image-
potential states on magnetic surfaces in the time domain . These experiments de
mand excellent time resolution due to the short lifetimes. This is followed by a
discussion which includes a general theoretical approach in order to calculate the
damping of the image-state wave function which in turn is expected to influence the
lifetime . A short summary concludes the chapter.
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Figure 6.1 : Projected bulk bandstructure along the I'M' direction for the (111)
orientation of Ni taken from reference [87] . Thick lines represent states with an
enhanced amplitude at the surface . The states labeled So and Si are bulk induced
surface states [87, 112] . The vacuum level lies well below the upper band gap edge
and is positioned 5 .2 eV above EF . At a binding energy of around -0.8 eV with
respect to EVa, the first member of the image-potential series is shown.

6.2

	

Image-potential state dynamics on Ni(111)
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First, results for the image-potential state dynamics on Ni(111) are presented. Be-

fore we start the presentation of our 2PPE data, a short description of the surface

electronic structure of Ni(111) is given . Fig . 6 .1 displays the projected bulk band-

structure along the PM' direction of the surface Brillouin zone taken from reference

[87] . Electronic states above the upper band-gap edge have sp character . Note that

the LZ 1 point lies -0.9 eV below the Fermi energy and that the shaded area of up to

0 .2 eV at k1l = 0 above EF have d-band character [88] .

The first image-potential state n - 1 with a reported binding energy of -0 .80_

	

t

0.03 eV [113] lies approximately 1 .6 eV below the upper band-gap edge [88] . The

two states labeled So and Si have been observed in photoemission- and inverse pho-
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Figure 6.2 : Normal emission 2PPE spectrum of Ni(111) recorded at photon energies
of 4.71 and 3.14 eV for the pump and probe pulse, respectively. Next to the vacuum
cutoff the electronic structure below EF could be seen at kinetic energies of up to
1.1 eV . The peak at 2.37 eV kinetic energy could be attributed to the first image-
potential state .

toemission experiments, respectively [87, 112] and were identified as states with an
enhanced wave-function amplitude at the surface . These states are, therefore, ex-
pected to have large wave-function overlap with image-potential states . They may
significantly contribute to the decay of image states via electron-hole pair produc-
tion.

To populate the n = 1 state we used the third harmonic with a photon energy
of 4.71 eV. Unfortunately no higher Rydberg members could be populated due to
restrictions of the fundamental wavelength of the Ti:sapphire laser system used in
the experiments . Since the n = 2 state has a reported binding energy of -0.25±0 .05
eV [62] a photon energy close to 5 eV is required which corresponds to a wavelength
below 250 nm. On the other hand, the photon energy has to be kept below the
work function to avoid space charge effects so that the used photon energy should
not exceed a value of about 5 .2 eV' . The frequency doubled output with a photon

'Note that the fourth harmonic 4hw is only tunable in a range between 5.8 and 6.06 eV .
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energy of 3 .14 eV was used to probe the population dynamics of the n = 1 state . It
will be shown later that this photon energy also allows us to monitor the electronic
structure below the Fermi energy in situ .

Fig. 6.2 shows a typical 2PPE spectrum recorded in the normal-emission geom-
etry obtained with photon energies of 4 .71 and 3.14 eV at zero time delay between
pump and probe pulses . The energy scale is referenced to the vacuum level and
gives directly the photoelectron kinetic energy2.

Apart from the vacuum cutoff two main features can be seen below 1.1 eV and at
around 2.37 eV kinetic energy. By blocking the 4.71 eV laser pulse, the sharp peak at
2.37 eV vanishes completely while the other part of the spectrum remains unchanged.
This part is, therefore, caused by the simultaneous absorption of two 3.14 eV photons
within the same laser pulse via nonresonant transitions . It, therefore, monitors the
occupied electronic structure below EF . The relatively sharp structure around 0.8
eV kinetic energy can be assigned to the state labeled So in Fig. 6.1 which has
been observed in photoemission measurements [112, 114] . The work function was
deduced to be 5 .20 ± 0 .05 eV from the width of the EDC obtained with the probe
pulse only (3.14 eV) in agreement with previously reported values [112, 113] . The
peak at 2 .37 eV can only be observed if the delay between both pulses is small
and is therefore attributed to the excitation of an electron below EF into the n = 1
image-potential state and the subsequent emission by absorbing photons of 4 .71 and
3 .14 eV, respectively3 .

The binding energy of the n = 1 state relative to Ev.c can be easily calculated
by subtracting the probe-puls photon energy of 3 .14 eV from the kinetic-energy
position . We obtain a binding energy of -0.77±0 .03 eV for the first image-potential
state on Ni(111) . This result is in agreement within the experimental error with the
value of -0 .80 ± 0.03 eV reported by the group of Steinmann [62, 113] . The binding
energy of the n = 1 state depends critically on the surface cleanliness. We observed
an increase of the n = 1 binding energy with time after the surface preparation
cycle which is accompanied by an increase of the work function . Therefore the
slightly higher binding energy reported earlier might be a consequence of surface
contamination due to longer measuring times. The n = 1 peak is slightly asymmetric
on its low energy side which has also been observed by Giesen et al . at a comparable
photon energy [113] . By increasing the photon energy the peak becomes more and
more symmetric. We, therefore, attribute the asymmetry to two-photon absorption
from initial states below EF via a nonresonant transition .

