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Abstract

The goal of this work is to study the interaction between excass electrons in water
ice structures adsorbed on metal surfaces and other chargest neutral species, like al-
kali ions, or chemically reactive molecules, like chloro wrocarbons (CFC), respectively.
The excess electrons in the ice can interact with the ions dectly or indirectly via the
hydrogen bonded water molecules. In both cases the presencé the alkali in uences
the population, localization, and lifetime of electronic dates of excess electrons in the
ice adlayer. These properties are of great relevance whenrmsidering the highly reactive
character of the excess electrons, which can mediate cheraiareactions by dissociative
electron attachment (DEA).

The in uence of alkali adsorption on electron solvation andtransfer dynamics in ice
structures is investigated for two types of adsorption con gurations using femtosecond
time-resolved two-photon photoelectron spectroscopy. Irthe rst system alkali atoms
are coadsorbed on top of a wetting amorphous ice Im adsorbe@dn Cu(111). At tem-
peratures between 60 and 100 K alkali adsorption leads to théormation of positively
charged alkali ions at the ice/vacuum interface. The interection between the alkali ions
at the surface and the dipole moments of the surrounding wate molecules results in
a reorientation of the water molecules. As a consequence neglectron trapping sites,
i.e. at local potential minima, are formed. Photoinjection of excess electrons into these
alkali-ion covered amorphous ice layers, results in the traping of a solvated electron
at an alkali-ion/water complex. In contrast to solvation in pure amorphous ice Ims,
where the electrons are located in the bulk of the ice layer,@vated electrons at alkali-
ion/water complexes are located at the ice/lvacuum interfa@. They exhibit lifetimes
of several picoseconds and show a fast energetic stabiliza. With ongoing solvation,
i.e. pump-probe time delay, the electron transfer is mediated bytunneling through a
potential barrier which is determined by the thickness of the ice layer.

In the second system electron solvation at small alkali/waer clusters directly pre-
pared at the metal substrate is investigated. In these expements the average number
of water molecules in such a cluster can be controlled so thahe population and stabi-
lization dynamics of excess electrons can be investigatedsa function of D,O coverage.
Two main e ects are observed: (i) the alkalis are solvated by areorientation of the
surrounding solvent molecules in the cluster; and (ii) aboe a critical number of water
molecules per alkali excess electrons can localize at theusters where they are ener-
getically stabilized. This critical ratio depends on the type of alkali and is inversely
proportional to the alkali-induced dipole moment.

Finally, it is demonstrated that trapped electrons in crystalline ice adsorbed on
Ru(001) can very e ciently mediate chemical reactions via dissociative electron at-
tachment. When electronegative molecules like CFG are coadsorbed with crystalline
ice a DEA process between trapped electrons and CFgImolecules occurs, resulting in
the formation of CFCI, radicals and Cl anions. These results suggest that photoex-
cited trapped electrons can play an important role in heterageneous chemical processes
on ice surfaces and could thus be relevant in the polar stratephere chemistry.






Kurzfassung

Das Ziel dieser Arbeit ist es, die Wechselwirkung zwischetberschusselektronen und
anderen geladenen oder neutralen Spezies wie Alkalionergder chemisch reaktive
Molekelle wie Fluorchlorkohlenwassersto e (FCKW), in D ;0 Eis auf Metallober achen
zu untersuchen. Die®berschusselektronen im Eis knnen mit den lonen direkt oder
indirekt eber die Wassermoleldle interagieren. In beiden Fallen fuhren die lonen zu
einer Beein ussung der Populationsdynamik und des Lokaligerungsorts der&berschus-
selektronen in der Eisadsorbatschicht. Diese Eigenschadh sind von gro er Bedeutung,
da diese Elektronen sehr e zient chemische Reaktionen durc dissoziative Elektrone-
nanlagerung (DEA) vermitteln k ennen.

Der Ein uss der Adsorption von Alkaliatomen auf die Elektro nentransfer- und Sol-
vatisierungsdynamik an den D,O/Cu(111)-Grenz achen ist fur zwei verschiedene Ad-
sorptionskon gurationen mit Hilfe zeitaufgel ester Zwei-Photonen Photoemissionsspek-
troskopie untersucht worden. Im ersten experimentellen Arsatz werden die Alkaliatome
auf eine geschlossene amorphe Eisschicht adsorbiert, wam iTemperaturbereich zwis-
chen 60 und 100 K zur Bildung von positiv geladenen Alkaliioen an der Eis-Vakuum-
Grenz ache #ihrt. Die Wechselwirkung zwischen den lonen an der Eisobemche und
den Dipolmomenten der umgebenden Wassermoleke fehrt zu einer Umorientierung
der Wassermolelgle, so dass neue Bindungsstellen bzw. Potentialminima eatehen, die
das Anlagern von photoangeregtentberschusselektronen an die Alkaliionen-Wasser-
Komplexe ermeglichen. Im Gegensatz zur Solvatisierung in reinem amorpén Eis, in
dem die Elektronen im Volumen der Eisschicht gebunden sindbe nden sich die sol-
vatisierten Elektronen an den Alkaliionen-Wasser-Komplexen an der Eisober ache. Sie
weisen Lebensdauern von mehreren Pikosekunden auf und zeigeine schnelle ener-
getische Stabilisierung. Mit fortlaufender Solvatisierung wird der Elektronentransfer
zureck zum Metall durch das Tunneln durch eine Potentialbarriere bestimmt, deren
Dicke durch die Dicke der Eisschicht gegeben ist.

Im zweiten experimentellen Ansatz wird die Elektronensohatisierung an kleinen
Alkaliatom-Wasser-Clustern untersucht, die direkt an der Metallober ache pmpari-
ert werden. Das macht es in diesen Experimenten meglich, die mittlere Zahl der
Wassermolekile in einem solchen Cluster einzustellen, und so die Popuians- und
Stabilisierungsdynamik der Uberschusselektronen als Funktion der Wasserbedeckung
Zu untersuchen. Zwei wesentliche E ekte werden beobachtet{(i) die Alkaliionen wer-
den durch eine Umorientierung der umgebenden Wassermolale solvatisiert, und (ii)
oberhalb einer kritischen Anzahl von Wassermoleklen pro Alkaliatom k ennen Uber-
schusselektronen an den Cluster gebunden werden. Diesesrieltnis ist umgekehrt
proportional zu dem Dipolmoment, welches das Alkaliatom irduziert.

Ferner wird gezeigt, dassberschusselektronen in kristallinem Eis auf Ru(001) sehr
e zient chemische Reaktionen durch DEA-Prozesse anregenénnen. So lennen CFCls
Molekele, die auf der kristallinen Eisschicht adsorbiert sind, rach Anlagerung eines in
der Eisschicht eingefangenen Elektrons zuCFCl, Radikalen und Cl lonen dissoziieren.
Dieses Ergebnis legt nahe, dass diese Elektronen eine wiifé¢ Rolle in heterogenen
chemischen Prozessen auf Eisobesichen in der Stratosplarenchemie spielen &nnen.
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1 Introduction

Interactions of electrons with matter lead to a huge variety of physical and chemical
processes that are of fundamental relevance in physics, amestry, and biology. When
an electron is injected into a polar molecular medium the solent molecules will react
in such a way that the energy of the system is minimized. This pocess is known as
solvation. Additional reaction pathways are opened when tle solvent molecules are
in contact with a metal or semi-conductor substrate so that dectron transfer through
interfaces can occur. This so-called heterogenous electraransfer (HET) is of vi-
tal importance in technologically relevant elds such as omganic optoelectronics and
nanoscale molecular devices [Zhu04]. The situation becormanore complex when the
solvent media is not homogenous anymore but contains otherharged or neutral species
or reactive molecules. In the latter case excess electrons the polar environment can
be attached to reactive molecules at the solvent/vacuum inerface such as chloro u-
orocarbons (CFC) and lead to their dissociation by dissocitive electron attachment
(DEA) [Lul0]. As these di erent aspects of electron solvatilm and charge transfer play
an important role in this thesis the concepts of (i) electron solvation, (ii) heterogenous
electron transfer and excess electron dynamics in thin adigers, and (iii) interactions
between excess electrons and coadsorbed charged or neutsalecies will be briey in-
troduced.

The rst observation related to solvated electrons howeverwas made for liquid
ammonia already in 1808, where after the addition of potassim a blue color of the
liquid was observed [Dav08]. Later, this observation was dtibuted to light absorp-
tion by excess electrons in the solution, which are surrouned by a cavity formed
by NH3z molecules [Kra08]. Excess charges in polar media are screghby reorien-
tation of the surrounding molecular dipoles. This processéads to a localization and
energetic stabilization of the charge. Generally, the mostimportant solvent is water,
where electron solvation has been extensively studied forxeess electrons in liquid water
[Lon90, Sil98, Emd98, Lae00] and gas phase cluster[Bra04ek05b, Tur05a]. Solvation
can as well occur for other charged species in polar solvenli&e alkali or halogen ions,
see for example [Hen02].

More recently electron solvation has been studied for ultréhin ice Ims or clusters
condensed on single crystal metal substrates [808a]. This surface science approach
yields several advantages compared to studies in the liquisdr the gas phase. The
samples are prepared under ultra high vacuum (UHV) conditims, which allows for a
precise and reproducible preparation and a systematic chacterization of the adlay-
ers. In addition, the structure of the prepared layers can bemodi ed in a controlled
way by variation of the preparation conditions, e.g. sample temperature, coverage, or
adsorption of impurity atoms/molecules, in order to investigate the in uence of the
structure on the electron dynamics at the metal/adsorbate interface. Furthermore,
the excess electrons are generated in the metal substratecim where they are injected
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into the molecular adlayer, whereas they are generated by pitoexcitation of the sol-

vent molecules in the case of liquids or gas phase cluster. €hgenerated photo hole
is screened in the metal so that it does not interact with the ecited electron. The
excitation of electrons in the substrate yields the advantaye that the electron dynamics
can be observed without the presence of dissociated water riezules. Indeed, electron
solvation dynamics in thin adlayers are a model system for HE because the coupling
strength between the donor and the acceptor state, which is dtermining the transfer

rate, is transiently changing. It has been shown that solvaed electrons in thin ice layers
on a metal surface subsequently localize, leading to an ineasing con nement of their
wave function, and accordingly to a reduction of the back trensfer rate to the metal

substrate [Gah02, Bov03]. Hence, the study of electron safition dynamics at ice/metal

interfaces allows the investigation of HET as a function of oupling strength.

So far only homogenous solvent adlayers have been discussddlowever, especially
the presence of additional charged species such as alkaln®can strongly in uence the
properties of excess electrons in the polar solvent. Scremyg e ects of the alkali ions
(Na*, K*, Cs") are expected to in uence the population, localization, ard lifetime of
electronic states of excess electrons. In order to discrimate between spectroscopic sig-
natures of electron and/or ion solvation occurring in the presence of positively charged
alkali ions and solvated electrons that occur in pure water i is a prerequisite to know
the contribution of the latter one, which has been studied bdore [Sta08a].

In the case of stratospheric or atmospheric chemistry the dali ions can play a sig-
ni cant role. It is known that heterogeneous reactions on the surface of icy particles in
stratosphere strongly participate in the chemistry involving pollutants [Rav97, Gar98].
In addition, excess electrons in ice are expected to activelparticipate in the reactivity
of water ice surfaces under ionizing radiation in the strat@sphere. Especially their role
in the depletion of the ozone layer is controversially discased [Lul0, Grol11]. The highly
reactive character of these species has been demonstratedthe case of CFCs deposited
on amorphous or crystalline water Ims, where the dissociaion of surface CFC is trig-
gered in an e cient way by excess electrons in the ice during kctron [Lu99a, Lu01b] or
UV photon irradiation [Ryu06]. The photoinjection of excess electrons from an electron
donor into polar molecular ice and their subsequent dynamis of localization and life-
time are therefore fundamental steps for the understandingf the interactions between
ionizing particles and ices of polar molecules.

In the framework of the thesis time- and angle-resolved twghoton photoelectron
(2PPE) spectroscopy has been performed to investigate thelectron dynamics in ice
structures adsorbed on metal surfaces especially in the psence of positively charged
alkali ions. 2PPE is a pump-probe technique that brings manyadvantages compared
to optical spectroscopy besides its surface sensitivity. tlallows for the investigation of
occupied and also of unoccupied electronic states below thecuum level of the sample.
Furthermore, absolute binding energies and absolute enedtic positions of electronic
states with respect to the Fermi level of the metal substratecan be determined knowing
the employed photon energies of pump- and probe pulse. In adlibn, the parallel mo-
mentum of the photoemitted electrons can be measured by pesfming angle-resolved

2



2PPE measurements, yielding information on the degree of kealization of the electronic
wave function of the excess electrons.

This work focuses on the interaction between excess electne in ice structures
adsorbed on metal surfaces and coadsorbed alkali atoms/ienor CFC molecules. In
chapter 2 an overview of electron solvation in liquid water Gection 2.1) and at water
ice/metal interfaces (section 2.2) is given. Here previousvork done in the group of Prof.
M. Wolf on electron solvation in amorphous ice on Cu(111) (setion 2.2.1) and electron
trapping in crystalline ice on Ru(001) (section 2.2.2) is summarized. Possible chemical
reactions of alkali ions and CFC molecules with water molecles or excess electrons in
the polar environment are discussed in the next two sectionsThe succeeding sections
introduce the properties of the metal substrates and the adsrbates investigated. In
chapter 3 the major experimental technique, time-resolve®PPE spectroscopy, and the
experimental setup, laser system and UHV system, is introdoed. Finally, experimental
details on the sample preparation and characterization aregiven in section 3.4.

The experimental results on electron-transfer and -solvabn dynamics at alkali/ice
structures adsorbed on Cu(111) are presented in chapters 4nd 5. First, it is shown
that coadsorption of sub-monolayer alkali coverages<0.15 ML) on top of a wetting
amorphous ice layer leads to pronounced changes in the dynaos of excess electrons.
For alkali adsorption temperatures between 60 and 100 K the atoionization of the al-
kali atoms leads to positively charged ions at the ice/vacuun interface, which results in
the appearance of a new species of solvated electrons at dik@n/water cluster at the
ice surface. Compared to solvated electrons in pure ice, tlse electrons exhibit much
longer residence times of several picoseconds in the polayker. The charge transfer of
these electrons back to the metal substrate is mediated by tnneling through a potential
barrier formed by the ice Im, as revealed by ice thickness-épendent measurements.
For alkali adsorption temperatures below 60 K the autoioniztion is hindered and the
highest occupied molecular orbital of the alkali atom in theice environment is observed
(section 4.2). The experiments presented in chapter 5 showhiat alkali atoms which are
directly adsorbed on the metal surface can be hydrated by sudequently deposited water
molecules that preferentially bind to the alkali sites. In addition, following the transient
change of the electronic structure as a function of water cosrage reveals interesting
changes as the water coverage increases. Most notably, a n@lectronic state appears,
which is attributed to excess electrons at the alkali-watercluster that are stabilized by
the response of the polar environment. Finally, an example dr the ability of excess
electrons in polar adlayers to trigger chemical reactionss given in section 6. Here, it
is shown that trapped electrons in crystalline ice, which pesent an extraordinary long
lifetime on the order of minutes and are located at the ice/vacuum interface, can induce
the dissociation of a CFC moleculeyia a dissociative electron attachment, resulting in
the formation of CI anions at the ice surface.






2 Investigated Systems and Processes

This chapter presents fundamental concepts on which this tlesis on electron solvation
in alkali/ice structures is based.

In the rst part of this chapter in section 2.1 the focus of the discussion lies on electron
solvation in polar molecular environments, and especiallyon molecular layers adsorbed
on a metal surfaces in section 2.2. Here an overview of the ekeon transfer and sol-

vation dynamics in amorphous and crystalline ice structures is given. The following

section discusses the ability of such solvated or trapped ettrons to drive chemical

reactions on ice surfaces. Photoinduced processes drivel bptically excited electrons

are closely related to processes which are driven by primarjow-energy electrons and
they actively participate to the photo-reactivity of water ice surfaces. In section 2.2.4
an overview of the standard of knowledge of the in uence of psitively charged ions,

e.g. alkali ions, on the properties of such doped water ice-surfaes and the possible
e ects on their chemical reactivity is presented.

In the second part the electronic properties of the metal subtrates Cu(111) and
Ru(001) (section 2.3) as well as the elementary propertiesfahe adsorbate water are
introduced(section 2.4). They are of fundamental interestas the metal substrates serve
as an electron donor and acceptor in the presented experimés) i.e. in the electron
injection process into the molecular layer and the decay of lie population of excited
states, respectively. Besides the bulk electronic structte of the substrate the surface
electronic structure and the image potential is of special mterest in photoemission ex-
periments. These properties are as well addressed in seati@.3.

Finally, the excited states of chemisorbed alkali atoms on ametal surface are in-
troduced in section 2.5. Due to a partial charge transfer fron the alkali species to the
substrate an unoccupied resonance evolves. Such systemdiie presence of water have
been investigated in the framework of this thesis.
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2.1 Electron Solvation in Water

When an excess electron is added to a polar environment theedtric eld of the charge
will interact with the dipole moments of the solvent molecules. This interaction leads
to a reorientation of the polar molecules and an energeticé} stabilization of the charge,
a process which is called electron solvation. Although mor¢han 200 years have passed
since the rst reported observation of solvated electrons ecognized by the blue color of
liquid ammonia containing contaminations [Dav08] the nature of excess electrons is still
of continuing interest and a complete understanding is not sttled, yet . 50 years ago
solvated electrons? have also been observed for the rst time in liquid water [Har62].

The generation of excess charges in water can occur via di ent pathways. A direct
photoexcitation of the solvent molecules lead to its ionizéion. In the condensed phase,
water ice can be seen as a large band-gap insulator [Guo02}s ionization requires over-
coming its ionization potential of 8 eV, via a single- or a multi-photon process. Another
way to provide excess charges is to add them to the system by dihg electron donor
atoms or molecules €.g. alkali atoms). However, the presence of charged molecules o
ions can in uence the electron solvation dynamics as will bereported in this work for
alkali ions in water ice (see chapter 4). Finally, low-kineic energy electrons generated
by UV irradiation can also be directly captured by the water network.

A simple but very successful model to describe the optical gperties of solvated
electrons in water is the so called Kevan or cavity model [Ke81, Lud04, Mar10]. Like
depicted in the upper right panel of Fig.2.1 the electron is sirrounded by spherical
cavity formed by six octrahedrally distributed water molecules. One of the H-atoms
of every molecule surrounding the electron is pointing towads the solvated electron
forming the rst solvation shell with a radius of roughly 4 A in equilibrium [Zha06b].
However, alternative models for the structure of solvated &ctrons have also been pro-
posed. Based on DFT calculations Zharet al. also proposed a cavity containing Six
water molecules [Zha03]. But in contrast to the Kevan model he electron forms two
strong electron-hydrogen bonds of the e H-O type with the hydrogen-bonded water
cluster and two of the hydrogen bonds in the neutral water clster are broken. In an-
other alternative model description the solvation occurs va the formation of a solvent
anion complex [Mar99]. Recently, these cavity models have déen challenged by molec-
ular dynamic simulations using rigorously derived pseudoptential [Lar10]. Instead of
residing in a cavity Larsen et al. found that the hydrated electron is occupying a region
of enhanced water density with a diameter of 1 nm.

Either residing in a cavity or in a region with higher water density the optical
adsorption spectrum of solvated electrons can be modeled thi a good quantitative
agreement to experimental spectra. The absorption has a masoum at 1.725 eV and
is rather broad (0.84 eV) [Zha06b] as shown in the lower rightpanel of Fig. 2.1. The
absorption spectrum is dominated by the transition of the sdvated electron from its

1One hundred years later this observation has been explainedby the absorption of excess electrons
residing in a cavity formed by ammonia molecules [Kra08].

23olvated electrons are also referred to us hydrated or ammoriated electrons when they are solved
in water or ammonia, respectively.
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Figure 2.1: Left: energy diagram of the solvation and electronic excitation of &cess electrons
in water. The electron can be excited from its ground state to a p-lile state and to a higher
lying delocalized conduction band (adopted from [ZhaO6b]). Upper Rigt: Kevan model of the
solvated electron. (adopted from [ZhaO6b]) Lower Left: optical dsorption spectrum of liquid
water (modi ed from [Sch68]).

s-like electronic ground state to the p-like rst three excited states (see left panel of
Fig.2.1). The absorption of photons with energies above 3.&V leads to the population
of the delocalized conduction band in liquid water [Ass99, 8n01]. Furthermore, the
optical excitation leads to a displacement along the inertal solvation coordinate. As a
consequence the relaxation occurs to vibrationally excité levels, involving H,O libra-
tion, resulting in a broadening of the spectrum [Bal99]. Besgles the structure of the
solvated electron in liquid water also the interpretation of its relaxation dynamics is a
eld of ongoing interest and controversy. The vertical transition from the s-like ground
state to the p-like excited states happens on a faster timesde then the surrounding
water molecules can relax to their new equilibrium position after the transition. By
measuring the transient adsorption spectrum three distin¢ timescales can be observed.
However, the interpretation of these three decay processas not unambiguous. Barbara
et al. attribute the initial changes in the transmission spectra to librational motion 2 of

3A librational motion is a hindered rotation of the molecules . As in water every water molecule
interacts with its neighboring molecules by hydrogen bonds it has a preferred orientation and can
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the solvent molecules on a 35-80 fs time scale, as it presents a strong isotope e ect
by substituting hydrogen with deuterium atoms [Yok98]. This process is followed by a
nonadiabatic internal conversion to the ground state on the200-300 fs time scale. In the
last step the long-time relaxation of the s-like ground stat takes place on a 1 ps time
scale. In the interpretation of Larsen and coworkers the redxation pathway involves
rst a rapid internal conservation followed by slow ground state cooling [Lar10], which
is in contradiction to the mechanism discussed above.

Great e ort has been invested in the investigation of the sohation dynamics of
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electrons in water anion clusters. Such (HO), clusters of de ned sizen are fre-
quently used to study electron solvation dynamics in nite systems [VerO5b]4. For
a long time the binding energy of the hydrated electron coula't be determined di-
rectly in bulk water. Hence, it is often derived from the extrapolation of the ver-
tical binding energy (VBE)® of (H,O), clusters to in nite cluster size [Coe90]. It
was found that the VBE depends linear onn 5 [VerO5b]. A comparison of exper-
imental binding energies as a function of the size of the clusr n is presented in
Fig.2.2. Furthermore, it is still controversially discussed in theory and experiment
whether the excess electron resides in the bulk or at the suate of these clusters
or both [Bar88, Bar93, Pai04, VerO5b, TurO5a, Ver05a, TurO%®, Coe06]. Up to now
there is no agreement between experiment and theory in how fathe transition from
a surface to an interior solvation site depends on the clustesize and on its structure
[Fri08, TurO5a, Ver05b]. Neumark and coworkers found in thé photoelectron spec-
tra from (H,0), clusters three di erent isomers with di erent VDEs as depicted in

therefor not freely rotate.

“n stands for the number of water molecules in the anionic cluster.

5In literature on hydrated electrons in anionic water cluste rs the synonym vertical detachment energy
(VDE) is frequently used.
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Fig.2.2 [VerO5b, KamO06]. Isomer | clusters are believed to antain solvated electrons
which are bound at interior sites, whereas isomers Il and lllare attributed to surface
bound electrons.

Recently, Siefermannet al. have performed photoelectron spectroscopy measure-
ments on liquid water jets [Siel0]. They state that they can row unequivocally prove
the existence of solvated electrons bound at the water surfae and in bulk water, with
VBE of 1.6 eV and 3.3 eV, respectively (see Fig.2.2). Extraplating the VDEs for the
three di erent cluster isomers mentioned above indeed showtat the data for isomer |
converge to the VBE measured for the bulk solvated electronsnd that the VDEs for
isomers Il and Il converge to the VBE of the state of the electon at the liquid surface.

In this last section an overview of electron solvation in liquid water and anionic
waters clusters of dierent sizes has been given. The very abte research and the
controversial discussions in the last years prove that elémon solvation processes are
still of great interest as justi ed by the relevance of charge solvation in various elds
ranging from biology to atmospheric chemistry. The focus inthe following section lies
on electron solvation dynamics at water ice-metal interfa@s and previous works on this
subject.
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2.2 Electron Solvation at Water Ice/Metal In-
terfaces

Electron solvation occurs both in polar liquids or clustersas well as in the condensed
phase of polar solvents adsorbed on a metal- or semiconductsurface. The electron
transfer and solvation dynamics of di erent solvents such Ike water [Gah02, Bov03,
Sta08a] alcohol [Li06], nitrils [Ge00, Szy05], and ammonia lgers [S®08b] at various
metal and semiconductor interfaces [ZhaO6a, Zha06b] haveden studied extensively. In
contrast to the electron solvation studies in liquids or clusters the presence of an inter-
face o ers another possibility for the generation of an exces charge. By photoexcitation
of electron-hole (e-h) pairs in the substrate electrons carbe injected in the molecular
adlayer. In this scheme the substrate serves as the chromophe and electron source
and the solvation dynamics of the excess electron can be obrged without the in uence
of electron-donating atoms or ions. The understanding of tke pure electron solvation
dynamics is the fundamental prerequisite to investigate the the in uence of positively
charged ions on the electron dynamics of these systems. In ¢hfollowing section the
current understanding of electron solvation dynamics in waer ice will be discussed.
As will be shown later, the dynamics depend strongly on the mgohology of the ice
Ims. Therefore, the rst part of this section concentrates on the ultrafast dynamics in
amorphous ice on Cu(111), whereas the second part focuses thre considerable slower
dynamics of crystalline ice on Ru(001).

2.2.1 Electron Solvation Dynamics in Amorphous Ice on Cu(11 1)

The ultrafast electron dynamics at ice-metal interfaces ae characterized by four elemen-
tary steps. The initial photoexcitation of electrons in the metal substrate is followed by
charge injection into the adsorbate layer. Consecutivelythe electron localizes at pre-
existing potential minima where an energetic stabilizatian occurs. Finally, the electron
decay back to unoccupied metal states with a nite probability. In the following these
steps will be introduced in detail. A representative data sé of a time-resolved two-
photon photoemission (2PPE) measurement of a 4 bilayer (BL)thick amorphous D,O
layer 6is shown in Fig.2.3.a. The 2PPE intensity is plotted in a fal® color representa-
tion as a function of energy with respect to the Fermi level ofthe Cu(111) substrate
(left axis) and as a function of pump-probe time delay (bottom axis). The spectra
exhibit two distinct features, a broad continuum ecg around zero time delay and at
E Er =2:9 eV a distinct peak es that is shifting to lower energies with increasing
time delay. As can be directly seen from the spectrum in 2.3, e intensity of both
spectral signatures decreases with increasing time delayWhereasecg decays within
the duration of the laser pulses the long-living featurees can be observed for several
hundred fs. Time-and angle resolved photoemission data isrpsented in Fig.2.3. It
was shown before by angle-dependent 2PPE that the continuunecg (solid markers
in Fig.2.3b)) exhibits a quasi-free electron like dispersin with an e ective mass equal

8Details on the preparation of ice layers and 2PPE is given in chapter 3.
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to the free electron massmegsy = 1:0(2) me [Bov03]. The dispersion indicates the
delocalized character of this band. The peales (open symbols) shifts to lower energies
with time delay and shows an apparently negative dispersiohwhich becomes stronger
with increasing time delay. This behavior suggests that theelectron wave function of
this state becomes progressively localized.
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Figure 2.3: Angle- and time-resolved 2PPE spectra of amorphous PO on Cu(111l). (a):
2D false color representation of the 2PPE intensity as a function ofpump-probe delay and
the intermediate state energy with respect to the Fermi level. Thewhite circles mark the peak
maximum of the spectral distribution of the solvated electronses. (b): Angle- and time-resolved
2PPE of D,O/Cu(111): dispersion of the conduction band ecg (solid markers) and solvated
electronseg for di erent time delay t (open symbols). Modi ed from [Bov03]

On the basis of the presented time- and angle-resolved 2PPExperiments on amor-
phous D,O on Cu(111), the underlying fundamental processes of chaggtransfer, lo-
calization, energetic stabilization and electron back transfer will be discussed. Fig.2.4
presents a schematic representation of these elementaryegis.

(1) In a rst step photo absorption in the metal substrate leads to generation of
e-h pairs. As a consequence of the wide band gap of ice of 8.2 ¢8hi77], which

"The apparently negative dispersion of es is a result of the nite bandwidth, ky, of the interfacial
electrons in momentum space and the experimental fact that t he spectra are taken at a speci ¢ angle
and not a specic  Kki. The origin of the apparent negative dispersion is described in more detail in
[Bov03].

11
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Figure 2.4: Schematic representation
of the elementary processes of electron
solvation in amorphous D,O at metal h e E
interfaces: The absorption of photon I, Kin
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makes a photoexcitation within the ice layer very unlikely for photon energies below
the band-gap, all photoexcited electrons originate from tke Cu(111) crystal. The ex-

cited electrons can then be injected into the DO layer due to wave function overlap

of delocalized states of the metal with the conduction band CB) of ice. The feature

ecp in the spectrum in Fig.2.3a) is assigned to the CB of the ice Iger, because of it's
free-electron like behavior, characteristic for a delocated state. The fast decay of the
electrons in the ice conduction band within the duration of the laser pulses indicates
a strong electronic coupling between CB electrons and unocpied metal states. The

strong coupling leads to an e cient charge injection of excited electrons into the ice

adlayer via the conduction band.

(2) and (3) The excess electrons in the CB can localize at prexisting traps at or
below the band bottom. These potential minima can for instarce originate from weak
or broken hydrogen bonds [Nor07]. The trapping of the excesslectrons is re ected by
the non-positive dispersion of the spectral signaturees. The apparent negative disper-
sion is explained by the nite bandwidth of the solvated eledrons in k-space and the
rather broad peaks in energy, which is explained in detail in[Bov03]. The transient
localization of the excess charge is driven by a reorientatin of the surrounding water
molecules. The reorientation of the water dipole moments irnthe vicinity of the excess
electron also leads to an energetic stabilization of the etdgron. This stabilization is
observed as an energetic shift of the maximum of thes peak with increasing time de-
lay (see Fig.2.3a)). The localization and energetic stabikation of excess electrons are
characteristic properties of electron solvation in polar Iquids. Therefore the spectral

12
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feature es can be assigned to solvated electrons in amorphous,D ice layers.

(4) The population of the solvated electron state continuosly decays back to the
metal substrate. The ongoing screening of the excess chardem the Cu(111) sub-
strate caused by the continuous rearrangement of surroundig water molecules leads to
a subsequent reduction of their decay probability and to an hcrease of their lifetime in
the ice. As a consequence the population ofs decays non-exponentially and can be
observed up to 1 ps.

In addition to the above mentioned population and energetic stabilization of the
solvated electron states, an important parameter to consiér is their localization within
the molecular ice. Indeed, such electrons either reside irhe bulk of an ice Im or at the
vacuume-ice interface. The binding site of a solvated electin is not solely determined
by the spatial distribution of attractive sites but its rele vance is also in uenced by the
population probability of these potential sites. To address the question of the solva-
tion site experiments have been performed where the electstatic environment of the
excess charge is in uenced by adsorption of a dielectric medm such like xenon atoms
[Sta07a, Mey08]. For closed amorphous ice layers solvated elemns are embedded in
the bulk of the layer [Mey08]. For D,O coverages with a mass equivalent of less than
2 BL ice clusters are formed on Cu(111). In this case the adsption of Xe atoms leads
to a strong change in the binding energy of the solvated elecbns which indicates that
they reside at the ice-vacuum interface [S407a, Mey08]. The binding site of excess
electrons strongly depends on the ice morphology and the lat arrangement of the wa-
ter molecules as will be shown in the next section on electrosolvation in crystalline ice.

2.2.2 Electron Trapping in Crystalline Ice on Ru(001)

As already mentioned in the previous section the electron dgamics in water ice de-
pend strongly on the morphology and structure of the adsorb&e. Experiments have
been performed showing that structural changes, which ocauduring the crystallization
of amorphous layers of polar moleculese.g., water and ammonia, can lead to drastic
changes of the respective electron dynamics [Gah04,&17b, Bov09, S&ll]. The present
section reports on the dynamical evolution from femtosecods to minutes of an excess
electron in crystalline ice structures adsorbed on Ru(00lsubstrate.

The left panel of Fig.2.5 presents a series of 2PPE spectra afrystalline D,O on
Ru(001) taken at di erent time delays between pump- and probepulse. At intermedi-
ate state energiesoE Er = 3:2eVandE Eg = 3:8 eV spectral signatures of the
n =1, 2 image-potential states(IPS) are resolved. It is known for metal-molecules inter-
faces that IPS may exist, which are delocalized parallel tolie interface and bound with
respect to the vacuum level [Ech04]. They exhibit lifetimesof ; 5 fsand , =50 fs,
respectively. The state observed aE Efr =2:2 eV is attributed to long-living trapped
electrons at the ice/vacuum interfaces and will be referredto as er. It exhibits a sig-
ni cantly di erent behavior than the IPS. The rst and most st riking di erence is the

13
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Figure 2.5: Trapped electrons in crystalline D,O/Ru(111). (a) Time-resolved 2PPE spectra
at the indicated pump-probe delays on a 2 BL crystallineD,0O adlayer adsorbed on Ru(001).
(b) 2PPE spectra with time delays of seconds. (c) Schematic repsentation of the pump-probe
excitation and electron trapping in crystalline ice. (d) Single color 2PPE spectra taken for
di erent UV photon energies. The inset displays the intensity of the ey peak as a function of
photon energy normalized to the intensity forh =3:9 eV. Modi ed from [Bov09]

extraordinary long lifetime of this excited state. Fig.2.5.b shows the complete spectral
signature of ey which can be followed over 17 orders of magnitude. Such an emous
lifetime of an excited state in front of a metal surface indiate that the trapped electron
has to be highly localized and very e ciently screened from the substrate. Secondly,
the temporal evolution of er shows a large stabilization of 0.6 eV within 10 min and
spans over all observed timescales.

The photo injection process was investigated by varying thephoton energyh pump
of the pump pulse. Respective spectra are presented in Fig2d as a function ofh pymp .
A threshold photon energy ofh ,ymp = 3.2 €V is necessary to generate electrons ier,
which coincides with the energy of the n = 1 IPS. This behaviorleads to the conclusion
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that, for photon energies above the threshold energy, eleobns are injected into the
laterally delocalized n = 1 IPS from where they can get trappea in the ice layer (cf.
Fig.2.5.c)®. The trapping of the excited electrons has to occur at pre-ebsting traps
as the residence time of the electrons in the rst IPS is only 5 fs which would be
not enough time for a molecular reorientation of the surrourding water molecules. In
contrast a dynamic polaron formation can be ruled out as thiswould also require a
longer formation time for lattice distortions [Ge98].

Long-living electrons in cr¥§t_allirbe_ice have been found foall coverages above 1 BL
D,0O/Ru(111), which formsa 3 3 ordered wetting layer. For coverages exceeding
1 BL crystalline ice clusters are formed on top of the rst wetting layer [Kim05, Hag07].
It shall be noted that for comparable coverages of amorphouie no electrons with such
an outstanding residence time are found. Upon adsorption oKe overlayers theer peak
in the 2PPE spectra is quenched. This clearly shows that the iapping sites for excess
electrons reside at the ice/vacuum interface. After thermd desorption of the Xe rare
gas layer theer peak recovers. Hence, ther sites have not been destroyed but rather
blocked by Xe atoms. Anyhow, the extremely long lifetime of the trapped electrons
can not be explained by coherent tunneling of a quasi-free ettron through a potential
barrier with a height which is determined by the IPS. For a barrier height of 1 eV
and a thickness of 1.9 nm which is given by the height of the r¢ wetting layer and
the ice clusters above at a coverage of 2 BL decay times in therader of s would be
achieved. But the trapped electrons also experience a timdependent energetic stabi-
lization during the hydration process caused by the rearragement of the surrounding
water molecules. As a consequence the potential barrier hght increases and trapped
electrons are very e ectively screened from the metal substte which strongly reduces
the tunneling probability. The time-dependent population decay and energetic sta-
bilization of the trapped electron can be described in termsof a continuous nuclear
reorganization during which the electron relaxes deeper ito the trap passing through
adjacent conformational substate3®.

Additionally, microscopic insight into the initial trappi ng sites has been gained by
ab intio calculations based on rst-principle density functional theory by A. Rubio and
coworkers [Bov09]. In order to allow a lateral localizationof the electron at defect sites
a large surface cell consisting of a 4 4 surface unit cell of ice }(0001) in 3 layers
and a vacuum region with 10 BL is used. Di erent defects have ben investigated such
like vacancies (a missing water molecule), divacancies, dnorientational defects in the
rst bilayer and admolecules to the surface bilayer. Detaik on defects in crystalline ice
are discussed in section 2.4.1. The binding energy of the esss charge is calculated
with respect to the con guration without the trapping site. In Fig.2.6a. the geome-

8 Angle-dependent 2PPE experiments con rmed the localized character of the trapped electrons
[Bov09].

®More details on the determination of the binding site of trap ped electrons will be given in the result
section as it was also investigated in the framework of the present thesis.

10The temporal evolution and the temperature-dependence of the energetic stabilization of er are very
well modeled based on a dynamic stabilization among conformational substates described by a harmonic
potential as a function of a multidimensional nuclear coord inate. For details see [Sta07b, Bov09]
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Figure 2.6: Orientational defects at crystalline ice interfaces: (a,c,d) ice stricture and ori-
entational defects created by ipping of OD bonds and the following reorientation of their
neighboring D,O molecules. (b) Energy of orientational defects and its stabilization (e) In-
plane average of the density of the excess electron as a functiofthe distance from the surface.
Adopted from [Bov09].

try of the ice surface and exemplary orientational defects §$and Sy are shown. As a
measure of the relevance of a defect type its formation eneygis calculated. For the
surface vacancies and a divacancy, the calculated formatioenergies are too high to be
responsible for the abundance of the observed trapping sigeand can therefore be ruled
out. The most favorable orientational defect with a formation energy of 0.25 eV is the
reoriented water molecule Q such that an OD-bond points towards the vacuum(& -
ip). The molecule assumes a $ -con guration and a Bjerrum L-defect is created in
between the S and the neighboring D,O molecule, accompanied by a sideways recon-
struction of the under-coordinated water neighbor $ (see Fig.2.6.c). Alternatively, the
nearest neighbor of the subsurface layeB; can reorient giving rise to another orien-
tational defect(Si1-ip) with a larger formation energy. Both kind of defects lead to
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2.2 Electron Solvation at Water Ice/Metal Interfaces

the reconstruction of the natural hydrogen-bonds as shownn Fig.2.6.d. The resulting
defect labeled Qp leads to a binding energy gain of the trapped electron of 0.1V
(see Fig.2.6.b). In the presence of the excess electrona$s even has a negative for-
mation energy and its dynamical creation would stabilize the electron-ice complex at
the surface. Excess electrons bind to such defects in a latty well localized state as
shown for Sy-ip and S ap in Fig.2.6.c,d. The in-plane average of the excess electron
density along the surface normal at the K- ip defect is depicted in Fig.2.6.e. It reveals
that the excess electron is mainly located in front of the icesurface and that the wave
function overlap of the trapped electron with the ice is smal.

