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Abstract

As fundamental study to photodesorption experiments silver nanoparticles supported
by an Al,Os-film were investigated with femtosecond laser pulses, providing the ex-
citation of the surface plasmon. For that purpose a noncollinear optical parametric
amplifier was constructed to reduce the original pulse width of &~ 100 fs to less than
60 fs, approaching relevant excited state lifetimes of less than 20 fs. At the same time
the accessible photon energy range (1.58 eV - 2.14 eV and 3.16 eV - 4.28 eV) was ex-
tended to a continuously tunable range reaching from 1.2 eV up to 5.3 eV. This allows
one-photon photoemission (1PPE) spectroscopy. The small required pump intensity
makes two-colour experiments possible.

Employing the 5.3 eV photon energy output 1PPE experiments were carried out.
These experiments revealed a peak below the Fermi level shifting to lower binding en-
ergy with increasing particle size. To check its relation to the surface state on Ag(111)
at similar position, both the nanoparticles and a Ag(111) crystal were deposited with
cesium to alter the work function. The resulting influences were discussed by compar-
ison with the phase accumulation model of surface states.

In two-photon photoemission (2PPE) spectroscopy the peak below the Fermi cutoff
appeared broadened. Firstly, its intensity dependence on particle size was recorded
at the plasmon resonance position of silver nanoparticles (hv=3.6 eV) and off-resonant
(hy=3.16 V). The intensity at off-resonance was a factor of six lower than at resonance
but still up to 100 times larger than the corresponding overall photoemission yield of
Ag(111). By tuning the photon energy the peak’s shape changed which could be
assigned to a resonant transition from an occupied state via an unoccupied state. The
dependence of these states on particle size suggested quantum well states (QWS), also
checked by deposition with cesium. The resulting decrease of work function revealed
additional features, as expected from the applied QWS-model. By taking a broad
particle size distribution into account, a simulation by QWS could reflect the essential
experimental features. Moreover, the QWS at lowest energy was identified with the
peak detected in 1PPE.

By exposure to NO, favoured for photodesorption experiments, the plasmon exci-
tation on nanoparticles was strongly damped. The dependence on coverage suggested
that both excitation steps in 2PPE are driven by plasmon excitation. This was also
confirmed by two-colour experiments. Further, time-resolved experiments could map
the major nonradiative decay channel of the plasmon excitation. First results on in-
termediate state lifetimes were obtained. The entirety of 2PPE results showed that
the excitation of plasmons can simply be regarded as enhancement of the electric field
with respect to photoemission, which was determined to be a factor of 2.3 in this case.



Als Grundlage fiir Photodesorptionsexperimente wurden Silbernanopartikel auf ei-
nem Al,O3-Film mittels ultrakurzer Laserpulse untersucht, welche die Anregung von
Oberflichenplasmonen erméglichen. Zu diesem Zweck wurde ein nichtkollinearer op-
tisch parametrischer Verstarker konstruiert, welcher die urspriingliche Pulsldnge von
100 fs auf weniger als 60 fs verkiirzt und damit Lebensdauern relevanter angeregter
Zustinde von weniger als 20 fs ndher kommt. Gleichzeitig wurde der zugéngliche
Photonenergiebereich (1,58 eV - 2,14 €V; 3,16 eV - 4,28 eV) auf einen kontinuier-
lich durchstimmbaren Bereich von 1,2 €V bis 5,3 €V erweitert. Dies ermdglicht einer-
seits Ein-Photon-Photoemissions(1PPE)-Spektroskopie und andererseits Zwei-Farben-
Experimente durch eine geringe benotigte Pump-Intensitit.

Mit Hilfe der 5,3 eV Photonenergie wurden 1PPE Messungen durchgefiihrt, die zur
Detektion eines Peaks unterhalb des Fermi-Niveaus fiihrten. Mit zunehmender Par-
tikelgrofe bewegte sich dieser zu niedrigeren Bindungsenergien. Um einen mdglichen
Zusammenhang mit dem Oberflichenzustand auf Ag(111) bei dhnlicher Bindungsen-
ergie aufzuzeigen, wurden Nanopartikel sowie ein Ag(111)-Kristall mit Casium be-
dampft, was eine Anderung der Austrittsarbeit bewirkte. Der resultierende Einfluf auf
die jeweiligen Zustinde wurde anhand des Phasen-Akkumulations-Modells fiir Ober-
flichenzustinde diskutiert.

Die Anwendung von Zwei-Photonen-Photoemissions(2PPE)-Spektroskopie fiihrte
zu einer Verbreiterung des Peaks unterhalb des Fermi-Niveaus. Dessen Intensititsab-
héngigkeit von der Partikelgréfe wurde einerseits bei resonanter Plasmonenanregung
(hvy=3.6 eV) und andererseits aukerhalb der Resonanz (hr=3.16 eV) untersucht. Die
nicht resonante Anregung zeigte 6-fach niedrigere Intensitit als die resonante, war je-
doch immer noch 100-fach hoher als die entsprechende Photoemission von Ag(111).
Ein Durchstimmen der Photonenergie beeinfluite die Peak-Form, was durch einen res-
onanten Ubergang von einem besetzten iiber einen unbesetzten Zustand erklirt werden
konnte. Die Abhéngigkeit dieser Zustinde von der Partikelgrofse deutete auf zugrun-
deliegende Quantum-Well(QW)-Zustéinde, was wiederum durch Bedampfen mit Cé-
sium iiberpriift wurde. Die daraus folgende Abnahme der Austrittsarbeit offenbahrte
zusitzliche Strukturen, im Einklang mit dem gingigen QW-Zustandsmodell. Diese
Strukturen konnten durch eine QW-Zustandssimulation fiir eine breite Partikelgrofen-
verteilung wiedergegeben werden, wobei der QW-Zustand mit hochster Bindungs-
energie mit dem in 1PPE detektierten Peak identifiziert wurde.

Die Adsorption von NO fiihrte zu einer starken Dédmpfung der Plasmonenanregung.
Deren Abhingigkeit von der Bedeckung liefs auf eine Beteiligung des Plasmons in beiden
2PPE-Anregungs-schritten schliefen, was durch Zwei-Farben-Experimente bestétigt
wurde. Zeitaufgelo-ste Messungen konnten schlielich den wesentlichen strahlungslosen
Zerfallskanal der Plasmonenanregung aufzeigen. Aufterdem liefsen sich Lebensdauern
von unbesetzten Zwischenzustinden bestimmen. Die gesamten 2PPE Resultate legen
letztlich den Schluf nahe, daf die Plasmonenanregung im Hinblick auf die Photoemis-
sion lediglich zu einer Erhohung des elektrischen Feldes fiihrt, welche im vorliegenden
Fall einem Faktor von 2,3 entspricht.
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Chapter 1

Introduction

Photochemistry plays an essential role in many processes, e.g. in the conversion of
light to chemical energy in photosynthesis or to electrical energy in a dye-sensityzed
solar cell [43]. As anode in these dye-sensityzed cells usually TiO, is employed which
is further in use for sun light driven water detoxification because of its high oxidation
potential [7]. As the underlying electronic processes proceed on a femtosecond time
scale, it was not until the development of ultrashort laser technology that they could be
approached by scientific investigation. Recently, "coherent control" of molecular bond-
breaking has been achieved by employing femtosecond pulse shaping in a feedback loop
[23, 5, 126, 73].

Physico-chemical processes on surfaces that are involved in heterogeneous catalysis
may be photoinduced, too. Thus, ultrashort laser spectroscopy has been used to study
the electron dynamics on surfaces |99, 131, 60| as well as the photoinduced manipu-
lation of substrate-adsorbate bonds [9, 117|. Further, the state selective detection of
photodesorbed molecules revealed essential information about the desorption mecha-
nism |2, 133]. In this regard, considerable effort has been dedicated to the investigation
of the photodesorption mechanisms on oxide surfaces [1|, employing both experimental
[76, 88, 13| and theoretical methods |20, 57, 122, 21, 123, 62|. Recently, femtosecond
laser pulses allowed the mediation of simple reactions on the surface [47, 19].

It is important to note, that surfaces do not only change the chemical activity of
adsorbed molecules, as primarily exploited in heterogeneous catalysis, but may also
facilitate the access by optical methods. As the optical excitation of surface plasmons
becomes possible, the absorption probability of light may be drastically enhanced. This
can be achieved by using e.g. nanoparticles of certain metals [63].

The excitation of surface plasmons in nanoparticles has been extensively studied
over the last decade using various methods |68, 116, 32, 92, 69, 4]. In our group, plasmon
excitation in silver and gold nanoparticles supported by various oxide films have been
characterized by photon-scanning tunneling microscopy [90]. The optical excitation of
plasmons leads to a field enhancement at the surface and therefore to an enhancement
of nonlinear optical processes such as surface-enhanced Raman scattering (SERS) [58],
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8 CHAPTER 1. INTRODUCTION

second harmonic generation (SHG) [29, 66|, and multiphoton photoemission [69, 80,
85, 36].

Recently, an enhanced photodesorption cross section has been reported on sub-
strates, which are known to provide the optical excitation of surface plasmons [24, 105,
65, 129]. However, the disposition of substrates to the optical excitation of plasmons
is always accompanied by nanostructuring. This in turn may not only alter the ma-
terial’s catalytic activity [72], but also the respective electron dynamics [79] as well
as the electronic structure due to confinement [93|. Thus, in order to determine the
contribution of plasmon excitation to photodesorption, a detailed study of substrate
properties has to be performed.

This thesis is intended as a fundamental investigation to experiments on the pho-
todesorption of molecules, i.e. the simplest case of surface photochemistry relevant
for catalysis. Silver nanoparticles supported by an alumina film have been used as
model catalyst system and compared to a Ag(111) single crystal. Silver nanoparticles
provide the optical excitation of the surface plasmon, i.e. the collective oscillation of
conduction electrons. However, the specific interaction mechanism between plasmon
excitation and adsorbate is not clear, especially since the established electric field at the
surface is not supposed to have a direct influence on the desorption. In contrast, the
common mechanism in photodesorption is desorption induced by electronic transition
(DIET) [3, 77, 106]. Therefore, the interaction of the plasmon with the local density of
states shall be investigated by using two-photon photoemission (2PPE) spectroscopy.
This technique allows on one hand the excitation of the surface plasmon and on the
other hand the probing of occupied and unoccupied states in the vicinity of the Fermi
level.

[ J
probe A

EVacuum h v 1

Figure 1.1: Sketch of two-
photon photoemission on
supported particles covered
with molecules. A pumped
electron excited in the par-
ticle may directly be probed
by a second photon or trans-
ferred into an unoccupied or-
bital of the adsorbate. There
it may induce the desorption
of the molecule which may
be controlled by a second
support particle molecule probe photon.

potential

Energy

In fig. 1.1 the 2PPE pump-probe mechanism is sketched also involving an electronic



transition to an unoccupied adsorbate orbital. Such a transition may induce desorption
as will be described below.

If an electron, excited in the substrate (particle), is scattered into an unoccupied
orbital of an adsorbed molecule generally the equilibrium bond length to the surface
changes. By compensating this change the molecule starts to move and may gain
enough energy to leave the surface. This gain in kinetic energy obviously depends on
the excited state lifetime. Therefore, limiting values of the DIET cross section are the
excitation probability of substrate electrons and related dynamics. This leads to the
central issues which will be addressed in this thesis:

e Density of states of the substrate

e Role of plasmon excitation

e Influence of adsorbates on the above values
e Electron dynamics

Of particular interest in the present work is the investigation of the density of states
of the substrate. The density of states is known to influence not only the catalytic
properties of the substrate [96, 44|, but also determines the light absorption due to
electronic transitions therein as well as the related electron dynamics [95]. By employ-
ing one-photon photoemission (chapter 4) and two-photon photoemission (section 5.2)
spectroscopy, the occupied and unoccupied density of states depending on particle size
has been investigated. The results obtained can be explained by phase accumulation
models of surface states and quantum well states, alternatively. By comparison to the
surface state on Ag(111) and a quantum well state simulation for a realistic particle
size distribution, the conformance of the competing models is discussed.

Especially with respect to 2PPE, various decay channels of the plasmon excitation
have been proposed [80, 111|. These are considered as essential for an understanding
of a plasmon induced desorption. As plasmon excitation is involved in all 2PPE results
presented in chapter 5, a consistent picture of the plasmon decay is established by
gathering the respective information of each section. Finally, the obtained picture
is confirmed by two-colour experiments in chapter 6, revealing the magnitude of the
electric field enhancement at plasmon resonance.

As adsorbate NO is chosen which is widely used in photodesorption experiments,
especially since its state selective detection is possible [2, 133]. Upon adsorption, NO
is found to have considerable influence on the plasmon excitation on rough Ag(111)
and silver nanoparticles (section 5.4).

As mentioned above, the unoccupied density of states is expected to have consider-
able influence on the excited electron lifetime [95]. This is investigated by employing
time-resolved two-colour experiments on nanoparticles in chapter 6. Further, the re-
laxation dynamics of excited electrons could be retraced, giving evidence for the major
decay channel of the plasmon excitation.
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The experimental results are arranged in chapters according to the methods being
used, which are shortly introduced in each case. In chapter 4 the 1PPE results are
presented, followed by the 2PPE results in chapter 5, and two-colour experiments in
chapter 6. The experimental part is preceded by a review of the relevant properties of
silver nanoparticles (chapter 2) and a subsequent description of the experimental setup
(chapter 3), where special attention is dedicated to the self-built noncollinear optical
parametric amplifier. It enables shorter pulses and makes one-photon photoemission
spectroscopy possible as well as two-colour experiments. Finally, a summary is given
in chapter 7.



Chapter 2

Properties of Silver Nanoparticles

2.1 Electronic States

Large nanoparticles !, which are used in this thesis, are in general supposed to exhibit
bulk-like structure if crystalline ordered. Due to quantization effects, however, this
structure may split into distinct states. Furthermore, especially for silver particles
grown on alumina [93| and graphite [8, 48|, a predominant disordered atomic structure
has been reported.

Therefore, for an interpretation of the experimental findings, we present on one
hand a model for surface states assuming bulk-like band structure without an influence
of quantization effects. On the other hand, as an alternative interpretation, a band
structure corresponding to an amorphous particle structure is considered. Due to
confinement effects this band splits into distinct states called quantum well states.

2.1.1 Surface States

At the surface the periodicity of a crystalline bulk structure ends leading to a break
in translational symmetry. This allows the existence of states which do not fulfill the
requirements of an infinite periodic bulk. Here we will focus on the Shockley surface
state, named after Shockley who worked out the criteria for its existence [112]. For a
detailed review on experimental and theoretical investigations of surface states see |33].
The Shockley surface state, in the following simply called surface state, has not only
been observed at bulk surfaces but also on thin films with down to monolayer thickness
[98, 27, 102], as well as on nanoparticles |71, 8|. As it extends into the vacuum, it is
considered to influence the adsorption of molecules if occupied [17, 75]. It was found
that the position of this state on bulk surfaces could be well reproduced by a multiple-
reflection theory of surface state formation [113]. This finally condensed in the so called
phase accumulation model.

"Here we make use of the term "large" denoting more than 500 atoms per particle [63].

11



12 CHAPTER 2. PROPERTIES OF SILVER NANOPARTICLES

Inside the bulk the existence of states within the band gap is not allowed. The
k-wave vector then becomes complex leading to a continuous exponential increase or
decrease of the wave function in the associated direction, violating the boundary condi-
tions. At the surface, however, an increasing wave function may experience a limitation
by the vacuum barrier. The phase accumulation model deals with the corresponding
surface state electrons residing primarily between the outermost atomic layer and the
vacuum barrier, described by an image potential in fig. 2.1. Associated Bloch waves
depend on the position inside the band gap and are reflected by the vacuum barrier
after leaving the crystal. The reflection induces a phase shift and leads to interference
with the original wave, which is considered to result in a state as soon as the interfer-
ence is constructive. The determining parameters will be discussed below, according
to [75].

>’
.2. Image
(T8 potential
Lt
L n=0
st vacuum
-10 0 10

z [A]

Figure 2.1: Potential and squared wave functions of surface state (n=0) and first image state
(n=1) on Ag(111) according to the phase accumulation model. Electrons are trapped between
the crystal surface and the vacuum barrier (Image potential).

In fig. 2.1 the squared wave functions of the surface state and of the first image
state on Ag(111) are depicted, both obtained by the phase accumulation model. While
the surface state is crystal-induced, i.e. related to bulk properties, image states have
their origin in the free electrons at a metal surface. If we position an electron at the
vacuum side it will induce a mirror charge with positive sign inside the bulk. Thus,
in analogy to the hydrogen atom, a Rydberg-like series of image states will result,
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provided the states lie within the surface projected band gap. For an image potential
the Schrodinger equation in the barrier region is equivalent to that for the radial part
of the hydrogen problem [40] with an effective charge Z.;; = i. Consequently the
energies of these high-lying image states are approximately given by

Z? 0.85 eV
Emae%E ac_A:E ac—.i, :1,2,3,..., 2.1
fmag Ve 9(n + a)? Y (n 4 a)? " 21)

where FEy,. denotes the vacuum energy and the quantum defect a accounts for the
altered boundary condition at the surface. In analogy to the hydrogen case the image
states are labelled by quantum numbers n > 1, while the low-lying surface state is
labelled by n = 0.

As can be seen in fig. 2.1 for the n = 0 state the electron density peaks right in
front of the top layer while for the n = 1 state the electron density peaks several A in
front of the surface. The n = 0 state near the bottom of the gap exhibits nodes near
the atomic positions, while the n = 1 state near the upper edge is shifted. This is due
to the fact that the gap is Shockley-inverted: Bloch waves are p,-like at the bottom
and s-like at the top. If we pass the gap from bottom to top their character changes
slightly resulting in a phase shift at the crystal surface.

4h,

3_
w w
uj uj
w1 W

0_
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Phase " i r Re(k.) L

(a) (b)

Figure 2.2: (a) Phase shift induced by the image potential (solid curve) and the negative of
the phase shift due to the band gap (dotted curves). The band gap is highlighted. At the
crossing points phase shifts add to a multiple of 27 indicating the position of a state. (b)
Models of the sp-band dispersion in Ag(111) direction. The dashed curve represents a free
electron dispersion, the solid curve a nearly free electron dispersion. In the latter case a gap
opens up, giving a good approximation to the actual Ag(111) dispersion around the L-point.
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To obtain the state positions in fig. 2.1, we consider the following. Bloch waves
leaving the crystal will be reflected at the vacuum boundary, described by an image
potential. The resulting phase shift ®;,,q4c can be approximated by |74

[ 3.4eV
q)lmage ~ 7T( m — 1) (22)

If the reflected wave interferes constructively with the incoming wave, which itself
shows an energy dependent phase shift as discussed before, a state is expected. The
calculated phase shifts are depicted in fig. 2.2(a). The solid curve belongs to the phase
shift due to the image potential, the dashed curves to the negative crystal induced
phase shift. Consequently, the intersection points mark the position of a state where
the two phase shifts add to a multiple of 27.