In order to investigate the influence of adsorbates on the image-potential state
lifetime, hydrogen was adsorbed on the Ni surface by filling the preparation chamber
with H2 gas. It is known that hydrogen forms a disordered atomic layer on Ni(111)
[115] at room temperature.

2The bias voltage which has been applied to the sample, has already been substracted .

3The simultaneous absorption of two 4.71 eV photons results in an additional n = 1 peak at a

kinetic energy of 3.94 eV (not shown in the spectrum) .
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Figure 6.3 : 2PPE energy-distribution curves obtained for the clean Ni(111) surface
(solid line) and for different hydrogen exposures (dashed lines) . a) The simultaneous
absorption of two 3 .14 eV photons causes non-resonant emission from states below
EF. b) The energy position of the n = 1 image-potential state relative to EF. With
increasing hydrogen exposure the image state shifts to higher energies compared to
the initial value of 4.43 eV for the clean surface. (1 L correponds to 10-'6 mbar s) .
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The features in the EDC shown in Fig. 6.2 are caused by 2PPE processes with
different combinations of photon energies (3 .14+3 .14 eV, 4.71+3.14 eV) . We, there-
fore, introduce an overall energy scale with respect to EF as shown in Fig. 6 .3 where
the photoelectron spectra are separated into two parts. Fig. 6.3a) displays the en-
ergy region close to EF , while Fig. 6.3b) shows the n = 1 state . Apart from the
EDC obtained from the clean surface (solid lines), Fig. 6 .3 also displays EDCs for
different hydrogen exposures (dashed lines) up to saturation coverage . As expected,
a significant work function change can be observed in Fig. 6.3a) which manifests
itself in a shift of the vauum cutoff.

There are clear intensity variations with hydrogen doses up to a saturation ex-
posure of 10L (1L = 10-s mbar s) . Especially the feature located 0.25 eV below the
Fermi energy is attenuated due to the quenching of the So surface state in agreement
with earlier studies by Himpsel et al . [112] who assigned the remaining intensity to
a transition from a d-like bulk state.

With increasing hydrogen coverage, the binding energy of the n = 1 state in-
creases monotonously up to a value of 0 .83 + 0.03 eV. This can be explained by the
shift towards the upper band-gap edge which changes the quantum defect a. Since
the image-potential states are pinned to the vacuum level, the work-function change
leads to a shift of the n = 1 state relative to EF. In addition, a strong attenuation
of its intensity is observed . This is mainly caused by the quenching of the occupied
So surface state which provides a very efficient excitation channel due to a large
wavefunction overlap with the image state [113].

Image-potential state dynamics

In order to measure the lifetime of the n = 1 state, the analyzer was set to the
n = 1 peak position while scanning the pump-probe delay. The instrumental cross-
correlation, which serves as reference and determines the time zero in the experi-
ment, was measured below the image-potential state at energies between 2.5 and 2 .9
eV above EF. Hot electron lifetimes which may contribute and could cause devia-
tions from the intrumental cross-correlation can be neglected since those lifetimes
at energies > 2 eV above EF are (<G 5f s) [97] .

Fig. 6 .4 displays the transient responses of the clean (middle panel, filled circles)
and hydrogen covered (top panel, open circles) Ni(111) surface. The instrumental
cross-correlation with a full width at half maximum of 120 fs is shown at the bottom

(open squares) . Assuming a sech2 function to describe the laser pulse shape, we
obtained equal durations for pump and probe pulse of 80 fs . The probe-pulse length

was measured independently in an autocorrelation setup at the sample for the same

intermediate-state energies above EF. Compared to the instrumental function the

finite lifetime of the image state affects mainly the center position of the transient

response . Fits to the data (dashed lines) based on a sech2 function result in shifts

of the n = 1 response of 10 ± 3 and 15 ± 4 fs towards positive delay for the clean

and hydrogen saturated Ni(111) surface, respectively. In addition, the curves are
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Figure 6.4 : Transient responses of the n = 1 state for the clean (filled circles, middle
panel) and hydrogen saturated (open circles, top panel) Ni(111) surface.The instru-
mental cross-correlation trace (open squares) with a full width at half maximum of
120 fs is shown at the bottom .

slightly broadened by 4 ± 2 and 7 H= 2 fs, respectively.
In this context it should be mentioned that the apparently small deviations of

the transient response from the instrumental cross-correlation require very precise
measurements and short pulses . In order to give reliable values for both shift and
broadening, the above values given for the clean Ni(111) surface are the result of av-
eraging more than 10 individual lifetime measurements. This included simultaneous
measurement of the instrumental function .

In the previous chapter we discussed the theoretical approach using a rate-
equation model as suitable method for the interpretation of the observed time
response in TR2PPE experiments . The shift towards positive time delay of the
image-state response with respect to the instrumental cross-correlation is a sensi-
tive measure for the finite lifetime of this state. Regarding short-lived states with
lifetimes much shorter than the pulse durations, the observed shift is approximately
proportional to the lifetime [56, 60, 116] . Keeping this in mind we deduce a lifetime
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Figure 6.5 : Projected band structure of the Ni(100) surface along the I'X direction
[108] . The unshaded area represents a gap in the projected bulk-band structure .
The values for the upper and lower band-gap edges are taken from reference [88] . In
contrast to the (111) faces of Ni and Pt, the first image-potential state is localized
in the lower half of the gap since the work function has a value of around 5.1 eV.

of Tivgii1) = 10±3 fs for the n = 1 state on clean Ni(111) while the lifetime increases
to T = 15 ± 4 fs after hydrogen exposure . A description by the rate equation model
results in lifetimes of 13 ± 5 fs and 17 ± 6 fs for the clean and hydrogen covered
surface, respectively. Thus, both methods give almost identical answers.