In the preceding two subsection an overview of electron soation in amorphous and
crystalline ice adsorbed on a metal substrate has been givenThe knowledge of the
electron dynamics and binding characteristics of excesseadtrons in ice layers is a key in-
gredient for the understanding of their interaction with coadsorbed atoms or molecules.
In the following subsection the chemical reactive interacton of chloro uorocarbons with
trapped(solvated) electrons in crystalline(amorphous) te is discussed.
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2.2.3 Electron Induced Dissociation of Chloro uorocarbon s Coadsorbed
with Water

The dissociative electron attachment to CFCk coadsorbed on crystalline ice structures
have been investigated in the framework of the present thesi Due to the particular
properties of trapped electrons in crystalline ice, which lave been introduced in section
2.2.2, the DEA of CFCl3 in the presence of crystalline ice is very e cient. The resuts
are discussed in chapter 6.

Radiation-induced processes in molecular ices are of highelevance in numerous
elds, from atmospheric chemistry and astrochemistry to (photo) catalysis [Gar05,
Lul0]. Besides e ects induced directly by excitation with UV or VUV photons or
ionizing particles, many indirect processes can be invohak Adsorption of cosmic-
rays can lead to the generation of secondary electrons whicban then drive chemical
reactions. In the dissociative electron attachment (DEA)! process a free, unbound
electron with low kinetic energy (Exin 20 eV) resonantly attaches to a moleculeAB,
resulting in the formation of a transient negative ion AB , which then dissociates into
a neutral A and an anionic fragmentB

e +AB! AB | A+B : (2.1)

In ices, the formed fragments can desorb, recombine, or reawith other molecules and
therefore trigger a more complex chemistry in condensed plse. In Fig.2.7 the potential
energy curves for a dissociative electron attachment proas are displayed for a gaseous
molecule (g) and a chloro uorocarbon adsorbed on an ice suate (s). The lowering of
the transient anion state is due to the stabilizing polarizaion potential formed by the
surrounding water molecules. The latter potential energy arve is lowered by 1.3 eV
[Lu02]. The low energy electron can for instance be a free a&on or a weakly bound
electron in water ice.

3 -
Figure 2.7: Potential energy 2_'
curves for dissociative electron at- ~ -
tachment (DEA) of a free electron o 1 7 DEA
with nearly O eV kinetic energy to & 0- . '+ ZEILeey [
CF,Cl; in the gas phase (g) and g ] Conduction band : \ 3 @)
for dissociative electron transfer w 1 Core W’ CF.,CI-CI(s)
(DET) to CF ,Cl, adsorbed on an -2 l - :
ice surface. Adopted from [Lul0]. _3.- @ - e .

H,O Ice CF.Cl,

1 A distinction between DEA and dissociative electron transf er (DET) will not be made in this thesis
as both are very similar. For a description of the di erences between DEA and DET see [Lul0].
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2.2 Electron Solvation at Water Ice/Metal Interfaces

Surface photochemistry involving condensed chloro uoroarbons (CFCs) has at-
tracted considerable attention because of their role in atnespheric ozone depletion
[Pra90, Row91l, Lu0O1lb]. A large part of the stratospheric chenistry occurs mainly het-
erogeneously, on the surface of water ice particles [Rav9TGar98]. Accordingly, the
photoinduced dissociation of these adsorbed molecules i$ great interest in the under-
standing of the chemical mechanisms in the stratospheric maium. It is known that the
emission of CFCs causes ozone depletion by the release ofaiime atoms 2 via solar
photolysis following this equation [Mol74, Too91]:

CF,Clo+h I Cl+ CFyCI: (22)

In addition to the direct induced dissociation, in the framework of the photochemical
model for ozone depletion, the dissociation of CFCs by captue of electrons produced
by cosmic rays in ice patrticles in polar stratospheric cloud is discussed [LuO1b, Pat02,
Lul0].

CFCs present a high cross section for DEA of ballistic electons with a kinetic energy
near 0 eV [llI79, Kla01]:

e [0eV]+ CF,Cl,$ CF,Cl, | Cl + CF.Cl: (2.3)

Such an electron can attach to the molecule, leading to the fanation of a transient
negative ion CFCl, . This transient species can now either decay via the autodeich-
ment of the electron, or by the C-Cl bond cleavage and the formtion of a Cl ion.
The electron induced cross section of the DEA process 2.3 i€1times higher than the
direct photodissociation cross section of 2.2 [llI79].

The dissociation of CFCs on ices has been studied extensiyeln the past decade
due to its potential relevance for the ozone depletion [Lu98, LuOla, LuOlb, LuOlc,
Far04, Lu04, Ryu06, Wan08, Lu09, Bhal0]. Lu and Madey invesgated the DEA of
chloro uorocarbons in the presence of polar ice Ims consisng of water or ammonia
by means of an electron stimulated desorption ion angular ditribution detector with
time-of- ight capability. This technique allows to measur e total yields of a specic
ion species upon an electron bombardment [Lu99a]. The bombdment with 250 eV
electrons generates low-energy secondary electrons in thmetal with a maximum in
the electron energy distribution between 0 and 2 eV. As alredy mentioned earlier
these low-energy electrons can trigger the dissociation d€FCs following the reaction
2.3. The relative Cl vyield as a function of water and ammonia coverages for varical
CF,Cl, pre-coverages are presented in Fig.2.8. For the lowest GEIl, coverage coad-
sorbed with H,O, the ClI vyield exhibits a maximum enhancement by approximately
two orders of magnitude at about 1.3 ML of water. The e ect is even more pronounced
for the coadsorbtion of NH 3, where the enhancement is more than a factor of 0 The
Cl vyield decreases with increasing water coverages due to elmsand inelastic scat-
tering as the desorbing Cl ions pass through the water layer. The fact that the CI

12The chlorine atoms act as an ozone-scavenger and destroys ame in the simplest example by a
(CI,CIO) reaction chain [Mol74]:
Cl+ O3! CIO+ O
ClO+ 0! Cl+ O,.
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Figure 2.8: Enhancement of electron-induced dissociation of CFCs coadsorbewith water

and ammonia ices: Relative Cl yield from 250 eV electrons incident onto di erent amounts of
CF,Cl, precovered Ru(001) as a function of water (a) and ammonia (b) ceerage. The data is
normalized to the initial value for zero water or ammonia coverage ad was taken at a sample
temperature of 25 K. Adopted from [Lu99a].

enhancement e ect is strongest at the lowest CELCl, coverage has been attributed to
a competing deexcitation channel. The dissociative CECl, is transferred into a sta-
bilized CF,Cl, which decreases the dissociation probability. With decresing CF,Cl>
coverage the deexcitation channel becomes less signi cantThe strong enhancement
of the Cl vyield is explained by the presence and attachment of solvaté electrons in
the polar molecular layer. In contrast to non-polar molecuks, where excess electrons
remain quasi-free and exhibit only a short residence time [€r91], excess electrons in
a polar medium exhibit lifetimes ranging from several hunded femtoseconds to even
minutes, as discussed in section 2.2.1 and 2.2.2. Accordilygthe CI yield is smaller
for CF,Cl, coadsorbed with non-polar molecules or atoms, such like CH and rare
gases, Ar, Kr, and Xe, where an enhancement by a factor of 10 has been observed
[Lu99b]. Similar experiments have been performed by Ryt al. for CFCl3 coadsorbed
on top of amorphous ice Ims [Ryu06]. Employing 2PPE spectr@copy they observed a
decrease of the solvated electrons lifetime as a function @FCl3 coverage. The lifetime
of the solvated electron decreases from its initial decay the of 120 fs to about 80 fs at
a CFCl3 coverage of 0.1 ML. This e ect is attributed to a dissociative electron transfer
to the CFCl3 molecules. The solvated electrons are transferred by tunrieg to the
anionic state of CFCls, which is than dissociating into a CFClI, radical and a CI ion.
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2.2 Electron Solvation at Water Ice/Metal Interfaces

2.2.4 \Water Coadsorbed with Alkali Atoms

As discussed in the previous section excess electrons in ibave a strong in uence
on the dissociation e ciency of CFCs and are therefore conglered to be relevant in
stratospheric chemistry potentially leading to the destruction of the ozone layer. In the
stratosphere, ice particles contain a sizeable amount of sitive ions, originating from
NaCl brought by the ocean evaporation of from Na or K atoms braight by meteor
sputtering into the atmosphere [Pla03]. It is a question of nterest how such positively
charged species in uence the stabilization and localizatin of excess electrons in the ice.
These are key parameters for the understanding of the interetions between ionizing
particles and ices of polar molecules. In addition, impurites are abundant in condensed
water and will modify the energetics and dynamics of electra solvation. For instance,
screening e ects of excess charges in the ices, such as poa&ty charged impurities
(e.g., alkali ions Na" , K*, Cs", and so forth), are expected to in uence the population,
localization, and lifetime of electronic states of excesslectrons and therefore also the
reactivity of such systems under ionizing irradiation. It is therefore important to study
their role on secondary-electron-induced reactivity unde ionizing radiation. In the
following, interactions between neutral alkali atoms and water ice will be presented.
In particular, the processes leading to the presence of alkacations in the ice will be
discussed as a function of system parameters like temperate and alkali surface density.

Alkali atoms in contact with liquid water lead to a well known exothermic reaction,
yielding MOH and H, following the formula:

2M +2H,0! 2(M*OH )+ Hy; (2.4)

where M denotes an alkali metal atom. However, the underlyiig process for this reac-
tion, where the valences electron of the alkali plays an active role, is not well under
stood [Bor04]. The chemistry of alkali atoms on solid water las been investigated by
Krischok et al. and Borodin et al. in an ultraviolet photoemission spectroscopy (UPS)
and metastable impact electron spectroscopy (MIES) study Kri03, Bor04]%3. In MIES
electrons from the substrate surface are ejected by an Augdike charge exchange pro-
cess, referred to as Penning ionization, between metastablHe atoms and the surface
[Har97]. MIES is a very surface sensitive technique as the Hatoms impinge the surface
with near-thermal kinetic energy of 60 - 100 meV. In the left panel of Fig.2.9 a series
of MIES spectra are presented for di erent amounts of Na deposion on three layers
of ice on aTiO, substrate kept at 130 K. The topmost spectra are taken beforeNa
exposure and exhibit three distinct features which are attibuted to molecular water,i.e.
the three highest occupied water orbitals by, 3a; and 1. The Na coverage dependent
changes can be summarized in three Na coverage regimes.

At low Na coverages only the three features attributed to intact water molecules
(1by, 3a; and 1) appear in the spectra. The 3s orbital of atomic Na is not
observed indicating that the Na is ionized.

BThe interaction of alkali atoms and water has also been investigated by others experimentally and
theoretically [Bla90, Par00, Cha01, G un02, Gen03, Fer03, Gle04, Pol07].

21



2 INVESTIGATED SYSTEMS AND PROCESSES

H O @ Na/water
2 c T=10K
2 g a
1.0 ., nm
el R s " Na(3s)
& a
> A -
=
12} -
c A
805
S LN
A
ﬁ - e 2 o o in
004 = e 4 1b,
00 02 04 06 08 10 12
exposure /MLE
2 :”ih Na/water
< T= 130K
> 154
o
2
2 Na(3s)
a(3s)
2 1.0 Lann
(72}
c
[9)
€
o 05 1n
L 5
R [} . aaate
OH ' g - g
Na(3s) 0.0] sesnssiiteassasaasnane®
0.00 025 050 0.75 1.00 1.25 150 1.75 2.00
exposure /MLE

Figure 2.9: (left): MIES spectra for di erent Na coverages adsorbed on thee layers of ice at
a substrate temperature of 130 K. (right): Intensities of the MIES peaks associated with water
(1b1), OH (1 ) and 3s electron of Na as a function of sodium exposure at substr@temperatures
of 10 K and 130 K. Modi ed from [Kri03].

In the intermediate coverage regime the sodium is still iorzed (no 3s orbital). But
the spectra are now dominated by the emission from the OH 1 and 3 orbitals,
whereas the intensity of the signatures for intact water mokecules decreases, sug-
gesting that the water molecules in the surface become repted by OH species
from the reaction with Na.

At high Na coverages the 3s orbital becomes the dominant feate of the MIES
spectra, indicating that Na atoms remain neutral at the surface and are not
further ionized.

The evaporation of Na to the solid water induces an e cient dissociation of water
molecules and OH and Na“ are formed. The right panel of Fig.2.9 depicts the inten-
sities of the molecular water (1), the OH (1 ), and Na(3s) peak as a function of Na
exposure for di erent sample temperatures. At 10 K the Na sigral is already observed
for 0.25 ML and the feature of the OH species is comparable sriia Clearly, the reaction
between Na and water does not take place e ciently anymore at10 K. The activation
threshold for water dissociation in alkali metal doped ice Ims is estimated to be around
100 K [Gun02]. Also the Na coverage is crucial for the dissociationBelow a critical
coverage of 0.15 ML Na and a critical temperature of 100 K the &ter molecules remain
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2.2 Electron Solvation at Water Ice/Metal Interfaces

intact [Gle04], while the Na is ionized to Na" and the 3s electron is directly transferred
from the Na adsorbate to the metal substrate via resonant tumeling through the rela-
tively thin SW Im.

The adsorption of di erent alkali atoms, e.g Lithium, Natriu m, and Potassium, on
thick ice Ims * supported on a Cu(111) substrate has been studied by photoeission
(PE) spectroscopy and DFT calculations by Vondrak et al. [Von06a, Von06b, Von09].
For all investigated alkali atoms a drastic decrease in the lireshold for photoemission
from the ice Im was observed for low alkali coverages compad to photoemission from
undoped ice Ims, where the PE threshold is 8.7 eV [Bar78]. Athough physical prop-
erties of these three alkali atoms, such like the ionizationpotential IP or the atomic
radius ry dier signi cantly, the photon energy dependent PE cross-section shows a
very similar behavior. The ionization energy and the atomicradius of the three alkali
atoms are summarized in table 2.2.

The total photoemission yield of the water ice surface dopedvith Li, Na, and K

Table 2.1: lonization energy and atomic radius of Li, Na, and K from [Lid93].

| Lithium | Natrium | Potassium |
ionization energy (eV) 5:39 5:13 4:34
atomic radius (A) 2:05 2:23 2:77

as a function of photon energy is depicted in Fig.2.10. The PHyield increases exponen-
tially between 2.1 and 3.5 eV for Potassium doped water, 2.5r&d 3.25 eV for Lithium
doped water, and 2.3 and 3.0 eV for Natrium doped water. Thereis a tendency of
decreasing PE threshold for heavier alkali metals, howevecompared with the given
error of 0:2eV itis only a slight e ect. In addition, also the energy distrib ution of the
photoemitted electrons is similar presenting a broad ( 2eV) and asymmetric peak,
at an initial energy of no more than 2.6 eV below the vacuum leel. Vondrak et al.
explain the strong similarities among the di erent alkali do ped ice Ims with a common
initial state. The initial state when the alkali atom adsorb s on the ice Im is proposed
to be a metastable form of a solvated electron loosely assated with its parent alkali
atom. The metastable character of this state was proven to becorrect by employing
time-dependent measurements of its temporal evolution. Irall three cases the PE cross
section was observed to decay uniformly with time. The initial state formed when Li
adsorbs on the ice Im decays much faster than for Na or K with a rst-order rate
coecientof 1:4 10 ?s 1. The faster decay is explained by a more e cient di usion
of the Li into the ice Im.

Furthermore, quantum chemistry calculations have been peiormed to explain the
origin of the metastable state and decay channel which lead® the decreasing PE signal
with time [Von06a, Von09]. Fig.2.11 illustrates several opimized structures consisting

¥1n order to minimize the in uence of the substrate the experi ments have been performed on 3000 L
thick crystalline ice Ims.
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Li Na K

Figure 2.10: Photon energy dependence of the photoemission yield of the watece surface
doped with (left) 0.05 ML Li, (middle) 0.02 ML Na, and (right) 0.02 ML of K . The corresponding
cross-section of the undoped ice Im is< 10 ??cm?. Modi ed from [Von06b, Von09].

of 18 H,O molecules, which have been achieved using the B3LYP/6-3%h level of the-
ory. The structure of the rst local minimum on the potential energy surface when the
Na atom approaches the ice surface is shown in Fig.2.10.(a)nd (b) in a side and top
view, respectively. Here the Na atom lies above the ice surée and is bound symmet-
rically to the O atoms of the three water molecules in the surce ring. The 3 orbital
of the Na, which is a large component of the HOMO, is getting décalized. However,
the calculated PE threshold is higher than the observed expementally one. When
the optimization is started with the Na atom in the surface hexagonal ring, the ice
structure gets distorted (cf. Fig.2.10.(c) and (e)). The present structure has a stronger
binding energy than that in (a) and (b) of 96kJmol *. However, the calculated vertical
ionization potential is 3.0 eV which is in very good agreemenwith the measured PE
threshold. In this structure the HOMO is delocalized over 8 A in diameter. In the
structure presented in Fig.2.10(e) the Na atom resides in bveen the rst and second
water layer. The Na 3s electron is delocalized at an HO molecule with a dangling sur-
face H atom. The O-H bond is signi cantly stretched from 0.96to 2.1 A and the Na is
almost fully ionized. Although the energy is 3&kJmol ! higher than in (c) and (d) this
structure can be reached by thermal activated rearrangemeinof the water molecules.
The authors propose that the elongated O-H bond breaks restihg in the formation
of Hy, leaving NaOH in the ice [Von06a]. This reaction is believedto result in the
observed decay of the PE signal with time. Very similar resuls have been achieved for
K on ice. The larger decay rate of K compared with Na is consignt with its lower
ionization potential. In contrast with Na and K, for Li no str etched surface O-H bond
occurs and accordingly no fully ionization of Li takes place The faster decay of the PE
signal in the case of Li is explained in terms of a rapid di usin of Li atoms into the
bulk of the ice, which is facilitated by the smaller atomic radius of Li (cf. table 2.2).
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Figure 2.11: Calculated structures of a Na atom bound to a model ice surface ewisting of 18
H>O molecules. The white spheres are H atoms, the red spheres are @ms, and the purple
sphere is the Na atom. The red and green orbitals are the HOMO. Fodetails see the text.
Adopted from [Von06a].

Summarizing the preceding subsection, the adsorption of &hli metal atoms on a
water ice surface leads to the liberation of thens valence electron into the water environ-
ment, resulting in the formation of alkali ions. Depending an the sample temperature
and alkali coverage this electron transfer results in the esthermic dissociation of sur-
rounding water molecules to form OH ions and to the formation of an alkali hydroxide.
For low temperatures and low alkali coverages the water diszciation is suppressed. In
this case the valence electron of the alkali atom is delocaéed over 2-3 water molecules
in the vicinity of its parent ion. However, this electron can subsequently be stabilized
by the surrounding water molecules so that an alkali ion rem@s at the surface. In
chapter 4 the in uence of coadsorbed alkali atoms on the dynmics of excess electrons
in amorphous D,O on Cu(111) will be discussed. It will be shown that excess ettrons
can be bound to alkali-ion/water cluster at the ice/vacuum interface, where the elec-
trons are e ciently screened from the metal substrate, resuting in lifetimes of several
picoseconds in the ice, and energetically stabilized by theurrounding water molecules.
In addition, the adsorption of potassium atoms at temperatures below 50 K enables
the observation of the 4s electron of the K atom.

25



2 INVESTIGATED SYSTEMS AND PROCESSES

2.3 Electronic Properties of the Metal Substrate

All the experiments in the present thesis have been perfornet on the metals Cu(111)

and Ru(001). The properties of the metal substrates and thei surfaces is important for

several reasons. First of all, they serve as a template for #natomic or molecular adlayers
and therefor in uence their structure. Secondly, the substate acts as an electron
donor from where electrons can be excited and transferred to unoccupied electronic
states of the adsorbate. Hence, the observed electron dynaos can be in uenced by
the electronic properties of the metal substrate. Also featires of the bare metal,e.g.

surface- and image potential states, or signatures of the dk band structure, can be

present in the 2PPE spectra. In the following a description é the electronic structure

of both substrates is given as well as a short introduction tosurface states and image
potential states.

2.3.1 Structure and Electronic Properties of Cu(111)

Copper crystalizes in a face centered cubic (fcc) structuravith a lattice constant of
a=3.61 A [Kit05]. The band structure and the density of states of the noble metal
with the electron con guration [Ar]3d 1%4s! is depicted in Fig.2.12. The completely
occupied d-bands lie 5-2 eV below the Fermi leveEr. In contrast to the localized
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electrons in the d-bands which exhibit a at dispersion the dispersion of the electrons
in the sp-band can be described as a parabola of a quasi-freleetron gas. The sp-band
ranges from 8.6 eV belowEr at the point up to states above the vacuum level Ey 4.

The position of the d-bands and the available unoccupied sties in the sp-band are
responsible for the yellowish color of Cu. The absorption ofphotons with energies of
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h 2 eV leads to an electronic transition of d-band electrons ito the states in the sp-
band aboveEr, whereas photons with lower energies are re ected. The Cu(l) surface
exhibits an orientational band gap in the projected surfaceband structure around the
center of the surface Brioullin zone at the point. As can be seen in Fig.2.13 the
band gap ranges from the upper edge of the occupied states at8b eV belowEfg to
4.08 eV above the Fermi level. The work function , which is de ned as the energetic
di erence betweenEr and Ey 4, of the Cu(111) is 4.9 eV [Fau95, Kno98]. In the region
of the band gap surface states and adsorbate-induced statesn only exist if their wave
function is located in front of the surface and is exponentifly damped inside the bulk.
The penetration depth of such states is smallest in the midddé of the band gap and
converges to in nity at the band edges [Smi85]. The broken pgodicity of the lattice
at the Cu (111) surface gives rise to an occupied surface s@tand unoccupied image
potential states. Both states are delocalized within a plare parallel to the surface and
form two-dimensional bands as depicted in the right panel ofig.2.13. The surface state
is partially occupied and lies symmetrical around at 0.39 eV below Eg. The surface
state plays an important role for the electron dynamics at the bare and adsorbate
covered Cu(111) surface. On the one hand due to the high prollity density of the
SS at the surface (cf. left panel of Fig.2.13) electrons fronthe surface state can be
e ciently transferred to other interfacial states either o riginating from the substrate
or from adsorbates. In the case of the rst image-potential sate the electron transfer
from the surface state is the dominant excitation pathway [Kno98]. On the other hand
the unoccupied part of the surface state at larger values ok, 0 ers a large phase space
for the relaxation of excited electrons.

A charge located in front of polarizable surfaces interactswith the polarization
charge it induces at the surface. This interaction can be dagibed by an attractive
Coulomb potential which corresponds to the classical imag@otential [Lan73]:

€

AT

(2.5)

where z, is the image-plane positiod®. The image potential of the Cu(111) surface is
plotted in the left panel of Fig.2.13. This one dimensional ptential con nes electrons

only in the direction normal to the surface, parallel to the surface the electrons are
delocalized. If the substrate o ers a projected band gap in tke vicinity of the vacuum

level electrons are trapped by the image potential and theiwave function decays expo-
nentially into the metal (left panel of Fig.2.13). The relaxation of the image potential

states occurs on an femtosecond timescale by elastic and iastic scattering [EchO4].
These states form a Rydberg like series of bound states at theurface:

Ry 0:8504 eV

(h+a2 —V® "m+azZ with n =1;2;3; (2.6)

En = Evac (n+ a)2

Here, Ry is the Rydberg unit of energy, andn denotes the quantum number of the
system and the number of nodes of the wave function in front othe metal surface. The

15The image plane is located half an atomic layer distance outside the last atomic layer [Smi89].
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Figure 2.13: (Left): 1D model potential and probability density for the surfac e state (n=0)
and the rst image potential state (n=1) at the Cu(111) surface at . (Adopted from [Ech04]).
(Right): Projected bulk band structure in [111] direction with calcu lated dispersion for the
surface and the rst image potenital state. (Based on [Smi85]).

fact that the potential barrier formed by the band gap of the metal is not in nitely
high and allows a nite penetration of the wave function into the metal is taken into
account by the so-called quantum defecta [Ech78]. The dispersion of both states can
be described analog to the behavior of free electrons with ae ective massm :

h2k?
2m
As the probability density of the n = 1 IPS is mostly located in the vacuum (cf. Fig.2.13
its dispersion basically follows that one of a free electrorand m mMe. The dispersion
of the n = 0 SS, in contrast, resembles more the dispersion ohe bulk bands,due to the
larger overlap of the probability density of the surface stde with bulk states. IPS with
quantum numbersn 2 are degenerated with the unoccupied sp-band. Therefore,
they are referred to as image-potential resonances.

Although the n = 1 IPS lies in the Cu(111) band gap it exhibits a rather short
lifetime of 20 fs [Kno98, Ech04], which is caused by the fact that it is at he band
edge. With increasing quantum numbern the maximum of the probability density of
the IPS wave function shifts away from the surface. Hence, athe lifetime is inversely
proportional to the fraction of the wave function inside the metal, it scales in good
approximation with n® [Ech00]. However, as the n = 2 IPS is degenerated with bulk

E(R) = (2.7)
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states and consequently posses a larger phase space for smang, its lifetime is only
14 fs [Ech04].

2.3.2 Electronic Structure of Ru(001)

Ruthenium is a hcp (hexagonal closed packed) single crystalith a lattice constant of
a=2:71A[Kit05]. The Ru(001) surface consists of hcp layers with anABAB stacking.
The atomic electron con guration is [Kr] 4d 7 5s'. In Fig.2.14 the calculated projected
bulk band structure and the integrated density of states of Ru(001) is depicted. In
contrast to copper, the valence d-band is not fully occupiedand hence crossing the
Fermi level up to 1.5 eV aboveEgr. As a consequence the density of states has a
maximum at 1 eV aboveEfr. This high density of unoccupied states around the
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Figure 2.14: (a): Projected bulk band structure of Ru(001) modied from [Pel00]. (b):
Integrated density of states showing a maximum 1 eV above the Feni level. Modied from
[Sei00].

Fermi level strongly in uences the electron dynamics of RuQ01). Electrons in excited
states experience a huge phase space for electron-electrenattering, which results
in a fast relaxation dynamics compared to Cu(111) [Kno98, Ls04]. This e ect was
also observed for solvated electrons in water on Ru(001), wédre the initial decay of
the solvated electron population is, with RV = 34 fs, considerably faster than for
D,0/Cu(111), with £ = 140 fs [Sta07b].

The orientational sp-band gap at the Ru(001) surface around ranges from 1.6 eV
to 11 eV aboveEr. The work function of Ru(001) is 5.4 eV [Ber00]. Opposite to
the case for Cu(111) the band gap also crosses the vacuum léveHence, the image
potential states are not degenerated with bulk bands. A segs of IPS up ton =7 was
observed [Gah04]. As expected from theory [Ech0O0] the lif@he of the IPS increases
with increasing quantum number, because the maximum proballity density shifts away
from the surface reducing the wave-function overlap with the substrate.
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2.4 Properties of Ice/Metal Interfaces

All the experiments on electron solvation and transfer dynamics conducted in this work
were performed at ice-metal interfaces. The present sectiowill introduce the properties
of the adsorbate water and the metal substrates Cu(111) and R(001).

2.4.1 Physical Properties and Structures of Water

Water is fundamental for many di erent processes in nature ard it spans over a huge
variety of di erent elds. On a macroscopic level water in all its states of agreation,
e.g. liquid water, water ice, water vapor, and as small particlesin clouds, plays a key
role in worlds climate. Water is the main absorber of the sunight in the stratosphere,

mainly in the infrared, and contributes signi cantly to the greenhouse e ect. On the
other hand due to cloud formation re ecting the sunlight it a ttenuates global warming
[Cha]. But also on a microscopic scale water is irreplaceab) such like in human cells,
which are mainly consisting of water. Here the ability of water to act as a solvent is
fundamental as many biochemical reactions take place only ithin aqueous solutions.

0.9572 A
104.5° C ron=0.985 A
roo(lce 15)=2.76 A
~106.6°
44—
11=1.85 D

Figure 2.15: The water molecule and its structure in hydrogen bonding: Geomety of single
water molecules and water molecules in a hydrogen network based ¢hud01].

The water molecule consist of three atoms, one O ([He]2p*) and two H (1s?). Ac-
cording to the LCAO (Linear Combination of Atomic Orbitals) theory, each hydrogen
forms a type covalent bonding with the O atom, which results from the overlap be-
tween the H 1s orbital and an 2s-2p hybridized orbital of the Oatom. The remaining
electrons of the oxygen occupy two other valence hybrid orlials of O, which is therefore
in a sp® con guration. This results in a tetrahedral geometry of the H>O molecules,
with an H-O-H bond angle of 109 (cf. Fig.2.15). Because of the signi cant di erence
in the electronegativity of the H and the O atoms, the bonds are polarized, leading
to a positive partial charge of each H atom, and a negative onef the O atom. The
di erent center of mass of the charges leads to a permanent digle moment of 1.85 D
[Clo73], that makes water a good solvent for other polar moleules.
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Among each other water molecules are connected via hydrogemonds. The hy-
drogen bond is based on a electrostatic attractive force b&teen a electropositive hy-
drogen atom covalently bound to an oxygen and lone pairs of asther water molecule.
Usually the rst is referred to as proton donor and the last one as proton acceptor
if only two molecules are present. A hydrogen bond is also comonly referred to
as an O-H O. The length of the H O bond is almost three times longer than
the length of the covalent O-H bond. The hydrogen bond leads @ a broadening of
the binding potential of the proton which results in a downshift of the vibrational
modes and in an increase of the distance to the covalently bahoxygen atom. In
liquid or solid water more hydrogen bonds are possible. As &ry oxygen atom has
two lone pairs each one can form a hydrogen bond with a hydrogeof another water
molecule. Such every water molecule can be bonded to four oth water molecules
via hydrogen bonds like it is depicted in Fig.2.15. The hydragen bond is stronger
than a bond mediated by the van-der-Waals interaction but weaker than a covalent
bond. Typically the strength of the hydrogen bond in water is 240 meV per bond.

These particular intermolec-
ular interactions make the phase
diagram of water very rich and
complex. Besides the three
well-known phases under ambi-
ent conditions, i.e. water vapor,
liquid water, and ice, at least 15
stable and metastable phases ex
ist [Pet99, Mal09, Loe06]. How- ~150-160K
ever, most of these phases do Iwater A"
only exist under very high pres- T~ 110_130
sures. Inthe low pressure regime
ranging from ambient pressure
down to ultrahigh vacuum con-
ditions with p 10 8 mbar,
the phase diagram can be sim-
plied to four stable and three
metastable phases as depicted in
Fig.2.16. The most abundant
form of ice in nature under ambient conditions is the hexagoal form of crystalline
ice I, which is known from many di raction experiments [Pet99]. The oxygen atoms
form a hexagonal lattice with four oxygen atoms per primitive unit cell. Every water
molecule is accepting and donating two hydrogen bonds so thiavery H,O molecule is
coordinated by four more molecules ¢f. right panel of Fig.2.15). An important prop-
erty of ice I is the absence of a long-range proton order and thus a disorden the
orientation of the water molecules. Bernal and Fowler statel that ice is a crystal with
respect to the position of oxygen atoms and a glass with respe to the position of the
hydrogen atoms [Ber33]. Nevertheless, the arrangement ohe protons in icely ful lls
the so-called Bernal-Fowler-Pauling rules [Ber33, Pau35]

<130K

Figure 2.16: Simpli ed phase diagram of water in the
low pressure regime with stable and metastable phases
according to [Pet99].
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(i) two hydrogen atoms are near each oxygen atom
(i) on each line connecting nearest oxygen atoms there is dyone hydrogen atom.

Under UHV conditions hexagonal icel, cannot be prepared as it requires a heating
to 200 K which is beyond the temperature where desorption of \ater typically occurs®
Such transition as | to I, cannot be achieved. The structure and properties of cubic
ice | ¢ are very similar to those of icel,. Cubic ice | also follows the Bernal-Fowler-
Pauling rules such that the tetrahedral hydrogen bond coordnation is preserved. The
main di erence of ice | in comparison to icely, is the di erent stacking order. While
in ice Iy the hexagonal unit cells are stacked in a ABABAB-sequence, e stacking
orderinicel.is in an ABCABCABC order. Anyhow, the energetic di erences are very
small [Pet99] and so both ice modi cations are not distingushable for thin layers. As
a consequence the properties of icé, can be transferred to icel.. A more detailed
discussion of the structure and properties of condensed plsas of water is given in a
recent review by Malenkov [Mal09].

When the above mentioned ice rules are broken a point defectagurs. These defects
are of great signi cance in a variety of di erent e ects in wate r such like the conductance
of water or phase transitions. Perfect crystalline ice shold be an electrical insulator
but in fact it has a non negligible conductivity of 0.01 Sm ! [Pet99]. Furthermore,
these defects can lead to uctuations in the potential energ surface which can serve
as potential trap for excess electrons. Indeed as discusseéfore pre-existing defects at
the surface of crystalline ice adsorbed on a metal surface arthe essential requirement
for the existing of long-living trapped electrons at the icdvacuum interface.

Although an ice rule is locally broken leading to a protonic point defect the oxygen

HO &

Figure 2.17:  Schematic presentation S ‘
of protonic point defects in ice Icep. | | s
lonic defects form when the rst ice . & v K
rule is broken, Bjerrum defects occur ST % [ )
when the second ice rule is violated. If a ' | z
water molecule is missing in the lattice a S NN
dressed vacancy is present. (from left to OH | oL
right) ‘ by

D

atom lattice is not considerably a ected and remains intact. In Fig.2.17 the di erent
types of point defects are depicted. The ionic defects gD* and OH are formed if the

6 More details on the desorption behavior of ice will be given in section 3.4.2.
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rst ice rule is broken and a proton is transferred to the neighboring water molecule.
This initial step requires an energy of 1.4 eV for the proton the overcome the barrier
in the double-well potential of the hydrogen bonded water mdecule. As long as the
H3;O* OH pair is located at neighboring sites this situation is unstéle. Anyhow, it
can be stabilized if the neighboring molecule transfer its poton to its respective neigh-
bor. Such the protons can move through the lattice from site b site very e ciently as
despite the high activations energy for the formation of an onic defect the activation
energy of the proton motion is basically barrier less [Pet9p Similar to the ionic de-
fects Bjerrum defects also occur in pairs if the second ice te is broken. In this case
the water molecule is oriented in such a way that no proton (Ldefect) or two protons
(D-defect) are located along one of the O-O axes. Although te needed energy for the
formation of a Bjerrum defect is smaller than for an ionic dekct the activation energy
for the di usion of these defects is larger resulting in a smder mobility of the L-defects.
A third type of defect occurs when a water molecule is missingn the ice lattice like it
is depicted in Fig.2.17 and labeled with DV.

Besides the crystalline icel . which was prepared in the framework of this thesis
to investigate the chemical reactivity of trapped electrons with chloro uorocarbons the
second prepared ice structure in the present work is the amghous solid water (ASW).
Hence, in the following the structure of amorphous ice will ke presented and proper-
ties of crystalline and amorphous ice will be discussed. Amphous solid water’ is
prepared by condensation of water vapor onto a cold substra at temperatures below
130 K [Jen94]. The local structure of amorphous ice and crysiline ice I, are very
similar. But in contrast to ice |, amorphous ice, besides the lack of a long range pro-
ton order, does not exhibit a long range order in the oxygen atm lattice. The reason
for the loss of the long range order lies in the deviations frm the tetrahedral geom-
etry. On average the O-O-O bond angle deviates by 8 It is known from X-ray and
neutron scattering experiments that each water molecule isurrounded by 3.9(1) H,O
molecules [Fin02]. The structural di erences are shown schweatically in the insets of
Fig.2.18. ASW can be seen as a liquid which is frozen in an amphous structure where
no diusion occurs [Hal89]. The morphology of amorphous ice songly depends on
the respective preparation conditions. When deposited atdw temperature (T 70K)
amorphous ice can be porous. The density of the pores strongldepends on prepara-
tion parameters like the angle between the impinging molecles and the surface normal
[Ste99]. With increasing temperature (T 70 K) the porosity of amorphous ice reduces
and a compact and homogenous ice Im is formed.

The electronic structure of crystalline and amorphous ice $ quite similar as well
but distinct di erences exist. Both modi cations of ice behave like a large band gap
semiconductor. Delocalized states in the conduction bandan be excited by photons
with photon energies exceeding 11 eV. The creation of excitons lead to adsorption
in the ultra-violet with a maximum at 8.6 eV [Shi77]. Anyhow, the presence of defects

" Throughout this thesis ASW and amorphous ice will be used as a synonym for each other as now
other amorphous phase than ASW is discussed in this work.
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crystalline
; delocalized localiz
Figure 2.18: Band structure of states desq[g?esed

amorphous and crystalline ice.
The lattice distortions in amor-
phous ice smears sharp features
in the band structure and the
band edges. Anderson localization

bandgap

valence band Y- no states -

conduction band

gives rise to localized states in amorphous

the band gap. Insets: Schematic

presentation of the local structure delocalized delocalized
of crystalline and amorphous ice. states states

Based on [Zal98].

density of states n(E) —»

/\ localized

electron energy E —>

and the missing long range order in amorphous ice in uence ta electronic structure
and give rise to Anderson localization. Deviations from theperiodic structure result
in less sharp Brillouin zone boundaries and de ned structues in the density of states
of a crystalline solid are smoothed as apparent in Fig.2.18.The band edges decay
exponentially into the band gap [Gou90]. These localized ektronic states only occur
when the gain in binding energy of the electron overcomes thioss in its kinetic energy
according to the Heisenberg's uncertainty principle. Hene it can be concluded that
distinct potential energy minima in the potential energy surface are present. The An-
derson localization plays also an important role for the solated electrons in amorphous
ice. As already discussed in section 2.2 the injection of anxeess electron proceeds
via the ice conduction band followed by the initial trapping in a pre-existing potential
minimum.
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2.4.2 \Water Adsorbed on Metal Surfaces

The adsorption of water on well-de ned, metal surfaces has ben extensively studied
in the last decades and is still a topic of great interest alsan recent investigations.
The interaction of water with a metal surface governs a huge ariety of processes in
many areas of science ranging from catalytic surface reactns, processes at electrodes,
wetting and corrosion to its importance in fuel cell reactions. The literature describing
water adsorption at solid interfaces has been summarized iexcellent reviews by Thiel
and Madey [Thi87], Henderson [Hen02] and recently by Hodgsoand Haqg [Hod09].

BL {
I

Figure 2.19: The structure of an ideal water bilayer adsorbed on a hcp metal siface in a
side- and top-view.