In fig. 2.2(b) approximations to the sp-band dispersion in Ag(111) direction are
shown. The nearly free electron dispersion depicted by the solid curve is a good ap-
proximation to the bulk band structure. It has been used for various calculations based
on the band structure of Ag(111) around the L-point [101, 83] and was also used in
this case to determine the crystal induced phase shift. For proper matching of the
sp-band dispersion around the L-point for an interlayer distance of 2.36 A the band
bottom was fixed at -4.9 eV. The effective electron mass has only implicit character
and is taken as unity. For details of the proceeding see [75].

The gap which opens up for the nearly free electron dispersion at the L-point in
the real plane is closed in the imaginary plane. The imaginary part represents the
constant for the exponential decay of the surface state into the bulk. The more the
state is located at the band edges the further its wave function extends into the crystal.

To conclude we have seen that the phase accumulation model provides essential
insight into the nature of the surface state. Its position depends on one hand on the
work function induced phase shift, i.e. on the work function itself (see equ. 2.2), and
on the other hand on the crystal induced phase shift, i.e. on the band structure. A
lowering of the work function leads to a shift of the state to lower energy, an increase of
the work function vice versa. For a shift of the SP-band edges an equivalent behaviour
is expected.

2.1.2 Quantum Well States

If the structure under investigation is very narrow, i.e. several atoms in thickness, we
have to consider quantization effects 2. In our case silver is deposited on an alumina
support which exhibits a pronounced band gap from -5 eV up to 3 eV. At these ener-
gies, electrons inside the film are confined between the alumina gap and the vacuum
boundary, expressed by an image potential. This confinement leads to a quantization
of the sp-band of silver and to corresponding quantum well states (QWS), depending

Lateral confinement effects as reported in [71, 49] are not taken into account.
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on film thickness. QWS have been extensively studied especially in Ag films on var-
ious supports [35, 97, 109, 30, 95|. These results could be well described by a phase
accumulation model of QWS which will be introduced below.

6
4
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potential
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2,
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CAgfilm vacuum
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Figure 2.3: Wave functions of Quantum Well States in a 14 ML thick silver film. Electrons
are confined perpendicular to the surface by the vacuum boundary (Image potential) and the
Als0O3 band gap of the support. The Ag-band structure is assumed to be free electron like
due to disordered atomic structure. Consequently, no sp-band gap exists for the silver film.

We consider an electron propagating inside the film perpendicular to the surface. It
may be reflected at one side by the image potential and at the other side by the alumina
gap. At each boundary it suffers a phase shift ® ;45 and @ gypport, respectively. For
a film thickness Nd, where N denotes the number of monolayers and d the interlayer
distance, a standing wave is established in dependence on the wave vector k. After one
traveling cycle the phase then should stay the same leading to the following equation:

D rmage + 2kNd + Pgypport = 270, (2.3)

where n enumerates the resulting states. The corresponding wave functions are de-
picted in fig. 2.3 for N=14 ML and d=2.36 A, the interlayer distance of Ag(111). As
experimental data suggested, a free electron like sp-band dispersion was assumed, il-
lustrated in fig. 2.4(b) by the solid line. This approach can be understood as due to a
disordered atomic structure of silver aggregates excluding the formation of a crystalline
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band structure. For matching to the experimental data the band bottom was adjusted
to -6.3 eV with an effective electron mass of unity 3.

E-E. [eV]
E-E; [eV]

'2_| ] ]
0 b 27

(a) Phase (b) T

Figure 2.4: (a) The curved line represents the total phase shift induced at the boundaries of
a Ag film. The straight lines represent the negative phase resulting from 14 ML film thickness
and free electron like dispersion. Crossing points indicate the positions of quantum well states.
(b) The solid line depicts a free electron like dispersion as being used in (a). For an ordered
crystalline structure a nearly free electron like dispersion would be expected as indicated by
the dashed line.

&
Re(k.) L

In fig. 2.4(a) the phase shift induced by the film boundaries as the sum of ®;,,44e and
D gupport 1S given by the curved line. @744, has already been introduced by equation 2.2
and Pgypport can be approximated by [114]

. E—(-5¢€V)
(I)Support = 2 arcsin \/3 6V _ (_5 GV) -, (24)

where 3 eV denotes the upper gap edge and -5 eV the lower gap edge of the alumina
film. Also shown in fig. 2.4(a) is the negative phase due to the term 2k Nd for N=14 ML
as indicated by straight lines. The intersection points indicate the positions of quan-
tum well states (QWS). It can be seen that also beyond 3 eV a crossing point exists.
However, this state is no more confined by the alumina gap and is therefore expected
to be quenched [84, 82].

To summarize we have seen that both surface state and quantum well states depend
on the work function. Surface states exist inside a band gap, QWS only exist outside

3Depending on binding energy, a deviating effective mass for individual QWS was found [109],
which, however, is not included in the simple model described here.



2.2. PLASMON EXCITATION 17

the gap. Therefore a major part of the surface state electrons reside outside the bulk
while QWS electrons preferentially reside inside the bulk with only a small amount
spilling over into the vacuum.

2.2 Plasmon Excitation

A plasma oscillation in a metal is a collective oscillation of the conduction electrons
against the positive ion cores. The corresponding quantum is called plasmon. One
differentiates between bulk plasmon and surface plasmon. The bulk plasmon denotes
electron fluctuations propagating as longitudinal waves inside the bulk. They cannot
couple to transversal waves as light.

Surface plasmons are collective charge density fluctuations at the metal-vacuum or
metal-dielectric interface. The solution of the Maxwell equations leads to the corre-
sponding dispersion relation. The real part of the wave vector k,(w) parallel to the
surface is then given by

bafw) = 2 2@ 2.5)

c\ e(w)+eq
where £(w) denotes the real part of the dielectric function and ¢4 the adjacent medium.
For a free electron system and neglect of damping, Re ¢(w) is given by the Drude-theory

e(w)~1-— w_p (2.6)

with the volume plasmon frequency

ne?
=\ / 2.7
wP 50me’ ( )

where n denotes the electron density.

The surface plasmon dispersion of equation 2.5 is depicted in fig. 2.5 by the solid
line. It approaches the light line for small £, but remains larger eluding the coupling
to light. At large k,, w approaches

Wy

w NiE (2.8)
In this region e(w) < —&y4, leading to a real value of k,. The solution for k, perpendic-
ular to the surface exhibits an exponential decrease due to the imaginary value in that
direction. Therefore, this region is denoted as bound modes. At e(w) > 0, i.e. w > w,,

k, becomes real leading to radiative modes. For details see [104].
There are possibilities to couple surface plasmons to light. By using a prism we may
alter the k-vector of the exciting light proportional to the reciprocal optical density of
the prism [61]. Another way is to use a grating which adds a reciprocal grating vector
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Figure 2.5: Dispersion relation of light (dashed line) and surface plasmon (solid line). w, de-
notes the volume plasmon frequency. Although surface plasmon and light concern transversal
waves they elude coupling due to their different dispersion relations.

to the k-vector upon diffraction [64]. In general the grating may also be replaced by a
rough surface. The reciprocal grating vector then is given by the Fourier components
of the corrugation.

2.2.1 Surface Plasmon in Silver Nanoparticles

On metal nanoparticles the excitation of plasmons is also possible, as has been reported
for various metals [63]. For Au and Ag the plasmon resonance is situated in the visible
region. In the case of Ag the resonance position is clearly separated from the interband
transition leading to a pronounced and narrow shape [28]. Its width is determined by
the lifetime as measured on single nanoparticles by photon-STM [92].

The solution of the Maxwell equations with spherical boundary condition has been
derived by G. Mie in 1908 to explain the colour of stained glass and solutions of
metal colloids [81]. A derivation of the theory can be found in several text books, e.g.
[63, 55, 18|. Therefore, the corresponding theory is called Mie-theory and the plasmon
excitation Mie-plasmon. Often this resonance is also called surface plasmon because
of the essential influence of the surface on its properties, despite the fact that for the
nanoparticles all conduction electrons participate in the oscillation. In the following,
we will adopt the latter term. The oscillation can be understood as a resonant screening
of an external (light) field leaving the field inside the nanoparticle uniform. Because
of its resonant character the oscillation may result in a polarization and an electric
field exceeding that of the exciting light, often referred to as field enhancement. Such
a field enhancement can also be induced by the particle shape [41]. It should be most
pronounced at edges where the curvature of the particle is high.

In this thesis, silver nanoparticles aggregate on a NiAl substrate which is covered
by a 5 A thick alumina film (sec. 3.2.2). For that reason particles become elliptical,
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Figure 2.6: Plasmon oscillations along the principal axes of a silver nanoparticle. The (1,1)-

mode, excited with s-polarized light, is damped by its image dipole in the support. For the
(1,0)-mode, excited with p-polarized light, the image dipole superposes constructively.

breaking the degeneracy of a sphere. Moreover, the resulting principle axes are dis-
tinguished by the interaction of the plasmon excitation with the substrate, depicted
in fig. 2.6. The plasmon oscillation along the (41,1)-axes parallel to the substrate’s
surface induces a mirror dipole in the NiAl-alloy pointing to opposite direction. There-
fore, the plasmon oscillation in that direction will be hindered resulting in a shorter
lifetime and lower resonance energy [42]. For the (1,0)-mode perpendicular to the sur-
face the opposite applies. The induced dipole superposes constructively supporting the
oscillation.

The quasistatic Mie-theory does not contain an explicit size dependence. Deviations
occur for large particles due to retardation effects when the incident field may no longer
be treated as uniform. For spherical particles this leads to the excitation of multipole
resonances. The dipole resonance is usually red shifted and broadened as a consequence
of the enhanced radiation damping which grows with the volume of particles.

As a rule of thumb, the quasistatic theory works well for particle sizes up to 10 nm
[63]. In this range different mechanisms are relevant. Particles smaller than the bulk
mean free path length of electrons experience an enhanced damping due to surface
scattering [31, 124]. In silver this is partly compensated by the growing importance of
the spill-out region at the surface. The electrons in the free electron like 5s-band extend
further into the vacuum than the tighter bound 4d electrons and their mutual coupling
is weakened [10]. This leads to a blue shift of the plasmon resonance with decreasing
particle size. Another explanation was proposed by Cai et al. [25] and alternatively
by Lerme et al. [70]. They detected a lattice contraction for smaller silver particles
and attributed the blue shift to the increasing charge density. A contrary effect of the
spill-out is the reduced electron density which is in silver of minor importance.
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Chapter 3

Experimental Setup

The experimental apparatus has originally been designed to combine photodesorption
and photoemission facilities. Therefore, the design differs from common photoemission
setups [86], as will be mentioned in the text. As this thesis is intended as a fun-
damental study to photodesorption experiments it will be focussed on photoemission
spectroscopy.

The experimental setup can be divided into two main parts, given by the fem-
tosecond laser system, described in detail in sec. 3.3, and the UHV-chamber where the
preparation of samples and photoemission experiments were performed. The UHV is
necessary to avoid a fast contamination of the sample during preparation and experi-
ment. Furthermore, the mean free path length of electrons should be > 1 m to avoid
scattering losses.

For photoemission measurements femtosecond pulses made by a commercial laser
system from Spectra Physics are frequency converted, compressed in time or may be
delayed before hitting the sample. Pulses are characterized by a grating spectrometer
and autocorrelation methods.

In the following sections the various parts of the setup are described. For a better
legibility the exact labeling of each part is given in sec. 3.5 at the end of this chapter.

The experiments described in chapter 4, 5, and 6 were performed during the last two
years on a UHV device built up and described in detail in the thesis of Christoph Rakete
[105]. For the UHV part only small changes were performed as will be mentioned in the
text. The optical setup was extended by a self-built noncollinear optical parametric
amplifier which enables shorter pulses, one-photon photoemission (sec. 4), and two-
colour experiments (sec. 6).

3.1 UHYV System

The UHV system consists of two chambers with cylindrical shape and 40 cm in di-
ameter. They are vertically connected by a lead-through of 10 ¢m diameter which
can be closed by a valve. Diverse flanges enable the installation of components. The
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upper part, serving for sample preparation, consists of stainless steel and is pumped
by a turbo molecular pump. Another pump of the same type pumps the measurement
chamber below, which is built of pg-metal to shield electrons from the earth magnetic
field. In this chamber additionally a ion-getter pump and a titanium sublimation
pump are installed. Both turbo pumps are pumped by a forepump which delivers
102 mbar, monitored by a Pirani gauge. After 24 h baking at 140°C a base pressure
of < 1071% mbar is achieved, monitored by ion gauges in each chamber.

Samples are mounted on a liquid nitrogen cryostat (see sec. 3.1.1) which allows
cooling down to 83 K. The reservoir can additionally be pumped by a forepump to
reduce the boiling point of nitrogen resulting in 77 K.

The cryostat is fixed on a x/y/z-manipulator which enables the positioning of the
sample horizontally £2.5 cm and vertically 42 ¢cm from one chamber to the other. A
rotational lead-through, differentially pumped, enables the rotation of the sample in
order to position it in front of each preparation or diagnostic device.

Diverse components of the chamber are depicted in fig. 3.1.

(A) Sample

Upper Chamber Lower Chamber (B) LEED, Auger
(C) Ag Evaporator,
Cs Dispenser beneath

(D) Micro Balance

(E) Sputter Gun

(F) Window

(G) TOF Spectrometer
(H) Repeller

(F)

(F) (G)

(F) (F)

Figure 3.1: Sketch of the vacuum chamber with its upper part serving for sample preparation
and the lower part for measuring purpose (Cut along the horizontal plane).

Samples are cleaned by sputtering with Ar* ions created and accelerated by a
sputter gun. The cleanness of the sample can be checked by Auger spectroscopy, the
crystal structure by low energy electron diffraction (LEED), both comprised in one
device. Furthermore, there is a silver evaporator which can be calibrated by a micro
balance and a cesium dispenser which has been installed during this thesis.

The essential device is the time-of-flight(TOF) spectrometer. Its calibration pro-
cedure and resolution is described in sec. 3.1.2. The laser beam enters the chamber
through a fused silica window and hits the sample in front of the orifice of the spec-
trometer under an angle of 45°. The reflected light leaves the chamber by passing
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through another fused silica window. Between sample and TOF-spectrometer a re-
peller is located consisting of two horizontal molybdenum meshes, one above and one
below the electron flight path. Its purpose is the detection of ionized photodesorbed
molecules but is not in use here. Therefore the meshes, suspected to charge up due to
their graphite coating, were replaced by titanium plates.

For sample preparation and adsorption experiments each chamber is equipped with
a leak valve.

3.1.1 Sample Mount

The sample mount was designed to hold two crystals pointing with their polished
surfaces to opposite direction. Here we used a Ag(111) crystal and a NiAl(110) crystal
throughout the experiments, both exhibiting 3 mm thickness and 10 mm in diameter.
By rotating the manipulator we can select one crystal for preparation or measurement.
In the vicinity of the samples only non-ferromagnetic metals were used. This is to avoid
on one hand magnetic deflexion of photoelectrons and on the other hand charging effects
due to non conducting parts. Samples were spot welded on 2 mm thick molybdenum
rods by using tantalum wire as connection. The rods were mounted to appropriate
fittings being part of a Sapphire crystal. Sapphire is an insulator which exhibits high
heat conductivity at low temperature and poor heat conductivity at high temperature.
It is in good thermal contact to a nitrogen reservoir and therefore provides appropriate
cooling of the sample if needed. If the sample is heated the Sapphire acts contrarily,
again supporting the desired effect. The heating is realized by a tungsten filament
at the rear side of each crystal. For small temperature increase radiative heating is
applied, for high temperature, i.e. > 800 K, heating by electron impact due to high
voltage is used. For temperature check each crystal is connected to a thermocouple of
type E(NiCr-CuNi).

The cryostat where the Sapphire is mounted consists of a rigid 50 ¢cm tube which is
closed at the bottom and open at the top, providing the insertion of liquid nitrogen. Its
upper part is made of stainless steel because of its stability and poor heat conductivity.
The lower part consists of copper which is non-ferromagnetic and exhibits high thermal
conductivity. To avoid warming up due to heat radiation the lower part is gold-plated.

3.1.2 Time-Of-Flight Spectrometer

The kinetic energy of electrons is generally determined either by deflection due to de-
fined electric fields or by determination of their time of flight over a known distance.
The latter method is distinguished by high resolution at low energy and high trans-
mittance, and is described in the following.
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Setup

The time-of-flight spectrometer was designed and built up by Christoph Rakete [105].
The laser pulse hits the sample at 45° incidence, facing the spectrometer entrance in
normal direction. Resulting photoelectrons have to pass through a repeller consisting
of two horizontal tantalum plates of 5 cm in diameter and 1.5 cm in distance which
are on ground potential. This repeller was designed for the detection of photodesorbed
molecules and is not in use here. After ~5 cm flight path the electrons enter the
spectrometer through a 5 mm orifice. After passing a drift tube of 60 ¢cm, which is
terminated by a molybdenum mesh on ground, they are accelerated by another mesh
on 500 V to a double multi channel plate (MCP) in Chevron arrangement in 5 mm
distance. An impinging electron initiates there an electron cascade which is collected
by an anode at the rear side. The resulting pulse is finally transformed by a capacitor
before leaving the UHV.

The sample can be set on voltage. The spectrometer is surrounded by p-metal to
shield magnetic fields from outside and consists of non magnetic parts inside. To avoid
perturbation fields inside due to altering work function, repeller plates and spectrom-
eter were coated with graphite.