6.3

	

Time-resolved study of the n = 1 image-potential
state on Ni(100)

U 5

In order to illustrate the position of image-potential states inside the gap of the
projected bulk-band structure we introduce the Ni(100) surface with a schematic
diagram of the surface-electronic structure. Fig. 6 .5 sketches the band structure
along the PX direction of the surface-Brillouin zone, taken from the references [88,
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Figure 6.6 : 2PPE spectrum recorded at At = 0 of the Ni(100) surface using photon
energies o£ 1.55 and 4.65 eV. Two sharp peaks are resolved at kinetic energies close
to 1 and 4 eV . Both peaks result from emission of the n = 1 image-potential state.

108] . The upper (X1) and lower (X4,) band-gap edges are localized at 9 .4 eV and 2.1
eV above the Fermi energy, respectively . The value of the work function reported
in the literature is 5 .09 ± 0.03 [61] . This implies that the image-potential states are
localized in the lower half of the band gap as shown in Fig. 6 .5 .

In contrast to the (111) surfaces discussed above, no unoccupied crystal-induced
surface states have been reported on Ni(100) near T` [108] . The observation of an
occupied surface state at P was reported by Erskine [117] . However, this state was
neither found in other experiments [118] nor in theoretical calculations [119] . This
absence of major decay channels at I' is, therefore, expected to cause a longer image-
state lifetime . This trend might ever be enhanced by the mid-gap position of the
image-potential states which are therefore less strongly hybridized with bulk bands .

In order to populate the first image-potential state on Ni(100), we used the
frequency tripled output of the Thsapphire system while the fundamental with a
photon energy of 1 .55 eV was used to probe its occupancy. Similar to the Ni(111)
surface, higher members of the Rydberg series could not be populated due to re-
strictions of the available photon energies. The pulse lengths at the sample of pump
and probe pulse were determined to 115 and 70 fs, respectively. Fig . 6.6 depicts
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a typical 2PPE spectrum recorded in normal-emission geometry using the time-of
flight photoelectron detection technique . The x-axis is referenced to the kinetic en-
ergy after substracting an applied bias voltage of -1 eV. The dominant feature in
the EDC at a kinetic energy close to 1 eV results from 1 .55 eV photoemission of
n = 1 state electrons. The peak at 4.02 eV kinetic energy corresponds to a resonant
2PPE process via the n = 1 state by the simultaneous absorption of two photons
from the frequency tripled beam .

We determined the work function to 5.08±0 .03 eV and the n = 1 binding energy
to -0.61 ± 0.02 eV. These values are in excellent agreement with literature values
of 5 .09 ± 0.03 and -0.61 ± 0.03, respectively [61] .

Time-resolved measurements on Ni(100)

The transient response of the image-potential state was measured by recording the
2PPE signal of the n = 1 peak obtained with the frequency tripled and fundamental
beams as function of the pump-probe pulse delay. Using the time-of flight technique
it was possible to monitor the instrumental cross-correlation in situ, that means
that both, the transient response of the image-potential state and the instrumental
function were obtained in the same measurement cycle. Different cross-correlation
curves have been scanned offresonance at different energies far above the Fermi level.
They all show an identical lineshape, thus we can rule out lifetime contributions of
hot electrons within the accuracy of the experiment.

The results are shown in Fig. 6 .7. A fit (dashed lines) to the recorded instrumen-
tal cross-correlation (open squares, bottom panel) based on a sech2 function yields
a full width at half maximum of 138 fs . The maximum of the transient response of
the image-potential state (top panel, filled circles) is shifted 13 fs towards positive
time delay. In addition, the curve is slightly broadened by 6 fs . As described in
the last section this gives an image-potential state lifetime of Tiv (i00) = 13 3 fs.
A fit based on the rate-equation model (top panel, solid line) leads to a lifetime of

T7ioo) = 16 ± 5 fs . Similar to the case of Ni(111) both methods agree within the
experimental error. For simplicity, we will thus make use of the values obtained
from the rate-equation model in the following discussion . We also like to mention

that the conclusions made in the discussion below are independent of the choice of

the model used for the data analysis .

6.4 Discussion

Due to the uncertainty principle the finite image-state lifetime, r, corresponds to an

energy broadening F which can be observed in high-resolution 2PPE experiments.

However, P also contains an additional broadening due to dephasing effects . The

two contributions have been separated on Pt(111) (see chapter 5) and the Pd(111)

surface [60] . Recent high-resolution 2PPE measurements on Pd(111) [60] observed
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Figure 6 .7 : Time-resolved spectra obtained on the clean Ni(100) surface. The in-
strumental cross-correlation trace (bottom panel, open squares) with a full width at
half maximum of 138 fs was recorded off resonance of the n = 1 image state. The
transient response of the first image state is sketched in the top panel (filled circles) .
Fits to the data (dashed and solid lines) yield a curve shift of 13 fs towards positive
pump-probe delay and a broadening of 6 fs for the n = 1 response with respect to
the instrumental function .

a n = 1 state linewidth of 32 4- 4 meV. The linewidth expected from the image-
potential state lifetime on Pd(111) of T = 254 fs measured in the same experiment
corresponds to 21 meV. Those differences are assigned to dephasing effects of the
image-state electrons .