The classical picture for the adsorption of water moleculeson a metal surface is
based on the concept of an ice bilayer (BL) as schematically epicted in Fig.2.19. In
this structure every second water molecule is bound to the mal substrate by one lone
pair of its oxygen atom. The remaining water molecules bind 6 the lower half bilayer
via hydrogen bonds. The vertical distance between the oxyge plane in this buckled
structure is 0.9 A. The partial orientation of the water dipole moments along the
surface normal and a charge transfer from the molecules to # substrate result in a
decrease of the work function by 1 eV for Cu and Ru [Gah04]. However, the structure
presented in Fig.2.19 is an ideal bilayer of bulk ice. The stucture of water on a metal
surface can deviate from this ideal bilayer as it is the caseof the adsorption of water
on Cu(111) and Ru(001) but also for other metal surfaces likePt(111) and Ni(111).

On Pt(111) water molecules are not solely bond to the surfacevia the lone pairs
of the oxygen atoms. Within the rst BL all molecules bind dir ectly to the surfaces
through alternating metal-oxygen and metal hydrogen bonds resulting in a at water
layer [Oga02a]. The adsorption structure of water on Ru,i.e. if the water molecules
adsorb intact or half-dissociated, and in what orientation, is a subject of a long contro-
versy [Hel94, Hel95, Fei02, Den03, Fei03, Pui03, Fei04, MéB]. ['IQW ?pgrgy electron
di raction (LEED) spectra show that water on Ru(001) forms a (3 3)R30 over-
layer. It was also found that the vertical distance between te oxygen atoms in the two
half planes is only 0.1A [Hel94] and not 0.9 A as expected from the bulk ice structure.
Neither the expansion of the water layer due to the lattice mematch nor a surface
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reconstruction of the Ru atoms in the rst layer [Hel94, PuiO3] are suitable to explain
this deviation. A more reasonable explanation for the compession of the rst bilayer
takes into account dipole-mirror interaction and a large charge transfer to the metal
substrate. Feibelman et al. found, on the basis of density functional theory (DFT)
calculations, that the energetically most stable structure consists of a half-dissociated
rst layer wherein water molecules and hydroxyl fragments ae hydrogen-bonded in a
hexagonal structure arp hydrogen atoms bind directly to themetal [Fei02]. This struc-
ture produces a 25[5 3)R30 overlayer{like LEED pattern as observed by Held and
Menzel [Hel94], because scattering by D atoms is weak.
However, the calculated decrease in
the work function of 0.3 eV is, com-
pared with 2PPE experiments where a
decrease of 1.2 eV for the rst BL was
found [Gah04], too small. Theoretical
studies by Meng et al.,, however, show
that the half-dissociated structure is in-
deed the energetically most stable form
but is kinetically not accessible because
for D,O the calculated activation barrier
for dissociation is, with 0.62 eV, higher
than the one for desorption, with 0.53 eV
[Men05]. The dierent possible compo-
sitions of an intact water layer have also
been controversy discussed. A structure
is proposed where the hydrogen atoms of
the outer water molecules point towards
the metal substrate and not towards the
vacuum. This structure is referred to as
D-down [Den03]. A mixed D-up'® and
D-down structure is suggested by Meng
et al. [Men05]. This mixed structure

could as well explain the strong work

. : : Figure 2.20:  Structure of the wetting wa-
function change upon bilayer adsorption, : .
ge up Y P ter layer on Ru(001). Chain structure showing

In contrast to a solely D-down_ con gura-  ater adsorbed "at" or "H-down" in extended
tion, which strongly underestimates the cpains. The "at” water molecules have on hy-
work function change [Men05]. Recent grogen directed in plane along the chain and
experiments performed by the group of one tilted up towards the neighboring H-down
A. Hodgson favor another scenario. By chain. Adopted from [Haq06].

looking at the D,O scissoring frequency,

which is only present for intact water molecules, with re ection-absorption infrared
spectroscopy they could unambiguously demonstrate the adsption of an intact wa-
ter layer [Cla04]. On the basis of helium atom scattering exgriments and further

8Here the hydrogen atoms of the outer water molecules point towards the vacuum.
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DFT calculations they propose a structure consisting of chins of at lying molecules,
bound atop Ru, in hexagonal network, and D-down chains as dapted in Fig.2.20
[Gal09, Hod09].

The growth of water Ims on Ru(001) can be described by the Stanski-Krasanov
growth mechanism. After the completion of the wetting layer, which is fully covering
the Ru(001) surface, 3D ice clusters form on top of the rst blayer [Haq07]. At temper-
atures of 140 K the water molecules are su ciently mobile to form high crystallites and
the wetting layer is still visible up to a coverage of 90 layers. Up to 3 BL the fraction
of the wetting layer exposed decreases with increasing nomal coverage. As growth
continues, the exposed fraction increases again to 60% foraverage of 10 BL. This be-
havior shows the hydrophobic interaction to the wetting layer and the tendency to form
3D cluster instead of more extended 2D structures. For a nonmal coverage of 10 BL
crystalline ice clusters grow with a height of up to 30 layers As already introduced in
section 2.2.2 defects on top of these 3D crystalline clustsrprovide potential binding
sites for excess electrons, which can trigger the dissociah of coadsorbed molecules as
will be discussed in chapter 6.
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Figure 2.21: STM images of amorphous ice cluster on Cu(111): (A,B) STM images gborous
and compact ice clusters adsorbed on Cu(111) with a nominal covage of 1 BL. (C) Line scans
reveal the height of the ice structures of up to 4-5 BL for porousand 2-3 BL for compact ice
clusters. Modi ed from [Sta07a].

The growth of amorphous ice on Cu(111) di ers signi cantly from the growth of
crystalline ice on Ru(001) due to a signi cantly weaker wate-metal interaction. A
comparable interaction strength of the water-metal and the water-water bond is found
by means of Thermal Desorption Spectroscopy (TDS) where prominantly zero-order
desorption kinetics are observed [Bov03]. Additional infemation is gained by measuring
the coverage dependence of the work function by 2PPE. The warfunction is lowered
signi cantly upon water adsorption from = 4.9 eV for the cle an Cu(111) surface.
At a coverage of 3 BL the work function saturates at 3.95 eV, wlich suggests that ice
adsorbs on Cu(111) initially not in a layer-by-layer growth mode. It rather takes about
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3 BL before the Cu surface is completely covered by the adsodbe. Fig.2.21 presents
STM images of porous and compact ice cluster on Cu(111) whichave been taken by
K. Morgenstern and coworkers [S&07a]. Both images show a nominal water coverage
of 1 BL. Porous cluster are prepared at 85 K, upon heating to 1@ K for 2 s the cluster
height shrinks from 4-5 BL to 2-3 BL for compact clusters (cf. line scans in Fig.2.21).
At higher coverages ¢ 3 BL) a smooth ice surface is observed by low-temperature STM
which covers the Cu(111) surface completely [Gah03].
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2.5 Electronic Properties of Chemisorbed Alkali
Atoms on a Metal Surface

Alkali atoms adsorbed on a noble metal surface serve as a mddgystem for adsorbate
dynamics of chemisorbed species. The dynamics of the unoquied alkali resonance,
which is a consequence of a partial charge transfer of the ak valence electron to
the metal substrate, have been studied extensively theorétally [Bor02, But05, GauQ7,
Kre07] and experimentally [Fis94, Bau99, Pet00, Bor08, Zha(Q&tel0].

In the low coverage regime the adsorption of alkali atoms is ecompanied by sig-

(@) (b)

Figure 2.22: (a): Band scheme of the clean Cu(111) surface dt, = 0 (left) and electronic
states of Na/Cu(111) as a function of Na coverage (right). Uponalkali adsorption the vacuum
energy (solid line) and the binding energies of the occupied Cu(111)¥0 surface state, the
unoccupied image potential states (h=1,n=2,n=3), and a Na-induced unoccupied state (A)
are changing. Adopted from [Gau07], originally published in [Fis94].(b): PPE spectra as a
function of intermediate state energy andk, = O for Na/Ag(111), K/Ag(111), K/Cu(111),
and Cs/Cu(111). Highlighted are alkali localized m=0 ( ) and m= 1 ( ) intermediate states,
the surface state (SS) and the transition from the lower to the ugper sp-band. Adopted from
[Bor0g].

ni cant changes of the work function. The evolution of the work function as a function
of alkali coverage is depicted in Fig.2.22.(a) for Na adsoréd on a Cu(111) surface.
With increasing alkali coverage the work function quickly decreases and reaches a min-
imum of = 2 :2eV at a coverage of 0.4 ML for Na/Cu(111). This change is due
to a strong dipole moment induced by the positive alkali coreand its image charge
[Gau07]. In the low coverage regime, where the adsorbed alkkapecies do not interact
with each other, it is proportional to the number of dipoles at the surface. When the
alkali-alkali interaction becomes relevant, which reducs the e ective dipole moment,
the work function change deviates from its linear dependene on the coverage. Above
half a monolayer the work function increases again until it rraches a value close to the
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work function of the bulk alkali metal at a coverage of about 1 ML °. The binding
energies of the substrate-derived surface state and the tsthree image potential states
are also strongly in uenced by the adsorption of the alkali @aoms. Their energetic posi-
tion roughly follows the change of the vacuum energy of the sstem. The surface state
disappears when it crosses the sp-band edge at 0.9 eV bel&y . For an alkali coverage
below 0.5 ML an alkali-localized resonance occurs at 2 eV below the vacuum level.
Typical 2PPE spectra of various alkali atoms adsorbed on Ag{11) and Cu(111) are
depicted in Fig.2.22.(b). The resonance is formed by thens and np, valence orbitals
of the alkali atom. Accordingly the alkali resonance is ori@ted perpendicular to the
surface and exhibits a (m=0) symmetry (cf. blue highlighted peak in the 2PPE spec-
tra in Fig.2.22.(b)) [Bau98, Gau07, Zha08]. Recently, Borsov et al. demonstrated the
existence of a new alkali-induced resonance oriented patal to the surface [Bor08]. In a
joint experimental and theoretical study they assigned this resonance to an adsorbate-
localized state formed by the mixing between thep and d valence orbitals of the alkali
atom with a  (m= 1) symmetry (cf. red highlighted peak in the 2PPE spectra in
Fig.2.22.(b)). Both alkali resonances exhibit a at k, = O dispersion as can be seen
in the angle-resolved 2PPE spectra in Fig.2.22.(b), due theveak interaction between
separated alkali atoms in the low coverage regime.

The lifetime of the alkali resonance varies along the di erent alkali atoms [Bor02]
and also strongly depends on the substrate [Chu06]. Along t sequence Na, K, Rb, Cs
the lifetimes of the excited states increase [Bau97, PetO®Bor02]. Three main processes
contribute to the lifetime of an excited state at a metal surface:

(i) The resonant charge transfer (RCT) is an one-electron tansfer process. The
electron in an adsorbate state decays to an unoccupied metatate of the same energy.
If the substrate provides unoccupied states at the energy ofhe excited adsorbate elec-
tron the RCT is usually the dominating decay channel [Gau07]

(i) An excited electron can as well decay by an inelastic ineraction, where the
energy of a given electron is not conserved. Here, the excideelectron scatters under
excitation of an electron-hole pair of the substrate and patially transfers its energy.
As multiple electrons are involved in this process, its decarate ¢ is usually much
smaller than the decay rate rct Of the RCT. However, it plays an important role for
the decay of hot electrons or the decay of image states.

(iif) The third contribution is the electron-phonon channel, where the energy de-
cays via electron-phonon scattering. It strongly depends o the distance of the excited
state from the lattice. Usually this process is weaker than he other two decay channels.

The decay of the excited state of an adsorbed alkali atom on C{111) is mainly
governed by the RCT. Both decay times follow the trend of the plarizability of the al-
kalis, which increases along the sequence Na, K, Rb, and Csalble 2.2 summarizes the

¥With increasing alkali coverage the interaction of neighbo ring alkali atoms increases and the alkali
adlayer becomes metallic. For Na/Cu(111) this transition o ccurs at 0.4 ML, where the sodium resonance
lies below E¢ and is therefor occupied (peak labeled with (F) in Fig.2.22. (a). Once the monolayer is
completed quantum well states have been observed in these sytems [Car97, Joh02, Hof03]
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calculated values for the one-electron decay rate rct, the inelastic electron-electron
decay rate ¢e, and the corresponding level lifetime = ﬁ
Table 2.2: Decay rate of the rst excited state of the alkali/Cu(111) systems taken from
[Bor02]

| [ Na/Cu(111) [ K/ICu(111) | Rb/Cu(11l) | Cs/Cu(11l) |

rcT (MeV) 70 16 10 7
ce (MEV) 22 18 17 15
(fs) 7 19 24 30

Compared to alkali atoms on a free electron metal surface thealculated and exper-
imentally observed lifetimes of the rst excited state of alkali/Cu(111) are signi cantly
longer [BorO1]. The long lifetime is a consequence of a "quédlocking of the RCT by
the projected band gap of the Cu(111) surface (L-band gap), @ that the total decay
rate of the excited state is dominated by the inelastic intelaction with bulk electrons.
Fig.2.23 depicts the wave-packet propagation for the rst excited state in Cs/Cu(111)
(a) and Cs adsorbed on a free-electron metal surface (b) as ariction of coordinates
parallel and perpendicular to the surface and the respectie surface electronic band
structures. The RCT decay of the excited state is an energy awserving transition that

Cs/Cu lfree electron”, Z=10 a, (a) Cs/Cu(111), Z=3.5 a, (b)
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Figure 2.23: Wave-Packet for the Transient State in the Cs/Free-Electron (a) and Cs/Cu(111)

(b) Metal Surface System. The red areas correspond to large pbabilities for the electron.

The Cs atom center is at the origin of coordinates. (a) The RCT dec# of the excited state

favors transitions to metal states around k=0, which is possible in the surface electronic band
structure of an free electron metal. (b) This is impossible on Cu(11}, since there is not any
k=0 Cu state in resonance with the Cs state energy. Thus, the RCT @cay can only populate
large k, states resulting in a drastic reduction of the RCT rate as comparedwith the free-

electron case. Modi ed from [Chu06].
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favors transitions to metal states around k=0 (cf. Fig.2.23.(b)). However, the Cs state
(black line in the surface electronic band structure in Fig2.23.(b)) lies at k=0 in the
projected band gap of the Cu(111) surface. The excited elemdn can only decay to the
surface state at larger k or to the bulk band. Accordingly, the RCT decay can only
occur to electronic states at large values of kleading to a drastic reduction of the RCT
rate as compared with the free-electron case.

The long lifetime of the excited electron in the alkali resorance of Cs/Cu(111) makes
it a promising candidate for electron mediated surface reatons. Indeed, it was shown
by Petek et al [Pet00] that an atomic motion in a copper-cesitm bond-breaking pro-
cess can be induced by laser excitation. Figure 2.24.(a) psents the potential energy

potential energy (eV)
photoemission intensity (normalized)

RCu—Cs(A)
final state energy (eV)

Figure 2.24: Adsorbate Atom Motion of Cs adsorbed on Cu(111). (A): Potential energy
surface for Cs/Cu(111) as a function of the Cu-Cs internuclear oordinate Rcy cs. The pump

pulse excites the system, and the evolving wave packet can be pred by a time-delayed probe
pulse. (B) 2PPE spectra of Cs/Cu(111) as a function of pump-prde delay. The contribution

of the surface state and the alkali resonance are marked with SShd A, respectively. Modi ed

from [Pet00].

surface for Cs on Cu(111). Initially, the Cs is at equilibrium position in its ground
state (red curve) as a positively charged ion. By absorptionof a photon of the pump
pulse an electron from the substrate is transferred to the egited state (blue curve).
As photoexcitation is faster than the nuclei motion the transition occurs vertically and
the system evolves along the nuclei coordinate away from theurface. The motion of
the wave packet can be observed because the change in the Ci-@istance is accom-
panied by a decrease in the energetic position of the alkaliesonance (cf. Fig.2.24.(a).
The resulting 2PPE spectra are plotted in Fig.2.24.(b) and $ow a clear shift of the
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electron distribution corresponding to the alkali-induced state A towards lower energies
consistent with the dissociative motion of the Cs atoms. Although the excited state
lifetime in Na/Cu(111) is considerably shorter than for Cs/Cu(111) a similar behavior
has also been observed for the lighter alkali atoms [Weg09]The energy shift of the
maximum of the alkali resonance is slightly faster for Na n;=-1.95 meV/fs than for
Cs (s=-1.60 meV/fs.

After having introduced the investigated systems and the fundamental processes of
electron solvation in water ice adsorbed on metal surfacesnal possible reactions trig-
gered by these excess charges, the experimental techniquedathe corresponding setup,
sample preparation and data analysis will be presented in th following chapter.

43






3 Experimental Methods

In this chapter experimental details on time-resolved 2PPEmeasurements of ice-metal
interfaces and related issues are presented. The rst sedn provides a description of the
employed technique, namely time-resolved two-photon phatelectron spectroscopy. In
the following the experimental setup is presented. Detail®n the optical setup including
the femtosecond laser system, the UHV chamber equipped withtandard surface science
tools and the electron time-of- ight (TOF) spectrometer ar e given. Finally the sample
preparation and characterization procedures are discusse

3.1 Photoelectron Spectroscopy

Photoemission spectroscopy (PES) is a well-established rtteod to investigate the oc-
cupied electronic structure of solids and interfaces. In adition, information about the
nal (unoccupied) states can be obtained. The short mean fre path of the escaping
photoelectrons in the solid makes PES especially suitableot investigate surface phe-
nomena. Absorption of a photon excites electrons above theacuum level of the system
where they are detected with regard to their kinetic energyEyi, and emission angle
[Huf95]. Together with the knowledge of the photon energyh one can then deduce
their binding energy E; and dispersion parallel to the surfacé® k.. The kinetic energy
of the photo electron is given by:

Exn =h (Ei Ef) (3.8)

where is the work function and Eg is the Fermi level of the system. Furthermore,
the symmetry of the investigated state can be accessed by pariization-dependent mea-
surements.

In the sudden approximation it is assumed that the photoemision from an initial N -
particle system to the nal N-1 electron state occurs much faster than the electronic
system relaxes the excited electronic state. This assumgin is closely related to Koop-
manns' theorem where the measured ionization energie  Ef is equal to the orbital
energy of theN electron state [Koo34]:

E Ef' : (3.9)

This one electron scenario is a simpli cation of the procesgand neglects for example
many-body and electron relaxation e ects. Many-body e ects have to be considered
especially in materials that are strongly correlated and wiere Coulomb interactions of
electrons play a signi cant role. Electron relaxation descibes the fact that when an
electron is emitted from a N -particle system, the remainingN -1 electrons relax into a
new energy state with a lower energy of y 1 E relax SO that:

N6 N 1 (3.10)

2 Further details on dispersion measurements are given in setion 3.1.3.
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3 EXPERIMENTAL METHODS

where is the orbital energy of the respective state. Neverthelessthe corrections for
electron-electron correlation e ects E o and the corrections for the relaxation of the
orbitals E (¢ax are comparable but of opposite sign so that the Koopman's therem
(3.9) provides a reasonable approximation for the binding aergies in photoemission.

3.1.1 One- and Three-Step Model of Photoemission

For a detailed description of the photoemission process onmeeeds to consider many-body
e ects as all initial and nal states have to be addressed. Neertheless, phenomeno-
logical models which simplify the problem have been develggd. Fig. 3.1 depicts an
illustration of the three- and one-step model of photoemis®n [Huf95]. Especially the
three-step model has proven to be extremely useful.

Figure 3.1: One- and three-step model of photoemission. Three-step modell) Photoex-
citation of an electron followed by (2) its travel to the surface and (3) transmission into the
vacuum. One-step model: Coupling of a Bloch state, residing int the ystal by the optical eld

to a freely propagating wave that decay exponentially into the bulk. Adopted from [Huf95].

Three-Step Model

The three-step model separates the photoemission proces#a three distinct and inde-
pendent parts [Ber64a, Ber64b].

1. Inthe rst step an electron is locally excited from an initial to a nal state within
the band structure of the substrate by adsorption of a photon The momentum of
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3.1 Photoelectron Spectroscopy

the photon can be neglected so that the transition occurs veical and conserves
momentum.

2. The second step involves the transport of the electron tohe surface, where scat-
tering events occur, electron-defect and mainly e-e scatteng, which reduce the
number of electrons reaching the surface. The inelastic stiered electrons, which
experienced a variation of their energy and momentum, contibute to the back-
ground of the photoemission signal. Furthermore, the scattring induces the
energy-dependent mean free path of the electrons and theirseape depth of 5 -
100 A determines the surface sensitivity of photoemission spemscopy.

3. In the last step the electron escapes through the surfacena propagates in the
vacuum to the detector. In this process the component of the mmentum par-
allel to the surfaceky is conserved in a translational invariant (periodic) system,
whereas its perpendicular componenk, is reduced by the work function of the
system.

In the three-step model the photoemission current is given ¥:

1
Ipe (Kg; Ekin) = T(Exin )D(Ei)D(Ef )M , f (Ei)A(kg; Ei)e *7%dz ; (3.11)

whereT is a transmission function,D describes the density of states of the initialE; and
nal state Ef, Mj Is the respective transition matrix elements,f is the distribution
function, A is the one-particle spectral function, and zy is the mean escape depth
[Sch03].

One-Step Model

In the one-step model a Bloch wave (initial state) inside thecrystal is optically coupled

to a plane wave in the vacuum ( nal state), which is decaying exponentially inside the

bulk (cf. right panel of Fig.3.1). The penetration depth is given by the elastic mean free
path. This can as well be described as the time reversal of theEED process, where
an electron is impinging on the metal surface with an energydependent penetration
depth. The advantage of the one step model is that good theoes already exists that
can describe the LEED process very accurately and can now besad for photoemission
as well. Due to this similarity the nal states in photoemission are also termed inverse
LEED states |ggep and the phc))éto current is proportional to:

IpE (Kk; Ekin) / in Leeo (Ef)iWj ij Ak Ei) (3.12)

Here, the operator W describes the interaction of the vector potential A of the optical
eld with the electrons and can be approximated by:
W = Ag (Ef Ej)e +; (3.13)

where A is the amplitude of the light wave, € its polarization vector, and E; and Es
are the initial and nal state energies, respectively.
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3 EXPERIMENTAL METHODS

3.1.2 Two-Photon Photoemission

Supplementary to the ability of investigating the occupied electronic structure of a sys-
tem by one photon PES, Two-Photon Photoemission Spectrosquy (2PPE) provides the

possibility to study unoccupied electronic states betweerthe Fermi- and the vacuum-

level of the system [Fau95, Pet97]. In the 2PPE process an aton from below the

Fermi level is excited by absorption of a photon to an unoccufed intermediate state,

located below the vacuum level of the system. Subsequentlgbsorption of a second
photon excites the electron above the vacuum level, where itan propagate freely and
is detected by a TOF spectrometer. In contrast to direct photoemission 2PPE is a
2nd order non-linear process and, therefore, requires higlaser intensities. These high
spatial and temporal photon densities are achieved by empigng pulsed lasers with
femtosecond pulse duration. Details on the generation of girt laser pulses and the em-
ployed laser system are given in section 3.2. On the one hanthe photon energies are
chosen to be large enough such that all intermediate statesfanterest can be excited
and that all these states can as well be probed by exciting then above the vacuum
level. On the other hand, in most cases the photon energies sbld be smaller than the
work function of the system in order to avoid direct photoemission from states below
the Fermi level?!

Excitation Mechanism

Several di erent excitation channels are possible in the 2PIE process and need to be
considered when analyzing a 2PPE spectrum. Three di erent egitation mechanism are
depicted in Fig.3.2. The rst mechanism depicts a direct exdtation and population of
an intermediate state (a). A rst photon with the photon ener gy h ; excites an electron
from below the Fermi level into the real intermediate state where the population of this
state is probed by absorption of a second photon withh , which excites the electron
into the nal state. A real nal state in the vacuum is always a vailable since the states
above the vacuum level form a continuum of states. If no realntermediate state is in
resonance with the initial state the excitation of an electron from below the Fermi level
into the nal state can occur via a virtual intermediate state (c). Photoemission via
virtual intermediate states arises from the transient secad order polarization in the
presence of the strong laser elds used in 2PPE. It can be vislized as simultaneous
absorption of two photons. As apparent from Fig.3.2 (a) and €) both excitations can
lead to the same nal state energy. Nevertheless, a discrimmation of both mechanism
is possible on the basis of their di erent behavior upon changg the pump photon
energy h 1. If the excitation occurs via virtual intermediate states the position of the
according peak in the 2PPE spectrum shifts by h , when the pump photon energy
is changed by the same amount h . The position of the peak is not changing in
the spectrum when excitation proceeds via a real intermedite state. The ability to

21The excitation probability for direct photoemission is sig ni cantly higher than the one for a two-
or even three-photon process. As a consequence a spectrum t@n with a photon energy higher than
the work function would be strongly overlapped by the one-ph oton signal. Nevertheless, it is as well
possible to detect direct and two-photon photoemission electron in one spectrum.
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3.1 Photoelectron Spectroscopy

discriminate the two excitation pathways by changing the pump photon energy is only
given in case that the involved states do not exhibit a dispesion alongk- , as it is for
instance the case for surface states. The third possibilitydescribes a non-resonant and

Figure 3.2: 2PPE excitation mecha-
nism: (a) Direct resonant excitation via a
real intermediate state. (b) Non-resonant
excitation involves secondary scattering
processes. (c) Indirect excitationvia a

virtual intermediate state. The processes
can be distinguished by their dierent

photon energy dependence. For further
details see text.

vac [~

indirect excitation of a real intermediate state and is depcted in Fig.3.2 (b). Here, the
intermediate state is populated via inelastic scattering processes with other electrons,
defects or phonons from another intermediate state. Due to lte scattering processes
involved the momenta of the scattered electrons is not conseed.

Time-Resolved Two-Photon Photoemission

A further advantage of 2PPE spectroscopy is the ability to directly investigate the
temporal evolution of an electronic relaxation after an opftical excitation. The basic
principle of a time-resolved 2PPE experiment is depicted inFig.3.3. The experiments
are conducted in a pump-probe scheme and the time resolutiois achieved by delaying
pump- and probe-pulse in time with respect to each other. An umoccupied intermediate
state is excited by absorption of a rst photon. A second photon, which is delayed in
time by t, excites the electron aboveEy 5.. In this way the transient population of

the intermediate state is probed by varying the time delay t. The assignment of the
photons to pump- and probe-pulse is not unambiguous as the der of arrival of the

laser pulses can also be reversed. Within this thesis all exgpiments were conducted
using visible (VIS) and ultraviolet (UV) photons. Usually, the UV photons served as
the pump-pulse and the VIS photons as the probe-puls&. Accordingly, in the time-

resolved 2PPE spectra this photon order is at the 'positive" side of the time zero,

22The excitation of the system with UV photons allows for an inv estigation of unoccupied intermediate
state at higher energies above the Fermi level, e.g. image potential states.
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where both laser pulses arrive simultaneously at the sample The reverse order is in
the following referred to 'negative” time delays. The achieved time resolution in these
experiments lies at approximately 1/10 of the laser pulse dwation. The pulse duration
lies, depending on the employed laser source and photon emgt in the range of 50 -
60 fs, so that a time resolution of around 5 fs was achieved. Téntemporal delay
between the laser pulses is realized by sending one beam owercomputer controlled
delay stage®.

Figure 3.3: Scheme of time-resolved
2PPE spectroscopy. An electron from
below the Fermi level is excited to an
intermediate bound state by absorption of
a photon with the photon energy h ;. The
transient population of this state is probed
by absorption of a second photon with h 5.
The kinetic energy of the photoemitted
electrons is analyzed in a time-of-ight
(TOF) spectrometer. The pump-probe
time delay t enables the time resolution.

3.1.3 Time-of-Flight Spectrometer and Energy- and Momentu m Con-
version

The 2PPE spectra were recorded using a linear time-of- ightspectrometer. A detailed
description of the spectrometer and the signal processingan be found in [Kno97,
Hot99, Gah04] and is only brie y reported here. The main part of the spectrometer is
a eld-free ight tube allowing for the unperturbed propaga tion of the photo-emitted
electrons. The spectrometer is surrounded by a -metal shielding to screen the electrons
from external magnetic elds. The laser light can enter and «it the spectrometer by
drill holes in the shielding. In order to avoid electrical elds caused by inhomogeneities
of the work function of the employed materials, the ight tub e and its conical entrance
tip is made of graphite coated aluminum. The sample is positined such, that the laser
beams hit the sample surface under an angle of 45with respect to the spectrometer
axis on a spot that is 3 mm away from the entrance tip. After passing through the
ight tube the electrons are detected by a pair of micro chanrel plates. The resulting
voltage pulse is coupled out of the vacuum by a capacitor andeyves as the "stop™-pulse
for the determination of the ight time. The "start" pulse co mes from a leakage pulse

2 Detalils on the optical beam path are given in section 3.2.

50
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of the RegA (cf. Fig.3.7), which is detected by a fast photo diode.

The work function di erence of the spectrometer ( ' 4.45 eV) and the sample
can be compensated by applying a bias voltage between the squte and the grounded
ight-tube. The resulting potential di erence eU is given by the work function of the
sample sample and the spectrometer spec and the applied bias voltage Upias:

eU = sample spec T €Upias: (3.14)

Fig.3.4 shows a potential diagram between sample and specimeter. The bias voltage
Upias IS used to compensate for the work function di erences of the ample and the
spectrometer, allowing even the detection of the slowest pitoelectrons. Neglecting

r 3 E
sample spectrometer Figure 3.4: Potential gradients between
Eee T Sample and Spectrometer. The sample can
eU = Df + eU,,. be biased with a voltage Upias, whereas the
F v _ e spectrometer is permanently grounded. The
semele X Sea kinetic energy is always measured with re-
v spect to the vacuum level of the spectrometer
EF f Espec
spec vac *
eUbias
Y . V_ E:pe

the short acceleration of the electrons by this potential the kinetic energy of the photo
emitted electrons is given by:

1 L
Exn = =mMeg ——— eu; 3.15
kin 2 e (tm to) ) ( )

where L is the total traveling distance of the electrons of 30 mm. The actual ight
time t di ers from the measured ight time t,, by a constant o set tg, that is mainly
given by the runtime of "start™signal in the electronics. T he unknown constantty can
be derived from a series of measurements with di erent bias vitages since the bias
voltage Upias and the measured ight time occur with di erent powers in equation 3.15.
The conversion from ight time to energy requires to re-scak the intensities according
to:
aE t3
P(E)= Gt P(t)= mP(t). (3.16)
The width of the secondary edge in the spectrum is a good measei for the energy
resolution of the spectrometer. It is independent of the spetral width of the laser pulse
and thus provides an upper bound for the spectrometer resolion. For electrons with
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a kinetic energy of up to 1 eV and between 1-3 eV the energy rekdion is 13 and
25 meV, respectively [Hot99, Gah04].

The sample can be rotated in the spectrometer by 16 with respect to the surface
normal enabling angle-resolved 2PPE measurements. In thisvay information on the
electron momentum hk, parallel to the surface plane can be gained. As the momen-
tum of the absorbed photon can be neglected and the Cu(111) stace is translational
symmetric, ki is conserved. The electron momenturk, can be calculated by:

r.
. 2m
Ke(5E kin) = sin(") h—geEkin; (3.17)

where' is the emission angle of the photo electrons with respect tolte surface normal.

3.1.4 Data Analysis
Photoelectron Spectra and Energy Scaling

The 2PPE spectrum of a clean Cu(111) surface is depicted in Bi.3.5 and shows the
2PPE intensity as a function of the kinetic energy of the photbemitted electrons. The
spectrum exhibits a characteristic feature of the Cu(111) srface and two additional
features which are a global signature in all PES spectra. Thepeak Eyj, ' 1.2 eV
originates from electron which are excited out of the occumd Cu(111) surface state
by adsorption of two UV photons. Furthermore, the spectrum presents two cut-0 s.
Their position is determined by the Fermi- and vacuum-levelof the sample and by the
employed photon energies as depicted in Fig.3.5. In equilium at T=0 K all electronic
states in a metal are occupied up to the Fermi energ\Er so that only electrons below
or at the Fermi level can be photoexcited. Hence, the electnas with the highest kinetic
energy in the spectrum originate from electrons from the Femi level that were excited
by absorption of at least two photons. The high energy cut-o in the spectrum is
referred to as Fermi edge. For multi photon processes all cobinations of photons,
n h 1+m h ,?* canlead to a Fermi edge in the spectrum, so that several Fermedges
can be observed especially when two-color experiments areegormed. The second
cut-o at the low-energy side of the spectrum originates fran electrons which have
just su cient energy to exactly overcome the sample's work function after absorption
of two photons. On the basis of the position of the Fermi- and scondary-edge and
the knowledge of the used photon energy one is now able to detaine energy scales
which are related to properties of the investigated systemike the Fermi energy and the
vacuum energy.

The measured kinetic energies are obtained by measuring theght time of an
electron in the detector, described in detail in section 3.13, and converting it into
the kinetic energy of the photo emitted electron. The measued kinetic energy Exin
corresponds to the "real"kinetic energyEyin , the energy gain by the applied bias voltage

%n and m are positive integers. Higher order Fermi edges with n or m > 1 are as well observable,
although the probability of multi-photon process decrease s with the number of involved photons, which
leads to a signi cant reduction of the 2PPE intensity.
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Figure 3.5: Exemplary 2PPE spectrum of Cu(111). Besides the Cu(111) surfee state (SS)
the spectra exhibits two features, which are referred to as secnlary edge at the low energy side
and Fermi edge at higher energies. The secondary edge originaté®m electrons which just
overcome the vacuum level of the system, whereas the Fermi edarises from electron excited
from the Fermi level of the sample by two UV photons.

eU and the di erence of the work function of the spectrometer andthe sample
Exin = Exin + eU+ : (3.18)

As described before, the secondary edge in the spectrum carehbattributed to the
vacuum level of the sample, whereas the Fermi edge is relatetd the Fermi level of
the investigated system. Hence, the 'real” kinetic energy ad the work function can
be obtained from the well-de ned signatures in the 2PPE spettrum. The 'real" kinetic
energy is:

Ekin = Exin  Ekin (secondary edgé; (3.19)

and the work function of the sample is given by the energy di eence between the
vacuum level Eyi, (secondary edge) and the Fermi leveEyi, (Fermi edge) and the sum
of the photon energies:

= Ekin (secondary edg¢ Ekin (Fermiedge)+ h 1+ h 5 (3.20)

In addition to electrons that are excited by a photon of the pump- and probe-pulse,
respectively, multi-photon excitagpns within one laser pulse are possible, as long as
the sum of photon energiesE = h is large enough to overcome the system's work
function. As a consequence, a time-resolved 2PPE spectrunontains as well tempo-
rally uncorrelated signals that are independent on the timedelay between pump- and
probe pulse. In time-resolved measurements this fractionsi usually subtracted as a
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background signal.

The 2PPE spectra can be plotted as a function of di erent enery scales with dif-
ferent reference energies depending on the origin of the sgteal features of interest. In
the case of image-potential states one usually uses the biimdy energy of these states
with respect to the vacuum level of the system. This choice iseasonable because these
states are often 'pinned" to the vacuum level and, therefore react on changes of the
work function. The binding energy with respect to the vacuum level E, 4 is given by:

E  Evac= Ekin Ekin(secondary edg¢ h 1.: (3.22)

When working with a two-color setup, i.e. dierent photon energies for pump- and
probe-pulse, two di erent binding energy scales are possikl depending on which laser
pulse pumped or probed the state. Subtractingh 1 in equation 3.21 yields the binding
energy axis of states excited withh ; and probed with h .

Another reasonable reference point is the Fermi level of theystem. An energy axis
related to the Fermi level is especially useful when invesgjating unoccupied intermedi-
ate state in 2PPE and is mostly used within this thesis. The irtermediate state energy
describes the energy with respect to the Fermi leveEr and is given by:

E Er = Ekin Ekn(Fermiedge)+ h 1.: (3.22)

Again, two di erent energy scales are possible depending onhie laser pulse sequence.
The intermediate state energy of electrons excited by photns with the energyh 1 and
probed by photons with h » results from equation 3.22 by adding the photon energy
h i.

As already mentioned before in section 3.1.2 both laser pués can serve as pump-
or probe pulse depending on their time delay and the origin othe electronic state. for
the choice of the correct energy axis, however, this knowlege is required. One way to
determine this knowledge is to vary the photon energy of onefathe laser pulses like it is
described in section 3.1.2. Another way to access the origiaf the electronic state and
the sequence of the laser pulses is achieved by employing taresolved measurements
that are directly revealing the development of the transiert population after excitation
by photons with h 1 or h ».

Time-resolved 2PPE and Population Dynamics

Time-resolved 2PPE spectroscopy allows for the investigabn of electron dynamics at
adsorbate covered metal interfaces including the direct obervation of the population

dynamics of excited states and the temporal evolution of th& binding energy. Fig.3.5
exemplarily depicts a time-resolved 2PPE measurement of @. ML Cs adsorbed on
Cu(111). Panel (a) presents the 2PPE intensity in a false car representation as a
function of intermediate state energyE  Efr (left axis) and pump-probe time delay
(bottom axis). The color scale proceeds from blue, indicatig low 2PPE intensity, to

white, indicating high 2PPE intensity. For simplicity, thi s two-dimensional representa-
tion of a time-resolved 2PPE measurement will be referred tas 2D-plot. As depicted
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3.1 Photoelectron Spectroscopy

in panel (b) of Fig.3.5, 'negative" time delays correspond b electrons excited by VIS
laser pulsesh , and probed by UV laser pulsesh 1, whereas electrons are excited and
probed by the inverse pulse sequence for "positive" time dalys.

Vertical cuts through the 2D plot at xed time delays t yield 2PPE spectra for
given time delays. In Fig.3.6(c) 2PPE spectra at time delaysof t = 0, 20, 60, and
100 fs are presented. On the basis of such a series of 2PPE sjpadnformation on the
spectral evolution of electronic states, like transient clanges in the binding energy, can
be gained. Cross correlation (XC) traces are depicted in pagl (d) of Fig.3.6 as a func-
tion of time delay. The XC traces for an electronic state are dtained by integrating
the 2PPE signal over a speci ¢ energy window that includes tle entire intensity dis-
tribution of the state. The XC traces provide information on the population dynamics
of an excited electronic state. A more detailed descriptionof the analysis of the XC
traces is given in the course of the present section.

The 2D plot in Fig.3.6(a) shows two characteristic featuresof an alkali/metal in-
terface. The peak aroundE Ef = 2.5 eV, better seen in the 2PPE spectrum at

t = 0 fs, is associated with photo emitted electrons from the ocupied Cu(111) sur-
face state. The peak at higher intermediate state energiesrmginates from electrons
that are excited by photons with the energy h 1 into the unoccupied alkali resonance.
The population of this state is then probed by absorption ofh , photons. This feature
clearly presents a lifetime which can as well be seen in the msimetry of the correspond-
ing XC trace (green symbols) in panel (d) of Fig.3.6. The XC trace is well reproduced
by a t (solid green line) that considers a single exponentid decay yielding a decay
time of = 24(5) fs. The red markers in panel (d) represent the XC of theemployed
laser pulses. Analyzing the pulse duration following the aalysis that is discussed in
section 3.2.2 yields a pulse duration of 46 fs. More detailsfdhe alkali resonance that
is formed by the ns and np, valence orbitals of the alkali atom were given in section
2.5.