Time-to-Energy Conversion

The TOF-spectrometer provides the determination of photoelectron energies. This is
performed in normal direction to the sample’s surface. Angular resolved measurements,
which are also feasible with this setup, are not applied here. For determination of the
electron kinetic energy, we have to know the flight time %4, of electrons starting
with the laser pulse excitation at the sample and ending with the arrival of an emitted
electron at the detector. The flight path [ is in good approximation field free [105],
leading to the simple expression:

2

Frn = ~m, <L> +eAU. (3.1)
2 T iight

where AU denotes the potential difference between sample and spectrometer. It in-

cludes the bias voltage Uy;,s which may be applied on the sample and the difference in

work function AP between sample and spectrometer:

eANU = ®(spectrom.) — ®(sample) + eU;qs (3.2)

AD + eUpigs (33)

The flight time ¢ ;45 differs from the measured time .., by an electronic delay time ¢,.
This is due to a delay between the start pulse, given by a photodiode which is triggered

by the incident laser pulse, and the stop pulse, generated in the MCP-detector, which
has to pass several electronic steps, depicted in fig. 3.2. Equation 3.1 then changes to

1 A
Ekin = —Me (ﬁ) + AD —+ €Ames (34)
0

2 erp
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To transform the detected time of flight distribution N () into kinetic energy distri-

time to digital converter
Start Stop
NIM pulses
Y
const. fract.
discriminator
amplifier
preamplifier
leading edge 4
discriminator MCP-detector
L L
photo diode ’ sample
A A
Laser pulse

Figure 3.2: Detection chain for time of flight.

bution N(Ej;,) we have to take into account the conservation of particle number per
interval, i.e.

N(t) - dt = N(Eyin) - dEgin. (3.5)
With B 2
kin _ Me
dt — (t—1t)3 (3.6)
we end up with
- (t—1t)?

N(Egin) = N(1) (3.7)

mel?

Calibration

For determination of the kinetic energy of photoelectrons there are some unknown
parameters like tq, A®, and [. [ can be estimated to 654 +5 mm [|. If we solve equ. 3.4

for ¢y, we get

1
temp - l . + t(). (38)

\/mle (eUbws + Ekin + A(I))

Now we take time of flight spectra for different values of Uy,s. By plotting distinct
points of the recorded spectra like the vacuum cutoff or the surface state on Ag(111)
versus values of .., obtained with the above equation with [ =1 m and ¢, = 0, we
should get a linear dependence if equ. 3.4 is true. This however depends on the proper
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choice of Ej;, + A®. If this is the case, the resulting slope equals [ and the intersection
with the time-axis determines tg.

20F 4

0.5F 4

Time of Flight(exp.) [us]

1 1 1 1 1 1

0.0 05 10 15 20 25 30
Time of Flight(calc.) [us]

Figure 3.3: Spectrometer calibration. The measured flight time versus calculated flight time
is plotted for varied Up;,s and fixed kinetic energy. Only if the proper kinetic energy value is
chosen we see a linear dependence, where the slope is determined by the flight length [ and
the intersection with the time axis marks the delay time t,.

The value of Er;;, +A® has been varied iteratively for various values of Upas (-0.1 'V,
-0.3V,-0.5V,-0.7V, and -0.9 V) at hv=3.15 €V to optimize linearity. The result is
shown in fig. 3.3. Open circles mark the surface state feature and closed circles the
vacuum cutoff. At the vacuum cutoff Ej;,, = 0, revealing A®—=0.21 eV, ty—-11 ns,
and /=650 mm which is close to the estimated value. The surface state electrons
have Ej;,=1.68 eV. The Fermi level was determined by employing s-polarized light on
Ag(111) localizing the surface state at -50 meV. This value is in good agreement with
the literature value of -63 meV at 30 K [107], leading to a work function of Ag(111) of
4.55 eV, which is also close to literature values of around 4.5 eV [86]. The work function
of the spectrometer is then 4.34 eV, which is between the value of another graphitized
spectrometer [78] of 4.2 eV and the work function of pure graphite of 4.5 eV. The
resulting work function of the alumina film with 4.3 eV is close to the value of 4.4 eV
obtained by UPS measurements, exhibiting less accuracy.

Energy Resolution

Systematic deviations with an influence on the absolute kinetic energy are:
e Deviation of the flight length [ of £3 mm

e Uncertainty for the delay time t; of ~3 ns
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e Neglect of the acceleration in front of the sample. Estimated error: 10 meV

The mean systematical error can be estimated by

2] 2 2t 2
ABE A \/ (*F80) + (2B ) 001 (39
exp — U0
2l > 8B

With this, a kinetic energy between 1 eV and 4 eV leads to a systematical error of
1.5 %.

The statistical error is responsible for the broadening of peaks and may be deter-
mined by

e Uncertainty for the flight length [ due to the angular acceptance of the detector
of ~0.2 mm

e [ield inhomogeneity inside the spectrometer
e Jitter of the applied sample potential Up;,,
e Time resolution of the TDC of 2 ns.

The above contributions can hardly be assessed theoretically. As a measure for the
spectral resolution we can rather use the width of the vacuum cutoff. It is independent
of the spectral width of laser pulses and is only determined by the inhomogeneity of
the sample’s work function and the spectrometer resolution. The width of the vacuum
cutoff is here ~60 meV giving a lower limit for the resolution. The vacuum cutoff
is also employed for the adjustment of Uy,,. It was best mapped with a potential
difference of 0.5 V between sample and spectrometer. At lower potential the vacuum
edge becomes broader while at higher potential the intensity for low energy electrons
inflates. Furthermore, a low bias voltage Uy;,s leads to higher time resolution and lower
inhomogeneity of the electric field.

There are two effects due to intensity that may falsify the spectra. One is called
space charging and leads to a spread of the resulting TOF spectra caused by mutual
coupling of electrons on their flight to the detector. Another is the pile-up effect and
is due to the TDC. If the number of electrons arriving at the detector is too large,
high energetic electrons will preferentially be detected as they come first. This effect
is partially circumvented by a multi-hit device which is able to count five stop pulses
for one start pulse. During experiments a maximal mean count rate of two events per
laser shot was assured. Furthermore the spectral shape was checked to be independent
of intensity.
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3.2 Sample Preparation

3.2.1 Ag(111)

A newly cut and polished silver crystal had to undergo up to 50 sputter-annealing
cycles. A cycle starts by sputtering i.e. the cleaning of the surface by bombardment
with Ar™ ions (at 250°C, 500 eV, 3 1 A ion current, 20 min) at an angle of £20°, varied
after each cycle. Sequential annealing at 450-500°C for 20 min leads to smoothing of
the surface due to an enhanced mobility of surface atoms. A higher temperature may
not only lead to melting but before to roughening due to a restructuring of the crystal.
The procedure is repeated until no impurities were detected by Auger spectroscopy.
The crystal structure was checked by LEED and the width and height of the surface
state on Ag(111). Also the amount on hot electrons in two-photon photoemission gives
a measure of the surface roughness.
Before each experiment the crystal was cleaned by applying two cleaning cycles.
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3.2.2 Ag Nanoparticles

Ag nanoparticles are grown on an alumina film which is achieved by oxidation of a
NiAl(110) crystal. Its preparation procedure and properties are well known and have
been subject of intense studies [52, 12]. It exhibits a large band gap from -5 to 3 eV
and is chemically inert. An oxide film grown on a metal provides access by electron
spectroscopy methods since charging effects are avoided. Photoemitted electrons are
replaced by electrons of the bulk. Similar approaches are Ag nanoparticles grown on
graphite [129, 48, 100] or on oxide monocrystallites where the surface is permanently
neutralized by spraying with slow electrons [68].

A newly polished NiAl crystal had to un-
dergo up to 50 sputter-annealing cycles. Sput-
tering is applied to clean the surface by Ar™
ions (at 700 K, 1.5 keV, 5 pA ion current, 1 h,
45° incidence). Annealing for 5 min at 1300 K
recovers the original stoichiometry at the sur-
face and leads to smoothing. The cleanness is
checked by Auger spectroscopy and the crys-
tal structure by LEED. For a new prepara-
tion only one sputter-annealing cycle is ap-
plied. Subsequently the crystal is exposed to
NiAI(110) 4-107% mbar oxygen at 540 K for 15 min. Dur-
ing oxidation only alumina is produced while
the nickel diffuses into the bulk. Annealing
at 1200 K for 2 min leads to an ordered film
structure. Repeating of the last cycle closes
the film and results in a well ordered and
smooth structure which is checked by LEED
and photoelectron spectroscopy.
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Figure 3.4: On top: Structure of
AlyO3/NiAl(110) with rotational domains
A and B. Bottom: Corresponding unit
cells in real and reciprocal space.

The alumina film consists of an aluminum-
oxygen double layer of 5 A thickness which is
terminated by oxygen. Its structure differs
from known alumina structures but resembles the y-modification. The film offers two
rotational domains tilted against each other by 48° and against the NiAl-structure by
24° (see fig. 3.4). This causes line defects at domain boundaries. A second species of
line defects is due to the fact that the ratio of lattice constants of film and support
is not an integer. This mismatch leads to antiphase domain boundaries within each
rotational domain resulting in a mean extension of around 100 A.

For cluster preparation silver is evaporated from a molybdenum oven by electron
impact. The resulting deposition rate is around 1 A per minute which is calibrated
before each preparation by a micro balance. On the alumina film silver atoms are rather
mobile at room temperature nucleating preferentially at domain boundaries or step
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Figure 3.5: STM images of Ag nanoparticles grown on an alumina film, recorded by Niklas
Nilius [32]. a) Cluster nucleation on step edges. b) Cluster nucleation on domain boundaries.

edges (see fig. 3.5). Clusters grow in 3-dimensional structures (Vollmer-Weber growth
mode) due to the weak interaction with the support. As the density of nucleation
sites is constant from 1 A silver deposition on (&~ 410" cm2), the cluster size can be
changed by varying the amount on deposited silver. The number of atoms per cluster
should then linearly scale with the deposited silver amount until coalescence of adjacent
clusters occurs.
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Figure 3.6: Cubic fit to STM data (squares). The crosses indicate depositions applied during
experiments. For high deposition (> 6 A) clusters flatten resulting in larger diameter than
the fit indicates.

In fig. 3.6 a cubic fit (solid curve) to STM data (squares) gives an estimate of
the expected mean cluster diameter. The crosses indicate depositions used during
experiments. The mean aspect ratio for smaller clusters is around 0.5 (height to width)
and decreases with larger cluster size as determined by STM [90]. At around 10 nm
cluster diameter the begin of coalescence is expected.
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3.3 Optical Setup

The optical setup is sketched in fig. 3.3. It consists of a commercial fs-laser system
from Spectra Physics, an optical parametric amplifier from Light Conversion and a
self-built noncollinear optical parametric amplifier. Pulses are compressed by prism
pairs, frequency converted and characterized by wavelength, pulse duration, and spot
shape.

The purpose is to probe the electron dynamics (typically in the fs regime) and
electronic structure at the sample surface. The dynamics is dominated by the excitation
of surface plasmons at energies around 3.6 eV, roughly fixing the necessary photon
energy.

Light Conversion Spectra Physics Millenia
Topas OPA /_ frequ. doubled
600 nm - 750 nm 4.7 Spectra Physics 532 nm, 5 W, cw
110 fs, 150 pJ Regen. Amplifier
™ 790nm, 80 fs, 1.5 mJ,
2 Hz -1 kHz
NOPA Spectra Physics Tsunami
Home-built - Ti:Sa Oscillator
460nm - 1100 nm K 790 nm, 60 fs, 10 nJ, 82 MHz
20 uJ,<60fs ’
after compression

P 3
Pulse BBO
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Compression
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Figure 3.7: Sketch of the optical setup. A TiSa-oscillator is pumped by a diode laser to
generate 60 fs pulses at 790 nm with a repetition rate of 20 MHz. Pulses are amplified by a
Regenerative Amplifier which reduces the repetition to 1 kHz but increases the intensity per
pulse to 1.5 mJ. This intensity enables the pumping of sequential devices like OPA or NOPA.
For the NOPA a pump intensity of 300 uJ is sufficient providing two-colour measurements by
splitting the beam and using the fundamental, second or third harmonic as additional colour.
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3.3.1 Laser System

For the generation of femtosecond pulses a laser system from Spectra Physics was used
consisting of an oscillator (Tsunami) and a regenerative amplifier (Spitfire), pumped
by a continuous wave (cw) Nd:YVOy laser and two pulsed Nd:YLF lasers (Merlin),
respectively.

The laser medium consists of Ti*™ doped Al,O3 which is characterized by a broad
vibrational fluorescence reaching from 630 nm to 1130 nm [39]. This broad range
allows on one hand for tuning the wavelength and on the other hand for generation of
ultrashort pulses. The amplification is high compared to other laser media and exhibits
its maximum at 790 nm '. Due to the absorption maximum at 490 nm and the long
lifetime of the excited laser level of 3.2 us the pumping with continuous wave lasers like
Argon-ion laser or frequency doubled solid state lasers(Nd:YLF, Nd:YVQ,) is possible.

Laser Oscillator

To generate short pulses a high number of longitudinal modes of the resonator have to
couple to a coherent superposition. This technique called "mode locking" is achieved
either by active methods, e.g. acusto-optical modulators, or by passive methods, which
provides shorter pulses down to 6.5 fs [120]. For Ti:Sapphire lasers generally passive
"Kerr-lense" mode locking is employed. It is realized by introducing a medium with
an intensity dependent diffraction index into the resonator, causing self-focussing. The
Kerr-lense allows only light with sufficiently high intensity to remain inside the res-
onator. Since this effect weakens also with time, the pulse becomes shorter with every
circulation up to equilibrium due to dispersion. The dispersion, due to different veloc-
ities of the various colours of the pulse, is mostly compensated by dielectric mirrors
and a four prism arrangement inside the resonator. To start pulsing, an irregularity
has to be introduced to the circulating light. This is here realized by an acusto-optical
modulator which is stopped as soon as the laser operates.

The typical output at 790 nm wavelength are 60 fs pulses. The pulse intensity is
8.5 nJ at 82 MHz repetition.

Regenerative Amplifier

For frequency conversion with the optical parametric amplifier pulse intensities of
around 1 mJ are necessary. The intensity enhancement of five orders of magnitude
requires an arrangement differing from that previously described. It consists of two
amplification stages with Ti:Sapphire as active medium, each pumped by a Nd:YLF-
laser (Merlin). The pump pulses are frequency doubled resulting in 527 nm wavelength,
250 ns pulse duration, and 10 mJ intensity.

!Other valuable properties of Ti:Sapphire are the high destruction threshold, good heat conduc-
tivity, and high density of energy storage [6].
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A direct amplification of the pulses entering from the Tsunami would exceed the
destruction threshold of the laser media. To reduce the intensity, pulses are stretched in
time, amplified, and then finally compressed. This procedure is termed "chirped pulse
amplification". As stretcher and compressor grating arrangements are used exploit-
ing different path length for the different wavelengths. The first amplification stage
consists of a resonator where pulses are coupled in by a Pockels cell to circulate until
their amplification saturates due to the decrease of the population inversion at the
Ti:Sapphire crystal. Subsequently the amplified pulse is coupled out by a second Pock-
els cell to traverse a Multipass amplifier where the pulse passes three times through
another Ti:Sapphire crystal.

The amplification of each pulse is fairly time consuming and the amplifier has to
"regenerate" its population inversion. For that reason the original repetition cannot
be kept. In this case it is determined by the repetition of the pump laser of 1 kHz.
Resulting pulses are <100 fs with up to 1.5 mJ intensity.

3.3.2 Optical Parametric Amplifier

The Ti:Sapphire amplifier output is restricted to a spectral range of 750 nm - 840 nm.
In order to detect a change in photoemission depending on the wavelength generally
a much wider tuning range is necessary, provided by an optical parametric amplifier
(OPA). Tts concept is based on the ability of splitting one photon (kg) into two, where
momentum must be conserved:

kO - ksz'gnal + kidlera (311)

where kgignqa stands for the desired wave vector and kg, represents the residual part.
This process is feasible e.g. in a birefringened crystal. To achieve a certain wavelength a
seed pulse is required which provides the appropriate wavelength. It enters the crystal
collinearly to the pump pulse. If the phase matching condition is fulfilled, i.e. by
adjusting the proper angle of the crystal (group velocity of both pulses must be equal),
the seed pulse is amplified by several orders of magnitude.

The seed pulse is generated by focusing a small fraction of the initial intensity into
a crystal to induce strong nonlinear effects which finally lead to the creation of white
light.

As OPA the TOPAS from Light-Conversion is used which consists of two amplifi-
cation stages and provides up to 200 puJ pulses at 1.2 mJ input with a spectral range
of 580-760 nm. Pulse length without compression is < 110 fs.

3.3.3 Noncollinear Optical Parametric Amplifier

The noncollinear optical parametric amplifier (NOPA) is very similar to the previously
described OPA (see sec. 3.3.2), but offers some essential advantages [130], which is the
reason why it has been built up during this thesis. The basic difference to OPA is



34 CHAPTER 3. EXPERIMENTAL SETUP

that, as the name tells, seed and pump beam do not enter collinearly the optical active
crystal but under a certain angle, as depicted in fig. 3.8. Equation 3.11 therefore has
to be changed into vectorial notation:
?0 = ?signal =+ ?idler (312)
This correlation enables the phase matching condition for a much wider spectral range
at once such that amplified pulses can be compressed to much shorter duration (< 60 fs
after compression). Furthermore, by changing the angle a broader spectrum is available
(1100-460 nm), which also allows one-photon photoemission (1IPPE) spectroscopy at
up to 5.3 eV after SHG. The conversion efficiency with more than 0.3 is a factor of three
better than for OPA. Therefore comparatively smaller pump intensities are required
and the excess intensity may be used as additional colour for two-colour experiments.

Output:
460-1100 nm
5-20 pJ
BBO [ ] BBO
Telescope 0.5 mm 2 mm
M /
/] 7 HR
Parabolic
Mirror
Attenuator I
Ql (€=
.’: m
- Iris CaF, Q

Input:

Delay I
790 nm
300 pJ Stage \/

Figure 3.8: Sketch of NOPA

A small fraction of the Spitfire output is necessary to pump the NOPA. The input
beam is polarized parallel to the optical table plane as indicated by the arrows in
fig. 3.8. By passing a Quarz plate Q, 4 % of the intensity are split off to generate white
light. The main intensity passes the mirror M and the telescope to narrow the beam
diameter for a better efficiency in second harmonic generation by a 0.5 mm thick BBO
crystal. The second harmonic then is focused by a spherical mirror HR(395 nm) into
a 2 mm thick BBO as pump light to produce parametric fluorescence.