Our 2PPE studies on Ni(111) and Ni(100) reveal4 intrinsic linewidths of 81 ± 12
and 66 ± 12 meV for the n = 1 states, which corresponds to lifetimes of 8 and
10 fs, respectively. The obtained linewidth values are in excellent agreement with
the values of 84 ± 10 and 70 ± $ meV reported previously for the two surfaces,
respectively [61] . Since the lifetimes obtained from the measured intrinsic linewidth
on both Ni surfaces are only slightly shorter than those measured with TR2PPE,
dephasing effects are smaller than on Pd(111) and Pt(111) .

4The linewidth measurement of the n = 1 state on Ni(111) has also been performed with our
TOF spectrometer because of the improved energy resolution by a factor of 2.
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After hydrogen adsorption, the occupied surface state of Ni(111) 0.25 eV below
EF is quenched which is accompanied by a significant lifetime increase . This change
in lifetime may have different reasons . First of all, adsorbed hydrogen atoms may
affect the lifetime . Hydrogen is adsorbed unordered on Ni(111) at room temperature
and one would therefore argue that hydrogen atoms may act as additional scattering
centers for electrons in image states which may shorten the lifetime . In fact, it has
been demonstrated that the unordered adsorption of atoms and molecules decreases
the lifetime of image states [55] .

Second, the image-state position inside the band gap changes due to the work
function increase after hydrogen adsorption. However, since the image state on
the clean surface is localized above the band-gap center, the work-function increase
leads to a shift away from the center towards the upper band-gap edge . This in turn
should lead to a stronger damping of the wave function which in turn would also
decrease the lifetime [120] .

On the contrary, the observed lifetime after hydrogen adsorption increases. Among
all electronic states, surface states can be expected to have the largest wave-function
ovelap with image-states due to their localization at the surface. As depicted in Fig.
6 .1, two surface states have been observed on the Ni(111) surface which therefore
may contribute to the decay of the n = 1 state. Therefore we attribute the life-
time increase to the quenching of the occupied surface state' which no longer can
contribute to the population decay of the image-state.

Nevertheless, even after hydrogen adsorption the lifetime is still short and is
comparable to that of the n = 1 state on Ni(100), where no surface states are
observed at r. Both lifetimes obtained for the n = 1 states are significantly shorter
compared to those obtained on other surfaces' with the only exception of the n = 1
state on Cu(111) [23, 56, 103], which is only slightly larger . Hence the general trend

for both Ni surfaces can only be explained by another mechanism to be involved

which is responsible for the shortened lifetimes on those surfaces . Since image states

decay via the creation of electron-hole pairs, states below and above the Fermi energy

have to be taken into account.
In contrast to the noble metals, in the case of Ni the more localized d-bands cross

the Fermi level and lead to a large occupied and unoccupied density of states (DOS)

around EF . The enhanced DOS at EF thus provides a large number of electronic

states in k-space which could be involved in the decay process. This so called

"phase space argument" has been frequently used to describe the differences of hot-

electron dynamics between noble and transition metals [97, 104] . Using TR2PPE,

the measured hot-electron lifetimes on the transition-metal surfaces Fe, Co and Ni

are at least one order of magnitude shorter than those on the noble metals Cu, Ag

and Au [4, 97] . These differences are explained by the enhanced DOS at EF due to

the narrower d-bands in transition metals compared to the sp-derived bands around

'Note, that we can not rule out the additional quenching of the unoccupied surface state .

This will also be discussed in chapter 7 .
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EF in the noble metals . Thus we can expect a significant contribution of d-bands
into the decay o£ image states which could explain the observed short lifetimes . We
come back to this discussion later in chaper 7.

For Fe and Co, the observed large intrinsic linewidths go along with a magnetic
exchange splitting of the n = 1 states [67] . The exchange splitting of bulk bands
leads to slightly different gap edges for majority- and minority-spin bands . Thus,
according to equation 3.10 the exchange splitting of image states reflects shifts in
binding energy due to different relative positions within the majority and minority
band gap. Though an image-state splitting has been theoretically predicted for the
Ni(100) and Ni(111) surfaces [106, 111], only upper limits for the splitting have been
reported in the literature using 2PPE [61], while the values reported using inverse
photoemission are below 20 meV [108, 109]. We also tried to observe such a splitting
on Ni. By using s- and p-polarized light, the excitation from different initial states
1i) with different symmetries to the image state in) can be selected . Since only
transitions between bands of the same spin orientation have to be considered [110],
the population of spin up and spin down components of the image state can be
varied by changing the light polarization which leads to a shift of the image-state
peak maximum [107] . We didn't observe such a shift in our experiments . Reasonable
explanations for that are (i) a very small spin splitting and (ii) the indirect method,
which requires a splitting of the initial bands with different symmetries [110] .

Therefore we conclude that d-bands, which are also responsible for the magnetic
properties of 3d-transition metals play a significant role in the decay of image-
potential states on these surfaces.