In order to analytically describe the decay rates in an optially coupled 3-level
system, including an initial, intermediate and nal state o ptical Bloch equations can
be employed [LouO0]. However, the dephasing parameters ohé system need to be
known. Nevertheless, the optical Bloch equations can be sipli ed to a set of classical
rate equations, when the excitation is limited to non-resorant transitions. Accordingly
the time-dependent 2PPE response function of an intermedig state can be described
following the equation:

zZ Z

L( t)/ dt@to? (t91,(t%° HR@EAP t9; (3.23)

wherel; and | , describe the transient intensity of the pump- and probe pulgs and R(t)
is the response function of the intermediate state. For an itermediate state with a nite
lifetime the XC trace can be tted on the basis of equation 3.23 and the population
decay of the state can be written as:

N( )= A exp —- +B: (3.24)
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Figure 3.6: Time-resolved 2PPE spectrum of 0.1 ML Cs/Cu(111). (a) 2PPE intersity in a
false color representation as a function of intermediate state engy E = Eg (left axis) and
pump-probe time delay (bottom axis) The white arrows mark the time delay of the 2PPE
spectra presented in panel (c). (b) Scheme of the pulse sequentor 'negative" delays: h ,-h 1
and 'positive" delays: h 1-h ;. (c) Vertical cuts through the 2D plot taken at di erent time

delays as indicated. The spectra exhibit di erent features associted to the unoccupied alkali
resonance (AR) and the Cu(111) surface state (SS). (d) Crossorrelation (XC) traces as a
function of pump-probe delay for the state AR, which shows a clearasymmetry indicating a
lifetime towards positive delay, whereas the XC of the laser pulses ten at EF is symmetric.

56



3.2 Laser System

assuming a single exponential decay. Here, A is the amplitugl, the decay rate and
B a constant o set. By convoluting equation 3.24 with the XC of the employed laser
pulses 7

Fxc ()= dtA ()t 9 (3.25)

the time-dependent data can be reproduced. The t (green satl line) of the XC of
the alkali resonance (green symbols) depicted in Fig.3.6 (dwas obtained following this
procedure.

3.2 Laser System

Employing 2PPE spectroscopy requires the use of very shortrad intense laser pulses
in order to provide the high temporal and spatial photon densty that is needed to
e ciently drive the non-linear optical processes. In this work these laser pulses are pro-
vided by a commercial, tunable femtosecond laser system fnro Coherent that consists of
an oscillator with a titanium-doped sapphire (Ti:Sa) crystal (Mira ) and a regenerative
ampli er ( RegA 9050), which are both pumped by a diode-pumped cw solid-sta laser
(Verdi V-18). Furthermore, the ampli ed laser pulses can pump two optical parametric
ampli ers (OPA) or a home-build non-collinear optical parametric ampli er (NOPA).
The laser system is schematically depicted in Fig.3.7.

3.2.1 Generation and Ampli cation of fs-Laser Pulses

1050-1600nm_

L N
MiraSEED  |[OPA9B50 |9 o ibo T
\ f——————
800nm, 76MHz, 500nJ/pulse
8nJ/pulse,<40fs <30fs prism J
compressors i
Stretcher " 50fs |
Verdi 532nm, delay stage
18W, CW 800nm
ompressor B ~ '\ 1 400nm
I
delay stage
RegA 9050 OPA 9450 &> VY
800nm, 200kHz, 150nJ/pulse A O i 7 N 460-760nm
D 5ml/pulse <50fs . 230-380nm_
A

photo-
diode < polarisation flipper
|\ BBO crystal 1

Figure 3.7: Laser System
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3 EXPERIMENTAL METHODS

A titanium doped sapphire crystal (Ti:Sa) serves as the actve laser medium in the
oscillator, where the femtosecond laser pulses are geneeat [Coh96]. Ti:Sa exhibits a
broad, vibronic emission spectrum ranging from 670 to 1070 m, with a maximum at
790 m. The crystal is pumped via a broad absorption band (400 600 nm) centered
at 490 nm. Due to the long lifetime of the excited states the TiSa crystal can be
pumped by a cw-laser. The employed/erdi V-18 provides cw laser light at 532 nm. A
Nd:YV Og4 crystal pumped at 808 nm by two laser diodes serves as the aggé medium.
The output is achieved by frequency doubling in a KDP crystal. By constructive
interference of longitudinal modes short laser pulses areemerated in the resonator of
the Mira. Following the time-bandwidth product:

—=c t (3.26)

where is the central wavelength andc is the speed of light, the pulse duration is
inverse proportional to the bandwidth of the mode-locked sgctrum. In this oscillator

mode-locking is realized with the help of the Kerr-Lens e ect which occurs for high
intensities in the Ti:Sa crystal. This e ect results from the intensity-dependent, non-
linear fraction of the refractive index n:

N1 )= no(t)+ na(t) I (3.27)

Due to the Kerr-Lens e ect, the varying intensity over the spatial beam pro le causes a
spatial distribution of the refractive index. Hence, intense laser pulses, i.e. short laser
pulses, are focussed by this lens, whereas less intense cwdas are not focussed. By a
slit in the cavity placed in the focal plane of this lens weak m@rts of the laser pulses are
blocked. The cavity includes a prism compressor which compesates for the positive
chirp, which the laser pulses experience during their travethrough optical media inside
the cavity, in order to keep the pulse duration short. Furthermore, a birefringent lter

in the cavity allows for a variation of the central wavelength in the range from 750 to
850 nm. Based on the length of the resonator and the speed ofjlit the Mira operates
at a repetition rate of 76 MHz and delivers laser pulses with aduration of 50 fs and
an energy of 8 nJ per pulse.

However, in order to use one of the OPA's or the NOPA the pulse Bergy needs to
be raised by three orders of magnitude to obtain the requiredenergy on the order of
J. Before the Mira output pulses can be ampli ed in the RegAthey rst get stretched
in time to reduce the high peak intensities, which can lead todamage in the active
medium. In the strectcher the pulses pass through optical components with a normal
group velocity dispersion (GVD)?®, which leads to a temporal stretching of the pulses
to pulse durations of several nanoseconds. After the amplication the laser pulses are

S The dispersion of the group velocity vy leads to dierent vy for dierent spectral components of
the pulse. For normal linear GVD the low energy components of the spectra (red) have a higher vq
than the high energy components (blue). To compensate this e ect the laser pulses travel through an
optical component with a negative GVD.
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3.2 Laser System

compressed in the time domain by passing through four gratigs, which are introducing
a negative GVD so that in addition also higher order GVD can becompensated.
Similar to the Mira, The RegA consists of a cavity with a Ti:Sa crystal that is

760 DI =24.5 nm
Dt=45fs
780

T T

8007 T T T T LI T T
, 780 820 860
wavelength (nm)

820+

wavelength (nm)

840

860+
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Figure 3.8: Pulse characterization of the compresse&egA output. Two-dimensional intensity
distribution of the pulses measured with aGrenouille spectrometer (left panel). The intensity
distribution of the pulses of the RegA output in the wavelength (upper right panel) and in the
time domain (lower right panel).

pumped by the main fraction of the Verdi V-18 output. During the build-up of pop-
ulation inversion spontaneous lasing is hindered by a qudly switch (Q-switch) that
reduces the quality of the cavity. At the maximum of the inversion a single laser pulse
from the Mira is coupled into the cavity by an opto-acoustic modulator (cavity-dumper)
and the Q-switch minimizes losses. Now the pulse is travelip through the resonator
and reduces the population inversion in the Ti:Sa crystal while the laser pulse is gaining
intensity. After 25 round trips the maximum intensity is reached and the pulseis cou-
pled out of the cavity by the cavity-dumper. After the cavity quality is reduced again
by the Q-switch a new ampli cation cycle can than start following the above described
sequence. The intensity distribution of the re-compressedRegA output is depicted in
Fig.3.8 as a function of time delay and wavelength, measuredvith a Grenouille spec-
trometer, which is based on the frequency-resolved opticagating (FROG) technique.
With a bandwidth of = 24.5 nm a pulse duration of t =45 fs is achieved.

The investigation of di erent samples with varying electronic properties makes it
desirable to match the photon energies of pump- and probe-dse to the requirements
of the system, e.g. the work function. Therefore, the employed laser setup inaildes
two optical parametric ampli ers and a non-collinear optical parametric ampli er in
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3 EXPERIMENTAL METHODS

order to be able to tune the photon energies over the entire gible, the near-infrared
and near-UV part of the light spectrum. The OPA 9450 is pumpedby pulses with a
central wavelength of 400 nm, that are produced by frequencdoubling of the funda-
mental 800 nm RegA-output in a BBO-crystal 26. The signal output ranges from 460
to 760 nm and the achieved pulse duration are 50 fs. The NOPA produces sub-30 fs
pulses in the visible spectral regime (480 - 650 nm). The shter pulse duration is a
result of the broader phase-matching region, providing a boader spectral distribution
of the output pulse and hence shorter pulse duration compareto the OPA 27, The OPA
9850 delivers laser pulses with a duration of 30 fs in the infrared part of the spectrum
from 1100 - 2900 nm.

In the following the basic non-linear optical processes, ke second harmonic gen-
eration (SHG), sum frequency generation (SFG), and di erene frequency generation
(DFG) are described. Electromagnetic waves produce in ators or molecules in di-
electric media charge displacements that induce electric idole moments §(E). The
macroscopic polarization can be expanded into a power sege

PE)= o [W E+ @ E2+ O B34y (3.28)

where " is the susceptibility of n-th order, which is described by a tensor of rank
(n+1). " depends on the symmetry of the non-linear medium and is a mease for
the non-linear restoring forces, that occur during the defomation of the atomic shell
by the E-M wave. Although, (™ (n 1 is always valid, higher order terms lead
to a considerable contribution to the polarization, when the eld strength of the E-M
wave is high, as in the case of femtosecond laser pulses. Umndke in uence of light
with two di erent frequencies ! 1 and ! »

E(F)=F, e"'+E, e "2t (3.29)

the induced atomic dipole moments oscillate and produce nevie-M waves with a fre-
quency determined by the ones of the induced dipole momentsThe second-order term
in (3.28) yields contributions in the macroscopic polarizdion of the doubled frequen-
cies of! 1 and ! », their sum, and their di erence frequency. The radiated waves with
frequency! propagate with a phase velocity of:

(3.30)

through the non-linear medium. However, a macroscopic wavé only emitted when all
microscopic components oscillate in phase. This is the casghen the phase matching
condition:

R(t 1+ L) = R( 1) + R(! 2) (3.31)

is ful lled.
In the OPA the RegA output passes through a beam splitter; 75% of the incident

2BBO: -barium borate
2"More details on the self-made NOPA can be found in the diploma thesis of D. Wegkamp [Weg09].
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3.2 Laser System

beam is re ected and serves as the pump, whereas the transntéd 25% is focused into
a sapphire plate generating a broad white light continuum (®ed). The wight light
continuum exhibits a strong temporal chirp, which allows to select a desired spectral
part by sending it via a delay stage. In a second optical path he pump pulse is
generated by frequency-doubling of the fundamental 800 nmni a BBO-crystal. Pump-
and seed-pulse are spatially and temporally overlapped in aecond BBO-crystal. Here,
the DFG process occurs and the pump-pulsel(;) and the seed-pulse () are generating
a photon with the di erence frequency ! 3 = ! 1 - I , (idler) and another photon with
energy! » (signal). Each pulse passes twice through this BBO-crystato achieve higher
ampli cation.

Most of the experiments presented in this thesis were perfoned using the VIS
output of the OPA and either its second harmonic or the frequency-doubled output of
the RegA, that served as the UV pump. In both cases the seconddrmonic is separated
from its fundamental by a dichroic beam splitter, before the polarization of the UV
light is ipped from s back to p by a periscope (cf. Fig.3.7), because the polarization
of the second harmonic was changed during the SHG process img BBO. A prism
compressor setup in every beam path compensates for the ptige GVD introduced by
the transmitted optical components, and allows for minimizing the pulse duration for
every beam path individually. The VIS laser light is guided via a computer controlled
delay stage, which enables to control the time delay of pump-and probe-pulse with
an accuracy of 0.5 fs with respect to each other. The optical etup in front of the

e-TOF

coated UHV chamber

prisms

background
doser

CCD camera EI ?
QMS pinhole doser

Figure 3.9: Laser setup to couple the pump- and probe laser beam into the UHV ltamber.
The VIS beam passes a delay stage to introduce the temporal delayrhe beam pro le can be
taken by a CCD camera

UHV chamber is depicted in Fig.3.9. Both beam paths proceed 0 the same height
and the laser light is focussed onto the sample kept in the UH\thamber. The in- and
outcoupling windows in the UHV chamber are made from UV-transmitting MgF,. The

61



3 EXPERIMENTAL METHODS

spatial overlap of both laser beams can be controlled by a paiof re ecting prisms in
the VIS beam path. A ip-mirror in front of the entrance windo w can be used to focus
both laser beams to a position that is equivalent to the sampd position in the UHV.
This allows for a rst adjustment of the spatial overlap by alignment of the beams
through a pinhole or a rough synchronization of the beam pathlength by the help of a
fast photo diode. In addition, the spot pro les in this sample-equivalent position can
be recorded by a CCD-camera.

3.2.2 Laser Pulse Characterization

The characterization of the laser pulses by means of spot prie, laser spectrum, and
pulse duration is presented in the following. For the determination of the energy scaling
of the recorded 2PPE spectra it is essential to precisely kne the central wave length
of the laser light. The spectra of the visible and near-UV lagr pulses are recorded
with a ber optic grating spectrometer ( B&M ). Typical laser spectra of a laser pulse
in the visible and UV range are depicted in Fig.3.10. In the right panel of the gure
the laser spectrum of the frequency-doubledRegA-output, which is tted by a gaussian
distribution (solid line) is shown. It has a central wave length of =401.5 nm (3.09 eV)
and a FWHM of = 5.9 nm. The left panel of Fig.3.10 depicts the laser spectrm of
the OPA-output pulse in the visible spectral range. The spetral distribution is again
described by a gaussian peak giving a central wave length of = 544.6 nm (2.28 eV)
and a width of = 8.5 nm.

O raw data | =544.6 nm O raw data | =401.5nm
— gauss fit DI =8.5nm — gauss fit DI =5.9 nm
2 o)
c c
=} =]
£ =
S S
2 2
£ £
c c
g g
£ c
: : : : : i ) :::::v.v:-z | | | | )
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Figure 3.10: Laser spectra of typical laser pulses in the visible and UV. The intenisy distri-
bution can be described by a gauss peak (solid lines).

Information on the temporal pro le of the laser pulses can begained by 2PPE cross-
correlation measurements on the sample. To reduce the e ectfothe nite lifetime
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of electronic excitations the XC traces in the time-resolvel 2PPE measurement are
analyzed in the spectral region with the highest intermedide state energy, as the lifetime
scales with ﬁz If no resonant excitations occur, the electrons are photo
emitted via a virtual intermediate state with an in nitesim al short lifetime. In this
case the time-dependent 2PPE response function of an interaediate state in equation
3.23 reduces to the cross-correlation function of two lasepulses in equation 3.25, as
the response function of the intermediate state R(t) is a function. Hence, the cross-
correlation function of two laser pulsesFxc (t) can be written as:

Z
Fxc (t)= dtAi(t)l2(t t%; (3.32)

where I(t) is the transient laser pulse intensity. The transient envelope of the laser pulse
can be described in good approximation by a gaussian distrilition or a sect?-function.
For | (t) = pl2= sect?(L) and the assumption of equal pulse duration for both laser

pulses the laser pulse XC can be tted by the intensity auto-mrrelation function:

L cosh) sinh(t)

A= sinh(%)

(3.33)

Such an analysis is exemplarily presented in Fig.3.11 for th laser pulse XC of a
UV- and VIS-pulse. Fitting the XC (grey solid line) with inte nsity cross correlation
A (t) in equation 3.33 shows a very good consistency with the expienental data and
yields a pulse duration of =46 fs. The minimum time{bandwidth product depends
on the pulse shape, and is 0.315 for bandwidth-limited se@ishaped pulses, so that the
transform limit for the VIS-pulse is 37 fs.

The spot pro les of the laser pulses were taken with a CCD came located in front

=Y
]

+ pulse XC
— fit Figure 3.11: Laser pulse cross-
correlation taken at the Fermi-edge
of a 2PPE spectrum taken on 0.1 ML
- Cs/Cu(111). The t(solid line) based
on an intensity auto-correlation func-
0.1 tion of two laser pulses assuming a
sech?-like pulse envelope is in perfect
agreement with the experimental
data (grey diamonds). The analy-
sis gives a laser pulse duration of
* = 46 fs.
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3 EXPERIMENTAL METHODS

of the UHV chamber in an equivalent position with regard to the sample (cf. Fig3.9.
Fig.3.12 presents two typical spot pro les of the UV- and VIS-pulses. The spot pro les
can be well described by a two-dimensional gaussian intertgidistribution (solid lines).
The laser beams exhibit a full width at half maximum (FWHM) of 100-160 m and
110-180 m for the VIS-pulse and the UV-pulse, respectively. With the knowledge of
the spot size and the cw-power of the laser, that is measured ithh power meter, one
can additionally calculate other properties like the laser uence.

| © xaxis VIS | | © xaxis uv
w| o yaxis »| o yaxis
‘S| = fit 16|(:)\(IXS)an | = fit % FWHM
> > b % 110(10) nm
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Figure 3.12: Typical spot pro les of laser pulses in the visible (left) and UV (right) spectral
range. The spot pro les can be tted using a gaussian distribution (solid lines).

64



3.3 UHV System

3.3 UHV System

The adsorption of residual gases hinders the study of well€lned metal surfaces. To
minimize the contamination these studies are performed in lirahigh vacuum (UHV)
conditions of p 10 ° mbar. At a pressure of 10 ® mbar the residual gas density is
n' 3 10% moleculesim® and a monolayer is formed within one second on the formerly
clean metal surfaces considering a mean velocity of 600 m/snd a sticking coe cient
of one [Zan88].

The UHV-chamber is separated into two parts, as depicted in kg.3.13. The up-
per part, preparation chamber, is equipped with surface s@nce tools to prepare and
characterize clean metal surfaces, as well as, molecular dratomic adsorbate layers.
Furthermore, a sample transfer and storage system is conngd to the UHV system,
that allows to transfer samples without breaking the vacuum The bottom part of the
vacuum chamber, spectrometer chamber, provides an Auger sgtrometer and the TOF
spectrometer to acquire the 2PPE spectra. The entire UHV salip is mounted to the
air-damped laser table to isolate it from unwanted vibration and to guarantee a stable
beam pointing during the 2PPE measurements.

In the preparation chamber a base pressure g 1 10 19 mbar is achieved by em-

Auger TOF

exit
spectrometer |
p ' window Ctrometer

system'\
pinhole /‘
doser sputter gun
% entrance
™ gas window
electron system
gun
evaporator
vaIve¢ p electron
source
gas
system
Preparation Spectrometer
Chamber Chamber

Figure 3.13: Setup of the UHV system. The UHV chamber is divided into a preparaion- and
a spectrometer-chamber separated by a gate valve into two indeendently pumped parts.

ploying a turbo-molecular pump (Pfei er). The required prevacuum for the operation
of this pump is produced by an additional turbo pump (Pfei er) , which is connected
to a multi-stage membrane pump (VacuBrand). For the prepardion of metal surfaces
the upper chamber is equipped with an electron gun, which is sed to heat the sample

65
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to temperatures above 900 K, where a resistivity heating is pt suitable anymore?®
and a sputter gun (Specs). A low-energy electron diraction (LEED) spectrometer
(Specs) allows for the characterization of long-range ordeof the metal surfaces or
adsorbate layers. Leak valves, a pinhole doser, and a homettd alkali evaporator
enables the preparation of atomic and molecular adsorbatealyers. Finally, the UHV
chamber is equipped with a quadropol mass spectrometer (QMSMKS Instruments)
for adsorbate-layer preparation and characterization, aml for the residual gas analysis.

The spectrometer level of the UHV chamber is pumped by a Titarlum sublimation
pump (Riber) and an ion getter pump (Riber). When the gate valve is closed a base
pressure ofp 3 10 ! mbar is reached. The lower part is equipped with the TOF
spectrometer, that was used for the present work, and a posibn sensitive TOF spec-
trometer, which was developed during the thesis work of P. Kichmann [Kir08].

The sample can be positioned in the UHV chamber by a motor conblled manip-
ulator. The manipulator can be displaced laterally by 12.5 mm and vertically by
400 mm. To ensure a precise positioning of the sample, all tlee axis are equipped with
a stepper motor. The capability of cooling the sample is reaked by a 400 mm long
Helium- ow-cryostat (CryoVac). It can be either used with | iquid N, so that tempera-
tures of 80-90 K are achieved, or by liquid He allowing a samjg temperature of 30-40 K.

The sample holder and
the lower part of the cryo-
stat are depicted in Fig.3.14.
The metal single crystals,
Ru(001) ( 8 mm, 2 mm
thick) and Cu(111) ( 9 mm,
3 mm thick), are clamped
between two 0.4 mm thick
tantalum wires (B), that
are connected to two gold
coated copper legs (D).
These legs are attached to a
holder (E), that is connected
to the helium ow cryo-
stat (F). The copper legs
are among each other and
to the holder electrically in-
sulated by sapphire plates
(C). However, a good ther-
mal connection to the cryo-
stat is assured, because ofFigure 3.14: Sample holder and lower part of the He- ow
the high heat conductivity of ~cryostat. Adopted from [Ste07b].
sapphire. The copper legs

crystal

tantalum wires
sapphire plates
gold-plated copper legs
holder

cryostat

thermocouple

current connection

2|n this way temperatures of several thousand Kelvin can be achieved.
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(D), the tantalum wires (B), and the single crystal are electrically connected current
connection (H) allowing the resistive heating of the sample The sample temperature
is measured by a Type C (W/Rh) thermocouple (G) in the case of Ri(001) and by a
Type K (NiCr/Ni) in the case of the Cu(111) crystal. The therm ocouples are either
spot-welded to the backside of the Ru(001) crystal or are insrted into a hole in the
diameter of the Cu(111) crystal.

a b
(a) (b) exit slit
shutter [— —
sinhole — alkali
dispenser
dosing reservoir r
~ Cu
shielding
bellow-seal
/valve . .
® main reservoir
: | I R
pressure
gauge
pressure N
reducer electrical ’
i feedthrough
pumping unit D,0 rotary
feedthrough

Figure 3.15: Setup of the gas system and the alkali evaporator.

For the preparation of the molecular and atomic adlayers theupper part of the UHV
chamber is connected to a gas system, which allows the preeiddosage of gases into
the UHV chamber. The gas system is depicted schematically ifrig.3.15(a). The gases
can be introduced into the UHV chamber eithervia setting a constant partial pressure
of the gas adjusted by a leak valve, or directly onto the samm via a pinhole doser.
The gas system consists of two separated parts, that can ingeendently be pumped
and lled with di erent gases. In this work, the dosage of water was mainly carried
out via the pinhole doser as this method yields excellent reprodubility and only a
small increase of the background pressure in the chamber dimg dosage. It consists
of a pinhole with a diameter of 50 m and a long steel pipe, through which the gas
is evaporated onto the sample. By collisions of the molecugeamong each other and
the wall of the pipe a homogenous molecular beam is ensured.h€& pinhole doser can
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be linearly positioned directly in front of the sample with a distance between both of

5 mm. Besides water, also CFG, Oxygen, and the noble gases Argon, Krypton,
and Xenon can be introduced into the UHV chambervia the gas system.

The alkali metals are dosed using a home-build evaporator, hich is equipped
with a commercial alkali dispenser (SAES getters), that is shematically depicted in
Fig.3.15(b). The dispensers are lled with an alkali metal chromate (Me,CrOg4, where
Me stands for an alkali metal) and a reducing agent. Upon heahg the dispenser in a
temperature range between 550 and 85@ a reduction reaction between the chromate
and the reducing agent occurs and causes the free alkali mdtto be evaporated. The
dispenser is mounted on two steel rods, which are connectea telectrical feedthroughs
made of copper enabling the resistive heating of the device.In this setup heating
currents of up to 9.5 A are applied to reach the designated temeratures. The de-
vice is capsuled by a Cu-shielding with an exit slit for the akali evaporation to avoid
evaporation in other directions. The exit slit can be covera by a mechanical shutter.

3.4 Sample Preparation and Characterization
3.4.1 Preparation and Characterization of the Metal Substr ate

The Cu(111) surface is cleaned by cycles of ion bombardmentna subsequent anneal-
ing. Argon is inserted into the UHV chamber by a leak valve seting a constant partial
pressure ofpa, ' 2 10 ® mbar. The Ar atoms are ionized by the lament of the
sputter gun and accelerated onto the crystal by applying a hgh voltage of 800-900 V.
For one preparation cycle the Arf beam is impinging on the crystal under an angle

45 with respect to the surface removing the upper Cu atom layers The sputtering
is controlled by measuring the ion current owing from the sputter gun to the sample,
which is usually around 2 A . After the sputtering procedure the rough crystal sur-
face is smoothed by annealing the surface for 20 min at a tempature of 700-750 K.
The right annealing conditions (annealing time and temperdure) require a balance of
smoothing the surface and the di usion of contaminations fran the crystal bulk to the
surface. This preparation cycle is carried out prior to evey measurement. The initial
preparation of a new Cu(111) crystal consists of up to 20 spuering and annealing cy-
cles. The lattice structure of the crystal is checked by meas of LEED. A very sensitive
probe for contaminations is given by the work function and the position and width
of the Cu(111) surface state, which can measured with 2PPE sctroscopy. A 2PPE
spectrum of a clean Cu(111) surface is presented in Fig.3.5.

The rst step of the preparation procedure for the Ru(001) surface is sputtering
for 5 min with 1 kV at an Ar pressure ofpar ' 5 10 ® mbar giving a sputter ion
current of 4.5 A . The sputtering is followed by annealing the sample at 1350 K
in an oxygen atmosphere with a pressure ofjp, ' 1 10 7 mbar for 15 min. The
typical carbon contaminations of the Ru crystal react with t he oxygen and form carbon
monoxide, that already desorbs at temperatures below 600 KAfter stopping the oxygen
supply the sample is annealed to 1500 K for 2-3 min to smoothethe surface, followed
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by a temperature ash to 1530 K to desorb remaining oxygen fran the surface 2°.
This preparation procedure is performed at least once befer every measurement. The
surface quality is checked by means of LEED and 2PPE spectraspy. Furthermore, the
desorption of CO from Ru(001) is very sensitive to contamindions so that the surface
cleanliness was as well con rmed by means of thermal desorjgin spectroscopy.

3.4.2 Preparation and Characterization of the Ice Layers

If not stated otherwise, the water ice layers are preparedvia the pinhole doser. A
constant pressure of 0.5 mbar is established in the main reseir of the gas system (cf.
Fig3.15)%°. Once the cold sample is positioned in front of the doser, thealve to the
dosing reservoir is opened and the dosage starts. The dosing stopped by opening
a valve to the pumping unit and evacuating the dosing reservr within one second.
Di erent thicknesses of the adsorbate layers are achieved byarying the dosing time at
constant dosing pressure. During the dosage the partial pissure of DO is monitored

Figure 3.16: D,O partial pressure in the
preparation chamber during water dosage
for di erent dosing times. The rst pressure
drop is attributed to the opening of the
pump valve; the small second pressure
increase corresponds to the moment, when
the sample is moved away from the pinhole
doser.
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with the QMS. Its evolution is depicted in Fig.3.16 for di ere nt dosing times. The
dosing time is given by the opening of the valve to the dosingeservoir, resulting in the
initial increase in the background pressure, and the evacu#n of the dosing reservoir
by the di erential pumping, that results in the rst, quick de crease of the water partial
pressure.

For the preparation of the amorphous ice layers on Cu(111) tle sample was kept
at a temperature of 90 K during the dosing procedure. The expements presented in
chapter 4 are conducted on amorphous ice layers, that were pduced this way. To gen-
erate crystalline ice on the Ru(001) substrate for the expements presented in chapter

2The Ru(001) crystal is heated using an electron gun (cf. Fig.3.13). Electrons are generated in a
lament (I 1 =3.2 A) from where they are accelerated onto the back side of the crystal by applying a
positive voltage of 700 V at the sample.

%0 For dosage of small amounts of water ( 0.5 BL) the pressure is set to 0.1 mbar.

69



3 EXPERIMENTAL METHODS

6, rst amorphous ice was dosed employing the same proceduras for the water layers
on Cu(111). Then, the sample was annealed to a temperature of 160 K for 5-10 s to
induce the thermally activated crystallization of the ice. A more detailed description
for the preparation of crystalline ice on Ru(001) can be foun in [Gah04].

The TD spectra of various coverages of PO/Cu(111) dosed at a sample temperature
of 90 K are presented in Fig.3.17. The spectra exhibit only oa desorption peak with a
coverage independent desorption onset at 150 K following ze-order desorption kinetics.
The fact that the TD spectra exhibit no separated peak for the desorption of the rst
bilayer and multilayer is explained by similar strength of the intermolecular interaction
among the water molecules and ice/metal-interaction. Hene, a direct determination of
the water coverage on Cu(111) by means of TD spectroscopy isoh possible. However,
amorphous ice rst forms in a Volmer-Weber growth before a cbsed wetting layer
for coverages above 3 BL is established [Meh06, Gah04]. Thigsults in a coverage
dependent work function allowing to draw conclusions from he 2PPE spectra on the
actual water coverage. Within the rst 3 BL of water the work f unction decreases by

2
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Figure 3.17: TD spectra of various ice coverages on Cu(111l). The kink at T 165 K
(see arrow) in the desorption peak is caused by the crystallization fothe ice layer. Inset:
Work function of D ,O/Cu(111) and the corresponding water coverage according totie coverage
determination described in the text.

1 eV from = 4.9 eV for the clean Cu(111) surface to a value of = 3.95 eV,
where the work function saturates [Gah04]. Furthermore, the work function change
is accompanied by a disappearance of the Cu(111) surface $a which is a further
indication of a wetting ice layer. The coverage calibration of water on Cu(111) was
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determined by comparison of the measured work function of tle water covered Cu(111)
surface with the coverage dependence of the work function fmd in [Gah04]. The work
function of the respective ice layers and their assigned gD coverages are presented in
the inset of Fig.3.17.

3.4.3 Preparation and Characterization of the Alkali Layer S

The alkali atoms are deposited onto the sample using a hometlild alkali evaporator,
which is described in section 3.3. The alkali atoms are evapated by sending a constant
current of 1I=7.5-9.5 A through the alkali dispenser. This results in a typical evaporation
rate of 0.01 ML/min. Di erent alkali coverages are achieved by varying the evaporation
time, given by opening and closing the mechanical shutter othe evaporator. During
the alkali deposition the back ground pressure was kept bels 1 10 ° mbar. The

4.5 m Cs/cu(111)|| —— clean Cu(111)
% 4.0 — 0.01 ML Cs
gs.s— 0.03 ML Cs
B 3.0 —— 0.04 ML Cs
3 25 —— 0.07 ML Cs
% 2.0- —— 0.10 ML Cs
= 154 —— 0.12MLCs

BRREEER S pE
0.0 0.2 04 06 0.8
Cs coverage (ML)

—— 0.13MLCs

2PPE intensity (arb. units)

[

| | | | | | | | |
0.8 1.2 1.6 20 2.2 2.4 2.6 2.8 3.0 3.2

intermediate state energy E-E. (eV)

Figure 3.18: 2PPE spectra of clean Cu(111) (black solid line) and of Cs/Cu(111) ér various
coverages. (left panel): The work function of the system decreses with increasing alkali cov-
erage as can be seen at the position of the secondary edge. (inse¥ork function shift as a
function of Cs coverage adopted from [Lu96]. (right panel): With inaeasing Cs coverage the
alkali resonance appears and shifts to lower energies.

evaporation rate is calibrated by evaporating alkali atomsonto the bare copper crystal
and comparing the measured work function with the work function shift of the Cu(111)
surface as a function of alkali coverage obtained elsewhe[Pud90, Tan91, Fis94, Lu96,
Are97, Gau07]. A typical coverage dependent series of 2PPEpsctra for Cs/Cu(111)
is depicted in Fig.3.18. The secondary edge of the spectra dearly shifting to lower
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energies with increasing Cs coverage indicating a signi aa work function change of the
system. For a coverage of =0.13 ML Cs the work function changed by =1.26 eV

allowing for a precise determination of the absolute alkalicoverage with an error of
0.01 ML. A calibration of the alkali coverage using a quartz kalance is not possible,

because of the relatively small atomic weight (Na, K) and thelow alkali evaporation
rates.
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4 Electron Solvation at Alkali lons Lo-
cated at Ice Vacuum Interfaces

This chapter presents the electron-transfer and -solvatio dynamics in wetting, amor-
phous ice layers adsorbed on a Cu(111) surface in the presenof co-adsorbed alkali
atoms. Depending on the preparation temperature adsorptia of alkali atoms on top of
amorphous ice layers is accompanied by the transfer of the #ns valence electron to
the metal substrate, leaving a positively charged alkali im at the ice/vacuume-interface
(cf. section 4.1.1). The electrostatic perturbation by the ions in uences the water
molecules in the vicinity leading to new initial trapping sites for excited electrons.
Similar to electron dynamics in pure amorphous ice (cf. sedn 2.2.1) photoexcited
electrons are found, that exhibit exponential decay times a the order of several tens of
picoseconds and speci ¢ characteristics of solvated elewns, such as localization and
energetic stabilization (cf. section 4.1.2). The charge tansfer of these electrons back
to the metal substrate is mediated by tunneling through a potential barrier formed by
the ice Im, as revealed by ice thickness-dependent measumgents, presented in section
4.1.3. In contrast to the situation where alkali ions are present in the ice Im, the
transfer of the former ns valence electron of the alkali can be strongly hindered, if he
alkali adlayers are prepared at temperatures below 50 K, ertaing the observation of
the former ns valence electrons (cf. section 4.2).

4.1 Ultrafast Electron Transfer and Solvation
Dynamics at Alkali lons Located at Ice Vac-
uum Interfaces

The experiments on alkali doped ice layers are intended to westigate the solvation of
excess electron and the alkali ion in the water solvent envisnment. For preparation
the wetting, amorphous ice layer is prepared in a rst step byadsorption of D,O onto
the Cu(111) surface kept at temperatures below 100 K as desitred in more detail in
section 3.4.2. Subsequently, the alkali atoms are evaporat from a commercial alkali
dispenser (cf. section 3.4.3). The subsequent reactions tiie alkali atoms with the
surrounding water molecules depend on the properties of thalkali atoms, e.g. the
hydration enthalpy  Hpygr Of the ion, and on preparation parameters like temperature
and alkali coverage [@n02, Gle04, Bor04]. Depending on the hydration enthalpy, hat
is proportional to z2/r (z is the charge and r is the e ective radius of the cation), ions
with a large enthalpy (Li*) can penetrate more easily into the ice layer and bind di-
rectly to the metal substrate. Furthermore, following the detachment of the ns valence
electron from the alkali atom, the electron and the parent i;n can interact with the
water molecules which may lead to their dissociation,. Dissciation can be suppressed
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at low sample temperature and small alkali coverages, as disissed in detail in section
2.2.4. In the framework of the present thesis all experimerg were performed under
temperature and alkali-coverage conditions, where no disxiation of water molecules
occurs.

Fig.4.1 depicts schematically the potential energy curvesof the highest occupied
and the lowest unoccupied atomic orbital for sodium adsorbd on D,O/Cu(111) as
a function of the solvation coordinate g The employed metal substrate serves as an
electron donor, so that an electron from below the Fermi levkis excited by absorption
of a photon with energy h p,ump. The electron can either (i) attach to the unoccupied
Na 3s state to form a neutral Na atom or (ii) localize in a potential minimum in the
vicinity of the positively charged alkali ion and form a Na*(D,0), complex. These
attachment processes can either occur directly, as depictein Fig.4.1 or indirectly via
an intermediate state, e.g. the ice conduction band or shallow electron traps. Finally,

Ej probe e Ekln /_
—> e TOF

Figure 4.1: Scheme of the 2PPE exper-

iment for solvation in Na/D ,O/Cu(111). B

The excitation of an electron by absorp- a(aQ)

tion of a photon with h ,ump leads to (i) oump
an attachment of the electron to the Na

3s state resulting in the neutralization A/JW/
of the alkali or (ii) the formation of a

Na*" (D,0), complex. The transient \ \ 4
electron population is than probed by (=

absorption of a second photon with \_’_/ Na* (aq)
h probe -

solvatlon coordinate q

the transient population of the excited stated is probed by photoemission after excita-
tion with h ,0pe. Analog to the case of solvated electrons in pure ice Ims, tle back
transfer of the excited electrons to unoccupied metal state is limiting their lifetime
and presents the competing process to the photoemission.

In the following section 4.1.1 the autoionization of the allali atom and the sub-
sequent decay of thens valence electron is monitored by means of a work function
measurement. Having identi ed the "starting conditions", i.e. alkali ions and not alkali
atoms, the population and stabilization dynamics of the exess electrons are discussed
in section 4.1.2. In section 4.1.3 it is shown, that the new secies of solvated electrons
is located at the ice/vacuum-interface and that their back transfer occurs by electron
tunneling through the ice layer. Alkali-coverage-dependat and temperature e ects on
the new species of solvated electrons are presented in secti4.1.4 and 4.1.5.
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4.1.1 Autoionization of the Alkali Atom and Back Transfer of the ns
Valence Electron to the Metal Substrate

One of the key questions in regard to the experiments discussl in the following is the
guestion what species is produced by the adsorption of alkalatoms onto the amor-
phous ice Im. There are two possibilities, (i) the alkali atoms remain neutral upon
the adsorption onto the ice Im, and (ii) the alkali atom is io nized and the former
alkali ns valence electron becomes delocalized and solvated by itstémaction with the

surrounding water molecules. Subsequently, the solvatedlectron decays back to the
metal substrate by tunneling through the thin ice layer and the positively charged alkali
ion remains at the ice/vacuum-interface.

Indeed, Vondrak and coworkers [Von06a, Von06b, Von09] fowhin there investiga-
tions of co-adsorbed alkali atoms on thick (3000L) ice layes at temperatures of 90 K,
that the highest occupied molecular orbital (HOMO) of the alkali becomes delocalized
over several water molecules (cf. Fig.2.11). In addition, his interaction leads to a
reduction of the vertical ionization energy by several eV,e.g. for Na on ice the ver-
tical ionization energy is lowered by 2 eV compared to an isolated sodium atom to
a value of 3.2 eV. Nevertheless, with increasing temperat@ a separation of the alkali
ns valence electron and the parent atom is observed. For very fim ice layers (only a
few BL) adsorbed at a metal surface, as investigated in this ltesis, the decay of the
alkali valence electrons by charge transfer to unoccupied stal bulk states becomes
very e cient. In this process, the Na 3s electron will transfer to the ice and decay to
the manifold of unoccupied metal states by tunneling throudh the thin ice layer leaving
a positively charged alkali ion at the surface.