The lower intensity part split off at the beginning can be varied by a variable at-
tenuator and an iris before it is focused by a Quarz lense into a CaF, crystal. The
established electric field intensities cause higher order processes resulting in the gener-
ation of white light. Compared to conventionally used Sapphire crystals CaF, provides
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several advantages: Higher intensity of the white light, broader spectral range, and
lower chirp [51]. This light serves as seed pulse and is focused by an off-axis parabolic
mirror into the 2 mm BBO to overlap with the pump pulse. For optimization of the
temporal overlap the seed pulse passes a delay stage. Since the white light holds a
chirp due to dispersion, the delay stage allows tuning by overlapping the desired colour
of the seed pulse with the pump pulse.

However, there is one hitch concerning the CaF crystal: Upon irradiation the white
light generation weakens with time. To overcome this effect the crystal has to be moved
constantly perpendicular to the beam axis. For this purpose an appropriate device was
built consisting of two micro stages movable in the x/y-plane and driven by an electric
motor. Deviations in z-direction during rotation where determined to be smaller than
10 pm.

For oncoming photodesorption experiments the NOPA may be extended by a second
amplification stage to enhance the pulse intensity [108].

3.3.4 Beam Pathway

The 790 nm pulses of the Spitfire may be directly frequency doubled by a 0.5 mm thick
BBO-crystal. The fundamental then is split off by passing a dielectric mirror, while
the second harmonic at around 3.16 eV photon energy and 100 fs pulse width is led to
the sample. For photon energy dependent measurements, i.e. scanning the plasmon
resonance or determination of unoccupied states, the Spitfire output is used to pump
the OPA which provides an easy tuning of the wavelength if once adjusted. For time
resolved measurements the NOPA is used. A fraction of the Spitfire output then is
used as pump by passing a beam splitter. The visible NOPA output is compressed
by a prism pair (60° SF10) by exploiting negative group velocity dispersion. In this
arrangement the path length for red light is longer than for blue light, compensating
the positive dispersion due to optical components. After SHG the resulting UV pulses
are again compressed by prisms (60° Quarz). To guide the beam generally Ag coated
mirrors are used for visible light and Al coated mirrors in the UV. To change the beam
polarization %—plates are used.

For the use of two colours additionally the remaining part of the 790 nm light was
frequency doubled, compressed and overlapped with the other colour on the sample
at an angle < 2°. For adjustment of the spatial overlap a flip-mirror in front of the
chamber reflects both beams onto a screen at the same distance as the sample. For
a defined overlap in time the second colour passes a motor driven delay stage, i.e. a
retroreflector mounted on a microstage.

To minimize vibrational influences the beam path length was kept as small as
possible. Also the number of mirrors was reduced to avoid absorption losses.
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3.3.5 Pulse Characterization

For characterization of ultrashort pulses <100 fs special techniques are required. As
electronic mechanical methods, e.g. streak cameras, are restricted to a maximal tem-
poral resolution of ~200 fs, they cannot be employed for this purpose. Rather, optical
correlation methods are used to determine the pulse duration.

The Spitfire pulses are determined by a commercial autocorrelator, which is useful
for high intensity pulses around 800 nm. A pulse is split in two parts which travel
each along a delay path to be overlapped in space and time in a nonlinear crystal
under a certain angle. The spatial width of the resulting sum frequency signal depends
also on the pulse duration of the fundamental and is read out by a CCD array. For
determination of the pulse duration in the visible region a self-built device is used.
The beam is here also split in two which are then focused by spherical mirrors to
overlap in a 0.3 mm thick BBO(GWU) crystal. Before, one of the beams passes a
delay stage. The finally generated sum frequency signal is detected by a photodiode
while the delay stage is moved. The resulting autocorrelation signal for 2.7 eV photon

Intensity

o 1 1 1 [o,
-200 -100 0 100 200

delay [fs]

Figure 3.9: Autocorrelation trace of hv=2.7 eV pulses. The data are represented by open
circles, the solid curve represents a gaussian fit to the data. Its width of 80 fs corresponds to
a pulse width of 56 fs.

energy is represented in fig. 3.9 by open circles. The solid curve is a gaussian fit to
the data. By assuming gaussian shape of the pulses we can extract the pulse width by
multiplication of the autocorrelation width with 1/4/2, resulting here in 56 fs.

The BBO is suitable, i.e. transparent, for wavelengths >205 nm. Therefore, SHG
is only likely at wavelengths >410 nm. However, we may use the sample instead of
the BBO and take the resulting nonlinear photoemission signal instead of the SHG-
signal for photon energies lower than the work function. Since we probe in this case
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the unoccupied electronic structure of the sample, the correlation width gives only
an upper limit of the pulse width. By taking only the high energy photoelectrons,
corresponding to intermediate state energies E-Ep > 1.5 eV, lifetime effects should
be negligible compared to the pulse width. Moreover, the determination of the pulse
width on the sample includes already all effects of pulse broadening due to dispersion,
e.g. by the windows. The pulse compression is then iteratively optimized.

The spectral shape can be determined by a grating spectrometer. The spatial width
is checked by introducing a 0.1 mm slit into the beam. The detection of the transmitted
intensity then reveals roughly the spot shape by moving the slit perpendicular to the
beam axis.

3.4 Data Acquisition and Controlling

Data is acquired and experiments controlled by a realtime computer (Wind River
Systems) as illustrated in fig. 3.10. It is connected via a VME-bus to a work station
(SUN) which provides the user interface written in JAVA.

For acquisition of a Photoemission spectrum the flight time of an electron is de-
termined and fit into a 1024-channel register. Each channel corresponds to a time
window of 2 ns restricting the detection range to 2.048 us. This is realized by a self-
built multi-hit time-to-digital converter which is able to detect 5 stop pulses per start
pulse. The start pulse passes an amplifier and a leading edge discriminator. A stop
pulse is preamplified directly after leaving the UHV and led to a constant fraction
discriminator. The discriminators convert pulses into standard shape and amplitude
(Fast NIM). For determination of the pulse rate of start or stop pulses rate-meters are
used.

1+2PPE i
Work Station
Time-to-Digital User Interf
Laser || Photo- || piscriminator Converter Sez,&]vi ace
Pulse Diode Start Stop

° A

UHV-Chamb B
-Chamber o .

‘ MCP }[ Amplifier ]—[Dmcrlmmator]— *

Real Time
Computer

Delay Stage :)1' o
T3] RS 232

Figure 3.10: Instruments applied for data acquisition and controlling.
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For time-resolved experiments time-of-flight spectra are recorded for different pump-
probe delays. The delay is changed by varying the path length of one of the two beams
(Accuracy =~ 0.1 pym (2/3 fs). The delay position, controlled by the computer via
RS232 interface, is associated to each event during time-of-flight acquisition. A typical
accumulation time for corresponding time-of-flight spectra is 2 s per delay step. To
compensate intensity fluctuations of laser pulses, the procedure is repeated around
20 times.

3.5 Table of Instruments

In the following the basic instruments are listed which are mentioned in the text. Self-
built devices are not noted.

UHYV System

e Chamber, Vacuum Generators

e Manipulator, PINK

e Turbo Pump, Varian, Turbo-V550

e Rotational Pump, Pfeiffer-Vakuum

e Ion Getter Pump / Titanium Sublimation Pump, Varian, Vacion Plus 300
e Jon gauge, AML, PGC2

e Pirani gauge, Pfeiffer-Vakuum, CMR 263

e Auger / LEED, Specs, ErTLEED Digital

e Quadrupole Mass Spectrometer, Pfeiffer-Vakuum, Prisma QMS 200 M2
e Evaporator, Omicron, EFM3

e Micro Balance, Caburn, MDC

e (s Dispenser, SAES

e lon Gun, Specs, IQ11-35
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Optical Components

Diode Laser, Spectra Physics, Millenia

Ti:Sa-Oscillator, Spectra Physics, Tsunami

Regenerative Amplifier, Spectra Physics, Spitfire
Optical Parametric Amplifier, Light Conversion, TOPAS
Delay Stage, Physical Instruments, M-515.22
Autocorrelator, Positive Light, SSA

Grating Spectrometer, Ocean Optics, USB 2000

Data Acquisition

Photodiode, Hamamatsu, R840

Preamplifier, EG&G Ortec, VT120

Amplifier / CF-Discriminator, Tennelec, TC 454
100 MHz Discriminator, Ortec, 436

Lin/Log Ratemeter, Tennelec, TC 527
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Chapter 4

One-Photon Photoemission

In this work, one-photon photoemission (1PPE) was realized by employing the high
energy output of the noncollinear optical parametric amplifier. After second harmonic
generation a photon energy of 5.3 eV was achieved which is higher than the work
function of Ag(111) determined to 4.55 eV '. This applies also for silver nanoparticles
of up to &15 nm corresponding to a work function of 4.4 eV, which decreases for smaller
particles.

4.1 Introduction

If a metal is illuminated by photons with energy higher than its work function, i.e.
vacuum level Ey,., photoemission occurs. The photon energy hv is transferred to an
electron resulting in a kinetic energy Fg;, = hv — Ey . after emission. The determina-
tion of the kinetic energy of the emitted electrons and integration over an appropriate
time interval yields information about the density of states of the metal.

However, an electron may experience an influence from its excitation until it reaches
the detector. If we consider an electron excited in the bulk, its excitation probability
Ais depends on the density of states in the final state p;(E), given by Fermi’s golden
rule:

2m
Nip = == | Mig [” py(E), (4.1)
where M;¢ is the transition matrix element, described by

Mip = (¥ |A-V+(V-A)/2] T, (4.2)

with A denoting the vector potential of the incident light.
While the electron approaches the surface, it may suffer inelastic scattering with
other electrons and phonons or elastic scattering with the lattice. Inelastic scattering

! Alternatively, for 1PPE the fourth harmonic of the Ti:Sapphire output can be used at >820 nm.
However, at these wavelengths the present oscillator is not stable.

41
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processes will result in a background signal in photoemission. If the electron reaches the
surface, it may be reflected according to its energy dependent escape function [16, 15].
As soon as it escapes into the vacuum it leaves a positive hole behind. The interaction
between hole and electron depends on the lifetime of the hole having an influence on
the electron kinetic energy [121, 50|. For isolated nanoparticles this lifetime is infinitely
long having a strong influence on the electron energy, while for a bulk the lifetime may
be only a few femtoseconds. The lifetimes of hole and emitted electron influence also
the width of the detection state.

4.2 Evolution of Density of States with Nanoparticle
Size

For investigation of the occupied density of states, the bare alumina film was probed
normal to the surface. Subsequently the change of emission spectra was analyzed in
dependence on a progressive deposition of silver. As silver aggregates in 3-dimensional
structures, the alumina support will not be perfectly covered. Therefore, a contribution
of the support to particle spectra cannot be eliminated. To determine the actual
contribution of particles, a two step evaluation has to be performed, which will be
described in detail below.

(a) (b)

Electron Intensity [arb. u.]
Electron Intensity [arb. u.]

-1.2 I -0.8 I -0.4 I 0.0 -1.2 -0.8 I -04 I 0.0
E-E; [eV] E-E; [eV]

Figure 4.1: (a) s/p-polarized spectra of the bare alumina film. The s-polarized spectrum
is slightly lower in intensity. The structure is due to the NiAl support underneath. (b) s/p-
polarized spectra of the alumina film after 20 A Ag deposition. The work function changes and
support features disappear. The s-polarized spectrum is matched to the p-polarized spectrum
at low energies with 2 times higher intensity than for (a).

Fig. 4.1(a) displays spectra of the bare alumina film. The electron kinetic energy
is related to the Fermi level as obtained from the spectrometer calibration (sec. 3.1.2).
The higher intensity belongs to p-polarized, the lower to s-polarized light. As the
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alumina film exhibits a pronounced band gap from -3 eV to 5 eV, it should not show
distinct features like those at -0.2 and -0.6 e€V. These features can be attributed to
the NiAl-support underneath. However, photoelectrons of these energies are not al-
lowed to pass the band gap. This contradiction as well as the similar intensities for s
and p-polarization can be explained by photoelectrons being scattered at step edges
or alumina domain boundaries where the oxide film is not closed. Direct photoemis-
sion processes, e.g. tunneling through the alumina film, have in this case a minor
contribution.

By silver deposition the distinct features disappear very fast and intensity increases
- for s-polarized light only slightly and for p-polarized light up to a factor of 2 for the
highest used deposition of 20 A silver. Such a strong quenching of support features
is expected as the nanoparticle nucleation preferentially takes place at step edges or
alumina boundaries, i.e. the sources of scattered support electrons. Spectra for 20 A
silver deposition are shown in fig. 4.1(b). The vacuum cutoff at low energy changes by
0.14 eV compared to fig. 4.1(a) due to an increase of the work function. The p-polarized
spectrum with higher intensity exhibits a much steeper Fermi edge than the bare oxide
surface. If we match the s-polarized spectrum to it at low energies we can recognize a
difference between the spectra near the Fermi edge. This difference changes with the
amount of silver deposition.

Figure 4.2: 1PPE spectra
for mean deposition thick-
nesses as indicated at the
right. Curves were obtained
by matching the s-polarized
to the p-polarized spectrum
at low energy. The differ-
ence between them is shown.
They fit well to a Lorentzian
which is cut off at the Fermi
level (thick lines). The open
circles represent the result
for the bare alumina film.

Difference Intensity [arb. u.]

As we are not able to determine the contribution of the support to the spectra
we make in the following use of a photoemission selection rule: Direct photoemission
normal to the surface is only likely if an electric field component points to that direction.
Therefore, in our case, a direct emission is only likely for p-polarized light, while for s-
polarization only scattered electrons can be detected. If we match both spectra to each
other, appearing differences can be attributed to direct transitions. However, electrons
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excited by s-polarized light may elastically scatter at defects or particle boundaries to
normal direction. This contribution is of minor intensity but may influence the position
of the resulting feature. Therefore, we have to assume that for each polarization the
same state is probed, as it would be the case for a surface state on particles with a
smooth surface on top.

The matching was carried out for various silver depositions. The resulting difference
between the spectra is plotted in fig. 4.2. Data could be extracted down to 6 A
deposition only, though a feature can be seen down to 2 A deposition. However, it
eludes the evaluation by matching because the support structure then dominates the
signal. Open circles represent the result for the bare surface.

The peak fits well to a Lorentzian that is cutoff by a Fermi distribution at the Fermi
edge. The fitting provides information about its position and width, shown in fig. 4.3,
as well as a more accurate positioning of the Fermi level than can be achieved by the
wavemeter at these high photon energies. The width seems to be correlated with the
position of the peak and the particle thickness. Very similar results were observed for
quantum well states in silver films of equal thicknesses [82]. In this case the width
was assigned to lifetime broadening due to the imperfect reflectivity of the boundaries,
scaling with the inverse of the thickness. However, quantum well states should show
up as a series and not as a single state. Alternatively, a broadening by lifetime of this
magnitude was also found for a surface resonance on vicinal surfaces [87]. In that case
the band gap of Ag(111) in T — L direction was closed leading to strong coupling of
the surface state wave function with bulk states and a corresponding short lifetime.

The surface state position on Ag(111) at -63 meV, 30 K [107] is near to the observed
energies. It is reasonable to expect it also on the particles, especially since a hexagonal
shape of individual silver nanoparticles for the same system was found by STM [93].
However, with increasing particle size the state should converge into the bulk-like one.
This seems not to be the case, moreover, it moves to much higher energy and its
dependence on thickness goes all the way linearly without showing any saturation.
Nevertheless there are some effects that may influence the position of a surface state.
These will be discussed below.

e A shift to higher energy due to lateral confinement is very well known for nanopar-
ticle islands. Surface state electrons can be treated as being confined in a potential
well. The surface state parabola then is split into discrete energy levels, and the
bottom is shifted up (see [71], [87]). However, for large nanoparticles of 20 A
deposition the mean diameter is > 15 nm. The resulting shift in energy would
be < 10 meV and lacks to explain the observed value of ~ 80 meV.

e A shift to lower energy due to the cutoff of the surface state wave function at the
support was reported by Patthey [98]. This effect only becomes pronounced if
the decay length for the surface state is in the same range as the layer thickness.
For silver films on graphite a decay length of 2.6 monolayers was found, leaving
this influence negligible.
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Figure 4.3: Result of the fitting in fig. 4.2. The position of the peak shifts to higher energy
with increasing nanoparticle size while the width diminishes. For comparison with literature
the expected mean particle thickness is given.

e A shift may also be induced by a mismatch of the lattice constants of nanoparticle
and support. This mismatch can induce strain to the nanoparticle changing its
interatomic distance. The result is a shift of the sp-band edge to which the surface
state is related. This relation can be understood by the phase accumulation
model (PAM) described in sec. 2.1. For silver films on Si(111) a shift of the
surface state by 150 meV to higher energy was found by Neuhold [89]. Such a
scenario would give an explanation for the data and will be discussed at the end
of this chapter.

A common way for the identification of a surface state is to check its energy dispersion
parallel to the surface [8]. On a silver(111) crystal this dispersion is described by a
free electron parabola and has been recorded with the present setup. In the case of
nanoparticles the electrons are laterally confined causing the parabola to split into
discrete energy levels. Furthermore, in the present case only a small photon energy is
available. That requires an appropriate tilt of the crystal in order to reach the sequential
quantization level of the surface state [87] which leads in our case to inhomogeneity of
the electric field near the sample. Finally, a lateral dispersion of the discussed peak
could not be observed.

Another proof can be performed by covering the surface with adsorbates. As a
surface state is related to the properties of the surface, it should be influenced by
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adsorbates or even quenched as its wave function extends into the vacuum [17]. The
influence by adsorbates will be studied in the next section.
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4.3 Influence on Density of States by Cs Deposition

The aim of this section is to examine a possible influence on the density of states by
covering the nanoparticle surface with adsorbates. On one hand we would expect an
interaction of certain adsorbates with the wave function of the surface state extending
into the vacuum. This may lead to a "poisoning" of the state and associated vanishing.
On the other hand adsorbates can induce a change of the work function. Such a change
is expected to influence the surface state position (see sec. 2.1). In the following cesium
was chosen [89] which induces a pronounced dipole if adsorbed on the surface. The
result is a lowering of the work function which also opens up a wider spectral range for
1PPE. To obtain a homogeneous distribution atomic adsorption is desired. For that
reason the sample is usually liquid nitrogen cooled to enhance the sticking coefficient.
The additional adsorption of Cs on not Ag covered alumina parts should lead to a
background in the Ag particle photoemission spectra. Consequently, in two-photon
photoemission a second vacuum cutoff at lower energies has been found, indicating the
emergence of Cs clusters. In the present case of very large Ag nanoparticles, the existing
background did not change upon Cs deposition remaining at 2 % signal intensity.
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Figure 4.4: Samples are liquid nitrogen cooled leading to 83 K. (a) Difference spectra for 20 A
silver deposition are shown prepared in the previously described manner (sec. 4.2). The curve
on the top represents data for pure silver nanoparticles, covered progressively with cesium.
(b) Spectrum of a silver(111) crystal undergoing the same procedure as in (a). Basically the
same trend can be seen but the shift of the surface state is much more pronounced and ends
in a complete quenching.