Unfortunately, up to now no precise theoretical calculations for image-state life-
times on Ni surfaces have been reported in the literature . An early calculation per-
formed by S. Gao et al . [121] predicts an 8 times larger linewidth for the n = 1 state
on Ni(111) compared to Cu(111), which supports the trend observed in TR2PPE
experiments . Following our measurements, the group of E.V. Chulkov and P.M.
Echenique has just started calculations based on a many-particle formalism. Un-
fortunately, final values are not available . However, they predict lifetimes between
12 and 18 fs for the n - 1 states on Ni(111) and Ni(100) [122], which would be in
excellent agreement with our measured values .

6.5

	

Concluding remarks

In summary, with our experiments we have measured lifetimes of the first image-
potential state on the (111) and (100) faces of Ni . We have demonstrated on Ni(111)
that surface states indeed serve as efficient decay channels in the relaxation process
of image-potential states . Our measurements reveal unusual short lifetimes for the
n = 1 state on Ni(111) and Ni(100) . We attribute the observed short lifetimes to a
significant contribution of d-bands to the decay of image-states . According to our
conclusion, one therefore would also expect similar short lifetimes on Co and Fe
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surfaces . A deeper understanding thus requires additional measurements on those
surfaces in combination with an enhanced theoretical approach .
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Chapter 7

Comparison of image-state
lifetimes on different surfaces :
dependence on the electronic
structure

It is the purpose of this chapter to identify the microscopic mechanisms able to
reproduce the trend of the observed lifetimes for the n = 1 states on different metal
surfaces .

From Ni to Cu, the bandstructure is filled with electrons and the d-bands become
occupied . As has been shown on Pt(111)-p(2x2)-0, the density of states near EF

plays an important role in the decay of the image-state population. Therefore, the

large density of states around EF on transition-metal surfaces has to be taken into
account.

On the other hand, the energy position of the image-state inside the band gap

governs its wave-function damping into the bulk . The damping affects the overlap

with bulk bands and, hence, the lifetime of image-potential states .

By taking into account the wave-function damping and the involved electronic

states , it can be expected that the decay of electrons populating image states might

change in a systematic way for different surfaces .
This chapter is arranged in the following way. We first estimate the damping of

the image-state wave functions in dependence of the energy position inside the band

gap and compare the damping with the measured lifetimes . In a second step the

contributions of the density of states around EF to the decay are discussed . Finally,

both aspects are combined to model the trend observed for image-state lifetimes on

different surfaces .
Before we start the discussion, we summarize measured lifetimes of image-potential

states up to the n = 3 state. Table 7.1 shows a compilation of image-state lifetimes

on a number of different surfaces obtained with TR2PPE. The calculated theoretical

values are added for comparison . We would like to mention early TR2PPE measure-
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Table 7.1 : Lifetimes of up to the third image state on different surfaces, measured
with TR2PPE . Calculated values are also shown for comparison.

ments on Ag surfaces [7, 25] . The authors reported only low count rates and they
did not present a precise measurement of the instrumental cross-correlation . This
may lead to smaller lifetime values for the n = 1 states . Therefore, the recent values
of 30 f 10 [103] and 55 ± 5 fs [23] for the n = 1 states on Ag(111) and Ag(100),
respectively, seem to be more reliable .

The overlap with bulk bands
The energy position of an image-potential state inside the band gap of the projected
bulk-band structure affects the penetration of its wave function into the crystal
[77, 120] . If the image state is localized near the band-gap center, its wave function
is strongly damped inside the crystal . On the other hand, if the image state lies
close to the band-gap edge, the penetration of the wave function is larger and the
maximum of the probability density is shifted towards the crystal surface. Hence,
the lifetime of image-potential states located close to the band-gap edge should be
reduced. In order to visualize that the mid-gap energy position of an image-potential
state should imply longer lifetimes compared to a position close to the band-gap
edge, one can estimate the damping of the image-state wave function inside the
crystal.
A convenient way of considering the two-dimensional band structure of solids

surface Tn=i (fs) Tn=2 (fs) Tn=3 (fs) method_ reference
Cu(100) 40 ± 6 120 ± 15 300 ± 20 TR2PPE [23]

38 ± 7 110 ± 18 295 ± 25 TR2PPE this work
30 132 367 theory [77]

Cu(111) 18 ± 5 17 5 - TR2PPE [56]
17.5 - - theory [77]

Ag(100) 25 10 180 20 - TR2PPE [7, 25]
55 5 160 f 10 360 15 TR2PPE [23]
26.5 132 - theory [102]

Ag(111) < 20 < Tn-1 - TR2PPE [25]
30 ± 10 - - TR2PPE [103]

6 - - theory [102]
Pd(111) 25 ± 4 - - TR2PPE [60]

22 89 - TR2PPE [601
Pt(111) 26 ± 7 62 ± 7 - TR2PPE this work

29 73 - theory [122]
Ni(111) 13 ± 5 - - TR2PPE this work
Ni(100) I 16 ± 5 - - TR2PPE this work
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Figure 7.1 : Complex band structure obtained using the approximation of the one-
dimensional nearly free electron model. Within the gap, which has opened at the
zone boundary, only at the surface solutions with real E and complex wave vectors
k = p + iq are possible .

starts with the approximation of the nearly-free electron two-band model [123] .
This model has been frequently applied for the calculation of image-potential states
[46, 124] .