In order to be able to make a decision in favor of one of the scemios work func-
tion measurements employing 2PPE spectroscopy were perfored. As a result of the
ionization of the alkali atoms the build-up of positively charged Na" ion layer on top
of the water-ice layer would occur, and the resulting surfae dipoles would lead to a
lowering of the work function.

Fig.4.2 depicts the sample work function for alkali/D,0O/Cu(111) as a function of
alkali coverage for Na, K, and Cs. With increasing alkali coerage, the work function
decreases with respect to the value for the pure ice Im on Cul1l) of =4.0 eV. All
three investigated alkalis show a similar behavior. For ingance, for a Na coverage of
0.11 ML, the work function is lowered by = 0.35 eV. Thisisin agreement with an
accumulation of a positive charge at the water/vacuum interface. This positive charge
at the interface and its image charge in the metal substratedrm a dipole that is pointing
away from the surface and hence reduces the work function fgghotoemitted electrons
from below the charged layer. This nding experimentally con rms the ionization of
the alkali atoms and the subsequent back transfer of the forrar ns valence electron to
the metal substrate.

Interestingly, the work function change is relatively smal compared to the work
function change induced by alkali metals directly adsorbedon a metal substrate. For
example, a coverage of 0.1 ML Na on bare Cu(111) reduces the vkdfunction by 2 eV
[Zha08] (cf. Fig.2.22 and Fig.3.18). This decrease is also @onsequence of a partial
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charge transfer of the alkali metal valence electron to the retal substrate leaving a
positively charged alkali at the interface. Qualitatively, one can say that a positively
charged adsorbate induces an image charge in the metal. Thesscreening charges
are located at the surface and, for small adsorbate{surfacéistances, the whole system
(ion + screening charge) can be described as a polarized alkatom [Gau07]. The work
function change is proportional to the charge density and tre distance between charge
and image charge. However, the change in the work function isveaker when the alkali
is located at the water/vacuum interface, although the distance between the charged
species is enhanced, which should give a larger dipole monterindeed, the net dipole
moment and therefore the work function change is smaller, with is explained by the
interaction of the alkali-ions with the surrounding water molecules. The water screens
the excess charge by a reorientation of the dipole moments ahe water molecules.
Fig.4.3 depicts the relative work function change with respect to the not alkali doped
ice Im for Na and Cs adsorbed on ice Ims with various thicknesses. For both types
of alkali the work function is decreasing with increasing i@ layer thickness. As the
alkali ions are believed to be located at the ice/vacuum inteface®! the decreasing work
function of the system is explained by an increasing distane of the the charge from the
surface and accordingly an increasing surface dipole momenUsing a simple model
based on the formation of a dipole layer between the anion attie surface and its
image charge in the metal substrate provided the observed wk function change can
be described. Following the Helmholtz equation he work funton change is given

by [Bru97]:

edq I\t:harge .

(4.34)

where d is the thickness of the ice layer, hharge is the surface density of alkalis, and

SlClear evidence for the alkali binding site is given in section 4.1.3.
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"o Is the vacuum permittivity. Having measured the work function change, equation
4.34 allows for the determination of the dielectric constam of the alkali-doped ice Im.

De ning a net charge gne Of the alkali ion, which is given by Gnet = q="ice, allows
to identify the e ective unscreened charge of the alkali that contributes to the dipole

moment. For a fully ionized alkali atom in non-polar and non-polarizable media Gt

would simply be the elementary charge, so that gt = 1 e. The results of this model
t are summarized in table 4.1.

Table 4.1: Dielectric constant " and net charge ge of alkali ions adsorbed on RO/Cu(111)

Na Cs
Onet In € | 0.02(2) | 0.03(2)
" 44(10) | 37(8)

In both cases the net charge is signi cantly smaller than theelementary charge of
the alkali ion. This clear deviation is caused by the interadion of the water dipole
with the alkali ion that leads to a screening of the charge andherefore to a substantial
reduction of the net charge that is forming the surface dipoé. The net charge et
is in the case of Cs ions gt = 0.03(1) e, which is identical to the value for Na of
Onet = 0.02(1) e. This is only a value of 3 and 2 % of the elementary charge andeaarly
shows how e ciently the additional charge is accommodated and compensated by the
dipoles of the surrounding water network. The fact, that the net charge is slightly
smaller in the case of Na compared to Cs can be explained by a ther incorporation
of the signi cantly smaller Na-ion leading to a more e cient screening in case of the
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smaller alkali ion. This e ect especially plays a role as the &ali ions are located at
the vacuuml/ice interface. Hence, they are not fully coordirated (surrounded) by wa-
ter molecules. The most stable con guration for Na was theoetically found for the
alkali ion located within the upper half layer of the top most ice bilayer (cf. Fig.2.11)
[Von06a]. A larger alkali ion might be less coordinated by wé&er molecules and accord-
ingly weaker screened resulting in a higher net chargeg:. Nevertheless, the di erence
is small and both values are identical within the error bars. It is noteworthy that the
dielectric constant is almost on the order of the dielectric constant for liquid water,
which is  80. Such large values for the dielectric constant have beereported before
for H,O/Cs structures adsorbed on Cu(110), where Sass and coworkeestimated the
e ective dielectric constant of the water bilayer to be " 25 [Sas90, Sas91].

Summarizing, after the alkali atoms are deposited on top of he ice layer an ioniza-
tion of the alkali atom, followed by the back transfer of the former valence electron to
the metal substrate, results in the build-up of a dipole moment, that reduces the sys-
tems work function. Hence, the experiments presented in thdollowing are conducted
in the presence of alkali ions, if not stated otherwise. Neugheless, the initial ionization
of the valence electron can eventually be hindered when woikg at temperatures well
below 60 K. In this case the neutral alkali atoms adsorbed on morphous ice layers can
be investigated, as discussed in section 4.2.

4.1.2 Stabilization and Population Dynamics

In the following, the in uence of alkali ions adsorbed on top of amorphous D,O on the
electron dynamics is discussed. Fig.4.4 schematically daps di erent possible species
of excess electrons in the amorphous ice layer with coadsagld alkali ions at the surface.
In pure amorphous ice layers solvated electrons exist, whiitpopulate binding sites in
the bulk of the ice Im. These solvated electrons, referred © as species | may also be
present when alkali ions are present. The next species of electrons are directly
related to the alkali ions at the ice/vacuum interface. Whereas species Il electrons are
excess electrons that are solvated at the alkali-ion compjeat the ice surface, species Il
electrons are excited to the LUMO of the alkali ion leading toits neutralization. Having
introduced possible states for excess electrons in the amanous ice layer with coad-
sorbed alkali ions, the results of time-dependent 2PPE spémscopy on D,O/Cu(111)
with and without alkali ions are compared using the example & coadsorbed N4& ions.
Starting out with the results of a bare amorphous D,O layer on Cu(111); Fig.4.5.(a)
displays a typical false-color map of the 2PPE intensity as afunction of intermediate-
state energy E-E= (left axis) and time delay (bottom axis) for 5 BL of D ,O adsorbed on
Cu(111). The 2PPE spectra are dominated by a peak (¢ located at E-Er = 2.9 eV.
With increasing time delay, the peak maximum shifts to lowerenergies, and its intensity
decreases non-exponentially with an initial decay time of = 140 fs, which slows down
to = 320 fs for time delays > 300 fs, in accordance with earlier work [Bov03]. This
feature originates from solvated electrons in the pure wateice layer. The reorientation
of the surrounding water molecules energetically stabilizs the electron, resulting in an
increased binding energy and a localization of the charge ithe D,O Im. Further
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species | species Il species I

Figure 4.4: Schematic representation of the solvated electron in a pure amoitpus water
layer referred to as species | which occupies a binding site in the bulkfdahe ice Im. The
solvated electrons at the alkali-ion (A" )/water complex are bound in the vicinity of the
water/vacuum-interface and are referred to as species Il. In ddition, a neutralization of the
alkali ion by a photoexcited electron may occur (species Ill). All exess electrons are generated
by absorption of a UV photon in the metal substrate.

details on the electron solvation dynamics in amorphous RO can be found in section
2.2.1 or in [S®08a]. After deposition of 0.08 ML Na onto the ice layer, promunced
changes can be seen in the time-resolved 2PPE spectra demdt in Fig.4.5.(b). The
spectra are dominated by a broad and short-lived continuum &time zero and a broad
peak (€™@) centered around E-E- = 2.6 eV for the spectrum at zero time delay. With
increasing time delay €@ shifts to lower energies with respect to the Fermi level. The
qualitative behavior of the new feature is similar to that of the solvated electrons in
pure water, because both a peak shift to lower energies and aeday of its intensity can
be observed. However, the quantitative behavior is remarkly di erent even though
less than a tenth of a ML alkali was evaporated onto the waterice layer. This peak
is attributed to a new species of solvated electrons that onl occur in the presence of
alkali ions at the ice/vacuum interface, i.e. photoexcitation results in the formation
of an electron/alkali-ion complex that is screened by the surounding water molecules.
This new species of solvated electrons is also observed fomarphous ice Ims with
coadsorbed K and Cs ions (not shown). In Fig.4.5.(b) one canleeady clearly see ,that
the energetic shift of the peak, which occurs at time zero at EE = 2.6 eV, slows
down aftert 400 fs. Additionally, compared to pure amorphous DO the rate of the
electron transfer back to the metal is signi cantly reduced so that the new species of
solvated electrons can be observed on picosecond timesaaleln the following, rst a
guantitative analysis of the peak shift is given before the &ctron population dynamics
are discussed.

The positions of the peak maximum as a function of time delay ér an amorphous
D,0O Im (red circles) and the corresponding feature for 0.08 ML Na adsorbed on top
(blue diamonds) are depicted in Fig.4.6. Up tot = 400 fs, the distribution of solvated
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Figure 4.5: Time-resolved 2PPE spectra of BO/Cu(111) without and with co-adsorbed Na

ions. (a): False-color map of the 2PPE intensity detected in normalemission as a function
of intermediate-state energy and time delay of the visible probe puls with respect to the UV
pump pulse (positive delay times). (b): Deposition of 0.08 ML of Na on bp of the ice Im

results in pronounced changes in the electron spectra. Please mothe di erent scaling of the

time axes.

electrons in bare DO has an initial energy stabilization rate of = 0.32(5) eV/p s, in
accordance with earlier work [Gah02, S&08a]. After adding Na, the initial energetic
stabilization has increased compared to that of pure RO. Right after photoexcitation
at t =0 fs the maximum of e@" lies at E-Er = 2.62 eV followed by a shift of the peak
maxima to lower intermediate state energies. This increase the binding energy, which
is related to a stronger bound electron with respect to the vauum level of the system, is
attributed to the response of the polar water molecules whib screen the excess charge
by molecular rearrangement, like for electron solvation inpure ice layers?. A linear t
of the peak position gives an initial stabilization rate of ! =-0.83(5) eV/ps. At longer
delays, this rate signi cantly slows down to 2 = -50(5) meV/ps for t = 0.4 - 2.0 ps
and 2 =-15(2) meV/ps for time delay t > 2.0 ps.

The fact, that the energetic peak shift slows down signi cartly after t = 400 fs, im-
plies that the electron solvation at the alkali-ion/water c omplex proceeds via two di er-
ent states, which exhibit stabilization dynamics on di erent times scales. Interestingly,
such a scenario has been reported before for electron soli@t in amorphous ammonia
layers on Cu(111) [Sa07b, S®08b]. There, the excess electron is injected to the N4
conduction band, where the electron subsequently localizein a precursor state, which
exhibits stabilization dynamics on femtosecond timescalg, followed by a transition to

32 An additional apparent peak shift, caused by energy-dependent transfer times, as observed in the
case of amorphous ice adsorbed on metal surfaces [806], might also contribute to the observed peak
shift.
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a second state with stabilization dynamics on picosecond mnescales. This analogy
seems reasonable as the solvated electrons are in both casesated at the ice/vacuum
interface®®. Compared to electron solvation in pure amorphous water icewhere the
stabilization rate is more than two times larger, this suggests a stronger screening by
the water network which surrounds the electron/alkali-ion complex. Furthermore, the
more e cient screening leads to extended lifetimes of the edctron/alkali-ion/water com-
plex compared to the dynamics in pure water ice. In the case ofoadsorbed K and Cs
ions the energetic stabilization also proceeds on two di ergt time scales with the same
stabilization rates (not shown).

The adsorption of alkali ions not only a ects the energetic stbilization of the sol-
vated electrons but also leads to distinct changes in the paplation dynamics. In order
to demonstrate this e ect, cross-correlation (XC) traces are presented in Fig.4.7 for
5 BL D,O layer on Cu(111) (blue open diamonds) and for the same ice Yar covered
with 0.08 ML Na (grey open circles). The correlation traces ae obtained by integrating
the 2PPE intensity over a selected energy window as a functio of time delay. For the
pure D,O layer, this energy window ranges from E-E = 2.3-3.1 eV. Because of the
broad distribution of excited electrons, the integration is performed in the case of the
Na-covered ice layer for an energy interval of E-E = 1.7-2.8 eV. All correlation traces
exhibit a non-exponential decay. In the following a model isproposed to describe the
observed population dynamics and to gain insight in the invdved mechanism leading to
the signi cantly di erent stabilization dynamics compared to electron solvation in pure
ice (cf. Fig.4.6). The model is based on xed electronic sta¢s that can be populated

33 Evidence for the binding site of the e2*@ electron at the ice/vacuum interface is given in section
4.1.3.
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with a certain probability and that decay with a constant rat e (single exponential de-
cay). However, it should be noted that this assumption is a ginpli cation in the case of
excess electron states in a polar molecular environment. He, the interaction between
the dipole moments of the water molecules and the excess clge leads to a transient
change of the binding energy (energetic stabilization) andof the decay rate (reduction
of the wave function overlap between initial and nal states). Nevertheless, although
the following model is based on simplifying assumptions, ijprovides useful information
on the population dynamics of excess electrons in amorphouse layers with coadsorbed
alkali ions and especially allows for the determination of he initial decay rates. The
model description is based on a rate equation approach, whictakes into account an
initial state (A), e.g. the ice conduction band, and two states of solvated electros eg*
and €%, that considers the fast electron dynamics in the rst 400 fsand the slower
dynamics at larger time delays, respectively. A three-levesystem is required as the XC
trace can not be reproduced with a simpler two-level systemrged solid line in the inset
of Fig.4.7. The considered three level system is sketched irig.4.7. The new species of
solvated electrons can either be excited indirectly via thenitial state A with the prob-
ability (1 p) or directly to the solvated electron state q%* with the probability p. The
initial localization of the excited electrons from A to eg’“ is described by the localization
rate yans: 1. The electrons in %” can now either decay back to the metal substrate
with the probability |, or transfer to 2" with the transition probability  trans; 2, from
where the electrons decay back to the metal with the probabity ¢ 34. This model was
developed before to describe the transient population dynanics of solvated electrons
in amorphous NH; [Sta08b] and leads to the following expressions for the populain
dynamics for both states €" and &":

np(t)= A d (ot v 204 g o v 1 (4.35)
ns(t) — trans; 2 A( e[ ( p* wans; 2) 1] e s t)
s ( pt trans; 2) (4.36)
+ trans; 2 B (e[ trans; 1t] €S 1);
S trans; 1
where
A = P( p+ trans; 2) trans; 1 (4.37)
p + trans; 2 trans; 1
and 1
B = ( p) trans; 1 (4.38)

p t  trans; 2 trans; 1

The XC trace of the solvated electron at the alkali-ion/water complex presented in
Fig.4.7 is tted with the sum of the population transients 4. 35 and 4.36 convoluted

34 A direct population of e 2" is not possible. For time delay > 100 fs the peak position is below
E-Er =2.5 eV, so that a direct population of this state with photon energies exceeding 2.5 eV would
be possible. However, such a state at negative time delays isnot observed in Fig.4.5.
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Figure 4.7: Population Dynamics of 0.08 ML Na adsorbed on DO/Cu(111). The XC of
the e*@i electrons (grey open circles) clearly shows the extended lifetime ogpared to the
solvated electrons in pure BO/Cu(111) (blue open diamonds). The population transient is
well reproduced by a three-level rate equation t (green solid line)within the rst 2 ps. (inset):
A tbased on a two level system (red solid line) fails to reproduce thedata. The block diagram
sketches the the three-level rate equation approach.

with the laser pulses' envelope (solid green line). An addibnal exponential decay to
negative time delays is added to take into account hot elecions, which are generated
by absorption of h is and probed by h yy. The t reproduces the data up to a time
delay of 2 ps. The resulting t parameters are summarized in fible 4.2.

The excitation of the solvated electrons at the alkali-ion/water complex occurs
via two pathways. On the one hand the g* state is populated indirectly via the state
A of ice with a probability of 60%, on the other hand a direct population is possible
with a probability of 40%. The electrons, which are excited va the state A, localize in
the eg“ state with a time constant of 250 fs and subsequently cross @ to €2* with a
time constant of 169 fs. Simultaneously, the electron popution in both states decay
back to the metal substrate with time constants of 100 fs and 27 ps for §* and &,
respectively. The same analysis of the population dynamic$or K, and Cs adsorbed on
amorphous ice yields similar t parameters, that can be con&ered as identical within
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Table 4.2: Fit parameters for the population decay of Na' /D ,O/Cu(111)

(1-p) 0.60(5)

P 0.40(5)
tr;ns; 1= tans; 1 | 250(15) fs
tre:ILns; 5= trans; 2 | 169(15) fs
b1 100(10) fs
sT= s 2.97(5) ps

the error bars. No clear dependence on the type of alkali is fond for neither the pop-
ulation dynamics nor the energetic stabilization.

In the presence of alkali ions at the ice/vacuum interface a ew species of solvated
electrons is found, which is not present in the case of pure aarphous ice layers. On the
basis of the observed energetic shift of its spectral signate, that exhibits two signi -
cantly di erent stabilization rates, and the population dyn amics, that can be described
by rate equation model, the 2PPE data can be interpreted as fliows. The electron
solvation at the alkali-ion/water complex occurs via two di erent states e5* and &,
which exhibit dynamics on two di erent timescales. eg" shows a strong energetic shift
to lower intermediate state energies with a rate of -0.83 eVps and decays with a time
constant of 100 fs. In contrast, the second state ¥ exhibits an energetic shift with
a rate of -50 meV/ps and decays on a timescale of 3 ps. The exaiion of e";}* occurs
either directly with a probability of 40% or indirect by an in itial state A from where
the electrons cross over to @* with a time constant of 250 fs. To identify this state
as the ice conduction band seems unreasonable, as electranghe ice CB have a very
short lifetime of only few fs, which is in contradiction to th e relatively long decay time

trans; 1. AS the electron dynamics in pure ice are signi cantly di erent and do not show
such a behavior on two di erent time scales, state A has to be riated to the alkali ions
at the ice/vacuum-interface. As schematically depicted inFig.4.4 this state could be
the LUMO of the alkali ion.

Subsequently after the neutralization of the alkali it gets ionized, as discussed in
section 4.1.1, and the electron is solvated at the alkali-in/water complex, where it is
further stabilized. Following this proposal, the autoionization of the alkali atom occurs
with a time constant of ans: 1=250(15) fs. Nevertheless, the population of these states
at the ice/vacuum interface requires a wave function overl@ with the initial states in
the metal. Most likely, although it is not temporally resolv ed in the present experiments
the population of state A and state %” proceeds via the ice conduction band with the
respective probabilities (1-p) and p assuring the requiredwave function overlap. The
population in the ice conduction band is expected to decay vthin the laser pulse du-
ration, as it was also found before for electron solvation inpure amorphous ice layers
on Cu(111) [Gah02].
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The origin of the two states eg’“ and €" is discussed in the following. Although, the
exponential decay time of %” is identical to the initial decay time of solvated electrons
in pure ice (species I) the state g’“ is not assigned to species | electrons, because of
two reasons. (i) The initial energetic stabilization rate for eﬁ* is more than two times
higher compared to the energetic stabilization rate of spees | solvated electrons and
(ii) a transition from a localized state in the bulk of the ice (species |) to a localized
state at the ice/vacuum interface seems unreasonable. Heec¢ a di erent explanation
for the two states %" and €* needs to be considered, when they can not be assigned
to species | and species |l solvated electrons. In this regdy it is noteworthy that the
electron dynamics are similar to the electron dynamics in amrphous NHs/Cu(111),
where electron solvation also occurs at the adlayer/vacuuminterface [S®08b]. The
two-component electron dynamics, with a fast and a slow compnent, seem to be a
general phenomena for systems, where the solvated specissldcated at the vacuum
interface of the polar adlayer. A possible explanation for he transition from eg’“ to ed*
can be provided in analogy to the observation made for NH/Cu(111). As mentioned
before the assumption of static states with constant decay imes is a simpli cation in
the case of solvated electrons. Here, the state is dynamidglchanging due to the rear-
rangement of the surrounding water molecules. So the transbn from ef}+ to €2" can
potentially be explained by the dynamic evolution of a singke state, rather than by a
real transition between two states. Fig.4.8 schematicallydepicts the modi ed image
potential with an initial trapping site, i.e. a local potential minima, at the ice/vacuum
interface for di erent time delays. Due to the solvation the potential is evolving with

a) recursor state e, ||b) transition e*.® *| |c) solvated state e’

m energy

Figure 4.8: Scheme of the transition from €" to eZ*. The modi ed image potential (black
solid line) and accordingly the wave function of the solvated electron(red solid line) is evolving
with increasing time delay resembling the ongoing electron solvation. &r details see text.
Modi ed from [St a08b].

increasing time delay. Right after photoexcitation the eneagetic position of eﬁ* is above
the potential barrier and the electronic wave function is rdatively delocalized in the ice
layer in the direction normal to the surface and the electrontransfer is governed by its
wave function overlap with unoccupied metal states (cf. Figl.8.(a)). A reorientation
of the water molecules in the vicinity of the electron leads b a further energetic stabi-
lization, i.e. a deeper potential minimum, and to the formation of a potential barrier
between the electron and the metal substrate (cf. Fig4.8.(l). At larger time delays
(c) the electronic wave function is screened from the substte and the electron back
transfer from the state €* is mainly determined by the tunneling probability through
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the evolved potential barrier leading to slower dynamics ofelectrons in €*. In this
scenario the transition time ans: 2 describes the time constant of the evolution of the
potential barrier between the solvated electron at the alkdi-ion/water complex and the
metal substrate.

In the following section further experimental evidence forthe binding site of the
solvated electrons in alkali ion covered ice layers is prodied by the help of overlayer
experiments. The dependence of the electron dynamics on theater layer thickness
reveals, that the decay times at larger time delays depend gonentially on the layer
thickness, indicating an electron back transfer to the metd which is mediated by elec-
tron tunneling through a potential barrier.

4.1.3 Charge Transfer from the Alkali-lon/Water-Interfac e to the Metal
Substrate by Electron Tunneling

The new species of solvated electrons, introduced in the pwious chapter, is clearly
related to the deposition of alkalis onto the ice layer. Thekefore, it is reasonable to
assume, that these electrons bind in the vicinity of the alkdi ions, and form a transient
electron/alkali-ion/water complex located at the ice/vac uum interface. In order to ver-
ify this picture, overlayer experiments were performed to dentify the binding site of the
electron/alkali-ion/water complex on amorphous D,O ice. In a previous publication, it
is shown by Xenon overlayer experiments [Mey08], that for smoth amorphous water
multilayers the solvated electrons reside inside the bulk bthe water layer. In the case
of electron solvation at the surface of the molecular adlayethe electron dynamics are
strongly in uenced by the additional overlayer, as it was shown for amorphous ice clus-
ter [Sta07a, Mey08], crystalline ice structures [Bov09], and amghous ammonia Ims
[Sta08b]. If the long-living electrons which are observed herare bound to the alkali
ions located at the ice/vacuum interface, one can expect ton uence their properties
also by adding an additional ice layer on top of the alkali iors®®. Further details on
overlayer experiments can also be found in section 6.1.

Fig.4.9 shows the results of such an experiment, where 3 BL afater are added on
top of the Na-covered (0.08 ML) D,O multilayer (5 BL). It shows XC traces taken before
(blue diamonds) and after (green diamonds) the adsorption bthe water overlayer.

The population decay of the solvated electrons at the alkalion/water complex is
strongly a ected by the additional water ice. The lifetime of these excess electrons,
for simplicity determined by a single-exponential decay t between a time delay of 1
and 2 ps is reduced from = 1.3(1) ps before water adsorption by 30% upon adlayer
adsorption to a decay time of =0.9(1) ps. In addition to changes in the population
dynamics, the energetic stabilization is also modi ed as ca be seen in Fig.4.10.

Here, the energetic positions of the peak maximum before (bl triangles) and after
(green diamonds) the adsorption of the water overlayer are [otted as a function of
time delays. The initial energetic stabilization rate is reduced by a factor of 4 from

% The overlayer experiment was also performed with a Xe overlayer showing a similar, but weaker
e ect on the electron dynamics. Therefore, only the overlay er experiment with an additional water
layer is discussed, as the observed e ects are much more pronunced.
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14 Figure 4.9: Overlayer experi-
] ment to determine the binding site
> Moo 4 4 4 of the electron/alkali-ion/water
? ¢ complex: Clear changes in
Q the population dynamics of
= 0.14 Na* /D ,0/Cu(111) occur when
3 ¢ . an additional 3 BL thick D ,0 Im
= ¢ * is added on top (green diamonds).
§ & 5BL D,0/Cu(111) For comparison the XC traces of
&  +0.08 ML Na Na* /D ,0/Cu(111) before per-
0.011 e +3BLD.O forming the overlayer experiment
I I I I ZI I (blue diamonds) and the XC trace
0 1 2 3 4 5 of solvated electrons in pure BO
pump-probe delay (ps) ice are depicted (red diamonds).

=-0.83(5) eV/ps to =-0.20(2) eV/ps by adding the top water  layer. The reduced
decay time and the signi cantly slower energetic stabilizaion upon adsorption of the
additional water layer clearly demonstrates that the binding site of the solvated elec-
trons is in uenced by the overlayer. This interaction results in a less e cient screening

{8 [e58BLD,0O - 2.9 _Figure 4.10: Qverlayer exper-
283 %]s +008MLNa ®eee °e o 2.8 o w_nent to determine the blndlng
2734 [+ +3BLD,0  |es** e e ey, R 2.7 m site of the electron/alkalll—
" Ay, - 2.6 >  ion/water complex: Shift
%‘ 2-6—:% . A, | 205 S of the peak maximum for
= 2534 ha, N Na" /D ,O0/Cu(111) before
E 24_5& e 2.3 (blue triangles) and after (green
i AAA 0 100 200 300 diamonds) deposition of a
2.3 Aa delay (fs) 3 BL thick D,O layer. For
293 A N comparison the energetic shift
E A A of the peak maxima of solvated

0 2 4 6 8 10 12 eleqtrons in pure D,O ice are
delay (ps) depicted (red circles).

of the excess charge from the substrate and a slower energestabilization of the charge
by the surrounding water molecules. On the basis of these re#is, one can conclude
that the excess electrons in Na/D,O/Cu(111) are located at the Na-covered ice/vacuum
interface and presumably form an electron/Na" /water complex, in contrast to the sol-
vated electrons in amorphous ice multilayers where the sobted electrons reside in the
bulk part of the layer. The fact, that the energetic stabilization of the electron at the
alkali-ion/water complex proceeds more than two times faser compared to solvated
electron in pure D,O/Cu(111) (cf. Fig.4.10 (red circles) can also be explainedy the

87



4 ELECTRON SOLVATION AT ALKALI IONS LOCATED AT ICE VACUUM
INTERFACES

binding site di erence. The energetic stabilization strongly depends on the mobility of
the solvent molecules.e.g. the water molecules. It is known from calculations for small
cluster anions, that dangling O-H bonds heavily contribute to the electron stabilization

[Lee97]. The water molecules at the ice/vacuum interface a not fully coordinated in

the hydrogen bond network, thus solvated electrons at the iterface can exhibit a faster
energetic stabilization as observed for solvated electranin alkali* /D ,O/Cu(111).

The binding site of the electron/alkali-ion/water complex at the ice/vacuum inter-
face leads to a clear coverage dependence of the electron dymics. This observation
is also in contrast to the population dynamics of solvated etctrons in pure amorphous
ice, where no coverage dependence is observed for ice laybicknesses above 2.5 BL
[Gah03]3%6. Fig.4.11 presents XC traces for Cs and Na covered fD layers on Cu(111)
of various thicknesses ranging from 2.5 to 6.0 BL. With incrasing ice layer thickness
the electron population dynamics in the late time regime (t> 500 fs) are clearly slowing
down. For a quantitative analysis of this observation singe exponential decays with
decay times ; and » (as highlighted in Fig.4.11) were tted to the data for di ere nt
time delays of t=0.5 - 1.0 ps and t=1.0 - 2.0 ps, respectively.

] 1
17 Ccs *+25BLDO ] Na + 3BLD,O
] 3.0BLD,O ] 4BLD,O
+ 4.0BLD,O ] + 5BLD,O
> + 50BLD,O| E + 6 BLD,O
@ = exp. fit @ 13 ¥ +
[ o ; 3
£ £ -jIT.]. — '
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Figure 4.11: Water coverage dependence of population decay solvated electr® at the alkali-
ion/water complex in amorphous D,O/Cu(111). Solid lines present single exponential decay
ts to the data for time delays of 0.5-1.0 ps and 1.0-2.0 ps, respectigty.

The resulting decay times ; and » for the respective time delay are plotted in
Fig.4.12 as a function of ice layer thickness for Na (left parl) and Cs (right panel)
adsorbed on top of the ice Im. The decay times show two clear dpendencies: (i) the
decay times for a given water layer thickness increases witincreasing time delay, and

% At a coverage of 2.5 BL D,O on Cu(111) a transition from cluster to layer growth occurs and a
wetting ice layer forms [Gah03].
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(ii) for a given time delay the decay times increase with inceasing ice layer thickness.
The rst observation can be explained by the ongoing solvaton of the excess electron
with increasing time delay. Due to the ongoing response of tb surrounding water

molecules, the energetic stabilization occurs on all invaigated time scales (cf. Fig.4.6),

the excess charge is further screened from the metal substearesulting in a slow down

of the back transfer. The thickness dependence of the decayntes for a given time

delay, i.e. stage of solvation, can be tted by a single exponential deca

(d)/ expl dI; (4.39)

where is the inverse range parameter, which is a measure of the inence of the
e ective electron mass and the barrier height on the tunneling probability [Nit06], and
d the thickness of the ice layer.
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Figure 4.12: Water coverage dependent decay times derived from a single expential decay
t to the XC data for Na (left panel) and Cs (right panel) on D ,0. The decay times depend
exponentially on the ice thickness. The solid lines are exponential tsto the data.

The results of the t are summarized in table 4.3. The inverserange parameter

shows neither a dependence on the investigated time delay n@n the type of al-
kali and can be considered to be constant with an average vatiof =1.3(2) nm 1.
Recalling the fact, that the solvated electrons at the alkal-ion/water complex are lo-
cated at the ice/vacuum interface, the ice thickness-depedent decay times are a strong
evidence for an electron transfer proceeding by tunnelinghrough a potential barrier,
that is depending on the ice layer thickness. Accordingly, he tunneling probability
depends exponentially on the barrier thicknessd following equation 4.39. This sce-
nario is schematically depicted in Fig.4.13. The alkali-iom/water complex leads to a
modi cation of the image potential so that the potential exh ibits a minimum at the
ice/vacuum interface enabling for binding an excess electm. Hence, tunneling through
this potential barrier determines the electron transfer time . For a thicker layer (2)
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Table 4.3: Fit parameters of the ice thickness dependent population dynamicslerived from

an exponential t to the decay times ; and ». Inverse range parameter in nm* and BL ! .

im H | 2mYH | sm Y| s BLYH] 2BL Y| sBLY
Na| 1.2(2) 1.2(2) - 0.43(7) | 0.45(9) -
Cs|| 173 1.3(2) 1.3(2) 0.6(1) 0.47(9) 0.5(1)

this potential minimum is further away from the substrate and the barrier is broader
than for a thinner layer (1). Accordingly, the transfer time increases exponentially with
the layer thickness as it is experimentally observed.

Surface solvated electrons, which decay back to the metal &strate by tunnel-

Figure 4.13: Tunneling through ice layer of
the solvated electron at the alkali-ion/water
complex at the ice/vacuum-interface. For
thicker ice layers (2) the tunneling proba-
bility is lower than for thinner layers (1).

The black solid lines are the modi ed image
potentials with an electron trap at the

ice/vacuum interface.

ing through a potential barrier, are also observed in amorplous ammonia on Cu(111)
[Sta07b, S®08b]. The common binding site of the solvated electron in ammonia and
the solvated electrons at alkali-ion/water complexes coul be an explanation for the
observed similarities in the population dynamics, the enegetic stabilization, and the
back transfer mechanisms of the excess charges in both syste. Nevertheless, also
clear di erences are observed. Whereas for Ngla transiently evolving potential barrier
for the back transfer of solvated electrons is found, idented by an increase in the
inverse range parameter for increasing time delays, such an e ect is not observed
for alkali* /D ,0O/Cu(111), where is constant for delay times between 0.5 and 5 ps.
The evolution of the potential barrier is governed by the rearangement of the solvent
molecules, which could explain this di erence. The binding $rength of the H-bonds in
water is much stronger with 240 meV compared to ammonia, with100 meV. There-
fore ,the water network can react faster on the excess chargand the rearrangement of
the solvent molecules at later time delays is weaker. Anothemajor di erence is the
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presence of the positively charged alkali ions at the ice/vauum interface, that already
let to a reorientation of the surrounding water molecules béore an electron is attached
to the alkali-ion/water complex. As a consequence the inital potential minima would

already be deeper and subsequent changes would less in uenthe potential barrier

between the charge and the metal substrate.

The following section discusses the dependence of the poptibn dynamics on the
alkali-ion coverage. This is done with the purpose to addresthe question if neighboring
trapping sites for solvated electrons at the alkali-ion/water cluster interact with each
other or can be considered to be independent.

4.1.4 Alkali Coverage Dependent Electron Dynamics

The question is raised if the number of trapping sites for speies |l solvated electrons
linearly scale with the number of adsorbed alkali ions, impying no interaction between
neighboring trapping sites or if further e ects need to be corsidered. Therefore alkali
coverage dependent 2PPE experiments were performed.

Fig.4.14 presents XC traces for an amorphous BO wetting layer (5 BL) (green
markers) and for various coverages of Na between 0.02 and 8.0/IL adsorbed on top of
the ice layer. When comparing the XC traces of the Na-coveredce layers in Fig.4.14
with the ones of the solvated electrons in pure water ice, a ng component can be
observed which exhibits signi cantly longer lifetimes. With increasing Na" coverage,
this component becomes more dominant. For the largest invégated Na coverage of
0.08 ML Na, the electron population can be observed up to a tine delay oft=20 ps. In
section 4.1.2 the population dynamics of the solvated elecon at the alkali-ion/water
complex was discussed using the example of N&D ,O/Cu(111). As shown in Fig.4.7
the population dynamics can be described within the rst 2.5 ps by means of a rate
equation model considering two solvated electron states3¢ and &", that take into
account the fast and the slow component of the observed dynaits. As an approx-
imation, the XC traces in Fig.4.14 are tted with a triexpone ntial decay within the
rst 5 ps after photo excitation in order to answer the question raised above. The
rst exponential decay takes the fast initial electron dynamics into account that are
originating from electrons in the ice conduction band and eentually from species |
solvated electrons’, but as well a contribution from the alkali induced states A and
e‘;*. The latter two decays can clearly be assigned to the dynami of the solvated
electrons mediated by the presence of Naions €* and will be used as a measure of
the number of species Il solvated electrons. The t yields deay times of ,=880(50) fs
and 3=9.6(5) ps for the second and third exponential decay, respetively. In order
to investigate the dependence of the population dynamics orthe alkali ion coverage,
the following assumption is made: the more Na is deposited othe ice layer, the more
trapping sites are available to trap an electron at an alkaltion/water complex. If no
interaction between neighboring sites occurs, the 2PPE irgnsity from species Il in the
XC traces should scale linearly with Na coverage; that is, dabling the Na coverage

3"They exhibit an initial exponential decay time of 1=110(10) fs derived by tting a single expo-
nential decay to the XC trace of the solvated electrons in pur e ice (green markers)
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Figure 4.14: XC traces for pure water ice adsorbed on Cu(111) and for di ereh coverages
with Na co-adsorbed on top of the amorphous ice layer. The XC traes are normalized to one
for the maximum intensity. The solid lines are exponential decay ts to the data. For further
details, see the text.

should lead to a doubling of the amplitudes of the corresponithg components in the
t of the decay dynamics. To verify this assumption, the XC tr ace of the 0.04 ML
Na-covered water surface is tted to determine the decay tines and amplitudes men-
tioned before. For the other Na coverages, ts were obtainedor xed decay times 1,
2, and 3, only allowing the amplitudes A1, A,, and A3 to be adjusted. The results
of this analysis are plotted in Fig. 4.15.(a). The amplitudes of the second and third
decay (A, and Ag, respectively) are normalized with respect to the amplitude of the
rst decay, yielding the ratios A o/A ; and Az/ A1 as a function of Na coverage. A
is assumed to be independent of Na coverage, whereas spediess expected to scale
according to the increased number of available sites with Na&overage. Indeed, such an
increase in A/A 1 and As/ A 1 is observed, which depends, however, nonlinearly on Na
coverage. For comparison, the dashed lines depict the expted linear dependence of
the amplitude on the Na coverage for both ratios A/A 1 and As/ A 1. A similar behav-
ior is also found for Cs presented in Fig.4.15.(c), where theame analysis as for Na was
performed. However, the trend in these data set is not as cleaas in the case of Na.