Fig. 4.4 shows spectra of liquid nitrogen cooled samples. The single spectra were
progressively collected, each after the sample was additionally covered with cesium.
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At the top of fig. 4.4(a) the debated peak for 20 A silver deposition is displayed. It
is strongly quenched by Cs deposition in the beginning but then levels off for higher
deposition without being totally quenched. A slight shift to higher binding energy
can be seen while the work function decreases (not visible here). The width becomes
broader with increasing Cs coverage.

In (b) for the surface state on Ag(111) at -50 meV basically the same trend as in
(a) can be seen but the shift of the state is much more pronounced. Interestingly, after
the first Cs exposure the surface state moves at first slightly to higher energies. Such a
behaviour can be understood by considering the Cs atoms dividing the initial surface
into smaller parts. Surface state electrons then are reflected by the Cs atoms building
up potential wells of various sizes. This leads as previously described (sec. 4.2) to a
rise in energy. At the same time the surface becomes inhomogeneous resulting in a
broader peak.

The quenching of the particle peak by adsorbates indicates its relation to surface
properties. Furthermore, the influence of a change in work function reveals that the
origin of the peak should be either a surface state or a quantum well state, as only
these exhibit an explicit dependence on the work function. Its large width and the
lack of complete quenching by cesium speaks for the latter. However, still a surface
resonance has to be taken into account, with their wave function penetrating far into
the bulk eluding a complete "poisoning".

Fig. 4.5 shows again data for 20 A
silver coverage but with cesium depo-
sition at room temperature. In con-
trast to the previous data a quench-
ing and broadening of the peak only
takes place very late. Nevertheless
the work function changes and so
does slightly the position of the peak.

Intensity

The cesium atoms can be consid-
ered much more mobile on a silver
surface at room temperature than at
liquid nitrogen temperature. Conse-
quently, one can think of most atoms
diffusing off the particle top surface,
especially if it is (111)-terminated. - - -
They may then preferentially stick at ' ' ' E—EF'[eV]
the edges of the nanoparticle, still in-
ducing a work function change but Figure 4.5: Sample at room temperature. The
no other effects as those mentioned on top curve represents a difference spectrum for
above. These data can be explained 20 A silver deposition, progressively deposited with

by applying the phase accumulation cesium for lower curves. Data were prepared as
model in fig. 4.6. described in sec. 4.2.
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Figure 4.6: (a) The shift of the surface state on Ag(111) with the work function is shown.
Open circles represent liquid nitrogen data, closed circles room temperature data. The line is
given by the phase accumulation model for Ag(111). (b) Data from fig. 4.5 are shown which

level off already at -0.18 eV. By assuming a surface state this could be explained by a shift of
the band edge up to this value in accordance to the phase accumulation model (solid line).

The phase accumulation model predicts a shift of the surface state in dependence
on the work function (see sec. 2.1). The surface state only exists inside the band gap
and levels off by approaching the band edge at -0.31 eV (solid line in fig. 4.6(a)). The
experimental data show the same trend but the slope is different. This discrepancy is
in fact not surprising as the measured work function, determined by the vacuum cutoff,
gives always a mean value. If we take the formation of small cesium nanoparticles on
the surface into account, the local work function at the Ag(111) facets should be higher
than the mean value.

This can also explain the different slopes for room temperature and liquid nitrogen
data. As the cesium atoms are more mobile at higher temperature they tend to form
fewer and bigger nanoparticles. As a result the inhomogeneity is enhanced leading to
a smaller slope in fig. 4.6(a). A shift due to confinement as for the cooled sample is
not visible any more.

In fig. 4.6(b) nanoparticle data of fig. 4.5 are shown. They level off already at
-0.18 ¢V which may be due to a shift of the band edge according to the phase accumu-
lation model if a surface state is assumed. A shift of the band edge can be caused by a
mismatch of the lattice constants of nanoparticle and support, inducing a contraction
of the lattice as discussed before. However, this seems to be not very likely as the
interaction between the alumina film and silver should be weak. Therefore, support
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induced strain should play a minor role.

It should be mentioned that by scanning tunneling spectroscopy no surface state
was found although individual nanoparticles showed hexagonal structure. Moreover,
a series of quantum well states has been observed [93|, which we already discussed as
an alternative solution. This could also explain the difficulties in interpretation for the
current peak. However, quantum well states should show up as a series, but down to
-2.5 €V below Fermi level no other feature was found. This apparent contradiction will
be discussed in detail in section 5.2.



Chapter 5

Two-Photon Photoemission

With respect to photochemistry electronic excitation and relaxation processes play an
essential role. On a surface these processes are determined by the involved density
of states of the substrate. Subsequent electronic transitions to the lowest unoccupied
molecular orbital (LUMO) of the adsorbate can induce its desorption [106, 77, 3|.
Therefore, for a detailed study of photodesorption processes, the knowledge of states
involved in the excitation process is an important issue.

Two-Photon Photoemission (2PPE) spectroscopy is a powerful tool for probing
unoccupied states below the vacuum energy. The photon energy is chosen such that a
single photon excitation is not sufficient for an electron to overcome the work function.
It is rather used as pump to populate an intermediate state. Subsequently this pumped
electron is probed by a second photon to escape into the vacuum (see fig. 5.1(b)).

A
2Ahv 4 EVac Ahv 4 1 EVac

E

Fermi Fermi
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Figure 5.1: Diagram of 2PPE Processes. (a) The probing of occupied states requires two
photons. A change in photon energy therefore leads to a change in kinetic energy of the
resulting photoelectrons of 2Ahv. (b) The probing of intermediate states requires only one
photon, resulting in a corresponding change in kinetic energy of Ahv.

Fig. 5.1 depicts two possible excitation mechanisms in 2PPE. In fig. 5.1(a) the
excitation via a virtual state is illustrated, in fig. 5.1(b) an intermediate state transition.
The virtual state transition occurs if no real intermediate state is available for a specific
excitation path. Therefore, a 2PPE spectrum may generally consist of both processes.

ol
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That does not allow to distinguish between occupied and unoccupied state at first
glance. However, if the photon energy is changed by Ahv, the resulting change in
kinetic energy of photoemitted electrons for either state is different, as illustrated in
fig. 5.1. An intermediate state is probed by only one photon, while an occupied state
is probed by two photons. Thus the shift in kinetic energy will be once or twice Ahv,
respectively. The Fermi level behaves like an occupied state. Therefore, relative to
the Fermi level, occupied states will not shift by a change in photon energy, while
unoccupied states will shift with -Ahv.

Another issue of 2PPE on silver nanoparticles is the excitation of the surface plas-
mon at around 3.6 eV. Its interaction mechanism with the density of states is not yet
clear but its excitation leads to a strong enhancement of the photoemission yield [69].

In 2PPE the same effects may occur as already discussed for 1PPE in sec. 4. Ad-
ditionally, there is the influence of the intermediate state in a coherent two-photon
excitation. The lifetime of this state can be described by the Fermi liquid theory and is
o (E — Er)~2 ' |94]. The coherent transition probability therefore depends on photon
energy as soon as the laser pulse width exceeds the intermediate state lifetime.

5.1 Photoemission Depending on Nanoparticle Size

The effect of silver deposition on alumina was studied. From STM measurements it is
known that silver, if deposited on the alumina film at room temperature, aggregates
on defect sites and alumina domain boundaries (sec. 3.2.2). The density of nucleation
sites should stay constant independent of the deposited silver amount and alumina film
preparation. Therefore, the number of atoms per nanoparticle should be proportional
to the amount of deposited silver.

At the bottom of fig. 5.2 the photoemission spectrum of the bare alumina film is
shown at 3.16 eV photon energy. The sample is then covered by an increasing amount
of silver. The total amount is indicated at the left in terms of silver film thickness. For
comparison at the top a spectrum of Ag(111) is shown multiplied by a factor of 40.
The spectral range is limited at low kinetic energy by the vacuum cutoff and at high
kinetic energy by the Fermi level.

The 2PPE spectrum of Ag(111) shows the Shockley surface state near the Fermi
edge at 2.2 eV, and the sp-intra band transition peak at 1 eV. The 2PPE spectrum of
silver nanoparticles is dominated by the hot electron distribution at low energy. The
intensity increases with silver deposition and levels off at about 0.9 nm. The total
photoelectron yield is then about 100 times larger than that from the bulk Ag(111).
The feature near the Fermi edge is broader than in case of 1IPPE but also approaches
the Fermi edge with increasing deposition. It becomes more pronounced until 0.4 nm
deposition with a subsequent closing on of the hot electron signal. Interestingly, for the

!This is especially applicable in case of silver [11]
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Figure 5.2: 2PPE spectra
of Ag nanoparticles on alu-
mina at hv=3.16 eV. The
corresponding silver deposi-
tion thickness is shown in nm
units. For comparison the :
2PPE spectrum of silver(111) 0.0 1.0 20

is shown on top, multiplied ; ; ' '
by a factor of 40. Kinetic Energy [eV]

nanoparticles the sp-intra band transition peak is absent, which could be an indication
for a changed electronic structure compared to Ag(111).

Fig. 5.3(a) shows the intensity dependence on silver deposition of the feature near
the Fermi edge. The signal from 1.5 to 2.3 eV kinetic energy in fig. 5.2 is integrated
for 3.16 eV photon energy represented by closed circles. The same has been done at
3.6 eV photon energy for an adequate interval shown as triangles. Furthermore, the
photocurrent was measured as the current from sample to ground at a laser intensity of
9 1J /em?. While doing this, its quadratic dependence on laser intensity was assured to
exclude saturation of the plasmon excitation at 0.1 nm and 2 nm deposition. The data
are shown in open circles and are normalized to the 2PPE signal intensity in fig. 5.3(a).
The highest current of 140 pA was obtained at 0.9 nm deposition.

For the 2PPE spectra intensity the hot electron contribution at low kinetic energy
was deliberately left out. As it is due to secondary processes and relaxation it would
manipulate the dependence. In contrast, the photocurrent represents an integral over
the whole kinetic energy range and all emission angles.

The plasmon is excited resonantly at 3.6 eV [92] while the 3.16 eV excitation is far
off-resonance. This is the reason for the different absolute intensities at the two exci-
tation energies whereas their relative dependence on particle size is similar. Fig. 5.3(a)
shows a linear increase up to 0.4 nm size and a subsequent leveling off until at 0.9 nm
size the maximum is reached. The intensity then decreases slightly for higher deposi-
tion.

In fig. 5.3(b) the intensity is plotted versus the corresponding mean particle di-
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Figure 5.3: 2PPE intensity of Ag nanoparticles at hv = 3.16 €V (solid circles) and 3.6 eV
(triangles) as functions of (a) silver deposition and (b) mean particle diameter. The photocur-

rent for hv = 3.6 €V is given by open circles. (b) The solid curves indicate a cubic fit to the
2PPE data.

ameter. Since the particle density per unit area stays constant (see sec. 3.2.2), the
nanoparticle growth should be proportional to the deposited silver amount. The pho-
toemission intensity in fig. 5.3(b) corresponds to a cubic fit up to 8 nm size suggesting
a linear dependence on atoms per nanoparticle. The subsequent leveling off for sizes
larger than 8 nm can be attributed to coalescence of adjacent particles. For 3.6 eV
photon energy even a decrease in intensity occurs for 9 nm particles. Interestingly,
such a decrease could not be recognized for the photocurrent which was monitored at
the same time. Furthermore, the spectral shape changes dramatically, as can be seen
in fig. 5.4. While the hot electron distribution remains constant compared to 8 nm
particles the feature at high kinetic energy is decreasing.

We can think of the excited nanoparticles as oscillating dipoles perpendicular to
the surface. The influence of adjacent particles will grow with increasing particle sizes,
i.e. decreasing particle distance. It is reasonable to assume that an excited particle
then will induce an antiphase oscillation in the surrounding particles. That leads to a
weakening of the plasmon oscillation normal to the surface and related photoemission
processes. For a more detailed study of the coupling of plasmon modes in adjacent
particles see [91, 45].

Hot electrons, caused by secondary processes and scattering e.g. at the particle
surface, have been confirmed to be isotropically distributed and may also stem from
non normal excitations. Therefore, their distribution gives a measure for the absorption
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Figure 5.4: Spectra for 3.6 eV photon
energy. The feature at high kinetic en- 3 J

ergy decreased for 0.6 nm deposition. F ) . 1 . 1 .
The indicated depositions correspond 0.0 10 2.0 3.0
roughly to 8, 9, and 10 nm particles. Kinetic Energy [eV]

Log(Intensity) [arb. units]

process in total.

The photoemission intensity at the plasmon resonance is for s-polarized light strongly
weakened. A difference in intensity between p and s-polarization of more than two or-
ders of magnitude was found. For 3.16 eV photon energy the relative hot electron
distribution was independent of polarization and its intensity differed only by up to
a factor of 8. This is a factor of two higher than the expected ratio according to the
Fresnel equations of ~3.5 [105]. However, there is the direct transition which is for
p-polarized light more pronounced than for s-polarized light which may explain the
deviation. Therefore, we can assume that in the latter case plasmon excitation plays
only a minor role.

The feature at high kinetic energy, apparently due to a direct excitation process,
will be studied in the next section.
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5.2 Density of States of Silver Nanoparticles

For the investigation of the density of states we are only interested in the shape of the
nanoparticle spectra. Although the applied photon energies correspond to the plasmon
resonance no direct influence of the plasmon was found. Its only contribution seems
to be an overall enhancement of the photoemission intensity. Therefore, intensities for
different photon energies are normalized in the following. For actual intensities see
sec. 9.3.

Furthermore, to enable the comparison between spectra of different photon en-
ergies, the electron kinetic energy is related to the Fermi level, i.e. replaced by
E — Erermi. The Fermi level Epepm; has been determined by the ToF-spectrometer
calibration (sec. 3.1.2).

5.2.1 Change of Spectral Shape with Photon Energy

An unoccupied state in 2PPE can only be identified by varying the photon energy
as already mentioned in the beginning of this chapter. In fig. 5.5 spectra of 6 nm
particles are shown recorded at different photon energies as indicated at the right. For
comparison the spectra are plotted relative to the Fermi level.

In the following we will focus on the feature near the Fermi edge in fig. 5.5. The
black and shaded shapes at the bottom of each spectrum belong to the fitting and will
be discussed later. It can be seen that the feature changes with photon energy implying
the contribution of an intermediate state transition. However, an intermediate state
should shift by —Ahv relative to the Fermi level. The shift is actually much less
pronounced and also the width of the feature increases. From 1PPE (see sec. 4) we
know that there exists a state right below the Fermi edge. That gives rise to the
assumption that in the current feature an occupied and an unoccupied state might be
involved.

Let us consider the excitation of an occupied state via a broad intermediate state
as illustrated in fig. 5.6. The transition is then more or less resonantly enhanced if
the photon energy is changed. From Fermi’s golden rule we know that the probability
for the first photon excitation is proportional to the density of states in the final
state, i.e. in this case the intermediate state. This is correct if the transition matrix
elements do not change with particle size which will be assumed in the following. The
density of the initial state is projected by the first photon excitation onto the density
of the intermediate state, as indicated in fig. 5.6. To obtain the resulting intermediate
state population we have to multiply the density distributions of unoccupied state and
projected occupied state, i.e. I(Eintermediate) X 0(Eunoccupicd) * 0(Eoccupied + hv). The
projection is illustrated at the left of fig. 5.6. The resulting maximum of a multiplication
should be expected where both distributions show values considerably different from
zero, i.e. in between the maximum of the projection and the intermediate one. This will
result in an energy shift AE < Ahv to lower energy if the photon energy is increased.
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Figure 5.5: Spectra of 6 nm particles for different photon energies as indicated at the right.
The integral of the spectra from -2 to 0 eV is normalized in intensity. For description of the

fitting see the text.
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Figure 5.6: Diagram of a complex
2PPE Process. The occupied den-
sity of states is projected by the first
photon excitation onto the unoccu-
pied density of states.

Following these considerations we are able to
disentangle the various contributions to the data.
The hot electron distribution of each spectrum cor-
responds to an exponential function [127, 132], as
can also be seen at low energies in fig. 5.4. This ex-
ponential contribution, indicated in fig. 5.5, is elim-
inated by subtraction. The residual feature near
the Fermi edge of each spectrum is then fit in the
following manner: As a fit function we assume the
product of two distributions of arbitrary shape. At
first the shape of a distribution is justified by the
quality of the resulting fit to the data. The com-
pleting justification however gives the dependence
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of the fit positions on the photon energy. In the beginning of this chapter we have
already seen that in 2PPE only two shifts in dependence on photon energy are reason-
able: An occupied state should not shift relative to the Fermi edge, while an unoccupied
state should shift with —Ahv. This rule is not put into the fitting procedure but rather
serves as an evaluation of the employed distribution shapes.

Gaussian and Lorentzian distributions
were tried for the multiplicative fitting. How-
ever, the only satisfactory result was obtained
by applying a combination of a Lorentzian
and a Gaussian distribution, as depicted in
fig. 5.5. While the Lorentzian stays nearly
constant in energy the Gaussian moves with
—/Ahv corresponding to an occupied and an
unoccupied state, respectively. The fit ex-
hibits a slight mismatch with the data near
the Fermi level. This is due to the cutoff by a
Fermi distribution for the experimental data

E-Ex[eV]

¢ 5nm
O 6nm
V 7nm

gg;: . which was deliberately left out for the fitting
20 - so far. It turns out that the falling edge near
3.4 3.6 3.8

the Fermi level can be well reproduced and
is not due to a cutoff by the Fermi edge or
Figure 5.7: Peak positions obtained by charging effects [50, 121].

multiplicative fitting for different particle The multiplicative fitting has been carried
sizes as indicated. out for various particle sizes as indicated in
fig. 5.7. The positions obtained for different photon energies are given. Independent of
particle size, the occupied state exhibits a slight shift with slope higher than -0.06 Ahv.
This can be explained by the selectivity of the plasmon excitation and the particle size
dependence of the occupied state as will be shown later. With increasing photon energy
preferentially smaller clusters are excited.