Within this model only electronic states perpendicular to the surface (z-direction)
are considered. The problem is, therefore, only one dimensional. One obtains a

complex band structure E(k) as depicted in Fig. 7.1 . In this figure, k and a denote

the wave vector and the lattice constant, respectively. At the zone boundary d a

gap opens. Solutions for the Schr6dinger equation within this gap do not exist in

the bulk . Only at the surface, solutions with real E and complex k = p + iq are

still possible . Their wave functions exponentially decay away from the surface into

the bulk . The imaginary part q of the wave vector, which describes the damping,

reaches its maximum at the gap center and decreases to zero at the gap edges . The

overlap between the image-state wave functions and bulk bands is proportional to 9 .
A large imaginary part, therefore, results in a strong wave-function damping which

should enhance the lifetime of the corresponding state.

In the two-band approximation eigenstates with

= Aexp(ikz) + B exp(i(k - g)z)

	

(7.1)
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are viewed . g = 2a is the reciprocal lattice vector in one dimension . The electron
energies can be calculated by solving [123]

where U denotes the potential Fourier coefficient for g.

	

ek =

	

zm2 describes the
energy of an electron with given lr .

We now turn our attention to the direction perpendicular to the surface. In this
case g is along the surface normal . The evaluation of equation 7.2 yield the standard
result

det

	

Ek - E

	

U

U

	

Ek_g - E
=0

U2 +
4
(Ek -

6k_9)2 + 2 (Ek + Ek_g)

(7.2)

(7.3)

One obtains the energy at the bottom of the valence band for k = 0, while at the
zone boundary (lr = 2 = ä) a gap of magnitude 2JUI opens. As mentioned above,
within the gap solutions with real E and complex wave vectors k = p + iq are still
possible . The wave function of such a solution exponentially decays into the crystal
and can be written as

with

ek,E(z) oc exp(-qz) sin(gz -(- 8)

	

.

	

(7.4)

In our case, E denotes the energy position of the image-potential state.
equation 7.3 one finally obtains an expression for q:

q2 = (

	

U2 + 4egE - (EyE)) '
2m
2

(h9)2

Using

(7.5)

Eg =

	

8-

	

(7.6)

Despite of the simplicity of the used model it is capable to give a rough overview
for the estimated damping of the wave-function with respect to the energy position
within the band gap.

The calculated results for a number of n = 1 states on different surfaces are
plotted against the observed lifetimes measured with TR2PPE in Fig . 7.2 . The
data for the upper and lower band-gap edges used within the calculation are taken
from the references [65, 88, 125, 126] . As mentioned above, recent lifetime values for
Ag [23, 103] are more reliable compared to those reported in the references [7, 25] .
We, therefore, use only the data published by Shumay et al . [23] and McNeill et al .
[103] .

In the case of Cu(111), temperature dependent lifetime measurements for the
n = 1 state have been reported [65] . The lifetime ranges from 22 ± 3 fs at 25 K
to 14 ± 3 fs at 350 K . This dependence can be explained by a shift of the upper
band-gap edge towards EF with increasing temperature. Since the n = 1 state
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Figure 7.2 : Liftetimes of n = 1 image-states measured with TR2PPE plotted against

the estimated imaginary part q of the wave function . A general behaviour can not

be observed especially with regard to the transition metals Ni and Pd. However, the

differences observed between the (100) and (111) faces of Cu, Ag and Ni demonstrate

the trend that an increase in q leads to longer image-state lifetimes . i J.D. McNeill

et al . [103], 2 M. Wolf et al . [56], 3 I .L . Shumay et al . [23], 4 A. Schdfer et al . [60],

© this work.
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on Cu(111) is localized close to the upper band-gap edge, the damping of its wave
function inside the crystal is highly sensitive upon the energy position with respect
to the gap edge as can be inferred from Fig. 7.1 . The change of q is large at the
gap edges, while it varies only slightly within the gap . Therefore, if the n = 1 state
is localized close to a gap edge, its lifetime is expected to become sensitive upon
temperature variation. The lifetime value used for the n = 1 state in Fig. 7.2 was
measured at 90 K [56, 65] .

Under the assumption that image-potential state lifetimes depend exclusively
on the wave-function penetration inside the crystal one should expect an universal
curve for all surfaces . Such a general behaviour can not be observed in Fig. 7.2 .
Even considering the error bars the data scatter significantly. A closer analysis
reveals, however, the expected tendency for the (100) and (111) surfaces of Cu, Ag,
and Ni. On the (111) surfaces q is significantly smaller compared to the respective
(100) faces in accordance with a decreased lifetime .

Due to the near mid-gap positions of the n = 1 states on Ni(111) and Ni(100)
the estimated q values are large. Nevertheless, the n = 1-image states on Pd(111),
Ni(111) and Ni(100) possess, despite of large calculated q values, relatively short
lifetimes . Concerning the large damping factor specially for Ni(100) and Pd(111),
the lifetimes of the n = 1 states might be in the range of those obtained on Cu(100)
and Ag(100) . In contrast, the n = 1 lifetimes of

Tc=(llll) = 18 ± 5 and Tn (ill)
A

_Q

30 ± 10 fs are still larger compared to the values for Ni(100).
Consequently, based on the above discussion, the description of the population

decay of image-potential states has to include the density of states around EF. The
argument concerning the energy position inside the gap might be useful for image
states of different surface orientations of only one material as could be seen on Ag,
Cu and Ni. Nevertheless, it is not appropriate for the general description of image-
potential state lifetimes. As a consequence, the discussion has to include possible
electronic states involved in the decay process.
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The depopulation of image-potential states is governed by the generation of electron-
hole pairs. These processes are schematically shown in Fig. 7.3 . An electron pop-
ulating an image state with energy En interacts with the Fermi sea. It is scattered
into a previously unoccupied state jEfi) with energy Ef, above the Fermi energy
by simultaneously exciting an electron from the Fermi sea with energy Ei above EF
into a final state with energy Ef2.