Di erent possible explanations for the observed nonlinear ncrease are considered,
which are discussed in the following. The dependence of thegpulation dynamics on
the alkali ion coverage can be understood when the decreasethe work function for in-
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Figure 4.15: Amplitude ratio of the tri-exponential decay t for Na (a) and Cs (b ) coadsorbed
on amorphous ice. A/A 1 and As/ A ; describe the proportion of the amplitude of the second
and third decay, which describe the dynamics of the species Il eleains, with respect to the

rst one, respectively. The behavior of the dashed lines would be dueved if the amplitude

scaled linearly with the amount of alkali ions, i.e., the alkali coverage.

creasing alkali coverage is taken into account (see Fig.4.2This change in the electronic
structure of the system, e.g. from =3.80 eV for 0.04 ML Na to =3.65 eV for 0.08 ML
Na, can lead to changes in the matrix elements involved in bdt the pump steps and the
probe steps of the photoemission process, which can result a higher probability to de-
tect an excited electron. In addition, because the state oftie electron/alkali-ion/water
complex is pinned to the vacuum level of the system, it shiftsto lower energies with
respect to the Fermi level if the work function is decreased.This downshift can lead
to an increased e ciency of the electron transfer in the pump step (e.g., because of a
higher abundance of photoexcited electron in the substrateand thus to an enhanced
population build-up of the alkali-induced species Il sites

Besides these global e ects on the population and probing e dency, also local ef-
fects at the solvation sites can have an in uence on the reldave amplitude of species
Il. By assuming a random distribution of Na ions on the ice suface, the mean distance
of neighboring Na ions would be 17.9 or 14.8\ for coverages of 0.04 or 0.06 ML N&;
respectively. On the basis of angle-resolved 2PPE measuremts performed at solvated
electrons in pure DO ice, the spatial extent of the electronic wave function of he
species | electrons was estimated in an earlier work with a dimeter on the order of
10-20 A [Bov03]. By assuming that the spatial extend of the electraic wave function
of the species Il electrons is similar, it seems likely thatabove a critical Na coverage of
0.05 ML Na*, an interaction of the delocalized species Il electron withwo neighboring
Na ions sets in. This interaction could result in energeticly more favorable solvation
sites in the proximity of neighboring Na ions. These trapping sites including two Na
ions within the extend of the electron wave function can resit in a higher population
e ciency, because the better initial trapping of the excite d electron reduces the back-
transfer probability to the metal substrate. At even higher Na coverages exceeding the
coverages investigated in the present workX0.15 ML), the formation of Na dimers is
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possible. Mundy et al. showed in their theoretical work on NgH,O)¢ clusters that the
autoionization process of the Na atom is more likely if they 6rm Na, dimers [Mun00].
Hence, the 3s electron of the Na is better stabilized, which mans that, in the vicinity
of the ionized Na dimer, an energetically favorable solvation site is formed

Although a general trend is observed that higher alkali coveages,i.e. a higher num-
ber of trapping sites, lead to more solvated electrons at thealkali-ion/water complex
(species ) a quantitative analysis of this dependence is ictult as global and local
e ect can have a strong in uence on the population dynamics.

4.1.5 Thermally Activated Diusion of Na-ions through an Am or-
phous Ice Layer

In section 4.1.1 it was shown that the adsorbed alkalis are band at the ice/vacuum
interface and in section 4.1.3 it was demonstrated that the elvated electrons at the
alkali-ion/water clusters are also located at the interface to the vacuum. Neverthe-
less, the location of the alkali ions strongly depend on the peparation temperature
as the diusion of the alkali into the ice layer can be thermally activated. In order
to investigate the e ect of this di usion on the dynamics of the solvated electrons at
the alkali-ion/water clusters the following experiment was performed. An amorphous
ice layer of 7 BL thickness was deposited onto the Cu(111) cstal kept at 100 K (a)
followed by a temperature ash to 140 K, where the temperature was kept constant for
5 s. At this temperature no water desorption or crystallization of the ice layer occurs.
After taking a time-resolved 2PPE spectrum, 0.05 ML Na were aposited on top of the
ice layer (b) followed by another time-resolved 2PPE acquigion. Subsequently, the
sample was ashed to temperatures of 120 and 140 K followed eh time by a 2PPE
measurement after the sample has cooled down again to 60 K, @nd (d), respec-
tively. The corresponding XC traces are depicted in Fig.4.6. In the inset the work
function of the system to the corresponding steps (a)-(d) isplotted. The XC trace for
7 BL D,O ice shows the typical initial exponential decay time of solated electrons in
amorphous ice with a time constant of 120 fs. The work function of this ice layer
is 2=4.05(5) eV. The coadsorption of 0.05 ML Na leads to a clear siwdown of the
population dynamics, which is attributed to the dynamics of a solvated electron at
an alkali-ion/watter complex at the ice/vacuum interface (see sec.4.1.2). Due to the
presence of N& at the ice surface, the work function is reduced to ,=3.74(5) eV. A
temperature ash to 120 K leads to a reduction of the XC intensty at larger time delays
by a factor of 3. This reduction is accompanied by an increase of the work fuction
by 100 meV. After a temperature ash to 140 K the long living component in the XC
trace is almost vanished and the XC trace resembles the XC tree for amorphous DO
ice without coadsorbed alkali ions. In addition, the work function further increased to
4=4.00(5) eV, a value that is very close to the initial work function 5 of the pure
ice Im.
These observations can be explained by a diusion of the alkalion into the ice
layer, where the ion is e ciently screened by the solvent mokcules. At a temperature
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T Figure 4.16: Incorpora-
tion of Na ions in amorphous
D,0 ice. (Main panel): XC

traces for amorphous 7 BL
D,0 ice ((a), red line) and
for 0.05 ML Na coadsorbed
on top of the amorphous
ice Im ((b), blue line).

Temperature ashes to 120
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of 120 K the di usion of the alkali ions into the ice layer is activated. Nevertheless, not
all ions are incorporated in the ice Im and the remaining alkali-ion/water complexes at
the ice/vacuum interface can further trap excess electrons However, due to the smaller
number of surface located alkali ions,i.e. smaller number of electron traps, the XC
intensity in the slow component at larger time delays is rediced. This interpretation is
in agreement with the alkali-coverage dependence of the papation dynamics discussed
in section 4.1.4. As less alkali ions are located at the iceacuum interface the work
function of the system increases. After the temperature a$ to 140 K all alkali ions
have di used into the ice layer and no alkali-ion/water complexes are available at the
surface to bind excess electrons and allow for their subsegunt screening and energetic
stabilization. The XC trace (d) is now almost identical to th e one for pure amorphous
D,0 ice (a). Obviously, the surface character of the alkali-im/water complexes is cru-
cial for the ability to bind an excess charge, which is not posible anymore once the
alkali-ion is completely incorporated in the water network. Probably, the alkali ion will
di use to the metal substrate as this results in a very strong hinding. The resulting
dipole moment of the positively charged alkali ion and its image charge in the metal,
which would lead to a reduction of the systems work function,is, however, screened by
the surrounding water molecules, so that the work function & similar to the one of a
pure amorphous ice layer on Cu(111). This process, which cabhe understand as the
solvation of the ion, is discussed in detail in section 5.1.
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4.2 Photoemission of the Alkali ns Valence Elec-
tron

As the autoionization process of alkali atoms at the ice suice is thermally activated one
may expect that at su ciently low temperatures neutral alka li atoms may be present
at the surface.

Fig.4.17.(a) presents one-color 2PPE spectra of K atoms deysited at a sample tem-
perature of T=40 K onto amorphous D,0/Cu(111) as a function of nal state energy
Efin -EF for various temperatures to which the sample was heated to fo2 s. Be-
fore turning to the temperature dependence, rst the spectrl signatures of the initial
spectrum at T=45 K (black solid line) are discussed. The spetum can be separated
into two parts. The rst part lies in the range from E ¢, -Ef = 3.7 to 7.0 eV and
originates from two-photon photoemission processes. Beaies the secondary edge at

(b)
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Figure 4.17: (a): Temperature-dependent 2PPE spectra of 0.07 ML K adsorbé on top of
D,0O/Cu(111). Prior to the acquisition of the 2PPE spectrum at 40 K, t he sample was ashed
to the indicated temperatures for 2 s. Each spectrum is taken on aron-irradiated spot. The
Spectra were taken with UV photons with a photon energy of h =3.43 eV. (Inset): Expanded
view of the high energy part of the spectrum. (b): Energy schemef K/D ,0/Cu(111) with the
occupied HOMO of the potassium located at the Fermi level (E-E =0 eV) and the solvated
electron at the alkali-ion/water complex e2*@" at E-EF=2.9 eV.

a nal state energy of 3.75 eV, resembling the work function é the system, and the
Fermi edge at an energy of kg, -EF=6.86 eV, equal to two times the UV photon en-
ergy, the spectrum exhibit a feature at Ej, -EF =4.6 eV, that originates from the Cu

d-bands, and a peak at Ej, -EF=6.3 eV (see inset of Fig.4.17.(a)). This feature is
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attributed to solvated electrons at alkali-ion/water comp lexes discussed in the previous
sections. Its energetic position at E-E=2.9 eV is shown in a schematic energy diagram
in Fig.4.17.(b). However, in the second part of the spectrum below E;j, -EF =3.65 eV,
lies the most dominant feature of the spectrum, which is a pek located at an energy of
Etin -EF=3.47 eV. In contrast to the rst part, the photoelectrons in the second part are
generated by absorption of a single photonj.e. by direct photoemission. Hence, this
peak is located at the Fermi level of the Cu(111) surface as gcted in Fig.4.17.(b). 38
Direct photoemission can only occur when the work function éthe sample is below the
photon energy. Here, the position of the secondary edge of éhtwo-photon spectrum
indicates a work function of =3.75 eV, which is clearly abov e the photon energy of
h =3.43 eV. A possible explanation for this observation is gien later in this section.
First, evidence for the direct photoemission from the stateat E¢j, -EF =3.47 eV is given
and possible scenarios for the origin of this state are dis@sed.

In direct photoemission the photoemission yield scales ligarly with the laser pulse
intensity, whereas it depends quadratically on the laser plse intensity when the pho-
toemission occurs via a two photon process. Hence, for lowdar uences no second
order photoemission is observed. Fig.4.18.(a) presents &ies of photoemission spec-
tra in a false color representation of K/D,O/Cu(111) as a function of energy (left axis)
and illumination time (bottom axis). The spectra were taken by illumination of the
sample with UV photons with a photon energy ofh = 3.02 eV and a laser uence of
8 10 ° J=cm?. For such a low uence no two photon photoemission signal is bserved
and solely the direct photoemission peak occurs in the speatm. In addition, a clear
decrease of the photoemission signal with illumination tine is observed. In Fig.4.18.(b)
the intensity of the direct photoemission peak is plotted asa function of illumination
time. The decay of the PE signal is well described by a bi-expential decay (red solid
line) with an initial decay rate of 5.7(2) 10 3s ! and a decay on a longer timescales
with a rate of 6.4(2) 10 “4s 1. The decay of the PE signal can be understand in terms
of a depopulation of an occupied initial state in a direct phdoemission step by ab-
sorption of UV photons. Obviously, the depopulation of this state is a very e cient
process. It seems that a re-population of the initial state § either not possible at all or
very ine cient by absorption of UV photons. Although the ini tial state can e ciently
be depopulated by UV irradiation, its population decays with a low decay rate when
the sample is not irradiated. After keeping the sample one hor in the dark (no UV
irradiation) the PE intensity has decreased by less than 10%compared to the initial
intensity (data not shown). This nding is reasonable as the initial state is located at
the Fermi level of the Cu(111) substrate (cf. Fig.4.17.(b)) The direct PE signal can
be quenched by heating the sample. As presented in Fig.4.1hé PE intensity depends
strongly on the sample temperature. Flashing the sample to émperatures of up to
65 K and cooling down again to 40 K results in the spectra depied in Fig.4.17. After
the nal heating step to 65 K the peak at E¢, -EF=3.5 eV has completely vanished.
In contrast, the 2PPE part of the spectra is only weakly a ected by the temperature

% The corresponding feature after two photon absorption is not observed, because the cross section
for the two-step process is about four orders of magnitude smaller than the one for the one-step
photoemission [Fau94].
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Figure 4.18: Depopulation of the K 4s state. (a): False-color plot of the PE intersity as a
function of illumination time. The sample is irradiated with a uence of 8 10 ° J=cm? by UV
photons with a photon energy ofh = 3.02 eV. (b): Peak intensity of the direct PE peak as
a function of illumination time. The data is tted by a bi-exponential de cay (solid red line).
The initial decay rate is 5.7(2) 10 3s ! followed by a signi cantly slower decay with a rate of
6.4(2) 10 *s . The photon ux is 8 10 Rns

changes and shows only a shift in the position of the secondgaredge to higher energies
by 100 meV, indicating an increase of the work function.

The peak at Efi, -EF=3.47 eV in the photoemission spectrum presented in Fig.4.1
can be attributed to a direct photoemission from the highestmolecular orbital (HOMO)
of the K atom, which mainly consists of the 4s orbital of K. Although for an isolated
K atom the ionization potential (IP) is 1IP=4.34 eV [Lid93] an d hence almost 1 eV
above the photon energies used in the present experiment, ardct PE seems, however,
possible, taking into account the screening of the surrounithg water molecules. Indeed,
it is known from experiments that the IP potential of Na(H ,0),, cluster with n=4 to
n=23 is reduced to a value of IP=3.17 eV compared to the IP of anisolated Na atom
(IP=5.14 eV [Lid93]) [Her91]. Similar systems have been inestigated also theoretically
for alkali-(H ,O)1g clusters for Li, K, and Na atoms, where comparable vertical dniza-
tion potentials of 3 eV were found [Von06a, Von09]. For K(HO)1g a vertical IP of
3.0 eV has been found [Von09]. This nding is in excellent ageement with the present
experimental nding, which shows that the direct photoemission signal is observable
using UV photons with a photon energy ofh = 3.02 eV (cf. Fig.4.18). Indeed, as
mentioned earlier the initial state of the observed photoenission is located at the Fermi
level of the sample, which corresponds to a binding energy dt.95(5) eV with respect
to the vacuum level. It seems that the simple Schottky-Mott limit, where vacuum level
alignment applies, is a good assumption for K(HO), cluster on a Cu(111) surface. In
contrast to the isolated K atom, the theoretical calculations of Vondrak et al. implies
that the HOMO of the K atom is more delocalized in the presenceof water molecules
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extending to about 8 A in diameter. The depopulation of this state, found in the

present thesis, occurs with a rate of 5.7(2) 10 3s 1, which is in agreement with the

decay rate of the photoionization cross section of 5(2)10 3s * for 0.02 ML of K on

3000 L of H,O found by Vondrak et al. [Von09]. In the present case a population of
the HOMO of the K atom after the initial ionization seems not p ossible. This might

be explainable by the fact that the presence of the alkali ionleads to a reorientation

of the surrounding water molecules that screen the alkali io from the metal substrate.

As the substrate serves as an electron donor, a certain waveirfiction overlap of the

initial state of the electron in the metal and the HOMO of the K atom is required. So
the screening of the alkali ion by the water molecules seem®thinder a re-population

of the HOMO of the alkali ion.

The major di erence of the experiments presented in this sedbn to the ones dis-
cussed in the previous sections of this chapter is the loweample temperature of 40 K
during the alkali deposition, which have been deposited at 60 K in the case of the
experiments discussed in section 4.1. This di erence in temgrature leads to a signi -
cant di erence in the starting conditions of the experiment although in both cases alkali
atoms are deposited onto an amorphous ice layer. When depdsd at higher tempera-
ture the ionization of the alkali atom and the subsequent ba& transfer of the electron
to the metal substrate leads to positively charged alkali ims at the ice/vacuum inter-
face, whereas this ionization is hindered when less thermanergy is available, so that
the alkali atoms remain neutral at the surface. Nevertheles, for the case of K atoms
on amorphous ice, 40 K is still not cold enough to completely pevent the ionization,
as the peak at Bj, -EF=6.3 eV (see inset of Fig.4.17), attributed to solvated eletrons
at alkali-ion water cluster, is also detectable at 40 K. The mperature dependent de-
crease of the direct PE signal implies that the ionization ofthe alkali atom could be a
thermally assisted process.

As mentioned earlier in this section the work function of thecurrent system, derived
from the position of the secondary edge of the two photon phaiemission part of the
spectrum presented in Fig.4.17, is =3.75 eV, which seems tocontradict the fact that a
direct photoemission is observed for photon energies of 3.43 eV or even h =3.02 eV.
A possible explanation for this apparent contradiction corsiders the di erent origins of
the photoemitted electrons and the e ect of a dipole layer at the ice/vacuum interface.
The investigated system is not a homogenous sample, but rair consists of di erent
areas. The investigated sample consists of di erent patcheswhere besides areas of
solely D,O ice, patches with alkali ions and neutral alkali atoms at the surface coexist.
The positively charged alkali ions at the ice surface are parally screened by the sur-
rounding water molecules such that a dipole layer is formed &the ice/vacuum interface
at zp as schematically depicted in Fig.4.19.(b). This dipole lagr at the surface leads
to a modi cation of the image potential in front of the metal s urface, which is depicted
in Fig.4.19.(a). The contribution of the dipole moment V gipoe to the potential is
sketched in Fig.4.19.(c) as a function of the distance to thesurface z parallel to the
surface normal. It has a repulsive and an attractive part forelectron passing through
the dipole layer. In contrast to the work function of the pure ice layer on Cu(111) ice
the global work function is reduced by alkali @S a consequence of the positively
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Figure 4.19: In uence of the surface dipole layer on the systems work function (a): Side view
of the layer structure of K/D ,O/Cu(111). At the ice/vacuum interface a distance zp to the
surface plane a dipole layer is formed by the positively charged alkali ies and the surrounding
water molecules that screen the ions. The image potential is modi edsuch that potential

minima occur at the interface. (b): Dipole potential V gpole a@s a function of the distance to
the surfacez. The dipole layer at the surface leads to a repulsive and an attractie part of
the potential for electrons that propagate through the dipole layer. The minimum energy for
an electron, that passes through this layer, needed to overconthe systems work function is

increased by . See text for details.

charged alkali ions at the surface. However, all photoelecbns, that are generated by
absorption of two photons, originate from the metal substrae, as an excitation within
the ice layer can be ruled out due to the large band gap of ice. &hce, these electrons
have to pass through the dipole layer at the surface, where thy have to overcome the
barrier that lies above the global vacuum level, de ning the work function , by

i.e. these electrons need an energy of + to overcome the global work function of
the sample. The electrons originating from the HOMO of the K aom, however, are
not excited from the metal substrate, but directly from the K atom at the ice/vacuum
interface around zp. Hence, they do not propagate through the entire dipole laye at
the surface and they do not experience the potential barrieformed by the dipole layer.
So, these electrons only need to overcome the work functionfa In this scenario, the
apparently di erent work function for electrons from the neutral K atoms (one photon
photoemission) and for electrons initially excited in the metal substrate (two photon
photoemission) is explainable.

4.3 Conclusion

The adsorption of alkali atoms on top of wetting, amorphous te layers on Cu(111) leads
to pronounced changes in the dynamics of excess electronsngpared to electron solva-
tion in pure D,0 layers. On the basis of the presented results, the followig scenario is
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proposed: adsorption of low coverages<( 0.15 ML) of alkali atoms on amorphous 3O
ice at temperatures between 60 and 100 K leads to the formatio of alkali ions located
at the ice/vacuum interface. The accumulation of positive tharge at the ice/vacuum
interface is identi ed by an alkali coverage dependent workfunction change. Due to
screening of the alkali ions by the surrounding water molecles the net charge get,
contributing to the work function decrease, is signi cantly smaller than the elementary
charge of the alkali. For Cs a value of ge; = 0.03(1) e is found, which is identical to
the value for Na of ¢t = 0.02(1) e. Photoinjection of excess electrons into these alkali-
ion covered amorphous ice layers, results in the formation foa solvated electron at an
alkali-ion/water complex located at the ice/vacuum interf ace, which is identi ed by a
signature in the two-photon photoemission spectra. The salation of the electron at
this complex proceedsvia two di erent states eg’“ and €, which exhibit dynamics on
two di erent timescales. Whereas, the rst state eg’“ is energetically stabilized with a
rate of =-0.83 eV/ps, the latter state e 2" exhibits an energetic shift of =-50 meV/ps.

In addition, the population dynamics of the solvated electron at the alkali-ion/water
complex can be described by a rate equation model, includingn injection channel
and the two states %" and €*, which decay with di erent time constants of 100 fs
and 3 ps, respectively. The injection is expected to occur  the ice conduction band,
which however can not be temporally resolved as the populatin in the ice CB decays
too fast. The injection into the state ef}* can occur directly via the ice CB or indirectly
via a state A, which can be assigned to the LUMO of the alkali ion aul is as well pop-
ulated via the ice CB. The observed behavior of an electron solvation owo di erent
time scales seem to be a general phenomena for systems, wh#re solvated species is
located at the interface of the polar adlayer to the vacuum, & it is also observed for
NH3/Cu(111). In analogy to this system, the two states %’“ and €* can be interpreted
as (i) a state, where the electron transfer is determined by he wave function overlap
of the solvated electron state g* with unoccupied metal states, and (ii) a state, where
an electron transfer occurs, which is determined by the tuneling probability through
the evolved potential barrier, that is due to the ongoing sceening of the electron by
the surrounding water molecules, leading to slower dynamig of electrons in state &*.
This interpretation is further corroborated by ice layer th ickness dependent measure-
ments, where for time delays> 500 fs an exponential dependence of the decay times on
the ice layer thickness is found, in agreement with an electin transfer proceeding by
tunneling through a potential barrier that is depending on the ice layer thickness. An
inverse range parameter of =1.3(2) nm ! is found that neither depends on the time
delay, i.e. stage of solvation, nor on the type of alkali.

When the alkali atoms are deposited onto the ice Im at temperatures of 40K a
new spectral feature is observed, that originates from an ampied state at the Fermi
level. This feature is interpreted as the HOMO of the K atom in the solvent envi-
ronment. In contrast to most experiments conducted at tempeatures between 60 and
100 K, the alkali atom is not autoionized and remains neutral at the surface. The
interaction of the water molecules with the K atom leads to a reduction of the ion-
ization potential from IP=4.34 eV for the isolated K atom to a value of IP=2.95 eV,
which is a consequence of the interaction between alkali ato and the surrounding
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water molecules. The photoemission signal from this statean be depopulated by ab-
sorption of UV photons with an initial time constant of 5.7(2) 10 3s 1. However, a
re-population of the state seems not possible, or occurs wita very low e ciency, which
can be explained by a very e cient screening of this state by the water molecules. In
addition to this time dependence, the photoemission from te HOMO of the K atom
strongly depends on the temperature and completely disappas for temperatures above

60 K. This shows, that the autoionization of the alkali atom in the solvent environ-
ment is an thermally activated process.
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5 Electron Dynamics at Alkali-Water-
Clusters Adsorbed on a Metal Sur-
face

In this chapter the electronic structure of alkali-water-cluster adsorbed on a Cu(111)
surface and the corresponding electron dynamics in these stems are presented. By
means of TPD spectroscopy and work function measurements its shown that alkali
atoms which are directly adsorbed on the metal substrate carbe hydrated by sur-
rounding water molecules. In addition, continually monitoring the transient change
of the electronic structure as a function of water coverage eveals pronounced changes
as the water coverage increases. The most striking e ect is th appearance of a new
state which can be attributed to excess electrons at the alkivwater-cluster which are
stabilized by response of the polar environment. The abiliy of an alkali-water-cluster
to bind such an electron depends on the type of alkali and inaases with increasing
dipole moment of the adsorbed alkali along the sequence Na, KCs. In the last part
of this chapter the energetic stabilization and the populaton dynamics of the excess
electrons at the alkali-water-cluster are investigated bymeans of time-resolved 2PPE.
The population dynamics of the excess electron is pre-domantly governed by the ratio
of water molecules per alkali atom.

QDZO,min
D,O . Q\Dzo,min
.
- -e D O
CS+ L
. . . Na .

Figure 5.1: Schematic presentation of the alkali-water-cluster adsorbed on &€u(111) surface.
The alkali ion is hydrated by the water molecules. In addition an exces electron can bind to
the complex if a su cient number of water molecules are present at he alkali ion.

Alkali atoms adsorbed on a metal surface are a well studied nuel system for
chemisorbed species. In section 2.5 a brief overview of thdeetronic structure and
the adsorbate dynamics has been given. Less is known about éhproperties of ad-
sorbed alkali atoms in the presence of polar molecules suckké water. In Fig.5.1 a
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schematic representation of the alkali-water-cluster suported on a metal substrate is
depicted. The following questions will be discussed in the g@sent chapter:

(i) How do water molecules adsorb on the surface in the presee of alkali atoms?
And is it possible to spectroscopically probe the formationof a solvation shell of water
molecules around the alkali ion adsorbed on the metal subsate?

(i) How does the adsorption of water molecules a ect the unocupied alkali reso-
nances? As the wave function of this state is localized at thendividual alkali atoms
with a signi cant electron density extending into the vacuum region, an interaction
of this state with the polar water molecules is expected to ocur. Is this interaction
leading to an energetic stabilization of the resonance andsithe resonance eventually
quenched in the presence of water molecules?

(iif) Water cluster adsorbed on a bare metal substrate can bind solvated electrons
(see appendix A) at an mass equivalent of 1.5 BL D,O. Are initial traps in the po-
tential energy surface, which serve as a 'seed' for electrosolvation, in uenced by the
response of the water molecules on the alkalis? Is it possikto bind an excess electron
to the alkali-water cluster?
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5.1 Adsorption of Water Adsorbed on Alkali Pre-
Covered Cu(111) and Alkali Hydration

The previous raised questions can only be addressed if onegaumes a situation where
the water molecules bind to the substrate in the vicinity of the alkali ions in order to
form alkali-water-clusters. In order to verify this scenario TPD spectroscopy of D,O
on alkali pre-covered Cu(111) has been employed.

The alkali atoms were deposited on the Cu(111) surface follwing the preparation
routine which has been described in detail in section 3.4.3For the experiments pre-
sented in this chapter the alkali coverage was kept below 08LML. The reason for the
low coverage is to avoid alkali-induced water dissociationwhich has been reported for
coadsorbed water above a critical alkali coverage dependjon the alkali and the metal
substrate [Hen02]. In addition alkali-alkali interaction should not occur. The water
molecules were dosed on to the alkali pre-covered Cu(111) gace which is kept at
35 K. TPD spectra of D,O (m=20) adsorbed on Na, K, and Cs pre-covered Cu(111)
are presented in Fig.5.2. The temperature of the sample wasicreased with a constant
heating ramp of 1 K/s.

— D,0/Cu(111)

— D,0/Cs/Cu(111)
D,0/K/Cu(111)

— D,0/Na/Cu(111)

/

| | |
160 180 200 220
temperature (K)

(suun -que) gz ssew ‘feubis SNO

QMS signal, mass 20 (arb. units)

T T = ‘
180 200 220 240

temperature (K)

|
140 160

Figure 5.2: TPD spectra of D,O on clean and alkali pre-covered Cu(111). The inset shows a
magni ed detail of the high temperature peak associated with wate bound to the alkali atoms.
For details see the text.

The black trace represents the thermal desorption spectrunof 4 BL D,O adsorbed
on clean Cu(111). The water was dosed at a sample temperatuie 40 K. The spectrum
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exhibits a single broad peak between 140 and 165 K which is aibuted to the desorp-

tion of water from the rst bilayer and additional multilaye rs (cf. characterization of
the adsorbate layers in section 3.4.2). The water desorptio is clearly in uenced when

a sub-monolayer coverage of alkali atoms is pre-adsorbeddding to the appearance of a
high temperature peak. This feature can be seen in the insetfd-ig.5.2 for pre-adsorbed
Caesium (red trace), Potassium (yellow trace) and Sodium (geen trace). For Cs and K
the integrated water coverage is 0.5 and 0.2 BL, respectivgl Here the adsorbed water
solely desorbs in the high temperature peak. If the alkali abms are co-adsorbed with
a higher water coverage, as it is the case for the TPD spectrunof 4.5 BL of water on

the Na pre-covered surface, an additional broadening of théaigh temperature peak to
lower desorption temperatures is observed. The desorptiotemperature of the water

molecules in the high temperature peak increases along theeguence Cs, K, Na. For
Cs the high temperature peak is centered around 175 K, wheresafor K and Na it is

centered around 200 K and 210 K, respectively.

These changes in the TPD spectra of water induced by co-adsbed alkali atoms
imply that water molecules are stabilized by an attractive interaction with the alkali.
This e ect was observed previously on other metal substratesiike Ag(111) [Bla90],
Cu(110) [Sas91], Ni(111) [Bor91], and Pt(111) [Vil96, Wea¥]. The adsorbed alkali
atoms exhibit a huge dipole moment which is due to a partial clarge transfer of the
alkali valence electron to the metal (cf. section 2.5). Thisdipole moment interacts with
the water dipole moment. The most stable structure of the watr molecules is governed
by the competition between dipole-dipole (alkali-water) and hydrogen-bonding inter-
actions. As can be deduced from the appearance of the high tgmerature peak in the
TPD spectra the alkali-water interaction is stronger than the water-water interaction
and therefore the orientation of the water molecules is ratler governed by the alkali
than the neighboring water molecules. The stronger bindingof water molecules due to
water/alkali interaction leads to a preferential binding of D,O molecules at these sites.
For low water coverages water adsorbs only at the preferendil sites and no water des-
orption from the ‘clean surface' is observed, see TPD specér for K and Cs in Fig.5.2.
The amount of water molecules which are stabilized by the al&li and the amount of
alkali adsorbed is governed by a hydration like interactionleading to the formation of
a solvation shell around the alkali [Hen02]. Accordingly, he water molecules in the
high temperature desorption state can be attributed to water molecules in a hydration
shell around the alkali. The desorption kinetics of the wate molecules in uenced by
the alkalis are complicated. For a higher water coverage andditional TPD feature
and broadening to lower temperatures is observed as apparem the thermal desorp-
tion spectrum for co-adsorbed Na presented in Fig.5.2. Thignay result from water
molecules in outer hydration shells where the water moleceals are less in uenced by
alkali dipoles. Nevertheless, only a nite amount of water is a ected as still a fraction
of the water molecules desorb in the normal 'clean surface' gak. Describing the des-
orption kinetics of the solvating water molecules is complkated, as desorption of one
molecule from the hydration shell changes the binding eneiigs of the remaining water
molecules leading to a coverage dependent potential enerdggndscape for desorption
[Bor91, Kuc94]. The fact that water molecules from alkali-in uenced adsorption sites
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desorb at higher temperatures clearly shows that a preferdial binding at theses sites
occurs. Hence in a low water coverage regime formation of ak-water clusters on the
metal substrate takes place. The interpretation of the orign of the high temperature
peak in the TPD spectra as caused by the formation of a solvatin shell around the
alkali is further corroborated by work function measuremerts.

The relative work function change is depicted in Fig.5.3 as a function of DO
coverage for various pre-coverages of Na (red symbols), K ¢Jlow symbols), and Cs
(green symbols) adsorbed on Cu(111) . The work function was easured by means of
2PPE spectroscopy. The water deposition onto a sub-monolar coverage of alkalis on

work function change (eV)

.0.43 - bare Cu(111) —— 0.14 ML Cs
0.05MLK = — 0.12MLCs -
—v— 0.07MLNa —»— 0.11 MLCs TS
= 0.05MLNa —< 0.1 MLCs 7O
-0.6J —»— 0.03MLNa —e— 0.09 ML Cs

0.0 0.2 0.4 0.6 0.8 1.0
D,0O coverage (BL)

Figure 5.3: Relative work function change versus RO coverage for various pre-coverages of
Na, K, and Cs. The water was dosed at 35 K. The blue circles represé data obtained by
deposition of D,O on clean Cu(111).

Cu(111) leads initially to an increase of the work function. After passing a maximum
the work function decreases. This behavior is considerablyli erent from the work
function evolution when water is dosed on the clean Cu(111)wface (cf. blue symbols
in Fig.5.3). Here, the work function is monotonically decreasing by 0.5 eV upon ad-
sorption of the rst water bilayer. Finally, a constant work function of = 3.95 eV
is reached when a wetting ice layer forms at a coverage of 3 BIBpv03]. Without the
alkali pre-coverage the water molecules orient such that eary second water molecule is
bound to the metal substrate by the oxygen lone paif®. As a consequence a positive

39 For details on the adsorption structure of water on clean Cu( 111) see section 2.4.2.
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dipole moment pointing away from the surface forms which redces the work function
of the system as apparent from the data represented by the ble symbols in Fig.5.3.
The same behavior would be expected if no interaction betweaewater and alkali would
occur. In fact, the initial increase of the work function is based on the same dipole-
dipole interaction between the water molecules and the alkihatoms which leads to the
appearance of the high temperature peak in the TPD spectrum bwater(see Fig.5.2).
In the presence of the alkalis the orientation of the water mdecules is governed by the
alkali-water interaction that dominates the water-water i nteraction and water adsorp-
tion results in an increase of the work function and not in a derease. So the dipole
moment induced by the water molecules changes towards the @osite direction and
decreases the net surface dipole moment of the system. Netleeless, the net surface
dipole is still oriented such that it points away from the surface as the negative
induced by the alkali is greater. In other words, the co-adsdbhed water molecules screen
the contribution of the alkali to the work function. As can be seen in Fig.5.3 the maxi-
mum increase in work function is proportional to the alkali pre-coverage. For example,
the maximum of for 0.03 ML Na is = 0.06 eV, whereas the maximum work
function increase for 0.05 and 0.07 ML Na is = 0.13 eV and = 0.48 eV, re-
spectively. This behavior is as well an indication of the hydation of the alkali ions by
the adsorbed water molecules. As long as the water moleculegdsorb in a hydration
shell-like structure in the vicinity of the alkali, identi ed by the desorption in the TDS
high temperature peak, the orientation of the water molecugs result in a screening of
the alkali-induced dipole moment and the work function charge reaches a maximum.
Additional water molecules are now not directly in uenced by the alkali, desorption oc-
curs in the normal D,O/Cu(111) desorption peak, and the work function is decreasg
again. The work function decrease with increasing water casrage is now similar to the
behavior on the clean Cu(111) surface. The hydration of the lali could also involve
the braking of the alkali-metal bond and the lift-up of the al kali species by surrounding
water as was reported for potassium on Pt(111) investigatedoy XPS [Bon85]. How-
ever, a direct proof of this e ect can not be given with the techniques employed in the
framework of this thesis.
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5.2 Electronic Structure of Water Adsorbed on
Alkali Pre-Covered Cu(111)

The electronic structure of alkali atoms on a metal substrae was already described ear-
lier in section 2.5. The most prominent feature is attributed to the unoccupied alkali

resonance. Fig.5.4 presents angle-resolved 2PPE spectmarm 0.1 ML Cs adsorbed on
a Cu(111) surface. The Cs resonance & Eg = 2.85 eV does not show a dispersion
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with parallel momentum k, as expected for a state localized at the alkali atonf€. The

energetic position of the alkali resonance strongly deperglon the alkali coverage. In
the zero coverage limit the resonance is located dE  Ef = 3.0 eV. With increasing

coverage the work function of the system decreases and thesenance is shifting ac-
cordingly to lower intermediate state energies. The surfae state of Cu(111) can clearly
be separated from the Cs resonance. The SS shows the well-kno quasi-free electron
like behavior around the center of the Brillouin zone atk,=0.

In order to follow the evolution of the electronic structure of alkali/Cu(111) con-
tinuously as a function of water exposure the deposition of he water was not carried
out via dosing through a pinhole doser but by setting a water kackground pressure in
the vacuum chamber which was controlled by a leak valve. The ample was kept at
35 K in the measurement position in front of the TOF spectromeéer and spectra were

40 Details on angle-resolved photoemission can be found in theexperimental details section 3.1.3.
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continuously acquired during the water deposition. The D,O partial pressure and the
exposure time was chosen such that the desired nal water carage was obtained in a
exposure time below 15 min. For example, the sample was exped to a D,O partial
pressure of 133 10 2 mbar for 500 s yielding an exposure of 0.5 4. Assuming a sticking
coe cient of the water molecules on the Cu substrate equal toone, this exposure gives
a water coverage of 0.5 BL. For a calibration of the water coveage a test experiment
was performed where water was deposited on bare Cu(111). Herthe work function
change in dependency of the water coverage is known [GahO4awing for a conversion
of water exposure into water coverage. The result of this expriment is depicted in

D,O coverage (BL)
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Figure 5.5: Water coverage determination during in situ deposition. (left panel). Work
function of the system as a function of O coverage (top axis) and O exposure (bottom axis).
(right panel): D,0 coverage as a function of PO exposure. As the water coverage dependent
work function change is known from previous experiments [Gah04]ie water exposure can be
converted into a water coverage.

Fig.5.5 where the work function is plotted as a function of wder exposure and water
coveragé?. In this way the water exposure onto an alkali pre-covered mtal surface can
be converted to the corresponding water ice coverage undehé assumption that the
sticking coe cient of water is the same for adsorption on bare or sub-monolayer alkali
covered Cu(111).

The change of the electronic structure of 0.14 ML Cs/Cu(111)as a function of
water exposure is presented in the top panel of Fig.5.6. The OF spectra are plot-
ted as a function of intermediate state energyg  Ef (left axis) and D,O exposure

41 Langmuir L is a unit for exposure. 1 L =1 :33 10 ® mbars.

42The fact that exposure of 1 L water does not result in a water ic e layer of 1 BL can be explained
by a pressure gradient form the QMS to the -metal shielding where the sample is kept during the
experiment. For the experimental setup please see section 3.
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(bottom axis) in a false color representation. The bottom panel of Fig.5.6 presents the
water exposure which was simultaneously detected by the QMSOnN the basis of the
above described coverage calibration, the water exposuren be converted into a water
coverage.
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Figure 5.6: Evolution of the electronic structure of 0.14 ML Cs/Cu(111) upon water depo-
sition. Top: 2PPE intensity in false color representation as a function of intermediate state
energy and water exposure (for hyy = 3.08 eV and h s = 2.26 eV at t=0 fs). The nal
water coverage is 0.3 BL. At a coverage of 0.1 BL water the Cs resamce disappears together
with the appearance of a new featuree. which is attributed to stabilized electrons at the alkali-
ion/water complex. Bottom: Water exposure as a function of expesure time simultaneously
measured.

Distinct changes in the electronic structure can be obserwt as the water coverage
increases.

The work function of the system increases upon water depositn, as can be seen
by the position of the secondary edge in the 2PPE spectra. Thesecondary edge
is located atE Er = 1.30 eV when no water is co-adsorbed. This corresponds
to a work function of = 3.56 eV. When the water exposure starts the secondary
edge is shifting to higher intermediate state energies. At he nal coverage of
0.3 BL D,0 the work function has increased by almost 600 meV to = 4.14 eV.
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The work function increase is associated with an interactio of the dipole moments
of the water molecules with the alkali-induced dipole momets at the alkali ions
and re ects the formation of a hydration shell of water moleaules around the alkali
as discussed in section 5.1.

The alkali resonance is located at an intermediate state engy of E EF =2.61 eV
before water is deposited. Upon water adsorption the positin of the resonance
rst shifts towards higher energies and is then gradually Ising intensity. At a
D,0O coverage of 0.3 BL the Cs resonance is completely "quenched

The most striking change in the TOF spectra is the appearancef a new state;)
which rst appears at a water coverage of 0.1 BL at an intermedate state energy
of E Ef =2.57 eV, see Fig. 5.6. The statee; is an unoccupied state which can
be attributed to excess electrons stabilized at the alkaliion/water complex.

The spectral signature of the latter two states appear twicein the 2PPE spectra.
The Cs resonance and the; peak occur also at a higher intermediate state energy
ofE Efr 3:4 eV. Here, the electrons are excited by two UV photons in corriast
to an excitation by one UV and one VIS photon. Accordingly, the same state
appears higher in energy by photon energy dierence h = 0.82 eV. The peak
at E Egr = 1.70 eV originates from the Cu d-bands which have a maximumm
the density of states 2.1 eV below the Fermi level.