The unoccupied state shifts generally with -1+0.05Ahv. For 5 nm particles this
value is only -0.85 Ahr which we assign to the noise of the data. The noise is due
to broader fit-distributions and a larger overlap of Gaussian and Lorentzian, making a
determination of actual positions more difficult. At 9 nm particle size the intermediate
state shift increased to -0.7 Ahv. This may be assigned to the interaction with other
intermediate states as will be discussed later, leading to a deviation from a gaussian
shape. Therefore, the analysis is not extended to larger particle sizes. As actual state
positions the average of the data, obtained for different photon energies, are taken, in
the case of the intermediate state position only after addition of the respective photon
energy.

Photon Energy [eV]

In fig. 5.8 peak positions and widths for different particle sizes are shown, analysed
as previously described. Each particle size exhibits an unoccupied and an occupied
state marked by a closed circle and an open circle, respectively. By assuming (111)-
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Figure 5.8: (a) States of different particle sizes are shown by circles. Slopes and positions are
well reproduced by the assumption of quantum well states (solid lines). (b) Corresponding
width of the states. The width diminishes with increasing particle size. Unoccupied states
are considerably broader.

terminated nanoparticles, these states would be located inside the band gap which
extends for Ag(111) from -0.31 eV up to 3.99 eV. In the case of occupied states the
most plausible explanation would be again a Shockley surface state as already dis-
cussed in sec. 4. But this assumption leaves the origin of the unoccupied state un-
clear. Moreover, by STS no surface state was found on the nanoparticles although
some of them exhibited a hexagonal shape, suggesting a well ordered structure and
(111)-termination. However, STS revealed a series of quantum well states (QWS) on
individual nanoparticles [93] which will be discussed in the following.

One could argue that for a broad particle size distribution as in the present case
QWS should smear out since we are using an integrating method. For that reason we
will have a closer look at the QWS equation derived in sec. 2.1 :

Diora + 2kNd = 2mn (5.1)

If we neglect for a moment the surface induced phase shift ®,,, we can solve the
residual for the wave vector k:
R (5.2)
AN’
where d has been the interlayer distance. The only variables are n that enumerates the
QWS, and N denoting the number of monolayers. That means that for each particle
thickness N we can find an n with the same value such that equation 5.2 is simplified

to k = 7, the brillouin zone boundary (BZB). In other words: Whatever particle size
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we are dealing with it should exhibit a QWS at the brillouin zone boundary, resulting
in a commensurate state [53]. Around this state also other states should show up even
if the particle size distribution is broad. As the band gap of Ag(111) is located at
the BZB, it is not unlikely to find the commensurate state inside the accessible energy
interval.

Quantum Well States

Figure 5.9: Quantum well state con-
dition. Phase shifts (straight lines) for
different particle thicknesses as indicated
in the inset are plotted. They meet at
the commensurate point at 0.44 eV. At
the intersection points with the negative
T 2n  surface induced phase shift (curved line)
Phase Shift quantum well states are expected.

To relate equation 5.1 to energy, a free electron like dispersion was assumed, which
will be discussed later. In fig. 5.9 the straight lines show phase shifts induced by the
second term in equation 5.1 for different thicknesses N. The corresponding thicknesses
are given at the bottom of fig. 5.8(a). The bright line corresponds to the lowest thick-
ness, the darkest line to the largest thickness. As black curve the negative total phase
shift @4 is given. At the intersection points of the curves the condition for a QWS
is fulfilled.

As expected, the phases for different thicknesses converge while approaching the
commensurate point, here located at 0.44 eV. Interestingly, their order reverses after
passing this point reflecting the reversed slope of the data. The sp-band bottom has
been adjusted to -6.3 eV which reproduces the data quite well as indicated by the lines
in fig. 5.8(a). The lines correspond to intersection points in fig. 5.9 between 2 and
3 eV, and those right below 0 eV, respectively. The assumed thicknesses correspond
to an aspect ratio (height to width) of 0.58 for 5 nm particles down to 0.43 for 9 nm
particles. This is in good agreement with a mean aspect ratio of 0.5 found by STM
where also a flattening for bigger nanoparticles was observed [90].

QWS may also explain the broader width of unoccupied states in fig. 5.8(b) by the
inhomogeneity of the sample: As they are further away from the commensurate point
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at 0.44 eV, differences for adjacent thicknesses become more pronounced than in case of
the occupied states (See fig. 5.9). Also the size dependent broadening of states can be
attributed to inhomogeneity, roughly scaling with the square of the reciprocal particle
thickness (see equ. 5.2).

The fact that we can match the data by the assumption of a free electron like dis-
persion seems to be surprising at first glance. However, it gives a simple explanation
for the existence of states where we expected the band gap for Ag(111) to be. Besides,
the QWS series found by STS could be detected up to 1.5 eV without showing any
influence by a band gap. They were also well reproduced by the assumption of a free
electron like dispersion [93]. This can be explained by the assumption of a disordered
arrangement of the atoms in a nanoparticle, prohibiting the formation of a crystalline
band structure. Such a change of the electronic structure gives additionally an explana-
tion for the missing sp-intraband transition peak on nanoparticles which is prominent
on Ag(111) (see sec. 5.1).

By taking a look at fig. 5.9 we see that there are additional intersection points,
especially at energies in between the detected ones. The respective QWS we will
investigate in the next section.

5.2.2 Influence on Density of States by Cs Deposition

The energetic position of a QWS depends among others on the surface induced phase
shift. At the vacuum side this phase shift is determined by the work function. There-
fore, a change in work function should influence the position of the previously discussed
states. The higher their energy the bigger the influence should be. In the following the
work function will be lowered by deposition with cesium [89, 95, 128|. The results will
be discussed by comparison with simulations.

At the top of fig. 5.10 spectra of 7 nm particles are shown at 83 K. The spectrum
at the top shows the bare nanoparticles which are subsequently deposited with Cs by
up to a quarter of a monolayer. The deposition leads to a shift of the vacuum cut-off
to lower energies as the work function decreases. At the same time additional features
show up at low energies and also the feature at high energy changes. The hot electron
contribution was eliminated by subtraction of an exponential from each spectrum for
the sake of a better illustration. We made sure that the subtraction had no influence
on the position of the features.

At the bottom of fig. 5.10 the simulation of a QWS distribution is shown using the
same parameters as in the previous section. For matching to the experimental data the
particle size distribution was assumed to be Gaussian with a width of half the particle
thickness. The width of each single state was 0.5 eV. Following the spectra from the
top on, the work function was changed in total by the same amount as for the 2PPE
data. As expected, the influence of the work function is very strong for high energy
states and becomes weaker for lower energy states.

If we compare the 2PPE data with the simulation we have to keep in mind that
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Figure 5.10: At the top a 2PPE spectrum of 7 nm particles is shown at hv=3.15 €V. The
work function is subsequently lowered by Cs deposition as can be seen from the low energy
cutoff. At the bottom a simulation for a broad particle size distribution for 7 nm particles is
shown. The work function is changed in analogy to the experimental data as indicated in the
inset.

the 2PPE data is a result of the projection of the occupied density of states onto
the unoccupied density of states. In the case of the 2PPE feature at high energy the
shape is significantly different to the simulated density of states. This is in fact not
surprising since we know from the previous section that we are probing at that point the
transition from an occupied state via an unoccupied state. The simulation reveals that
the occupied state at about -0.3 eV is hardly influenced by the work function change
while its counterpart at high energy (+43.15 eV) is strongly affected. If we apply again
the previous fitting to the discussed feature in 2PPE, we get the very same dependence
as for the simulation, shown in fig. 5.11. The relative shift of the falling edge of the
simulation at high energy is given by a line.

It has to be mentioned that in this case the high energy feature had to be extracted
by matching the s-polarized spectrum to the p-polarized one. An anomalous contribu-
tion from the s-polarized spectrum to the feature could not be excluded. That may be
the reason why the positions in fig. 5.11 are shifted to higher energy. Therefore, the
data reflect only a relative trend.

For the residual features the analysis should be simpler. As was shown by 1PPE no

additional feature exists down to -2.5 eV. This was also reproduced by the simulation
in fig. 5.10. Therefore, in this energy range, it can be expected that the two-photon
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Figure 5.11: Influence on the nanoparticle states by a Cs induced work function change for
7 nm particles (hv=3.15 €V). The line represents the relative positions of the corresponding
simulation.

excitation of the smooth occupied density of states reflects the intermediate density of
states. By comparison of the lowest spectra of 2PPE data and simulation, respectively,
we can identify the commensurate state at around 0.5 eV and the sequential state at
around 1.2 eV, which only shows up as a shoulder. The positions of these states differ
in energy compared to the simulation by about 0.15 eV.

One may argue that latter features could be due to cesium. However, the deposited
amount was only a quarter of a monolayer performed at 83 K. Cesium then is supposed
to aggregate in small nanoparticles or even atomically due to the strong dipole repul-
sion between atoms. In fact a contribution of those nanoparticles could be detected
exhibiting an additional vacuum cutoff at lower energy, but the intensity was about
two orders of magnitude lower. Furthermore, the commensurate state could also be
detected for bare 5 nm silver particles using 3.9 eV photon energy.

The sp-band dispersion of the bulk in Ag(111) direction around the Fermi energy
can be well reproduced by a nearly free electron like dispersion by adjusting the sp-
band bottom to -4.9 V. This is in disagreement with the value of -6.3 eV chosen for
the free electron like dispersion. For a matching of the commensurate state to the
simulation we would even have to lower the bottom to -6.45 eV. This would mean a
broadening of the lower sp-band branch of 22 percent. However, for the simulation we
assumed an interlayer distance of 2.36 A in agreement with Ag(111). For a disordered
nanoparticle the mean interlayer distance should be considerably higher correcting the
assumed broadening of the sp-band.

To summarize the results obtained by cesium deposition, we have been able to
explain the extended density of states of nanoparticles by the assumption of quantum
well states, too. This includes the influence of the observed work function change by
deposition with cesium. The experimental features could be qualitatively reproduced
by a QWS simulation of a broad particle size distribution, assuming a free electron like
sp-band structure.
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5.2.3 Discussion of One and Two-Photon Photoemission Re-
sults

So far the density of states of the nanoparticles recorded by 2PPE could be explained
quite well by QWS. In order to obtain a complete picture, we should be able to explain
the 1PPE results of sec. 4 by QWS, too. Therefore, we first look again at the influence
of a work function change on the occupied nanoparticle state near the Fermi level,
shown in fig. 5.12.
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Figure 5.12: 1PPE data of 20 A Ag deposition. In sec. 4 the state was interpreted as surface
state by comparison to the phase accumulation model (solid line). The shift in dependence on
work function can also be explained by the assumption of a Quantum Well State and 19 ML
particle thickness (dashed line).

The trend was described with the phase accumulation model by the assumption of
a surface state (solid line). For matching a shift of the sp-band edge of +0.13 eV had
to be assumed. However, the same trend can be reproduced by QWS for a particle
thickness of 19 ML (dashed line), using the same parameters as in the previous section.
Note that both the slope and the position of the dashed line strongly depend on particle
thickness. The assumed thickness corresponds to an aspect ratio (height to width) of
0.34, following the previously recognized trend of flattening with growing particle size
2, By adopting this aspect ratio, we have to correct the 1PPE thicknesses of fig. 4.3.
These were initially calculated by the rough estimate of an aspect ratio of 0.5 due to

2Due to coalescence we should have particle strings for larger deposition thicknesses applied in
1PPE decorating step edges and alumina domain boundaries
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the lack of an accurate value. These corrected 1PPE results will be compared with the
2PPE data.
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Figure 5.13: (a) 2PPE data are given by circles, IPPE data by squares. The occupied state
is well reproduced for both methods. The solid line represents the quantum well state position
expected for parameters used in the previous section and particle thicknesses as indicated at
the bottom. (b) Corresponding width of the states. The width diminishes with increasing
particle size.

In fig. 5.13(a) 2PPE data are shown as circles, IPPE data as squares. The occupied
state is well reproduced with both methods, also the slope for the dependence of the
energetic position on particle thickness is similar in both cases. However, 1PPE and
2PPE data exhibit slight deviations which will be discussed below.

The occupied states in 1PPE exhibit a small offset of 50 meV compared to the
2PPE data. Recently it was reported that the photoemission process on Ag(111)
differs for 1IPPE and 2PPE in respect to the vector potential coupling to the surface
[101]. Furthermore, in 2PPE plasmon excitation is involved which may cause different
lifetimes for the excitation processes. A longer lifetime of the created electron-hole
pair would shift the detected feature to lower energy. Such a behaviour would also be
reflected in the width of the states which is smaller in case of 2PPE (see fig. 5.13(b)).
Both effects are in agreement with a model proposed by Hovel et al. [50].

We used two ways to determine the Fermi level. One is given by exploiting the
TOF-calibration (see sec. 3.1.2), the other by employing the fitting with a Lorentzian
and a Fermi distribution as cutoff. The fitting gave the Fermi level 50 meV lower than
the calibration. Such a shift could be explained by a longer lifetime of the electron-hole
pair on nanoparticles compared to the bulk, also stated in [50]. The data in fig. 5.13(a)
are related to the Fermi level given by the calibration, so 1PPE data are corrected by
-50 meV compared to fig. 4.3.
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However, the analysis of both the 1PPE and 2PPE data is not so straightforward
and a deviation of 50 meV lies within the error bar. Also the excitation differs in both
cases. While in 1PPE the sum over all occupied nanoparticle states is directly probed,
in 2PPE the sum over all transitions per nanoparticle is probed. These transitions
are resonantly enhanced by an intermediate state. With varying particle size both the
occupied and unoccupied state move to opposite direction, narrowing the resonance
condition. This manifests itself in a smaller width for the 2PPE data in fig. 5.13(b).

Following the above considerations, the 2PPE results should considerably differ
from the 1PPE results if inhomogeneously broadened. This is actually not the case.
Rather, the detected widths can be basically assigned to lifetime broadening as it was
observed for silver films of similar thicknesses [82]. There, the observed QWS showed
similar widths depending on film thickness, too. Their broadening with decreasing
film thickness was attributed to enhanced surface scattering and therefore to a reduced
lifetime.

By employing the aspect ratio of 0.34 for 20 A deposition found above, we can
extend the expected QWS positions of fig. 5.8(a) to higher deposition (solid line in
fig. 5.13(a)). Aspect ratios in between 16 ML and 19 ML are interpolated. The result
is a linear increase which reflects the slope of the data quite well.

Intensity
/

E-E. [eV]

Figure 5.14: Quantum Well structure simulations for thicknesses of 12 ML to 19 ML, corre-
sponding to depositions of 1 A to 20 A silver (from bottom to top). Dashed line: 16 ML.

In fig. 5.14 simulations of the density of states by QWS are shown for particle
thicknesses of 12 ML (low intensity) up to 19 ML (high intensity). They correspond
to silver depositions of 1 A up to 20 A, respectively. The dashed curve marks 16 ML
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thickness, i.e. 6 A silver deposition, accessible for both 1PPE and 2PPE. Parameters
being used correspond to those of the previous section.

Now we focus on the feature beneath the Fermi level. Although its shape is the
result of an overlap of a QWS distribution of Gaussian shape, it fits well to a Lorentzian
at low energy side. The high energy side however is much steeper, coinciding with the
Fermi level. If we try to fit the corresponding photoemission spectra by a Lorentzian
and a Fermi distribution as cutoff, the resulting Fermi level will be located below the
real one. This gives an alternative explanation for the disagreement found above.

To summarize we have seen that all effects we tried to explain by surface states in
sec. 4 can be alternatively explained by QWS. Moreover, QWS allowed an interpre-
tation where surface states failed, e.g. the lifetime broadening or the linear shift of
the occupied state with increasing particle size. Furthermore, the interpretation of the
unoccupied states as QWS requires an occupied QWS at the position in dispute.
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5.3 Plasmon Resonance Shift with Particle Size

The energy of the plasmon resonance as a function of particle size has been intensely
studied by Photon-STM [92]. Exploiting the radiative decay channel of the plasmon
excitation, the emitted light was detected to determine its resonance position. Another
decay channel of the plasmon excitation is the coupling to electrons. These electrons
can be detected by 2PPE. The common way to determine the resonance position of the
plasmon with 2PPE is to tune the photon energy. The integral over a certain energy
range of the obtained photoemission yield then is supposed to reflect the intensity of the
plasmon excitation [110, 80]. However, the 2PPE yield also depends on the density of
states of the nanoparticles. This density of states is usually not known and may distort
the results. However, in the present case the density of states is known, demanding
a correction of the plasmon resonance shape obtained in the above described manner.
This will be carried out below.
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Figure 5.15: 2PPE intensity integrated from Ep to E-Ep=-1 €V as a function of photon
energy, indicated by crosses. The corrected dependence is given by circles. Curves are fit by
Lorentzians.

In fig. 5.15 the integrated 2PPE intensity of 7 nm particles is shown as crosses for
different photon energies. The integrated energy range of the spectra extends from
the Fermi edge projection to 1 eV lower kinetic energy. This is the common procedure
aiming to avoid a contribution from the hot electrons. However, as we know from the
previous chapter, the feature we are integrating over belongs to a resonant transition
via an intermediate state. This transition depends on photon energy and is more
resonant for lower photon energies than for higher photon energies (see fig. 5.8). If
we correct this contribution by assuming the transition at 3.9 eV as non resonant we
obtain the curve given by the circles.
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The correction was carried out as follows: Since the normalized spectra in fig. 5.8
had to be fit by the product of two distributions, their relative intensities are not
known. Therefore, the integral over the occupied state distribution was assumed to be
independent of the photon energy such as the normalized spectra are. The result can
be seen in fig. 5.8 which leads to a growth of the intermediate state distribution with
photon energy. Drawing the same approximation of constancy for the intermediate
state distribution, we can extract a correction factor for photon energies lower than
3.9 eV. This correction is applied to the original data points in fig. 5.15.