In the decay process, therefore, all possible interactions of the image-state elec-
trons with the Fermi sea should be taken into account. Within all interactions, the
transitions J E.,,) -+ l Efl) and IEs) -+ IEf2) should satisfy energy and momentum
conservation. The energy conservation requires AE = En -Ef, = Bf2 - Ei where
LSE denotes the energy loss of the electron in the image state. The probability per
unit time for such scattering events can then be written as
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Figure 7.3 : Calculated density of states for Pt taken from reference [127] . The
population decay of image-potential states is schematically shown. It is mainly
determined by electron-hole pair creation and is, thus, affected by the available
phase space.

=~l ~EflEf21Hscattl EnEBc)I 2b«En - Efl) - (Ef2 - Ei»

	

-(7-7)
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Hacatt is the perturbation Hamiltonian applicable to the electron-electron scattering
process [128] . Note that the state IEn) exponentially decays into the bulk. Therefore,
the probability P depends on the imaginary part q of the wave vector of the image
state.

The number of all possible transitions is governed by the density of states p of
initial and final states jEZ) and JEfr,2), respectively. To account for the available
"phase space", one should first integrate over all possible transitions IEi) -} IEf2)
at given DE e [0,E,, - EF] . Starting with the assumption that states with s,p,
and d-character are involved, four possible processes contribute to the integral if we
combine s and p states :

IEi')-~lEf2)

IEip) I Ef2)
JEd) ~ JE-9P)2

J Ea)

	

1
Efs)

(7.8)

(7.9)

(7.10)
(7.11)

In a second step, a convolution of this integral with all possible final states I Efl)
should be integrated over DE . Accounting again for sp- and d-states, there are two
possibilities for transitions of an image-potential state electron :

IEn) -+ IEfi)
IEn) IEfl)

The result of this calculation is then inversely proportional to the lifetime T:

(7.12)
(7.13)

T oc S =
fEn_EP

d(DE)

	

p(En - DE)
JEF-oE

dE2

	

p(Ej)p(EZ +DE)

	

.	(7 .l4)

Noble metals have no d-holes . Hence, the processes 7.9, 7.11, and 7.13 can not occur.
Since the d-bands of Ag lie energetically lower with respect to EF compared with
Cu, the contribution of process 7.10 might be smaller. Based on this argument, the
image states on Ag are expected to live longer . This has indeed been observed on
the (100) and (111) surfaces of Ag and Cu as shown in table 7.1 .

The existence of d-holes in transition metals provide additional decay channels
involving the processes 7.9, 7.11, and 7.13. According to equation 7.14, this should
lead to larger calculated inverse lifetimes. Hence, one can expect that the lifetimes
of image states on these surfaces are reduced. Following our results on Ni and Pt,
this trend can be observed . The n = 1 lifetime on Pd(111), reported recently by
Schiifer et al . [60], supports this view. Since on the Ni surfaces the n = 1 state
lifetimes are the shortest observed with TR2PPE, the d-band contribution to the
decay must be larger compared with Pd and Pt .

In order to calculate the "phase-space factors" S for the population decay of
image-potential states on various surfaces according to equation 7 .14, we used the



dti/d(q/S) = 102.8 fs/(10 7eV OA7 1)

Ag(111)1

0 0.05 0.1 0 .15 0.2 0 .25 0 .3 0.35 0 .4

q/S (10- 79V A- 1 )

Figure 7.4 : Liftetimes of n = 1 image-states measured with TR2PPE plotted against
q - k . A general behaviour can clearly be observed . The solid line is a linear least-
square fit to the data . The trend of the curve manifests the influence of d-bands to
the population decay. Therefore, the short lifetimes measured on Ni can be explained
by a large contribution of d-states to the decay. 1 J .D . McNeill et al . [103], a M.
Wolf et al . [56], s I.L . Shumay et al . [23], 4 A . Schiifer et al . [60], © this work.

calculated density of states for the respective elements from reference [127] . The
calculation indeed demonstrates that S is largest for Ni and smallest for Ag: SNi _-

20 - SAg . From Ag to Cu, S increases by a factor of almost 2, while SPt,Pd N 1 0' SAg.

Note that, the higher the factor S, the shorter is the expected lifetime T of an
image-potential state.

A combination of this "phase-space" argument with the estimated values for

q, which describe the damping of the image-state wave function, seems to be very

promising to result in an universal and simple description of image-state lifetimes on

different surfaces . According to equation 7.7, the damping of the image-potential

state wave function mediates the strength of the scattering probability per unit

time . Thus, the product of the imaginary part q and the reciprocal of the phase-

space factor S should be a qualitative measure for the lifetime of an image-potential

state.
The lifetimes r for a variety of n = 1 states are plotted against the product q

	

i
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in Fig. 7.4 . The solid line is a linear least square fit to the data . Despite of the
simplicity of the used model, the linear fit models the data reasonably well .