In conclusion, by acquiring TOF spectra during water is depaited on a sub-monolayer
alkali covered metal surface, the evolution of the electroit structure upon increasing
water coverage can directly be followed. The work function hange observed is at-
tributed to the hydration of the alkali as discussed in the previous section. In addition
it was found that excess electrons can be stabilized by the khli-ion/water complex.

5.2.1 Stabilized Electrons at Alkali-lon/Water Complexes

The nature of the electrons in the statee; is a priori not clear. Two scenarios are most
probable and will be discussed in the following.

() The e state could be a modi ed alkali resonance state. Initially, without water
co-adsorbed, the alkali resonance mainly formed by the :1and np, orbitals of the alkali
[Bau98, Gau07, Zha08]. It can be transiently populated leathg to a transient neu-
tralization of the alkali. The adsorbed water molecules araind the alkali can in uence
the electron density of this state. Therefore, the physicalproperties of this state, like
the binding energy, can be altered in the presence of the patavater molecules. The
subsequent dynamics could be initiated by a 'de-solvation' Here, the water molecules
react in order to energetically stabilize the transiently neutralized alkali/water cluster.

(i) Similar to electron solvation in polar media as introdu ced in section 2.2.1, thes;
state could be a collective state of the alkali-ion/water canplex. Initial trapping sites
formed by reoriented water molecules in the presence of thelkali species,i.e. local
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minima in the potential energy surface could allow to bind anexcess electron to the
complex.

— 0.12MLCs — 0.10 MLK
—— +0.13BLD,O (@) — +0.10BLD,0 (b)
—— +0.20BLD,O ——  +0.15BLD,0

+0.26 BLD,O

2PPE intensity
2PPE intensity

1.5 _ 2.0 _ 2.5 3.0 1.0 1.5 2.0 2.5 3.0
intermediate state energy (eV) intermediate state energy (eV)

Figure 5.7: TOF spectra of Cs and K co-adsorbed with water on Cu(111). Spetca were taken
using photons with energiesh yyv =3 eV and h ;s =2.2eV att=0 fs. In the presence of
water the state e; appears and the intensity of the alkali resonance (AR) decreases

TOF spectra of K and Cs adsorbed on Cu(111) with and without ceadsorbed
water are depicted in Fig.5.7. The new feature is a general &ure for all investigated
alkali/water clusters, but is best resolved in the case of K ad Cs. The unoccupied
Na resonance has a broad line width of 0.3 eV, because of the considerable shorter
lifetime in Na/Cu(111) of 2 fs [Bor02], compared to the unoccupied resonances for
K and Cs, where the line width is well below 0.2 eV. Hence, a d@imination of the
unoccupied Na resonance and the new appearing. peak on the basis of the TOF
spectrum is hindered (spectra not shown). However, an assignent is possible on the
basis of the population dynamics as will be discussed in sdon 5.3. For K and Cs co-
adsorbed with small water coverages the unoccupied alkaliesonance and thes; peak
are clearly separated. Thee. state lies at intermediate state energies oE Er > 2.0 eV
but always at a lower energy than the alkali resonance. The egrgetic position of both
states shifts di erently with increasing water coverage.

Water Coverage Dependence

Fig.5.8 depicts the energetic position, the intensity and he peak width of the alkali
resonance and of thee. state together with the work function of the system as a func-
tion of water deposition*3. The values depicted are obtained by tting a background

*3The water coverage dependence is discussed on the basis of thsystem Cs/Cu(111). The behavior
of the other investigated alkalis is qualitative the same, q uantitative di erences will be pointed out
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Work function, and amplitude, peak width and energetic position of the Cs

resonance and the stabilized electron peak of D/Cs/Cu(111). (a) Energetic position of the
Cs resonance and the stabilized excess electra with respect to the Fermi level and (b) with
respect to the vacuum level as a function of water coverage. (cand (d) Peak intensity and

peak width as a function of water coverage.

and two gaussian peaks to the spectra to account for the obseed electronic states. In
panel (a) and (b) of Fig.5.8 the energetic position of the Cs esonance (black markers)
and of the stabilized excess electrore; (red markers) are plotted with respect to the

Fermi level and the vacuum level as a function of water exposte. Both features behave
signi cantly di erent upon water deposition. The energetic shift of the alkali resonance
is linked to the change in the work function. The alkali resorance is pinned to the

individually.
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vacuum level of the system [Zha08]. Hence, when the energetposition of the alkali
resonance is plotted with respect to the vacuum level no chage in the binding energy
of this state is observed. In contrast, thee. state becomes energetically more strongly
bound with increasing water coverage. At a water exposure 08.510 ¢ mbars, which
corresponds to 0.2 BL DO, the electrons in the e; state gain more than 0.3 eV
with respect to Eyac. At the same time the intensity of the Cs resonance is decreas
ing quickly, while the intensity of the e. state increases (cf. Fig.5.8(c)). With further
D,0O exposure the decrease is caused by an attenuation of the erg 2PPE signal (cf.
Fig.5.6). The width of the Cs resonance is not a ected by waterco-adsorption. As
long as the resonance is observable the peak width is constawithin the error bars
and centered around 0.17 eV. Thee; state is considerable broader with a peak width
of 0.3 eV which is as well independent of the water coverage

The fact that electrons in the e; state gain binding energy with increasing water
coverage can be explained in terms of electron solvation. T excess charge at the
alkali/water cluster gets stabilized by a reorientation of the surrounding water dipoles.
The most stable structure of an excess charge in a polar ligdiis commonly described
as a solvation shell with the charge in its center (see sectin2.1). With an increasing
number of water molecules the coordination number of water mlecules around the
excess electron increases. When the rst solvation shell isompleted the most stable
structure is reached and the binding energy increase,e. the shift towards the Fermi
level, is maximized. Fig.5.9 depicts the potential energy arve of the alkali resonance
(A) and the excess electron statee; (B) as a function of D,O coverage . In this case
the water coverage is a measure for the solvation/stabilizaon capability of the solvent
cluster or in other words the number of water molecules in thesolvation shell around
the excess charge.

Figure 5.9:  Potential energy curves
of the unoccupied alkali-induced state
(A) and the e; state related to the
alkali-ion/water-complex (B) as a
DE | o function of D,O coverage . At  the
v levels are crossing and statd8 becomes
energetically more favorable compared
to state A.

Q Qo

In this picture the observed transition from the alkali resonance to the newly evolved
state e; can be explained. Starting with a constant alkali coverage ad without water
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at =0 the system presents one excited state (A) which corresponds to the alkali reso-
nance. Increasing the water coverage leads to an energetipshift of the state, because
the work function of the system is getting bigger. When appraching the transition
region at  the potential energy parabola B) of the e; state crosses the one of stat@.
Around  both states are observable, depending on their population @d depopulation
probability, in the 2PPE spectra (see for instance Fig.5.7) After the level crossing the
e; state evolves along the potential energy parabold towards higher binding energies,
whereas the alkali resonance shifts to higher intermediatstate energies with increasing
work function (see Fig.5.8.(a)). One possible explanationfor the fact that the alkal
resonance is not observable anymore after adsorption of a bemonolayer coverage of
water is this interchange in the binding energies of the two &tes. As both are local-
ized at the alkali/water cluster #* the probability to populate the energetically favorable
state could be enhanced. Another possible explanation is ls@d on the hydration of
the alkali ion. As reported in section 5.1 during the hydration of the alkali ion, the
alkali-metal bond might brake and the alkali is lifted o fro m the surface [Bon85]. As a
consequence the alkali resonance will be altered which calibs well lead to a quenching
of the state.

Although the qualitative behavior of all three investigated alkalis upon water de-
position is the same a signi cant trend is observed when comaring the three systems
quantitatively. The amount of water molecules per alkali needed to stabilize an excess
charge at the alkali/water-clusters in the e. state depends on the type of alkali. Con-
sidering an equal distribution of the deposited water moleales at the alkali sites one
can estimate the mean number of water molecules per alkali io when the alkali and
the water coverage are known. To obtain this water/alkali ratio the electronic struc-
ture was monitored during water deposition onto the alkali covered metal substrate, as
presented in Fig.5.6 for Cs, also for K and Na. The minimum wagr coverage is de ned
by the coverage where thee; state rst appears in the TOF spectra. In Fig.5.6 this
point is marked with the corresponding water coverage of 0.1BL at the bottom axis.
Table 5.1 presents the minimum number of water molecules ragired in a water/alkali
cluster in order to bind an excess electron in thee. state. For the case of adsorbed Cs
on average only 2-3 water molecules are needed in the alkah&ater cluster to observe
the formation of the e; state. Along the sequence Cs, K and Na the minimum size of
the solvation shell increases to 3-4 molecules for K and 6-7ater molecules for Na.

At rst, this trend may seem counterintuitive as one could expect that the number
of water molecules needed to stabilize an excess charge wbicale with the size of the
alkalis to form a solvation shell. However, a complete solMgon shell around the alkali
is apparently not a prerequisite for the trapping of an exces charge at the cluster. For
Na, K, and Cs the e; state appears before the alkali is fully hydrated, i.e. befce the
work function change upon water deposition reaches its maxnum. Actually, the mini-
mum number of water molecules is inversely proportional to he surface dipole moment
which is induced by the adsorbed alkalis. The induced surfae dipole is proportional

4 Angle-resolved 2PPE spectra will be shown in the following t o investigate the dispersion of the e;
state along k.
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5.2 Electronic Structure of Water Adsorbed on Alkali Pre-Covered Cu(111)

Table 5.1: Minimum number of water molecules per alkali needed in order to stabiliz an
excess electron in thee; state and induced alkali dipole moment in the limit of zero coverage
from [Ver97].

Na K Cs
D,0 per alkali 6 7|3 4| 2 3
dipole moment (D) 4.3 6.7 8.5

to the adsorption distance of the alkali to the metal substrae ryqs following = q rags
and increases along the sequence Na, K ,and Cs [Ran87, Ver®Bor02, Zha08f®. So
the alkali species with the highest induced surface dipole wment requires the lowest
number of water molecules to stabilize an excess charge at aikali/water cluster.

Without a pre-coverage of alkali atoms water forms clusterson the Cu(111) surface
for coverages below 2 BL [Gah02, $t07a]. Nevertheless, the structure of pure water
clusters is quite di erent from the structure of the alkali/w ater cluster. In order to
stabilize an excess charge (solvated electron) in pure watdce cluster a nominal cov-
erage of more than 1 BL is needed. The clusters exhibit a heigtof 3-4 BL [Sta07a].
In contrast, for alkali/water cluster a nhominal water coverage of 0.1 BL is su cient.
This is attributed to the fact that the alkali strongly in ue nces the surrounding wa-
ter molecules, as can bee seen by TDS (see Fig.5.2) or the wolitnction change (see
Fig.5.3). These changes lead to new, energetically favordd trapping sites, which are
not present without the alkali. The stronger the induced surface dipole of the alkali, the
stronger is the reorientation of the water molecules in the &ali/water cluster. Hence,
for Cs (where the surface dipole is larger than for Na and K) oty 2-3 water molecules
are necessary before trapping of an excess electron in theg state is possible. If the
perturbation is weaker more water molecules are required irthe cluster to allow for the
initial trapping of the excess electron.

Localization

In order to investigate the degree of localization of thee. state angle-resolved 2PPE
experiments were performed. As described in section 3.1.5¢ dispersion of an elec-
tronic state parallel to the surface plane can be determinedy measuring the parallel
momentum of the photo electrons. According to equation 3.17he parallel momentum
hk, depends on the emission angle of the photo electrons with rpect to the normal
emission direction. The dispersion of an electronic state an be written analogous to
the one of a free electron:
h?k?

2Mers (K)'

wheremes; is the e ective mass. Localized and delocalized states can hdistinguished
by their e ective mass. For delocalized states it has a nite value, whereas in the case

E(R) = (5.40)

%n this case q corresponds to the transferred charge from the alkali atom t o the metal substrate.
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of a localized state it becomes in nite. The group velocity d a localized electronic state
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Figure 5.10: Dispersion of excess electrons in ID/Cs/Cu(111): Angle-resolved spectra (red
traces) showing no energetic shift of thee. peak as a function of emission angle. The inset
presents the energetic position of thee; state (blue marker) and the Cs resonance (green marker)
as a function of parallel momentumk.

Fig.5.10 depicts angle-resolved 2PPE data of BO/Cs/Cu(111) at a time delay of
0 fs for a series of emission angles from14 to +14 . The photon energies used are
h yv =3.02 eV and h v s = 2.22 eV. The spectra (red traces) exhibit two distinct
features at an intermediate state energy o Ef =255eVandE Eg =2.75¢eV,
which can be attributed to the stabilized electron distribution e, and the Cs resonance,
respectively. The positions of thee; peak (blue markers) and the Cs resonance (green
markers) as a function of parallel momentumk, are depicted in the inset of Fig.5.10.
The energetic positions have been derived from the 2PPE sp#&a by tting gaussian
distributions for both peaks and a constant 2PPE backgroundbetweenE Ef =1.9 eV
and E Eg = 2.9 eV. The ts are represented by blue traces in Fig.5.10. Qviously,
the energetic position of e does not shift as a function of parallel momentumkj,.
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5.2 Electronic Structure of Water Adsorbed on Alkali Pre-Covered Cu(111)

Based on the at dispersion of the spectral feature of the exess electrons; it can be
concluded that stabilized electrons at the Cs/water cluste reside in localized states.
This is expected for an electron bound to a localized alkaliwater cluster at the Cu(111)
surface. Experiments for Na and K co-adsorbed with water shw that the e; electrons
are as well localized in these systems. This is in agreementitiv solvated electrons in
water ice or ammonia which are as well localized [Gah02, 807b] and show similar
properties especially in their dynamics as can be seen in thillowing section.
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5 ELECTRON DYNAMICS AT ALKALI-WATER-CLUSTERS ADSORBED
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5.3 Excess Electron Dynamics at Alkali-lon/Water
Complexes

The present section focuses on the dynamics of the excessatiens in the state e; at
the alkali/water clusters. Similar to electron solvation in pure water ice clusters an
energetic stabilization of the e; electron distribution as a function of pump-probe delay
occurs (5.3.1). This is attributed to a dynamical reorientation of the water molecules
and depends on the type of alkali. Additionally, it is shown that the lifetime of the
electrons in g; is in the range of several tens of femtoseconds and changes avhthe
amount of water molecules in the alkali/water cluster is varied (5.3.2).
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Figure 5.11: Time-resolved 2PPE data of di erent alkali/water clusters on Cu(111). 2PPE
intensity in false color representation as a function of intermediatestate energy (left axis) and
pump-probe delay (bottom axis). The spectra for Na, K, and Cs ekibit a short-lived state
attributed to the alkali resonance and a broader feature shiftingto lower energies with increasing
time delay, which is associated with excess electrons at the alkali/wadr cluster.
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5.3 Excess Electron Dynamics at Alkali-lon/Water Complexes

Fig.5.11 presents time- and energy-resolved 2PPE spectrd dla, K, and Cs/water
clusters adsorbed on a Cu(111) surface in false color repm#ation (intensity scale in
the lower right panel). The photon energies used for these g@eriments were; for Na:
hys =303eVandh yis =2.36eVforKi hyy =3.01levVandh vy ;s =2.28 eV
and for Cs: h yy =3.09 eV and h v s = 2.22 eV. The measurements were acquired
at a sample temperature of 45 K. As reported before for the stic measurement, two
features are observed: (i) the short-lived alkali resonane (AR) and (ii) the stabilized
excess electron state; that exhibits a nite lifetime and shifts down to lower energ ies
with increasing time delay. The feature e; exhibits a nite lifetime towards positive
time delay, which means that it is excited by h yy. For K the e; state is located
at E Efr = 2.28 eV. Nevertheless, at negative delays, the state is noexcited by
h vis = 2.28 eV. It can be concluded that the electrons are not diretly excited into
the state e. but via higher lying states. This indirect excitation of excess electrons
occurs also for the other investigated alkalis and is in acaolance with electron dy-
namics at ice-metal and ammonia-metal interfaces, where tb excitation of solvated
electrons occurs via the conduction band of the solvent (PO or NH3) [Gah02, S®08b].
Directly after the excitation the electron is localized in the state e; as can be seen
in the dispersion measurement presented in Fig.5.10 in séoh 5.2.1. The subsequent
energetic stabilization of the electrons ine. is observed for all investigated systems.
The energetic stabilization rate is very strong as comparedo stabilization dynamics of
solvated electrons in water ice. The stabilization persist as long as the population in
the e; state has decayed back to the metal substrate. The stabilizdon dynamics are
discussed in section 5.3.1. Compared to the lifetime of the R the back transfer of the
population in the e is considerably slowed down. The lifetime of the alkali respance
is not altered upon water deposition. For the Cs resonance its = 33(5) fs, consistent
with literature [Bau97, Oga99, Bor02], and decreases alonthe sequence Cs, K, and
Na. For K the lifetime of the resonance is = 14(5) fs. Whereas, for Na the lifetime
of the resonance is below the time resolution of our experinm. The electron transfer
dynamics of the stabilized excess electron at the alkali/wger complex is discussed in
detail in section 5.3.2.

5.3.1 Stabilization Dynamics

The time evolution of the energetic position of thee; peak for Na, K, and Cs co-adsorbed
with water on Cu(111) as a function of pump-probe delay is defcted in Fig.5.12. The
energetic position of thee; peak was derived from ts to the TOF spectra. The spectra
were tted in the energy range around the e. state with a constant background and
one or two Gaussians depending on whether or not the alkali onance is observed.
The di erence in the initial energetic position at t = 0 fs for t he di erent alkalis is
due to dierences in the work function caused by varying water and alkali coverages.
However, the ratio of water molecules per alkali atom is simar for all three data sets
and below 10:1. For all investigated alkalis the energetic psition of the e. state is
shifting to lower energies with respect to the Fermi level wih increasing time delay,
which corresponds to an increase in the binding energy of thatate. This dynamic
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peak shift can be described as a solvation of an excess chafgethe water molecules of
the alkali/water cluster. At the alkali/water cluster the e xcited electron gets localized
and neighboring water molecules stabilize the excess chagoy a reorientation. The
energetic stabilization proceeds as long as the electron aehes a potential minimum
or it decays back to the metal substrate. However, an equilibum situation is not

observed in the experiments. So one can conclude that the pagation in the e, state
decays before the energetic minimum is reached.

Figure 5.12: Energetic shift

of the e, peak position for Na,
K, and Cs co-adsorbed with
water on Cu(111). The peak
positions of e, are obtained
by tting the TOF spectra

using two Gaussians and a
constant background. The
red lines are linear ts to the

data points. ]

SAAAANAA

0 50 100 150 200 250 300
time delay (fs)

The energetic stabilization rate is described by a linear tto the data points. The
ts (red solid lines) are depicted in Fig.5.12. The shift of the e; peak is well reproduced
by the linear t in the case of Na/water- and Cs/water-cluste rs. Within the rst 50 fs
after photoexcitation the peak shift for the K/water cluste r does not follow the linear
dependency. Here, the linear t is restricted to time delayst 50 fs. The rate of the
energetic stabilization di ers signi cantly for the diere nt alkalis. The stabilization
rate for Csis ¢cs = 1:3(2) eV/ps and the highest rate is observed for Na where it is

cs = 2:2(3) eV/ps. The results are summarized in Tab.5.2.

Table 5.2: Energetic stabilization rate of e..

Na K Cs
stabilization rate (eV/ps) 2:2(2) 1:7(2) 1:3(2)

The energetic stabilization for the g; state is of the same order of magnitude as for
solvated electrons in amorphous ice in the presence of alkabns at the ice/vacuum
interface reported in chapter 4, but compared to solvated etctrons in pure amorphous
water the stabilization of e. proceeds 4 times faster [Gah03, Mey11]. The energetic
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5.3 Excess Electron Dynamics at Alkali-lon/Water Complexes

stabilization is a result of the response of the polar moledes to the excess charge in
its vicinity 6. Therefore, the stabilization of the charge is in uenced drectly by the
structure of the surrounding water molecules. The timesca on which the stabilization
occurs is strongly connected to the mobility of the solvent nolecules. As the investi-
gated alkali/water cluster contains only small amounts of water, the electronic state
e. is most likely located at the alkali/water cluster surface. Accordingly, the water
molecules forming the solvation shell arounde; are not fully coordinated in the H-
bond network. Theoretically it was shown for small water cluster anions that dangling
O-H bonds contribute strongly to the stabilization [Lee97]. Hence, a fast energetic sta-
bilization of the electrons in e; is reasonable. Furthermore, the presence of the alkali
is as well in uencing the energetic stabilization ofe;. As already discussed before, the
water molecules interact with the induced surface dipole othe alkalis. The strongest
interaction occurs for Cs, where the induced dipole moments largest, and allows for
binding of excess electrons at the clusters containing onl2-3 water molecules. How-
ever, the energetic stabilization rate ofe. decreases along the sequence Na, K, and Cs.
This dependency is consistent with the increase of the indued dipole moment. As
a consequence of the stronger interaction of the alkali withthe water molecules, the
water network is more sti and the water molecules react slover and less strongly on
the presence of the excess charge.
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46 An additional apparent peak shift, caused by energy-dependent transfer times, as observed in the
case of amorphous ice adsorbed on metal surfaces [806], might also contribute to the observed peak
shift.
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When increasing the water coverage, the stabilization rateshows a dependence on
the water coverage. Fig.5.13 depicts the energetic shift othe e; peak as a function
of pump-probe delay for 0.03 ML of Na co-adsorbed with di erert amounts of D,O
ranging from 0.25 BL to 1.0 BL. The red lines are linear ts to the data for time delays
betweent = 20 fs and t = 150 fs. The corresponding stabilization rates are plottedin
the inset of Fig.5.13 as a function of water coverage. Initilly the stabilization rate is
constant for water coverages below 0.5 BL, then it decreasae = -1.8(2) eV/ps for
0.75 BL D,O and =-1.6(2) eV/ps for 1.0 BL D ,0. This decrease in the stabilization
rate by almost 30 % is an indication for an increase in the codatination number of
the water molecules which are involved in the formation of the solvation shell around
the excess charge. Although the water network is more rigiddr higher coordinated
water molecules,i.e. the energetic stabilization proceeds slower, the screenjnof the
excess charge from the metal substrate is more e cient and hece the back transfer
probability to the metal is reduced. This more e cient screening leads to the fact
that the e; state can be observed up to time delays of = 500 fs (see Fig.5.13). In
this case aftert 150 fs a slowing down of the energetic stabilization by one aler
of magnitude is observed. For time delay> 150 fs the peak shifts with a rate of only

= 0.28(4) eV/ps. One possible explanation for these di erent stabilization rates for
early (< 150 fs) and later delays is the di erent response of water moleules in the
inner and outer solvation shells. The fast response within he initial 150 fs can be
interpreted as direct response of the water molecules witlm the inner solvation shell
around the excess charge and is mainly mediated by a rotatiomf the D,O molecules.
But, also water molecules residing at a larger distance to te excess charge contribute
to the energetic stabilization by a rotational response alhough to a smaller extend.
For larger time delays the diusive motion of water molecules governs the energetic
stabilization. The di usive motion occurs signi cantly slo wer than the rotation of the
molecule, as the entire molecule has to move.

The fact that the evolution of the e; state can be followed for longer time delays with
increasing water coverage is, as already mentioned, linketb the fact that the excess
charge is better screened from the metal substrate. Hencehé population dynamics of
the e; state is presented in the following section.

5.3.2 Population Dynamics

In competition to the localization and the energetic stabilization, the excess electrons
in e; decay back to unoccupied electronic states in the metal sulbsate. The back
transfer probability critically depends on the wave function overlap of the e; electrons
with electronic states of the substrate. Fig.5.14 presentsross correlation traces of
stabilized excess electron at the alkali/water clustere. for 0.12 ML Cs and 0.07 ML
Na as a function of pump-probe delayt for various water coverages. The XC traces
are achieved by integrating the 2PPE intensity over the enegy window that includes
the entire population of the e; state for all time delays*’. The XC traces are vertical

4"The required energy windows dier due to dierent work funct ions of the systems and hence
di erent energetic positions of the e; state with respect to the Fermi level.
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Figure 5.14: Population dynamics of e. for Na/water- and Cs/water-clusters on Cu(111).
The solid lines represent ts to the data considering an exponentialdecay convoluted with
the envelope of the laser pulse XC. The alkali coverage is 0.07 and 0.ML for Na and Cs,
respectively.

shifted for clarity. For small water coverages the populaton transient of e; is very well
reproduced by a single-exponential decay following:

Nec = A exp( L); (5.42)

ec

which is convolved with the temporal shape of the laser pulseA describes the amplitude
and ¢ is the decay time of the population ofe;. The results of the t are depicted as
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well in Fig.5.14 (solid lines). The deviation of the data ponts at negative time delays is
caused by hot electrons, which are excited by absorption di y s and probed byh yy.
Although the description of the population decay of e; by a single exponential decay is
matching the data perfectly for low water coveragesij.e. a low ratio of water moelcules
per alkali atom, clear deviations are seen when the relativevater coverage increases.
Obviously, for higher relative water coverages the back trasfer rate of e slows down
with increasing time delay and the population is decaying nam-exponentially. Fig.5.15

0.03 ML Na/Cu(111)

+  0.25BLD,O
0.50 BL D,O

+  0.75BLD,O

1.00 BL D,O

2PPE intensity (arb. units)
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Figure 5.15: Population dynamics of e; for 0.03 ML Na/water on Cu(111) for a higher
alkali/water ratio. The solid lines represent ts to the data considering a double exponential
decay convoluted with the envelope of the laser pulse XC.

depicts the population transients of e; for 0.03 ML Na co-adsorbed with up to 1 BL
of D,O. Compared to the data set presented in the lower panel of Fidg.14, where
0.07 ML Na are co-adsorbed with up to 1 BL of O, the relative water coverage is
higher by a factor of 2. So that for the highest depicted watercoverage of 1 BL the
mean ratio of water molecules per alkali in the cluster is on he order of 100. In a
rst approximation the XC traces are tted with a bi-exponen tial decay to the data
(solid lines), that reproduces the XC traces quite well. Theslowing down of the back
transfer with increasing time delay has also been observeai electron solvation in pure
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5.3 Excess Electron Dynamics at Alkali-lon/Water Complexes

water [Sta08a] and ammonia [S&08b]. With ongoing solvation, the excess electrons get
more stabilized in energy, and the wave function of the solveed electron becomes more
con ned. This leads to a reduced wave-function overlap of tle electron with unoccupied
metal states and therefore to a smaller back-transfer probhility.

When looking at the initial decay times of e one nds a distinct increase with
increasing water coverage that is already apparent in the XCtraces in Fig.5.14 and
Fig.5.15. The initial exponential decay rate for di erent coverages of Na is plotted in
Fig.5.16 as a function of 3O coverage.
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Figure 5.16: Exponential decay times ¢; of the initial decay of e, for Na as a function of
water coverage. The dashed lines mark pairs (1) and (2) of equal dwater ratio. The solid
red and orange lines are a guide to the eye.

For 0.07 ML Na (yellow diamonds) the decay times are rangingfom ¢c = 19(3) fs
for 0.12 BL D,O to ¢ = 85(9) fs for 1.0 BL D,O. If the Na coverage is smaller by
approximately a factor of 2 one nds decay times for 0.03 ML Na (red diamonds)
of ¢ = 57(6) fs for 0.25 BL D,0O up to ¢ = 107(11) fs for 1.0 BL D,O. The
solid lines are guides to the eye. Comparing the decay timesof both Na data sets
at a xed water coverage, one nds that the decay times ;. of the 0.03 ML Na
data set are always bigger than the according ¢ of the 0.07 ML Na. However,
if one compares pairs of data points, where the water/alkaliratio is approximately
the same, (1): 0.5 BL D,0/0.07 ML Na and 0.25 BL D,0/0.03 ML Na and (2):
1.0 BL D,0/0.07 ML Na and 0.48 BL D,0/0.03 ML Na, the corresponding decay
times are equal within the error bars, (1): ¢c = 48(5) fs and ¢: = 57(6) fs and (2):
ec = 85(9) fs and ¢c = 78(8) fs, respectively. Hence, one can conclude that the dmy
time ¢ of the excess electron at the alkali/water clustere; is governed by the ratio of
water molecules per alkali in the cluster. In this way it is directly possible to in uence
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the lifetime of the e; by changing the amount of water molecules per alkali/water ¢us-
ter.

Fig.5.17 gives an overview of the exponential decay times. of the state e. for Na,
K, and Cs as a function of water coverage. In all cases the expential decay time ¢
Is increasing for higher water coverages. The slope of the ¢énease of ¢c Vs p,o varies
for all data sets. Hence, a clear systematic dependency of. on the type of alkali is
not found, which is in contrast to the clear dependency of theenergetic stabilization of
e; on the type of alkali discussed in section 5.3.1.
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Figure 5.17: Overview of the exponential decay times ¢. of the initial decay of e; for Na, K,
and Cs as a function of water coverage.

The e ect of the increasing lifetime of e; with increasing D,O coverage can be ex-
plained by the screening of the electron by the surrounding \ater molecules from the
metal substrate. Fig.5.18 depicts the modi ed image potental in which the excess
charge at the alkali/water cluster is bound in a potential minimum at the distance z
from the metal surface. Each curve depicts the potential fora xed D ,O coverage,
i.e. the evolution of the potential is caused by the di erent surrounding of the electron
and not by the proceeding stabilization (increasing time déay). With increasing water
coverage, the potential minima becomes deeper and the, state is shifting towards the
Fermi level and the electron is gaining binding energy (cf. kg.5.8.(b)). Hence, the
potential barrier height Vy that screens the electronic wave function from the metal
substrate increases. Additionally, the barrier height Vy can further increase with in-
creasing water coverage althougte; is not shifting down in energy anymore when the
local maximum at z; increases. In other words, more water molecules in the soltian
shell around the excess charge can screen the electronic weafunction more e ciently
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Figure 5.18: Screening of the electron
in e for increasing water coverages. The
potential perpendicular to the metal surface
evolves as a function of increasing water
coverage. A potential barrier with the

height Vp is formed that transiently changes
its height as the local maximum at z; and

alkali/water the potential minimum at z evolve. See
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from the metal substrate, the back transfer probability of e. is reduced and the lifetime
increases. The fact that a complete solvation shell is screéng an excess charge better
than a fractional solvation shell seems obvious, but the pasibility to vary the amount
of water molecules in a solvation shell around an excess chgg on a metal substrate
directly enables the possibility to control the lifetime of the excited state.

5.4 Conclusion

The adsorption of water molecules ( p,o0 < 1 BL) on an alkali pre-covered metal sur-
faces ( akai < 0.15 ML) leads to the formation of alkali-water clusters. The adsorbed
alkali atoms exhibit a huge dipole moment which is due to a patial charge transfer
of the alkali valence electron to the metal. An attractive interaction between these
alkali-induced dipole moments and the dipole moments of thavater molecules leads to
stronger and preferential binding of the D,O molecules in the vicinity of pre-adsorbed
alkali atoms. The ratio of the amount of water molecules whid are stabilized by the
alkali and the amount of pre-adsorbed alkali atoms are govered by a hydration like
interaction that is leading to the formation of a solvation shell around the alkali. The
number of water molecules in the solvation shell can be dirgly controlled by the D ,0
coverage. The hydration of the alkalis by the water moleculs is observed by means
of TPD spectroscopy and work function measurements. The ingraction between the
dipole moments of the water molecules and the alkalis is stmoger than the water-water
interaction leading to the appearance of a high temperaturepeak in the TPD spectra.
Additionally, an increasing work function upon water adsorption reveals the formation
of a solvation shell of water molecules around the alkali. Tl dipole moments of the
water is screening the alkali-induced dipole moment and thework function increases
accordingly.

Water deposition on a alkali pre-covered is not only leadingto the hydration of
the alkali by surrounding water molecules, it also strongly in uences the electronic

129



5 ELECTRON DYNAMICS AT ALKALI-WATER-CLUSTERS ADSORBED
ON A METAL SURFACE

structure of the system. The alkali/water clusters adsorbel on a Cu(111) surface can
also bind photoexcited excess electrons, which are idented by a new signaturee; in
the 2PPE spectrum. This new state e; has to be related to the alkalis, because it is
not observed in the low coverage regime for pure water cluste Angle-resolved 2PPE
spectroscopy shows that the spectral feature of the excesseetrons e. exhibit a at
dispersion in accordance with a localized state at the alkalwater cluster. It can be
concluded the alkali strongly in uences the surrounding waer molecules leading to new,
energetically favorable trapping sites for electrons, wiih are not present without the
alkali. Water-coverage dependent measurements of the eligonic structure for three
di erent alkalis (Na, K, Cs) show that the minimum number of wa ter molecules per
alkali needed in order to stabilize an excess electron in the; state depends on the type
of alkali and is inversely proportional to the alkali-induced dipole moment. Whereas 2-3
water molecules are needed in the case of Cs, the minimum nureb of water molecules
in an alkali/water cluster for K and Na are 3-4 and 6-7 water mdecules, respectively.
This nding implies that a larger induced dipole moment leads to a stronger reorien-
tation of the water molecules in the alkali/water cluster, which is responsible for the
formation of the trapping sites. Hence, less water molecuke are required to allow for
the initial trapping of the excess electrons when the alkalinduced reorientation of the
water molecules,i.e. the alkali-induced dipole moment, is stronger.

Similar to electron solvation in pure water ice cluster on meal surfaces an energetic
stabilization of the e; state as a function of pump-probe delay occurs. This is attibuted
to a dynamical reorientation of the water molecules and depeds on the type of alkali.
The strongest energetic stabilization is found for Na with arate of -2.2 eV/ps. As the
alkali-induced dipole moment increases, the water networks more rigid and the water
molecules react slower and less strongly to the presence did excess electron. For K
and Cs the energetic stabilization rate ofe. is -1.7 and -1.3 eV/ps, respectively. The
high energetic stabilization rate of the excess electrong; is related to the fact that dan-
gling OH-bonds contribute strongly to the energetic stabilization. The clusters contain
only small amounts of water so that the water molecules in thealkali/water cluster are
not fully coordinated in the H-bond network and many dangling OH-bonds are present
in the vicinity of the excess electron.

In competition to the localization and energetic stabilization, the stabilized elec-
trons in e; can decay back to unoccupied electronic states in the metalubstrate. The
decay time ¢¢ of the excess electron at the alkali/water clustere; is governed by the
ratio of water molecules per alkali in the cluster. With increasing water coverage the
lifetime ¢ increases;e.g. for 0.07 ML Na the exponential decay time is ¢ = 19 fs
at a water coverage of 0.12 BL and ¢ = 85 fs at a coverage of 1.0 BL. Similar decay
times are found for the three investigated alkalis. The incease of the decay time of
the excess electron with increasing water coverage showsahmore water molecules in
the alkali/water cluster can screen the electronic wave fution of the e; electrons more
e ciently from the metal substrate. Accordingly, the back t ransfer probability of the
e electrons decreases and their decay time increases.
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6 Reactivity of Water-Electron
Complexes on Crystalline Ice Surfaces

The interaction between long-living electrons trapped in defects at the surface of crys-
talline ice and electronegative molecules, such as trichtomono uoromethane (CFCl3),
is discussed in this chapter. Before addressing the chemilcaactivity of these electrons,
the determination of the binding site by adsorption of a Xe owerlayer is presented in
section 6.1. In the following the CFCl; deposition is characterized by means of TD-
spectroscopy on the clean Ru(001) substrate and on crystatie ice. Finally in section
6.3, the dissociative electron attachment (DEA) of the trapped electron to coadsorbed
CFCl3 molecules leading to the formation of CFCIl, and Cl is followed by means
2PPE spectroscopy. This process is very e cient since it is dserved for very low cov-
erages of CFC} molecules.

6.1 Binding Site Determination of Trapped Elec-
trons in Crystalline Ice

In crystalline D,O structures on metal surfaces, trapped electrons are genated by
photoexcitation in the metal substrate followed by a transfer to trapping sites at the
ice/vacuum interface. As has been shown in previous work th&e electrons exhibit ex-
traordinary long lifetimes on the order of minutes indicating the e cient decoupling
of the electron wave-function from the metal substrate. Trgpped electrons seem to be
a general property of polar molecule-metal interfaces as tky are as well observed for
crystalline ammonia [Bov09, S®l11]. Further details on their properties have already
been given in section 2.2.2. The trapped electrons can be lized to trigger chemical
reactions with co-adsorbed molecules. In the present caseé DEA of trapped electrons
to CFCl3 molecules is investigated. The DEA cross section is very higand bene ts
from two characteristics of trapped electrons in crystalline ice, (i) their very long life-
time, which is in the order of minutes and (ii) their binding site at the ice/vacuum
interface as discussed in the following.

To answer the question of the electron binding site a surfacescience approach is
employed in the present work to discriminate between surfae and bulk trapping sites.
It is realized by adsorption of Xe adlayers on top of the crysalline ice as depicted in
Fig.6.1. The experiment is based on di ering interactions of bulk- and surface-bound
solvated electrons with the Xe atoms, which allows determimation of the binding site.
For trapped electrons at the ice/vacuum interface distinct changes of the photoelectron
spectra are expected. As the rare gas atoms are inert, no chécal reaction takes place.
Thus, observed modi cations in the properties of the excessharge are caused by a
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perturbation of the potential of the excess electron. This éectrostatic perturbation is

attributed to the polarizability of the xenon atoms and might be accompanied by a
modi cation of the spatial con nement of the er wave function. On the other hand, if
the trapped electrons are located in the bulk of the crystaline ice, no signi cant changes
in the photoelectron spectra are expected. Due to the e ciert screening of the trapped
electron, only the net electric eld of the screened chargeriteracts with the Xe. Hence,
if at all only minor changes in the properties of the trapped dectrons are expected. Xe
overlayer experiments for amorphous water ice clusters andetting ice layers adsorbed
on Cu(111) showed that the spectral signature of the solvaté electrons is modied

by titration of surface binding sites with xenon atoms [Sta07a, Mey08]. In order to
Di erent interactions of bulk- and surface

bound electrons with the adsorbed rare V‘ "
gas layer allow for a discrimination of the . ‘E) O‘ ‘

binding sites. i ; ‘ i

investigate the adsorption characteristics of Xe on ice TD pectroscopy was performed.
Although the dynamics of trapped electrons on crystalline ce has been studied on
Ru(001) as a substrate, the following TD spectra were perfaned on a Cu(111) surface.
However, the desorption energies of Xe on Ru(001) and Cu(1})lre very similar, es-
pecially for the desorption of the monolayer [Sch92, Sch98er04]. Additionally, both
experiments were performed on closed ice layers, which daqae the Xe adlayer from
the substrate, so that the interaction of Xe with water molecules will be, if at all, only
slightly in uenced by the metal substrate.