The most remarkable result of the correction is that at 3.3 eV photon energy the
intensity decreases by a factor of 5. The correction factor increases nearly exponen-
tially with decreasing photon energy. This suggests that the strong photoemission
enhancement for silver nanoparticles at hy=3.16 eV found in sec. 5.1 is mainly due to
the intermediate QWS transition, which can be estimated to cause a factor of 10. Fur-
thermore, it can be seen that the Lorentzian fit to the data in fig. 5.15 matches better
in case of the corrected curve. Also a slight shift to higher energy for the correction
occurs.
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Figure 5.16: Position of the plasmon resonance for different particle sizes. The uncorrected
position is indicated by crosses, the corrected position by circles. The squares show Photon-
STM data.

Fig. 5.16 shows the plasmon resonance position for different particle sizes. Crosses
represent the original maximum position, circles the corrected position. The position
for 9 nm particles was not corrected since the shape of the intermediate state was
not accurately determined. The reason why the resonance for 5 nm particles does not
follow the usual blue-shift is unclear. The squares show the data from Photon-STM.
Although the data correction provides a better matching to the STM data, this picture
only gives a qualitative impression, since the error bar for the STM data extends over
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0.1 eV.

Summarizing we have shown that the quantum well state transition demands a
correction of the common determination of the plasmon resonance in 2PPE. Although
the broad width of involved states caused only a slight correction of the resonance
position, the low energy wing of the resonance was strongly decreased. This suggests
that the enhanced photodesorption cross section observed for NO for the present system
at hv=3.2 eV [105] is not plasmon induced but rather due to the enhanced intermediate
state transition. However, there is a difference between the observed photoemission
enhancement at hy=3.16 eV on nanoparticles compared to Ag(111) of 100 and the
estimated enhancement due to the QWS transition of 10. The missing factor of 10
has to be assigned to altered properties of the nanoparticles, e.g. a longer lifetime of
excited electrons [79].
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5.4 NO Adsorption on Ag(111) and Nanoparticles

For the study of fundamental processes in photodesorption usually simple molecules
are chosen in order to reduce complexity. NO is a well investigated molecule which
exhibits its first and second electronic excitation in the near UV allowing resonant
ionisation (REMPI) by commercial dye lasers. This process is state selective and
therefore provides information about its electronic, vibrational, and rotational quantum
numbers, giving insight into the desorption process itself |2, 1, 133|. For that reason,
the influence of adsorbed NO on the properties of Ag(111) and silver nanoparticles is
investigated in the following.

5.4.1 Ag(111)
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Figure 5.17: Ag(111) spectra for 4.1 €V photon energy at 77 K. In the front a spectrum for
NO saturation coverage of 2 L is shown. Every 300000 laser shots sequentially a new spectrum
was recorded. In the back a spectrum for the clean Ag(111) surface is shown.

In the back of fig. 5.17 the 2PPE spectrum of a Ag(111) crystal is shown at 77 K
and hv=4.1 eV. Three peaks show up around the Fermi level. The most pronounced
one belongs to the surface state, the peak at the low energy side to the first image
state and the other peak to the second image state. In the front a spectrum of the NO
saturated sample is shown were all three features are quenched and only a small peak
can be perceived at the Fermi edge. Further, the work function increased by 1.1 eV
and a broad feature appears around -1 eV.

After sequential exposure to the laser light a peak at the Fermi edge recovers and
shifts to lower energy, stopping finally at the original position of the surface state. The
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broad feature at -1 eV disappears but the work function changes only very slightly.
After laser irradiation also another feature arises at low energy.
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Figure 5.18: Temperature dependent NO chemistry on Ag(111). (NO)y is considered as
major photoactive species which splits into monomers upon desorption. The photoactivity of
NO-f is of minor relevance.

Fig. 5.18 depicts the temperature dependent chemistry on Ag(111) upon adsorp-
tion of NO, extracted from [115, 26, 125]. NO tends to form dimers with different
configurations which can also split into NoO + O. These dimers are considered as pho-
toactive species. During laser irradiation they split into NO monomers which desorb
subsequently. On Cu(111) a NO induced feature was detected at 1.8 eV and attributed
to the 27* orbital of NO [56]. For the density of states of NO on Ag(111) see also [3§]
and references therein. In fig. 5.17 the position of the 27* orbital would correspond to
-2.3 €V which is here close to the vacuum cutoff. Only after exposure to laser light a
feature rises around this energy.

By NO adsorption the surface state followed the change in work function according
to the phase accumulation model (not shown here). The recovering of its original
position during laser irradiation therefore implies the depletion of the surface. However,
the work function changed only very slightly and gives rise to the following speculation.
The laser light preferentially splits the dimers which may correspond to the broad
feature at around -1 eV. Thus, the feature vanishes and at the same time NO monomers
are produced. Some of them desorb but some may remain at the surface giving rise to
the feature at -2.5 eV. This may lead to a partial depletion of the surface. The constant
work function can be attributed to the photoinduced generation of different species.

A similar feature at the vacuum cutoff also shows up in the case of silver nanopar-
ticles (fig. 5.20). However, it seems always to be located at the vacuum cutoff inde-
pendent of the work function. For determination of the origin of the feature we would
have to tune the wavelength in order to see an influence on an unoccupied state. This
is not possible as the applied photon energy is already at the accessible maximum at
hr=4.1 eV. Furthermore, the ongoing photochemistry changes the spectral shape while
tuning the wavelength, making an analysis more difficult.
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Now we come back to the states around the Fermi level for the clean surface. After
NO coverage the surface state recovers during exposure to laser light, not so the image
states. This can be attributed to their different origins and properties (see sec. 2.1.1).
A similar behaviour as for the surface state is expected for the quantum well states
on nanoparticles, as will be employed later. These states extend only little into the
vacuum and are therefore not expected to be "poisoned" by NO, either.

Intensity

Figure 5.19: Ag(111) spectra for 3.16 €V photon energy at 83 K. The spectrum with high
intensity belongs to the clean surface which is progressively exposed to NO until saturation
at 1.5 L.

At higher temperature Ag(111) shows a completely different behaviour as depicted
in fig. 5.19. The intensity of the clean sample, i.e. the hot electron distribution, is
strongly quenched at low energies after exposure to NO. However, features like the
sp-intra band transition and the surface state seem not to be affected. Also the work
function doesn’t change suggesting that there is no NO adsorbed on (111)-facets but
only at defect sites. This interpretation was also confirmed by TPD measurements.
Only a diffuse background showed up in contrast to the well defined signal from the
NO covered Ag(111) surface [125].

From photoelectron emission microscopy (PEEM) on Ag(111) it is known that
defects can be the origin of so called "hot spots" which show high electron emission
intensity if exposed to laser light. These "hot spots" are related to surface plasmon
excitation |64, 119].

By comparison with literature it turns out that the spectral shape for NO saturation
in fig. 5.19 is similar to spectra of defect-poor Ag(111) surfaces [101]. This gives rise
to the assumption that NO, sticking at defect sites, quenches the "hot spot" or surface
plasmon excitation. This excitation turns out to manifest itself in hot electrons which
cannot be resolved with PEEM. Different to the plasmon excitation on particles, the
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surface plasmon excitation on rough surfaces seems not to couple to states on smooth
facets as can be seen in fig. 5.19. For a roughened silver surface, prepared as for
photodesorption experiments in [125], no enhancement of the photoemission yield for
p-polarized light has been observed, either.

5.4.2 Nanoparticles
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Figure 5.20: Spectra of 7 nm Ag particles progressively exposed to NO at 83 K and excited
at plasmon resonance (3.6 €V). Spectra are normalized at 1.5 eV.

Fig. 5.20 shows spectra of Ag nanoparticles at 83 K. The intensity is strongly
quenched by sequential adsorption of NO but normalized at 1.5 eV for comparison of
the spectral shape. Also the work function increases and the well known feature at
2.5 eV (see sec. 5.2) becomes smaller compared to the hot electron signal.

From sec. 5.2 we know that there is a resonant transition which is influenced by a
change in work function. As the work function increases this influence should manifest
in intensity enhancement while here it is diminishing. Nevertheless this effect should
play a minor role because the change in work function is smaller then 0.5 eV and
involved states are very broad.

In fig. 5.21 the intensity of the 2.5 eV feature is plotted versus the change in work
function. The intensity decreases by a factor of 19 and matches thereby to a quadratic
fit. On Ag(111) no quenching due to NO was recognized. Furthermore, by using a
photon energy of 3.16 eV for the same particle size the quenching factor by NO was
only 3. This suggests that the observed decrease in intensity is due to a quenching
of the plasmon excitation as previously observed on rough Ag(111) in fig. 5.19. A
relation between plasmon quenching and work function change will be established in
the following.
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tional to the electron density, i.e. the 5s elec-
trons in this case. Thus we end up with
a linear relation between plasmon excitation
strength and the inverse of the adsorbate in-
duced work function change. Consequently,
the quadratic intensity dependence on work
function in fig. 5.21 suggests twice the contribution of the plasmon excitation to the
photoemission, giving evidence that each excitation step in 2PPE is driven by plasmon
excitation. This is also confirmed by two-colour experiments in section 6.2.

A decreasing 5s electron density due to NO adsorption should also result in a
redshift of the plasmon resonance. A determination of this shift by 2PPE would only
be possible by scanning the photon energy, resulting in changing conditions due to
induced photochemistry. However, the decrease of the photoemission at hv=3.16 eV
by a factor of 3 on NO covered particles puts minor importance on such a shift.

In fig. 5.22 the measured work function change versus NO exposure is plotted.
Again, we will try to find a relation between both values by employing the Langmuir
assumptions [67]. For that purpose we introduce 6(¢) as the time dependent coverage
on the surface during exposure with values between 0 and 1. The amount on vacancies
then is given by 1-6(t), provided that the density of adsorption sites and the sticking
coefficient is independent of coverage. For a constant background pressure P we obtain
the variation of #(¢) with time of exposure:

do(t)

— = b1 —6(1)P, (5.3)

with b as proportionality constant. The solution is given by

Figure 5.21: Intensity of the feature at
2.5 eV in fig. 5.20 versus the change in
work function. The solid curve represents
a quadratic fit to the data.

() = A- (1 — e P, (5.4)

with Pt denoting the exposure. This equation is fitted to the data in fig. 5.22 by
the solid curve reproducing the trend quite well. It suggests either that parameters as
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adsorption site density or sticking coefficient change, leading to an accidental matching,
or otherwise that the NO coverage 6 is proportional to the work function, as has been
found for O, on silver [34]. In the latter case the interaction between single molecules
at the surface would be of minor relevance, excluding dimer formation as depicted in
fig. 5.18. This could be interpreted as due to a nanoparticle structure different from
Ag(111).

It may be argued that the decrease in in-
tensity is not necessarily due to quenching of

— the plasmon. However, a shift of the plasmon
i 0.4r resonance by NO adsorption as explanation
& for the quenching seems not likely. With de-
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Figure 5.22: Work function change of partly contributing to the observed quench-

7 nm particles in dependence on NO ex- Ing at plasmon resonance.
posure. For the fitting (solid curve) see Interestingly, mno reports on plasmon
the text. quenching by adsorbates were found in the

literature. For H,O adsorption on silver
nanoparticles even an increase of the plasmon resonance intensity was observed. The
accompanying change of the resonance could be solely attributed to the altered di-
electric surrounding [65]. For CO covered silver nanoparticles no shift of the plasmon
resonance was found for particles larger than 4 nm |[28|.

It turns out, that NO frustrates a plasmon induced desorption from silver nanopar-
ticles. Likewise, the enhanced photodesorption cross section of NO on silver nanopar-
ticles observed in [132] is not supposed to be plasmon induced. Rather, it could be
caused by intermediate state transitions as in the present case or altered properties

of nanoparticles due to confinement, e.g. the reduced hot electron transport efficiency
into the bulk [79].



Chapter 6

Two-Colour Experiments

The electronic excitation of adsorbates mediated by the substrate plays a key role
in surface photochemistry. These substrate mediated excitations are mostly caused
by electronic transitions into unoccupied molecular orbitals. Therefore, the electron
dynamics with respect to excitation, population, and relaxation processes at the surface
is a decisive parameter. Likewise, the energy dependent residence time of excited
electrons above Fermi level limits the transition probability into adjacent adsorbate
orbitals. As these processes proceed on a femtosecond time scale, only few methods
are capable to allow an investigation in the time domain [99, 111, 37]. In this work,
femtosecond time-resolved 2PPE spectroscopy is employed by cross-correlating two
pulses in a pump-probe scenario. To enable the differentiation between single excitation
steps, in the following pulses of different colours are used. An introduction to time
resolved two-colour experiments is given by illustrating the rate-equation model.

6.1 Rate-Equation Model

In the following lifetime effects are dealt with by assuming a rate-equation model ac-
cording to [78]. A two-colour pump-probe scenario is sketched in fig. 6.1(a). Starting at
positive delay time pulse 1 excites a population into an intermediate state proportional
to its intensity I;. Its relaxation dynamics is described by an exponential decay with
decay constant T called lifetime. The population is probed after a delay time 7 by
pulse 2. By performing this experiment for different delay times we can determine the
intermediate state lifetime T.
Rate equations for the population N and the detected signal S are
d N(t)

%N(t) = umh(t) - T (6.1)
d

T Srae(t.7) = N(O)psh(t =) (6.2)

Here we have assumed low excitation densities and have neglected depopulation and

7
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Figure 6.1: (a) Principle of a pump-probe cycle. At positive delay time pulse 1 excites a
population into an intermediate state. This population starts to decay and is probed after
a delay time 7 by pulse 2. For negative delay, this process is reversed with pulse 2 acting
as pump and pulse 1 as probe pulse. (b) Formation of the pump-probe signal. Bottom:
Intensities of pulse 1 and pulse 2. Middle: Response function Gty and populations N, N in
the two intermediate states. Top: Signal shapes for the two excitation pathways and their
sum.

saturation effects. The absorption coefficients p? and p3 result from the respective
dipole moments .
The differential equation for N is solved by a Green’s function G.

N(t) = 2L o G(t,T) with G(t,T)=0(t)e VT (6.3)
and  ©O(t) = Heavyside function (6.4)
The accumulated signal Sy (t — 00, 7) = Syate(7) then introduces a correlation.
Surelr) = 122 / N L(t — 7)dt (6.5)
— witnt [ (1) G T~ (6.6)
= pipsL(t) o G(t,T)] @ Iy(t) (6.7)
= pips[L(t) ® I(t)] o G(t,T) (6.8)

In the final step, the result has been reordered to give the convolution of the response
function G of the system with the time resolution of the experiment, determined by
the cross-correlation of the two pulses I} ® I».
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The reversed process is also possible, i.e. pump and probe pulse exchange their role.
Pulse 2 excites then a population into an intermediate state and pulse 1 probes the
population by transferring it to the detection channel. In general, both the lifetime 7'
and the absorption probabilities Hf J T€ different. The pump-probe signal is described

by

Sruie(7) = w1 () ® [G(t, L) o Ly(1)] (6.9)
= L (t) @ L(t)] o G(~t,T) (6.10)

and is depicted in fig. 6.1 for negative t and 7 as the argument of G formally enters
here with reversed sign. The total signal S is the sum of both pathways and may

be described by an effective response function G.s:

Srate = [1(t) ® Lo(t)] 0 Gegs (1) (6.11)
with  Gesp(t) = piusG(t,T) +£H§G(—t,z) (6.12)

Fig. 6.1(b) exemplifies the formation of the signal. The bottom graph contains the
temporal intensities of the two pulses. The middle graph shows the two response
functions multiplied by the corresponding absorption coefficients as well as the resulting
population evolution in the intermediate states. Finally the detected signals of both
pathways and their sum is displayed in the top section.

6.2 Variation of Pump-Probe Intensities

In chapter 5.3 it was shown that we are able to excite and detect the plasmon. How-
ever, it is not yet clear how the plasmon excitation is involved in the photoemission
process. Following the quantization rule, we may consider the plasmon as particle-like.
This seems to be reasonable since it is excited by a photon and also converts into a
photon. In that way it may also transfer its energy to a single electron. This picture
becomes difficult if implicated with a two-photon photoexcitation. A double-plasmon
excitation as proposed by Merschdorf et al. [80] can only be of minor importance. Such
a double excitation would lead to direct photoemission as it overcomes the work func-
tion, preventing the detection of quantum well states as intermediates (see sec. 5.2).
Yet, a coherent two-photon photoexcitation, with the plasmon participating in each
excitation step, is not consistent with the particle picture. However, the results ob-
tained by NO exposure in sec. 5.4 suggested such a process. In addition, polarization
dependent measurements revealed a sin* photoemission characteristics [80, 105], sug-
gesting a double oscillation in agreement with Hertz’s dipole emission characteristics
of sin?. In the following, further information on these processes will be gathered by
comparison of the transition probabilities in each excitation step in and off plasmon
resonance.

By using pulses of different colour in 2PPE we are able to distinguish between
variable excitation paths. In fig. 6.2 the possible combinations for coherent two-colour
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Figure 6.2: Possible excitation pathways for two-colour experiments. For determination
of the transition probabilities u? and p2, we are able to distinguish between three different
pathways as indicated at the top.

excitations are sketched. The excitation is in each case enhanced by the resonant
transition via an intermediate state (see sec. 5.2). The transition strength for each
step is proportional to the transition probability p?, 2 and the laser intensity Iy, I, as
indicated.

The two colours were selected such that one excitation occurs at plasmon resonance
at 3.6 eV (Intensity I, in fig. 6.2) and the other off-resonant at 3.16 eV (Intensity I
in fig. 6.2). It was assured that both spots had the same width in space. However,
pulses at 3.16 eV with 100 fs duration were considerably longer than pulses at 3.6 eV
with 60 fs duration. The actual deviation was estimated by measuring their overlap
by cross-correlation, revealing a factor of 1.5 for 3.16 eV [59].