Hence, the lifetime of an image-state qualitatively is found to depend linear on
the product of q and _Sl :

Our model, in addition, is in excellent agreement with the observed temperature
dependent lifetimes' measured on Cu(111) [65] . The observed short lifetimes on Ni
can, therefore, be explained by the large, partially occupied density of d-states which
cross the Fermi level . Moreover, the longer lifetimes on Ag compared to Cu are a
consequence of the localization of the d-bands with binding energies below 3.5 eV
with respect to EF . On Cu, the d-bands start at -2 eV below EF and give, thus, a
larger contribution to the decay than those on Ag.

As mentioned in the previous chapter, recently the phase-space argument has also
successfuly been employed for the description of hot-electron dynamics on noble and
transition metal surfaces [97, 104] .

Therefore, our calculations performed as described above are capable to visualize
the lifetimes of image states in dependence of the metal surface in a simple, but
elegant way.

'The lifetime value for Ag(111) was measured at 40 K. Unfortunately, up to now, temperature
dependent measurements for this surface are not available .



Chapter 8

Summary

Within this thesis the optical setup for fs pulses with a large bandwidth - resulting
in pulse lengths shorter than 100 fs - has been designed and realized . In addition,
a time-of flight electron spectrometer (TOF) has been constructed and used in first
experiments . Compared with the previously used hemispherical analyzer, the ad-
vantages of the TOF are an improved energy resolution and a substantial reduction
of the needed measuring time per photoelectron spectrum .

The population dynamics of image-potential states on clean and adsorbate cov-
ered transition-metal surfaces of Pt and Nil have been investigated using time-
resolved two-photon photoemission spectroscopy. This has provided useful informa-
tion on the interaction of excited surface electrons with the underlying substrate .
In particular, various decay channels have been separated such as the interaction of
image-potential states with d-bands and crystal induced surface states .

On the Pt(111) surface, the first two image-potential states have been resolved

exhibiting lifetimes of 26 ± 7 and 62 f 10 fs, respectively. These values are shorter

than the calculated lifetimes for both states, indicating the importance of d-bands

which are not included in the calculation . The large lifetime value for the second

image state, Tn=2 > Tn-1, is a consequence of a weaker wave-function overlap with

bulk bands . This is due to the fact that image states with increasing n are localized

further and further in the vacuum. Moreover, its energy position is still located

inside the band gap.
The adsorption of oxygen on Pt(111) at room temperature results in a well or-

dered Pt(111)-p(2x2)-0 structure which was observed with LEED. The geometrical

rearrangement of the surface causes a change of the electronic structure near the

Fermi level . This is accompanied by an observed decrease of the lifetime for both im-

age states by a factor of N 2 . The decrease in lifetime was, therefore, addressed to the

redistribution of the density of states near the Fermi level . This result demonstrates

'It was the purpose of this thesis to measure the first image-potential state on Pd(111), as well .

This has been, though, published by the group of Th . Fauster in May 2000 [60] .
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the importance of inelastic decay channels for the image-potential state lifetime .

On Ni(111) and Ni(100) we found lifetimes shorter than 20 £s for the n = 1
states . These lifetimes could not be explained by the overlap with bulk bands only,
which is governed by the energy position of the image states inside the band gap.
Therefore, we have stressed the importance of d-states to the decay. The lifetimes
observed on Ni are, thus, a consequence of the partially filled d-bands, which cross
the Fermi level .

For Ni(111), the contribution of the occupied surface state to the image-state
population decay has been resolved . After hydrogen adsorption this state was
quenched and, thus, an effective decay channel was no longer available . This led to
a remarkable lifetime increase of the n = 1 state.

A general description of image-potential state lifetimes on different surfaces has
been given in chapter 7. Following our TR2PPE results, the model included

" the damping of the wave function inside the crystal which governs the overlap
with bulk bands and

" the available phase space which accounts for the possible electronic states
involved in the decay.

Although this model is relatively simple, it was found to be capable of describing
the trend for image-state lifetimes observed in TR2PPE experiments reasonably
well. According to our considerations, the lifetime of an image-potential state is
proportional to the imaginary part of its wave vector, which is a measure for the
wave-function damping inside the crystal, and inversely proportional to a so called
"phase-space factor", which accounts for the available phase space. Due to the
simplicity of this approach, the population decay of image states can easily be un-
derstood on a phenomenological basis .

This model, therefore, can be used to predict lifetimes of n = 1 states on other
surfaces including the temperature dependence, as long as they are localized inside
a band gap. In addition, within the framework of this model the individual contri
butions of s-, p-, and d-states to the population decay of image-potential states
can be calculated.



Appendix A

Optical paths for the different
experiments

repetition rate : 250 kH7
wavelength : 780 L855 nri i
pulselength : 50 - 60 fs

Figure A.1 : Experimental setup for the investigation of image-potential states on

pt(111) .
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repelition rdte . 250 kHz
wa plength : 780 - 855 nrri
pulselen<gth : 50'- 6Q fis

electron'
analyzer

Figure A .2 : Experimental setup for the investigation of image-potential states on



dichroic
mirror

repetf nn räte : 250 kH
wavelength 780 - 855M,
bPIselengh',50 - GO fs

electron
analyzer
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Figure A.3 : Experimental setup for the investigation of image-potential states on

Ni(100) .
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