As we are interested in the transition probabilities 2, u2 we have to eliminate the
intensities Iy, Is. This is for pathways I and III easy to do by blocking the other colour
and varying the intensity. Fig. 6.3(a) shows the resulting parabolas. Open circles
represent 3.6 eV and closed circles 3.16 eV photon energy. A fit reveals their slopes
which are proportional to

p5 - iy =8.04, and p} - pf = 0.226- 1.5 (6.13)

The disentanglement of the two contributions to pathway II is not so straight forward.
If we overlap the two colours on the sample in space and time we always get contribu-
tions of all pathways depicted in fig. 6.2. To extract only the two-colour pathway II we
have to subtract the background due to each single colour transition. This background
is obtained at long delay time where a two-colour excitation can be excluded. As next
step the light intensities were adjusted such that the signal intensity for each single
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Figure 6.3: (a) Intensity dependence for single colour excitations to determine the slope.
Open circles represent 3.6 eV photon energy, closed circles 3.16 eV. (b) Intensity dependence
for two-colour excitation. The 3.16 €V intensity was kept constant while the 3.6 eV intensity
was varied.

colour was the same. Subsequently, the intensity at 3.16 eV photon energy was kept
constant while the intensity at 3.6 eV was varied. The resulting signal intensity depen-
dence is shown in fig. 6.3(b). The data fit well to a line and the slope is proportional
to

13- s+ el = 3.35, (6.14)

since the intensity I; is known. Up to now we have three equations for four unknown
parameters, which is not sufficient to solve. However, we are basically interested in
the last excitation step of II(a) and II(b). If we have a non-plasmon driven process
the transition probabilities p2 and E? should be equal as the final state is the same.
For comparison of both transition probabilities we substitute p2 = a - u?, where a is a
factor. Equations shown above then will change to B

1
pa -t = 8.04 - —, and ps - = 0.339 (6.15)

and
a- g gl 4l = 3.35 (6.16)

By combining equations 6.15 with 6.16, we get a = 5.5 as the enhancement of the
transition probability p2 compared to H?' This huge difference can only be explained
by a plasmon mediated transition and leads to the conclusion that both excitation
steps in 2PPE at plasmon resonance are driven by plasmon excitation. If we put the
above result into equations 6.15, we are able to determine the ratio of the excitation
probabilities Hg//ﬁ for the first step being 4.3. This is still a big enhancement but
lower than in case of the factor in the second step. If we take the intermediate state
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transition into account, this difference is reasonable because the 3.16 eV excitation is
more resonant in this regard (see sec. 5.2).

To summarize, we have observed an increase of the transition probability of 5.5 at
plasmon resonance, corresponding to a field enhancement of 2.3. In 2PPE the field
dependent emission yield scales with E* resulting in an enhancement by a factor of
30. This value is not so far from the quenching factor of 19 found by NO adsorption
on the same particle size in sec. 5.4, which we attributed basically to a quenching of
the plasmon excitation. The factor of 30 is about one order of magnitude lower than
the enhancement of the 2PPE yield of particles at plasmon resonance compared to
Ag(111), even after taking the supplementary QWS transition (sec. 5.2) into account.
This is in agreement with the not assigned enhancement factor of 10 at hy=3.16 eV
(sec. 5.3). The deviation has to be attributed to other properties of the nanoparticles,
e.g. the reduced transport efficiency of excited electrons into the bulk [79].
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6.3 Two-Colour Correlation

Two-colour correlation experiments provide on one hand the determination of excited
electron lifetimes. This is of particular interest with respect to the involved unoccupied
density of states, i.e. the quantum well states observed in sec. 5.2. On the other
hand, different decay channels of the plasmon have been proposed [111]. First, the
plasmon may decay by pure dephasing, i.e. the loss of the fixed phase correlation
between individual excited electrons. This is considered to result in a distribution of
the plasmon energy among participating electrons. Second, the plasmon may decay
into a quasi-particle (electron-hole pair) or reemission of a photon (luminescence).
These processes should result in a completely different population dynamics of energy
levels above Fermi level. By choosing one colour at plasmon resonance and the other
off-resonant, we are able to retrace the population dynamics upon plasmon excitation.

Experiments were carried out in the same manner as previously described. One
colour was chosen at plasmon resonance (3.6 V) and the other off-resonant (3.16 eV).
Both colour intensities were adjusted for equal photoemission intensity in each case.
The spots were overlapped in space and time on the sample. Subsequently, the delay
between the pulses was changed in 45 fs steps. In fig. 6.4 resulting spectra of 7 nm
silver particles are shown. Data are smoothed and the background due to single-colour
transition is subtracted. At negative delay time the pump energy is 3.6 eV and the
probe energy 3.16 eV, at positive delay time vice versa.
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Figure 6.4: Two-colour correlation signal for varying delay times between 3.16 €V and 3.6 eV
photon energy pulses on 7 nm silver particles.
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In fig. 6.4 we can see the usual spectral shape for the nanoparticles. However, it
has to be emphasized that each spectrum consists of the contributions of two different
excitation pathways as discussed in the previous section. In this figure, the zero delay
point indicates the point where the electron population for the high energy feature,
excited with the different pump pulses, reaches its maximum. In sec. 6.1 we have seen,
that the maximum intensity marks not necessarily the time when the two pulses meet
at the surface. However, at high energy above Fermi level, this is in good approximation
the case since we can exclude a contribution by hot electrons. At lower energies, we can
see the maximum shifting to positive delay, which can be easier recognized in fig. 6.5
for different intermediate state energies.

Each correlation curve, represented by closed
circles in fig. 6.5, was obtained by integrating over
an energy interval of 0.2 eV. The curve at the bot-
tom belongs to 3.05 eV above Fermi energy, up-
per curves belong to 1.05 eV and 0.75 eV. It can
be clearly seen that the intensity maximum shifts
to positive delay as the energy above Fermi level
decreases and the curve shape becomes asymmet-

T . ric. These effects are due to the different excitation

De|gy Ifs] 200 and decay pathways and have been analyzed by the

rate-equation model derived in sec. 6.1. The corre-

Figure 6.5: Two-colour correlation sponding fits are shown as black lines. The correla-

data at 3.05, 1.05, and 0.75 eV above tion width of both laser pulses was determined by

Fermi energy (from bottom to top). the fitting at high energies to be 108 fs and kept

constant for lower energies. Fit-parameters are the

zero delay position, factors for the associated signal distributions, and the lifetimes of
the intermediate states.

Intensity

-200

Fig. 6.6 represents the position of the zero delay point of the correlation as obtained
from the fit. It is plotted in dependence on the intermediate state energy. As fit
parameter, the zero delay point cannot be understood any more as the time delay
when the two pulses meet at the surface. Rather, it indicates the maximum of the
current population deconvolved by the laser pulse shapes (see sec. 6.1). Consequently,
at high energies this position corresponds to zero delay of the pulses as long as we can
exclude a hot electron contribution. At lower energies, however, the creation of hot
electrons becomes relevant. Their usual generation process will be described below.

If we consider an electron being excited by a pump photon it may scatter with a
low energy electron and transfer a part of its kinetic energy. This electron and the
original one then may suffer the same procedure again leading finally to an electron
cascade. Such a scenario will lead to a population of the unoccupied low energy states
at times larger than time zero - the lower the energetic position the longer it takes.

In our model we were not able to include repopulation as described above. There-
fore, at lower energies where these effects become relevant, the different excitation
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Figure 6.6: Zero delay position of the correlation in dependence on the intermediate state
energy.

pathways are pivotal. As the 3.6 eV pulse probes deeper lying states with correspond-
ing longer population times than the 3.16 eV pulse, the zero delay point is shifted to
positive delay. This indicates that the plasmon decay proceeds in this case by coupling
to single electrons. A direct decay channel of the plasmon due to dephasing of the
excited electron cloud, as mentioned above, can only be of minor importance.
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Figure 6.7: Fit-factors for each two-colour pathway of the correlation. Data for 3.6 €V pump
energy are given by the solid line, data for 3.16 eV pump energy by the dashed line.

In fig. 6.7 the resulting factors f;/, for each pathway are plotted. fi/, are directly
proportional to the signal intensity:

fl X :U’%Il ) :U/g[? . Q(Eoccupied) . Q(Eunoccupied) (617)
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fQ (8 H;Il : E?IQ : Q(Eoccupied) : Q(Eunoccupied)a (618)

where 0(Eoccupied) represents the occupied density of states and o( Eynoccupied) the un-
occupied density of states. That means: The resulting shapes in fig. 6.7 would be
expected for a 2PPE spectrum of each excitation pathway separately. The solid line
gives the result for 3.6 eV pump and 3.16 eV probe, the dashed line vice versa. The
intensities of both spectra are equal giving support to the result of the previous section
that plasmon excitation is involved in each pathway. Close to the Fermi edge again
the feature due to the quantum well state transition can be seen for the dashed line.
Although the noise for the solid line is higher still a feature can be identified but shifted
to lower energy. This shift is due to the different pump energy and in agreement with
the results of sec. 5.2. Now we focus on the onset of the hot electron distribution at
around -1.4 eV in fig. 6.7. By addition of the pump energy to the energy scale we can
compare this onset with fig. 6.6. In fact, it coincides with the onset of the zero point
walk-off, supporting our previous interpretation.
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Figure 6.8: Intermediate state lifetimes for the different excitation paths in dependence on
the intermediate state energy. The solid line represents data for 3.6 eV pump energy, the
dashed line data for 3.16 eV pump energy. Solid bars indicate QWS positions for 7 nm
particles (14 ML), dashed bars for 13 ML.

Finally, fig. 6.8 presents the population lifetime in dependence on the intermediate
state energy. The solid line shows data for 3.6 eV pump energy, the dashed line for
3.16 eV. As in each case a different energy range is probed, the spectra are shifted.
In the model and also in the fitting we have neglected population effects. Therefore,
lifetimes lower than 1.5 eV appear too long. This gives an explanation for the deviation
between the spectra at low energies. As the pump energy differs, the produced hot
electrons populate different energy ranges.

In sec. 5.2 unoccupied quantum well states were detected which are expected to in-
fluence the lifetime at respective energies, as has been observed on thin silver films [95].
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Indeed, at high energies pronounced fluctuations in lifetime occur. However, lifetime
maxima do not coincide with quantum well state positions (solid bars in fig. 6.8), as
expected from the model (see sec. 2.1.2) for this particle size. Rather, lifetime maxima
appear shifted to higher energies, which could be attributed to the uncertainty of the
particle preparation. For the adjacent smaller thickness (dashed bars in fig. 6.8) the
agreement is much better. Yet, up to now no quantum well state has been detected
beyond 3 eV above Fermi level. This has been assigned to the missing confinement
due to the alumina band gap (see sec. 2.1.2), which is supposed to extend only up to
around 3 eV. Alternatively, the lack of its former detection could be attributed to the
reduced transmission probability in 2PPE to this state. Its wavefunction, extending
further into the vacuum at high energies than at lower energies (see sec. 2.1.2), should
deviate particularly from lower states.

Very recently, theoretical results on excited electron lifetimes for this particle size
have been published [103]. These results show fluctuations of the lifetime depending
on particle size, which was attributed to confinement effects. In contrast, Merschdorf
et al. measured a monotonous increase of lifetimes for higher binding energies on
silver nanoparticles on graphite [79]. Consistently, their 2PPE spectra did not show
a distinct feature, as was detected in sec. 5.2 and attributed to a quantum well state
transition. As data of the electron dynamics for these particle sizes are scarce, these
measurements should be extended to different particle sizes, especially since electron
dynamics is considered to play a key role in surface photochemistry.
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Chapter 7

Summary and Outlook

This thesis is concerned with the study of electronic properties of nanoparticles by
ultrashort laser spectroscopy, as it is the electronic properties of the substrate that are
considered as the driving force in surface photochemistry. As a model system silver
nanoparticles on an alumina film have been chosen, providing the optical excitation
of the surface plasmon. One-photon and two-photon photoemission spectroscopy have
been employed to probe the electronic structure as well as the electron dynamics on
the nanoparticles. The first technique provides information on the occupied density
of states in the vicinity of the Fermi level. The second technique is both sensitive to
the occupied and unoccupied density of states and enables the optical excitation of
the surface plasmon. To enhance the temporal resolution the existing laser system was
extended by a self-constructed noncollinear optical parametric amplifier. Thus, the
pulse width could be reduced from 100 fs to less than 60 fs, approaching the range
of plasmon or excited state lifetimes of less than 20 fs. Furthermore, the noncollinear
optical parametric amplifier opens up a wider spectral range which enables one-photon
photoemission. Its small required pump intensity provides two-colour experiments.

Density of States

In one-photon photoemission (1PPE) spectroscopy a peak detected below the Fermi
level could be assigned to the silver nanoparticles after eliminating the contribution by
the support. With increasing particle size the peak shifted to lower binding energy.
Lowering the work function by deposition of cesium reveals a similarity to the Shockley
surface state on Ag(111), as also in the case of nanoparticles a partial quenching as well
as a shift to higher binding energies are observed. An analysis of this shift within the
phase accumulation model of surface states suggests a shift of the sp-band of 0.13 eV.

In 2PPE spectroscopy a broadened feature at equal binding energy as for 1PPE
was detected. Its altering with photon energy can be assigned to a resonant transition
from an occupied state via an unoccupied state. It is this occupied state that can be
identified with that recorded in 1PPE. A lowering of the work function by deposition of
cesium shows also an influence on the unoccupied state position and reveals additional

89
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features above the Fermi level. The entire peak ensemble can be explained by quantum
well states (QWS) as it is emphasized by a complete description of the experimental
features by a QWS simulation for a broad particle size distribution. It gives evidence
for the limitation of the QWS series at the first occupied state. The assumption of
QWS in this case consequently reveal major differences in the electronic structure of
the silver nanoparticles with respect to the single crystal: The sp-band structure must
be postulated to change from nearly free electron like in case of Ag(111) to free electron
like for the nanoparticles. This is explained by a disordered arrangement of atoms in
a silver particle. A change of the sp-band structure gives also an explanation for the
missing sp-intraband transition peak in case of nanoparticles which is prominent on
Ag(111).

In 2PPE spectroscopy a tremendous enhancement of the photoemission yield on
silver nanoparticles is observed. Depending on particle size it increased at hv=3.16 eV
by up to 100 times compared to Ag(111) and the bare alumina film. At plasmon
resonance (hv=3.6 eV) a further increase by a factor of 6 is found. A major part
of the enhancement at hry—3.16 eV can be assigned to a resonant transition between
QWS mentioned above. This makes a correction of the detected plasmon resonance
necessary which has been determined only by the photoemission yield. The correction
causes only a slight shift in energy but an immense decrease in intensity at the low
energy wing of the plasmon resonance. This result suggests that the observed cross
section for photodesorption on this system at hv=3.2 eV [105] is not plasmon induced
but rather due to the intermediate state enhanced transition probability.

Role of Plasmon Excitation

The nonradiative decay channels of surface plasmon excitation, especially its coupling
to the local density of states, have not been elucidated, yet. The present results ob-
tained by two-photon photoemission spectroscopy however contribute to establish a
picture of the interaction between plasmon excitation and the local density of states.

The plasmon excitation showed a pronounced coupling to the occupied state in the
vicinity of the Fermi level, accompanied by an overall enhancement of the photoemis-
sion yield. The analysis of the 2PPE yield showing a deviation from cubic particle size
dependence for particles greater than 8 nm suggests particle coalescence at these sizes.
As has been found for the intermediate state transition, too, no qualitative difference
between excitation at plasmon resonance and off-resonance was observed in this case.
In general, the response of a silver nanoparticle to the photoinduced electric field can
be regarded as screening of the nearly free 5s-electron cloud against the positive ion
cores. Thus, a decrease of the photoemission yield for particle sizes larger than 10 nm
can be interpreted in terms of retardation effects occurring when the photoinduced
field is not homogeneous throughout the particle any more.

By exposure to NO the "hot spot" generation at Ag(111) defects, mediated by sur-
face plasmons, is quenched. Also the plasmon excitation on nanoparticles is damped by
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a factor of 19. A quadratic dependence of the photoemission yield on the induced work
function change is found. This implies that both excitation steps in 2PPE are driven
by plasmon excitation which has also been confirmed by two-colour experiments. In
the latter case, an enhancement of the photoinduced electric field at plasmon resonance
by a factor of 2.3 was determined.

This field enhancement results in a factor of 30 for the 2PPE yield at plasmon
resonance which is a factor of 10 lower than the observed enhancement compared to
Ag(111). A similar factor was found for the off-resonance excitation after elimination of
the QWS transition enhancement. This factor must be attributed to other properties
of the nanoparticles, e.g. a longer lifetime of excited electrons.

Finally, time resolved two-colour experiments show that the hot electron distribu-
tion in case of plasmon excitation stems from an initial photoexcitation of electrons
corresponding to the applied photon energy. Due to electron-electron scattering these
high energy electrons are cooled to produce a low energy distribution above Fermi level.
This manifests in longer delay times for low energy electrons. Thus, the surface plas-
mon excitation equals the usual photoexcitation process of conduction electrons in a
metal: The collective response to the photoinduced field condenses in the excitation of
a single electron upon nonradiative decay. Since the plasmon excitation is resonant it
leads to a higher absorption of light resulting in an enhancement of the surface electric
field.

Summarizing we have presented a detailed analysis of the density of states of silver
nanoparticles suggesting occupied and unoccupied quantum well states. This electronic
structure differs essentially from that of a single crystal and is therefore considered
to have a significant relevance in surface photochemistry as well as in heterogeneous
catalysis. The excitation of the surface plasmon in these particles leads to a field
enhancement supporting photoexcitation processes. Resulting photoemission spectra
could be interpreted by a coupling of the plasmon to an electron of the occupied QWS
upon decay.

Outlook

Time-resolved two-colour experiments provide the possibility to determine unoccupied
state lifetimes of substrate and adsorbate. In the present case especially the interaction
between quantum well states and the lowest unoccupied molecular orbital (LUMO) of
adsorbates would be of particular interest with respect to surface photochemistry. As
has been shown, quantum well states provide tailoring of the density of states by varying
the particle thickness or the work function, e.g. by cesium deposition. In that fashion,
an overlap with adsorbate orbital levels can be achieved and a selective photoexcitation
to corresponding energy levels. This selectivity could be improved by narrowing the
particle size distribution, e.g. by laser shaping [22, 118§].

Another selectivity with respect to excitation is provided by plasmon excitation.
By using a Ag/Au alloy its resonance position can be tuned in between the original
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resonance positions. Further, the construction of particle shells of these metals provides
different plasmon resonances on a single nanoparticle [14]. In that way, one could tailor
the properties of the substrate in order to drive specific reactions. The exciting light
then could simply be white.

As NO damps the plasmon excitation it seems not to be suitable as adsorbate
with respect to plasmon induced desorption at first glance. However, as there exist
other properties of nanoparticles enhancing the photodesorption cross section, an initial
deactivation of the plasmon excitation may provide information on these properties.
With this knowledge, subsequently other adsorbates could be used, which permit the
excitation of the plasmon, as e.g. CO, which is supposed to have a smaller influence
due to its lower bonding energy.
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