The Xe adlayers were prepared by exposure of the surface to aapial pressure of
Xe at 30 K. The TDS of Xe/Cu(111) (blue line) is depicted in Fig.6.1 and exhibits three
peaks. In good agreement with literature [Ber04], the peak 882 K is associated with
the desorption of the rst monolayer of Xe. Features at 64 K ard 62 K are attributed
to the second monolayer and additional multilayers of Xe, repectively. For Ru(001) as
a substrate the rst monolayer of Xe desorbs at 88 K and multilayer desorption occurs
at 60 K [Sch92]. The xenon coverage is determined from the TDpectrum by normal-
ization of the integrated intensity to the high temperature peak, i.e. to one complete
monolayer of xenon adsorbed on the bare Cu(111) surface.

In contrast to these observations, no separate monolayer dg®rption peak for Xe
adsorbed on O/Cu(111) is found (Fig.6.1, green curve). The Xe adsorbed o the ice
layer desorbs exclusively via zero order desorption kinets at a sample temperature of
60 K, suggesting that the interaction strength between the Xe atoms and the water ice
is similar to the interatomic interaction within the Xe laye r. This further justi es the
fact that the substrate plays only a minor role. Because the mteratomic interaction of
Xe is independent of the substrate, as can be seen by multil@y desorption peak at

Figure 6.1: Xe overlayer experiment.
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6.1 Binding Site Determination of Trapped Electrons in Crystalline Ice

temperatures of 62 K for Xe/Cu(111) and 59 K for Xe/Ru(001), which can be consid-
ered identical within the error bars.

Figure 6.2: Thermal desorption
spectra of 4 ML xenon on Cu(111)
(blue curve) and 6 ML xenon ad-
— Xe/Cu(111) sorbed on a DO layer on Cu(111)
— Xe/D,0/Cu(111) (green curve). The spectrum of
Xe/Cu(111l) shows three peaks at
62 K, 64 K and 82 K attributed to

xenon atoms adsorbed in multilayers,
second monolayer and rst mono-
layer, respectively. In the case of
xenon adsorbed on water, the TDS
exhibits only one peak at around
T 60 K and is attributed to sublimation

50 60 70 80 90 from a multilayer. The heating rate

temperature (K) is 1 K/s.

QMS signal (arb. units)

Fig.6.3 compares 2PPE spectra of the crystalline ice layerafter deposition of 3 and
6 ML of Xe and after ashing the sample to 100 K, respectively. The spectra are taken
at a sample temperature of 30 K in one-color 2PPE using photos with an energy of
h =3.69 eV. The 2PPE spectrum of 4.5 BL crystalline ice on Ru(0Q) exhibits three
distinct features. The peak atE Eg = 0.9 eV is originating from the occupied Ru d-
band. The feature atE Ef = 3.2 eV is attributed to the rstimage potential state of
the D,O/Ru(001) interface. The broad peak which is centered aroud E Egr =2.1 eV
is attributed to trapped electrons in crystalline ice. As observed from the 2PPE spectra,
the adsorption of 6 ML of Xe results in a total quenching of thelong-living electrons
signal, which unambiguously shows that theer electrons are localized on the surface of
the ice layer. A coverage of 3 ML results in a relative decreasof theer peak only. The
observed quenching can be understood as an electrostatic qerbation of the trapping
sites (defects) by the surrounding Xe atoms, therefore indaing the quenching of the
er signal in the 2PPE spectra. The relatively high Xe coverage § ML) needed for
guenching can be explained by (i) the fact that each trappingsite has to be surrounded
by Xe atoms to generate the required electrostatic perturbdion to induce the change
in the 2PPE spectra and (ii) the structure of the crystalline D,O layer. Indeed, as
mentioned in section 2.2.2, for coverages of more than onelayer, the D,O molecules
form clusters on top of the rst wetting bilayer, thus increa sing the e ective interface
area between DO and Xe atoms. Beside quenching the long-living electronsignal, the
Xe coverage does not have a signi cant e ect on the system workunction. Nevertheless,
the n = 1 IPS is aected by the adsorption of Xe and its energetic positon shifts to
higher energies with respect toEg by 200 meV. Already at a Xe coverage of 3 ML,
where the intensity of the er peak is only slightly decreased, the energetic shift of the
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—— before Xe adsorption
adsorption of 3 ML of Xe

—— adsorption of 6 ML of Xe

— flashed to 100 K

2PPE intensity
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Figure 6.3: Determination of the trapped electrons binding site. 2PPE spectraof 4.5 BL
of crystalline D,O adsorbed on Ru(001) taken at a sample temperature of 30 K (blackine),
after deposition of 3 ML of Xe (yellow line), after deposition of 6 ML of Xe (red line) and after

ashing the sample to 100 K.

IPS is completed and stays unchanged for further Xe adsorptin. This is in agreement
with the growth of crystalline towers on a rst wetting BL and the fact that the wave
function of the IPS is con ned to lateral regions of the bare rst BL [Bov09]. Hence,
only these regions need to be in contact with the adsorbed Xetams.

Furthermore, it is noteworthy that the interaction of the Xe atoms with the trapping
sites is not destructive, as theer peak is recovered after desorption of the Xe adlayer
at 100 K. Nevertheless, theer peak is less intense after the ash than in the case of
freshly prepared crystalline ice. This intensity di erence might be related to thermal
induced modi cations of the surface trapping sites upon anraling to 100 K.

134



6.2 Characterization of CFCl3 Deposition

6.2 Characterization of CFClI 3 Deposition

The adsorption of CFCl3 on clean Ru(001) and on crystalline O are characterized
by means of TD spectroscopy in the present section. Fig.6.4rpsents TD spectra of
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Figure 6.4: TD Spectra of CFCl; on Ru(001). The spectrum exhibits two peaks which are
attributed to CFCI3 adsorbed in multilayers and rst monolayer , respectively. The top
panel shows the integrated QMS signal for the 5.7 ML coverage. Fadetails see text.

CFCl3 adsorbed on Ru(001) for various coverages ranging from 0.1 Mto 5.7 ML. The
desorption of CFCIlz was monitored by following the most abundant fragment CFCh
with m/e = 101, which was identi ed by a residual gas analysis during deposition of
CFCl3. The TD spectra exhibit two separate peaks for coverages ereding 1 ML. The
peak at 135 K is attributed to desorption from the rst monolayer a nd saturates
with increasing coverage. In contrast, the intensity of the peak labeled further in-
creases with increasing CFG coverage. The -peak originates from molecules in the
multilayer which desorb via zero order desorption kineticsas apparent by the coverage-
independent onset of desorption at 105 K. The fact, that the desorption of the rst
ML of CFCIl 3 occurs at temperatures which are higher by 30 K compared to the
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multilayer desorption indicate a signi cantly stronger CF Clz-Ru interaction than the
intermolecular interaction within the CFCI 3 layer.

The absolute CFCl; coverage is determined using the desorption yield of the rs
monolayer as a mass equivalent. The integrated QMS signal fdhe 5.7 ML coverage is
shown in the top panel of Fig.6.4. The kink at 120 K is caused bythe decrease of the
CFCl3 desorption yield between multilayer and monolayer desorpbn and it is used to
de ne the mass equivalent of 1.0 ML. The experiments to invesgate the reactivity of
the trapped electrons in crystalline ice were conducted wih very low CFCl3 coverages
(< 0.02 ML). The CFCl3 coverage on top of the crystalline ice was determined by the
above described procedure and by assuming a constant sticlg coe cient in the low
coverage regime.

TD spectroscopy of CFCk adsorbed on ice was performed and the results are pre-
sented in Fig.6.5. For comparison the TD spectrum of 1.7 ML CKCl3 adsorbed on 4.5 BL
D,0O/Ru(001) (red line) is plotted together with the TDS of 2.0 M L CFCI3/Ru(001)
(black line). The TDS exhibits also two separated peaks whib can be attributed to

o
o
1

—— CFCl,/ D,0 / Ru(001)
—— CFCl, / Ru(001)

101 (arb.units)
o
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Figure 6.5: TD spectra of CFCl; adsorbed on ice (red line) and directly on Ru(001) (black
line). The heating rate is 1 K/s.

CFCl3 desorption from the rst monolayer and multilayers. The onset of the zero order
multilayer desorption at 105 K is identical to the one in absence of co-adsorbed ice,
which indicates that the intermolecular interaction of the CFCl3; molecules is not al-
tered by the ice layer. The CFCls-D,0O interaction is slightly weaker than the D,0O-Ru

interaction as apparent by the shift to lower desorption enegies of the monolayer peak
at 130 K. Nevertheless, the desorption temperature for the ronolayer is 25 K higher
than that observed for multilayer species indicating the sgni cant interaction between
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6.3 Reactivity of Trapped Electrons in Crystalline Ice with Coadsorbed CFC}

the adsorbate and the ice surface. This nding is in good agrement with literature
[Oga02b] and can be explained by the hydrogen bonding betwaeCFCl3; and the ice
surface.

6.3 Reactivity of Trapped Electrons in Crys-
talline Ice with Coadsorbed CFCl  ;

Having identi ed the surface character of the trapped electon's binding site and the
adsorption properties of CFCkL molecules on the metal substrate and on crystalline
ice, the reactivity of these trapped electrons with co-adsdbed chloro uorocarbons is
investigated by means of 2PPE spectroscopy.

One-color 2PPE spectra of 4.5 BL of crystalline BO adsorbed on Ru(001) for vari-
ous coverages of co-adsorbed CFghre presented in Fig.6.6. The energy of the photons
ish = 3.60 eV. The spectra were acquired duringin situ exposure of the sample kept
at 30 K to a partial pressure of CFCk (pcrc =1 10 ° mbar). The CFCl3 back-
ground pressure was controlled by a leak valve in the prepat@on chamber*®. During the
CFCl3 adsorption the sample is illuminated so that electrons are prmanently excited
by absorption of UV photons. Fig.6.6 (a) presents a 2D plot ofthe 2PPE intensity
in false color representation as a function of intermediatestate energyE  Ef and
CFCl3 coverage. The most prominent feature before CFGlintroduction is a broad and
intense peak centered arounde Er 2.2 eV which is attributed to trapped electrons
er in pure crystalline ice. Directly after the CFCI3 deposition begins the intensity
of the er is quickly vanishing. Additionally, the low energy cut-o o f the spectrum,
which is related to an increase of the work function of the system, is shifting towards
higher energies with respect to the Fermi level. Both e ects an as well be clearly seen
in Fig.6.6 (b) where 2PPE spectra as a function ofE = Eg are presented for several
CFCl3 coverages. The spectra are achieved by taking vertical cutsf the 2D plot in
(a) for a given CFCl3 coverage. Furthermore, the Ru d-band atE Ef = 1.0 eV
and the rst IPS of the D ,O/Ru(001) interface at E Eg = 3.3 eV can be observed.
The quick decrease of theer peak intensity and the increase in the work function with
increasing CFCkL exposure are very remarkable as both occur for an extremelynsall
CFCl3 coverage. Theer peak becomes completely quenched for a coverage as small as

0.004 ML. For this coverage the work function increases by = +250 meV. Such
an increase of the system work function has to be related to th presence of an e ective
negative charge density on the surface, inducing a surfaceigblar potential that raises
the vacuum energy with respect to the Fermi level.

Although CFCI 3 deposition leads as well to the quenching of the long livinglectron
peak, as in the case of Xe adsorption (cf. Fig.6.3, a simpleettrostatic perturbation of
the trapping site by surrounding CFCIl3 molecules can not solely explain the e ect. In
contrast to the Xe overlayer experiment where a coverage of BIL is required to quench
the er signal, the low CFCl; coverage of 10 2 ML cannot induce such a strong elec-

“The setup of the UHV system is described in section 3.3
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Figure 6.6: 2PPE spectra of CFCk adsorbed on 4.5 BL crystalline ice deposited on Ru(001).
(a) 2D plot of the 2PPE intensity in a false color representation as a @inction of E Eg and
CFCl3 coverage. (b) Vertical cuts of the 2D plot presented in (a) for di erent CFCl3 coverages.
The dashed black line is the 2PPE spectrum of 4.5 BL crystalline RO before CFCk deposition.
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6.3 Reactivity of Trapped Electrons in Crystalline Ice with Coadsorbed CFC}

trostatic e ect on the surface trapping sites. Moreover, the work function increase
which appears simultaneously with the quenching of theeyr peak, cannot be based on
the dipole moment of the intact CFCl3 molecules at such low coverage. Indeed, the
CFCl3 dipole moment is 0.45 Debye [Ka095], i.e. lower than the PO dipole moment of
1.86 Debye [Clo73], and is therefore expected to have littlempact on the system work
function due to the low density of molecules and screening byhe underlying 4.5 BL
of crystalline ice. In addition, the UV irradiation perform ed on crystalline ice alone
leads to a work function increase of 50 meV for a coverage of 4.5 BL, due to the
charging of the layer which is ve times smaller than the one doserved in the present
case. Finally, any process triggered by the direct photodisociation of the CFCl3 can
not be operative in our case, since the photon energy emplogle(3.6 eV) is below the
dissociation threshold of the intact molecule which is 5 eV [Ryu06].

Indeed, the quenching of theer peak and the increase of the work function can be
explained by a reactive interaction between the CFC} molecules and the long-living
electrons trapped at the ice/vacuum interface. Fig.6.7 presents a scheme of the DEA
reaction of CFCl3 with the trapped electrons. In this process, an electron carattach

CFCl,- Cl(9) Figure 6.7: Scheme DEA reaction

of CFCl; with trapped electrons
in crystalline ice. The trapped
electrons are injected into the
D,0O ice by photo excitation in
the metal substrate followed by
charge transfer via the IPS. The
~— DEA energy of the negative ion state is
'e.' —>e lowered compared to the gas phase
allowing the trapped electrons to
” attach to CFCl 3 via the stabilized
E, o R(C-CH ion resonance (DEA) leading to the
Ru(001) D,O dissociation of the molecule.

=0 R | AN CFCl,- CI (g)

y

to the molecule, leading to the formation of a transient negadive ion, which can sub-
sequently decay either via the auto detachment of the electin, or via a C-Cl bond
cleavage and the formation of a Cl ion and a CFCI; radical, following the equation:

e +CFCI3$ CFCIl, | ClI + CFCly (6.43)

Due to polarization e ects (image-charge potential due to the metal substrate and po-
larizability of the surrounding molecules) [Sam87], the eergy of the negative ion state
in the condensed phase is lowered compared to the gas phasethg polarization poten-
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tial Ep of 1-2 eV [Lul0]*°. As a consequence the potential energy curve of the molecule
becomes resonant with the trapped electrons enabling the DE of trapped electrons to
the condensed CFC} molecules. Thus, in the present case, the concomitant quehang
of the er peak and increasing of the work function can be understood afllows. The
lowering and quenching of theer peak's intensity in the 2PPE spectra can be related
to the dissociative attachment of the long-living electrons to the CFCl3; molecules. This
dissociation is then accompanied by the formation of stableCl anions at the surface
of the ice and the density of negative charge present on the sface is then responsible
for the observed increase of the work function. Furthermorethe very weak coupling of
the trapped electrons with the metal substrate, i.e. their extraordinary long residence
times, lead to a very ine cient decay channel of auto detachment of the electron and
therefore favors the dissociative decay channel.

The work function change and the intensity of the er peak of the data set presented
in Fig.6.6 are depicted in Fig.6.8 as a function of CFC§ coverage. The work func-
tion change saturates at = +500 meV. As discussed above the er peak is totally
quenched for a CFC} coverage of 0.004 ML, which corresponds to a surface densibf
Ncee =2:3 10 cm 2, considering a surface density of 8 102 cm 2 for 0.1 ML
[LuO4]. The corresponding work function change for this cograge is 250 meV. Indeed,
considering a model based on the formation of a dipole layerdiween the Cl anion at
the surface and its image in the metal substrate can explainte strength of the work
function change [Bhal0]. It can be described according to the following equation:

4dN crcq.

Ice

(6.44)

whered is the thickness of the ice,Ncgc is the surface density of the Cl anions, q is
the charge and"ice is the dielectric constant of ice. Taking the above mentiond surface
density N, a thickness for 4.5 BL crystalline ice of approximatelyd 20 A, a charge
of g = -1 and "jce =4, gives a work function change of = 210 meV. This result is
in very good agreement with the experimental value of =250 meV.

In this context the question of the cross section for the DEA d¢ the CFCl3; ad-
sorbed on the crystalline ice is of great interest. In order b determine the cross section
for the DEA knowledge of the electron trapping density is reqiired. The surface den-
sity of trapping sites was estimated from a uence-dependenstudy on the er peak
intensity [Gah04]. Rate equations, involving the equilibrium between excitation prob-
ability and probing probability of the trapping sites, were used, assuming a photo-
electron detection probability of 10 4. The estimated surface density of trapping sites
is Npap 2.5 102 cm 2 and hence on the same order of magnitude as the sur-
face density Ncgc of the CFC molecules. This gives a lower limit of the cross of

4 10 13 cm?, where every trap has interacted with one CFC. The cross sean
is at least one order of magnitude larger compared to the coesponding cross section
in the gas [llI79] and condensed phase without water ice [Lud]. This nding shows the

49Taking CF,Cl, adsorbed on an HO ice surface as an example the polarization potential is
Ep 1.3 eV [Lu02]
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high reactive character of the long-living electrons. The &ct that the work function
change continues with increasing CFC{ coverage after theer peak already vanished (cf.
Fig.6.8) and saturates at = +500 meV for 0.015 ML of CFCl 3 suggests that several
dissociation events may occur at one electron trap and that he trap is not inactive
although the er peak cannot be observed anymore. Hence, one needs to unders
how the blocking or deactivation of the trapping site works.

In order to get a better insight into the interactions involv ed between theey elec-
trons and the CFCl3 molecules, 2PPE has been performed on crystalline £D covered
by 0.01 ML of CFCl3 and subsequently annealed to di erent temperatures below tke
multilayer desorption temperature of crystalline ice. The resulting spectra are plotted
in Fig.6.9 as a function of energy with respect to the Fermi leel. All spectra were taken
after cooling the sample to 30 K following the initial temperature increase to the indi-
cated temperature. The spectra are vertically shifted for d¢arity. The black solid line
represents the spectrum of 4.5 BL crystalline BO/Ru(001) with the pronounced fea-
ture er. The adsorption of 0.1 ML CFCl3 (red solid line) is accompanied by a quenching
of the ey peak and an increase in the work function as described abové\gain, the ex-
periments are performed under UV irradiation that is generaing the trapped electrons.
Subsequently, these electrons can react with the adsorbed RCl3 molecules and lead
to their dissociation. For ashing temperatures of 60 and 14 K, Fig.6.9 shows spectra
acquired on a fresh spot, i.e. where no UV irradiation has led to the trapping sites
population by er electrons prior to the ashing (dashed curve), and pre-irradiated spot,
i.e. where UV irradiation has already been realized beforehte annealing, and therefore
where the reaction could already have taken place (solid cwe). After the rst ash
to 60 K, the work function increased slightly by 50 meV on the pre-irradiated spot
(solid line) compared to the spectrum before the ash, wheras the spectrum taken on
the non-irradiated spot (dashed line) is basically identi@l to the one before the ash.
After the ash to 140 K, the work function has decreased slighlly on the pre- and
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non-irradiated spot and is now considered as identical to tle value of pure crystalline
ice. However, the spectrum taken on the pre-irradiated spotshows no feature which
is related to the trapped electrons, whereas the spectrum orthe non-irradiated spot
exhibits a peak atE Ef = 2.2 eV attributed to the er electrons. The nal ash to
160 K leads to the complete recovery of theer peak in the spectra taken on the fresh
and pre-irradiated spot.

0.01 ML CFCl,
on D,0/Ru(001)
hn=3.69 eV

before CFCl,
deposition

after deposition of
0.01 ML CFCl,

annealed to 60K

2PPE-Intensity

annealed to 140K

annealed to 160K

0204060810 1 2 3 4
E-E (eV) E-E (eV)

Figure 6.9: Temperature dependence o&r-quenching. 2PPE spectra of 4.5 BL of crystalline
D,0 before and after deposition of 0.01 ML CFC}. Subsequently, the sample was ashed to
60, 140 and 160 K and the spectra were recorded after cooling dowio 30 K. After ashing to
60 and 140 K the spectra were taken on pre-irradiated spots befe the ash (solid lines) and
on non-irradiated spots (dashed line). The vertical dashed lines neresent the position of the
low energy cut-o and the position of er of the pure crystalline ice, respectively.

The temperature dependent change of the work function and tle vanishing and
reappearing of theer peak are signatures of a reactive process and corroborate ¢hn-
terpretation as a dissociative electron attachment of the tapped electron to the CFChk
molecules. Nevertheless, the exact nature of the subsequereaction is a priori not
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clear. Several options can be considered to explain the dezaise of theer peak inten-
sity as well as the ashing-temperature dependency of the 2PE spectra. The observed
guenching of theer peak can indeed be explained with (i) a signi cant reduction of
the lifetime of the trapped electron caused by an attachmentto the CFCIl3 molecule
whereas the trapping sites can still be populated by excitecelectrons during the illumi-
nation. When the lifetime of the state is reduced below the iverse repetition rate of the
laser system (3 s ) the population and depopulation is not carried out by subseuent
laser pulses. Therefore this process can only occur by abgtion of photons within
one laser pulse which is then a non-linear process and the iasity of the er peak can
be drastically reduced. Another mechanism which can lead tdhe quenching of theer
signal (ii) is based on an energetic or chemical modi cationof the trapping site that
prevents further population of this site by photoexcited electrons.

If the quenching of the er would be solely caused by the attachment of the trapped
electron to the intact CFC molecule, one could observe a rea@ry of the er signal upon
illuminating the sample at a constant CFCl3 coverage after all CFCk molecules around
the trapping site were dissociated. Nevertheless, such acevery with illumination time
was never observed in the experiments. Hence, a blocking ofi¢ site involving solely
mechanism (i) can be excluded. Hence, the DEA process leads avell to a chemical
modi cation and a deactivation of the trapping site. The deactivation mechanism is
discussed in the following for two proposed scenarios.

(i) After one single cycle of population of the site and attadiment of the electron to
the CFCl3, the resulting Cl is trapped at the site and therefore blocks it with regard to
further population. This scenario is depicted schematicdly in Fig.6.10. Note that, the
overall surface charge density is higher after the dissodi@n; after one complete cycle
all traps are occupied by a Cl anion. In contrast, in equilibrium of population and
depopulation of the traps with excess electrons not all traping sites are occupied by an
electron, so that the overall surface charge densitWNejecron ~ Nci. The work function
increase for theer population of pure ice without CFCl3 molecules is = 50 meV
[Gah04], whereas the work function change is = 250 meV when 0.004 ML CFCl;
is adsorbed. In addition, the observed change of the work fuction can as well originate
from the di erent screening of the trapped electron and the arions by the surrounding
water molecules at the ice/vacuum interface. Finally, the fact that a total quenching
of the er peak is observed for a number of CFG molecules which is similar as the
number of trapping sites ts with the above interpretation.

(i) At one given trapping site several dissociations of CFCmolecules could occur
so that more than one Cl anion can be produced at one single trap. The blocking
of the site can then be caused by a high density of Cl formed in the vicinity of the
trapping defect, resulting in a strong electrostatic perturbation which leads to its de-
activation. This scenario is depicted schematically in Fig6.11. In this case, the work
function increase is caused by a higher number of negative enges,i.e. Cl anions,
present on the surface. To explain the work function change de to the ClI formation
( =250 meV) in comparison to the one due to the charging of th e pure crystalline
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Figure 6.10: Deactivation of trapping site after one single dissociation

D,0O layer by the er electrons ( = 50 meV), at least ve CI would need to be
formed per trapping site. Although in the case of a total querching of the er peak the
number of CFCIz molecules is estimated to be comparable to the number afr electron
sites, the uncertainty inherent to the determination of the density of sites | princi-
pally the determination of the detection sensitivity in the 2PPE experiment | does not
allow us to exclude unambiguously the possibility that seveal dissociation processes
can occur per surface defect. Furthermore, as apparent frorfig.6.8 the work function
change continues after theer peak is completely quenched and saturates for coverages
exceeding 0.015 ML at = 500 meV. So, assuming a similar screening of trapped
electrons and Cl anions at the ice surface, at each trap on average 10 molecsleould
dissociate.

Figure 6.11: Deactivation of trapping site after several dissociations

As no scenario can strictly be ruled out the temperature depadent behavior of the
work function change and theer peak intensity, presented in Fig.6.9 are discussed for
both suggested scenarios. The ashing to 60 K promotes the dision of intact CFCI 3
molecules to available sites. In the pre-irradiated spot, were a certain number of sites
are already blocked by the irradiation before the ashing, the temperature ash may
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activate the di usion of intact CFCI 3 to some remaining available sites. The reaction is
therefore enhanced and results in a larger amount of trappe®l compared to the one
present before ashing. The higher amount of Cl increases the local work function of
the system. In the non-irradiated spot, as no dissociation dok place before the ash,
the di usion of CFCI 3 prior to the reaction has no e ect on the 2PPE spectrum. The
ash of the system to 140 K desorbs the majority of the intact CFCl3, as can be seen by
the TD spectrum presented in Fig.6.5, which is seen on the noirradiated spot where
the er signal is again observed after the ash. For the pre-irradided spot, one can
conclude that the trapping sites are still blocked as noer signal is present in the 2PPE
spectrum. However, the work function of the system is now vey close to the one of
the pure crystalline ice. Considering the rst scenario, the work function increase is
due to a less e ective screening of the Cl by the water molecules of theer electron
sites. The decrease of the work function upon ashing to 140 Kmeans then that the
thermal energy brought to the system allows the DO molecules to re-orient around the
Cl , therefore enhancing the charge screening, and thus decrgag the work function.
This scenario is thus capable of explaining the ashing-tenperature dependence of the
2PPE spectra. Considering the second scenario, where the wofunction increase and
the deactivation of the trapping site is due to the accumulaion of several Cl ions,
the interpretation of the behavior observed after the anneding at 140 K becomes more
complex. Indeed, the work function reduction in the pre-irradiated spot could be ex-
plained by the thermal-induced di usion of the CI ions on the surface which would
then decrease the local density of surface negative chargelowever, the blocking of the
trapping sites cannot be explained by the anions' density ag more and other mecha-
nisms, like a thermal-induced reaction (e.g. involving CFCl, radicals) leading to the
chemical modi cation of the sites, have to be invoked. After ashing to 160 K, the
2PPE spectra are identical to the one of the pure crystallineice. Indeed, as annealing
to this temperature results in considerable O desorption, in both scenarios one can
expect the ClI to di use on the whole surface or in the bulk of the ice, therefae drasti-
cally decreasing its local density on the surface due to its ®ak concentration, and the
surface defects to be regenerated.

Additionally, other blocking mechanisms involving a chemical modi cation of the
trapping site are possible, although they seem to be less ldty. The radical CFCly,
which is a product in the DEA reaction, could react with the water molecules in the
vicinity of the er traps, leading to their chemical modi cation. Indeed, it was shown
that radicals CF4Cls x (x =0, 2), formed from electron dissociative attachment on
CF,Cl, or CCl4 coadsorbed with water, are at the origin of subsequent cheroal reac-
tions with H ,O molecules, leading in particular to CO, formation [Per04]. In contrast
to the present experiment, this ndings were realized on amophous ice upon X-ray
and 200 eV irradiation. In this case other electron-induceddissociations are involved.
Hence, a direct comparison of this chemistry induced by higlr energy irradiation to
our case should be considered with caution. Furthermore, innfrared adsorption spec-
troscopy performed on crystalline ice co-adsorbed with CFG no evidence for a C-F
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stretching mode was found after illumination with 193 nm light®°, indicating that the

CFCl, species were removed from the surface due to photodecomptisn [Oga02b]. In
the case of amorphous ice it was as well shown that two neighbimg CFCI, radicals
can recombine and form stable GF,Cl4 [Ryu06], but due to the low concentration of
CFCl3 in the present experiment a recombination seems very unlidg. Because of the
very small coverage of CFC{ used here, attempts to nd direct evidence of any prod-
uct of a possible chemical reaction by TDS were not succesdfsince the small amount
desorbed is below the sensitivity threshold of the employedMS.

6.4 Conclusion

Trapped electrons in crystalline ice exhibit pronounced claracteristics which makes
them a chemically very reactive species. First of all, a verye cient decoupling of
the excess electrons from the metal substrate leads to lifehes on the order of several
minutes of the trapped electrons, so that they are availablefor a reaction over a large
timescale. Furthermore, overlayer experiments with Xe adhyers revealed that these
electrons are trapped at the ice/vacuum interface. When eletronegative molecules like
CFCl3 are coadsorbed with crystalline ice a reactive interactionbetween the CFCh
molecules and the trapped electronwia a dissociative electron attachment process oc-
curs, resulting in the formation of CFCI, radicals and Cl anions. This process results
in the deactivation of the trapping sites and in the increaseof the system work function
which saturates at = +500 meV, which is a consequence of the accumulation of
Cl at the ice surface. The deactivation of the trapping sites ca be explained by (i)
a blocking of the site by a ClI which is occupying the site or (ii) by a electrostatic
perturbation of the site resulting from a high density of CI anions formed by sev-
eral dissociation processes in the vicinity of the trap. Boh scenarios are capable to
explain the ashing-temperature dependence of theer peak intensity and the work
function change. The deactivation of the trapping sites andthe concomitant work
function change of = +250 meV are observed for very low cove rages of CFCh
( 0.004 ML), which corresponds to a density of molecules compable to the density
of trapping sites. Following a conservative estimation whee one trapping site dissoci-
ates one CFC}E molecule shows the high e ciency of the DEA process and leads$o a
cross section of 4 10 13 cm?, that is at least one order of magnitude larger com-
pared to the DEA cross section in the gas phase and in the condsed phase without
coadsorbed ice. This large cross section is related to therig lifetime of the trapped
electrons and their binding site at the ice/vacuum interface. Furthermore, the energy
of the negative ion state in the condensed phase is lowered opared to the gas phase
due to polarization e ects. As a consequence the potential eergy curve of the negative
ion state of the molecule becomes resonant with the trappedlectrons enabling the
DEA of trapped electrons to the condensed CFCG| molecules, which enhances the DEA

%0The experiments were performed with a CFCl3s coverage which is 2 orders of magnitude larger
compared to the coverage used in the present experiments. Ths and the fact that the sample was
irradiated by light with a signi cantly higher photon energ y of h = 6.4 eV hinder a direct comparison
as new photon-dissociation channel may be involved.
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cross section signi cantly. These results suggest that thephoto excited trapped elec-
trons can play an important role in the heterogeneous chemal processes on condensed
water surfaces and could be relevant in the polar stratosphee chemistry.
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7/ Summary

The present work focuses on the interaction between exceskeetrons in water ice struc-
tures adsorbed on metal surfaces and other charged or neutrapecies, like alkali ions, or
chemically reactive molecules, like chloro uorocarbons CFC), respectively. In this the-
sis three di erent systems have been investigated by time-reolved 2PPE spectroscopy.
The in uence of alkali adsorption on electron solvation and transfer dynamics in ice
structures has been observed for three di erent alkalis. Theslectrostatic interaction be-
tween the positively charged alkali ions and the water dipoé moments leads to a strong
perturbation of the H-bond network of the ice structures. This leads to the formation
of new minima in the potential energy landscape which allowdor the initial trapping
of excess electrons in the ice. Finally, the capability of loalized solvated electrons at
the adsorbate/vacuum interface to mediate chemical reactons by electron attachment
is demonstrated for coadsorbed CFCs on crystalline ice.

In the rst part of this study the e ect of coadsorption of alka li atoms/ions at the
ice surface on the electron solvation dynamics at ice/metalinterfaces is investigated.
The adsorption of low coverages € 0.15 ML) of alkali atoms on amorphous BO ice
at temperatures between 60 and 100 K leads to in the formatiorof positively charged
alkali ions at the ice/vacuum interface. In this temperatur e range the alkali atoms un-
dergo an autoionization and the formerns valence electron decays to unoccupied states
in the metal substrate leaving alkali ions at the surface, wihch are identi ed by an alkali
coverage dependent work function change. It has been showiat the autoionization
of the alkali atoms at the amorphous ice surface is a thermayl activated process and
that it can be at least partially suppressed at temperaturesaround 40 K for coadsorbed
potassium atoms, whereby the 4s electrons of the neutral K aims can be probed by
direct photoemission spectroscopy.

The interaction between the alkali ions at the surface and tle dipole moments of
the surrounding water molecules results in an reorientatio of the water molecules.
As a consequence new electron trapping sites, i.e. at localogential minima, at the
ice/vacuum interface are formed. Photoinjection of exces®lectrons into these alkali-
ion covered amorphous ice layers, results in the trapping o& solvated electron at an
alkali-ion/water complex located at the ice/vacuum interf ace. Compared to electron
solvation in pure amorphous ice layers these electrons exit remarkably di erent pop-
ulation and stabilization dynamics. Directly after photoi njection the electrons stabilize
with a rate of =-0.83 eV/ps, which is more than two times high er than the stabiliza-
tion rate for electron solvation in pure ice. However, aftert 400 fs the solvation is
signi cantly slowed down to =-50 meV/ps accompanied by a st rongly reduced pop-
ulation decay. The energetic stabilization is caused by nuear rearrangement in the
environment of the excess electron. The comparison of the itial stabilization rates
of the solvated electrons in pure ice suggests a stronger nemlular reorientation of the
water molecules that surround the alkali-ion/water complex. This can be explained by
a higher number of dangling OH-bonds at the ice/vacuum intefface, that strongly con-
tribute to the energetic stabilization. Furthermore, the m ore e cient screening leads to
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extended lifetimes of the solvated electrons at the alkalion/water complex compared
to the dynamics in pure water ice. The population dynamics ae described by means
of a rate equation model that includes two di erent states &" and &*. The rst state
exhibits the faster stabilization dynamic and exponential decay times on fs-timescales,
whereas the latter one exhibits dynamics on ps-timescales.The photoinjection into
the ice layer proceeds via the ice conduction band directlyrito the initial trapping
state %’“ or via an additional state, which is assigned to the LUMO of the alkali ion
from where the electron is transferred to g" with a time constant of =250 fs. Both
pathways occur with an equal probability. The latter time constant is assigned to the
time constant of the autoionization of the alkali atom in an amorphous ice layer at a
sample temperature of 60 K. The rst state eg’“ can be interpreted as a state, where
the electron transfer is determined by the wave function oveap of the solvated electron
state € with unoccupied metal states. The electron transfer in the gcond state " is
determined by the tunneling probability through the evolved potential barrier, which is
due to the ongoing screening of the electron by the surroundig water molecules. This
leads to slower dynamics of electrons in stated .

Coverage dependent measurements reveal that the decay timaf the state €, i.e.
for time delays > 500 fs, increases exponentially with the layer thickness. n addi-
tion, overlayer experiments with D,O or Xe adlayer show that the solvated electrons
at the alkali-ion/water complexes are located at the ice/vacuum interface. Hence, the
tunneling barrier, which separates é" from the metal substrate is determined by the
thickness of the ice layer.

Changing the type of alkali from Na to K and Cs does not qualitatively in uence the
population and stabilization dynamics of the solvated eletrons at the alkali-ion/water
complex. As long as the alkali atoms autoionize after the irtial preparation and the
resulting alkali ions are not di using into the ice layer, excess electrons can be trapped
at the alkali-ion water complexes located at the ice/vacuuminterface. This is reason-
able as the reorientation of the water molecules in the surronding of the alkali ions is
responsible for the formation of the initial trapping sites. This reorientation is induced
by the electrostatic interaction between the dipole momens of the water and the posi-
tive charge of the alkali, which is identical for all types of alkalis.

In the second part of this study another approach enabled thanvestigation of elec-
tron solvation at small alkali/water clusters directly ads orbed on a metal substrate. In
this way it is possible to control the number of water molecuks in such a cluster and to
investigate the population and stabilization dynamics of excess electrons as a function
of D,O coverage and hence the size of the solvation shell around ehalkali atom. The
clusters are prepared by adsorption of water molecules (p,o0 < 1 BL) on an alkali
pre-covered metal surface (akai < 0.15 ML). An attractive interaction between the
alkali-induced dipole moments and the dipole moments of thevater molecules leads to
stronger and preferential binding of the D,O molecules in the vicinity of pre-adsorbed
alkali atoms. The ratio of the amount of water molecules whid are stabilized by the
alkali and the amount of pre-adsorbed alkali atoms are govered by a hydration like
interaction that is leading to the formation of a solvation shell around the adsorbed
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alkali. The ratio is typically in the range between 5:1 and 101 and does not show a
pronounced dependence on the type of alkali.

In contrast, another critical ratio of water molecules to alkali atoms is found that
depends on the type of alkali. Above a minimum number of watemmolecules per alkali
in a cluster photoexcited excess electrons can be trapped dhe alkali/water cluster
identi ed by a new state e. in the 2PPE spectra. This minimum cluster size depends
on the type of alkali and is inversely proportional to the alkali-induced dipole moment.
In the case of Cs only 2-3 water molecules are needed to stalzid an excess electron.
For Na, where the induced dipole moment is only half of the onefor Cs, 6-7 water
molecules are required to allow for the initial trapping of an electron. This implies that
the capability to bind an excess electron at the cluster is riated to the reorientation of
the water molecules caused by the alkali-induced dipole moent.

These localized excess electrons show, similar to electragolvation in ice layers,
an energetic stabilization that is attributed to a dynamical reorientation of the water
molecules in the cluster. In contrast to the electron solvaton at alkali-ion/water com-
plexes on wetting amorphous ice layers, the rate of energetistabilization depends on
the type of alkali. The strongest energetic stabilization s found for Na/water clusters
with a rate of =-2.2 eV/ps. A possible explanation could be t hat, as the alkali-induced
dipole moment increases, the water network is more rigid andhe water molecules react
slower and less strongly to the presence of the excess elewit So the energetic stabi-
lization rate decreases to =-1.7 and =-1.3 eV/ps for K and C s, respectively. In the
regime of small water coverages this strong energetic staddation is possible because
the water molecules in the alkali/water cluster are not fully coordinated in an H-bond
network and many dangling OH-bonds are present in the vicinly of the excess electron.
The screening of the electrons by the molecular reorientatin of the water molecules
leads to a reduction of the overlap of their wave function with unoccupied metal states
and therefore to an increase of their lifetime. The decay tine . of the excess electron
at the alklai/water cluster is governed by the ratio of water molecules per alkali in
the cluster, e.g. for 0.07 ML Na the exponential decay time is ¢ = 19 fs at a water
coverage of 0.12 BL and ¢c = 85 fs at a coverage of 1.0 BL. Obviously, more water
molecules in the alkali/water cluster can screen the electwnic wave function of the e
electrons more e ciently from the metal substrate leading to an increased lifetime.

In a third part of this thesis, excess electrons at interface, as found in the case
of alkalis coadsorbed with water ice structures, can be utized to mediate chemical
reactions at surfaces. Trapped electrons in crystalline ie structures are a model sys-
tem to investigate such reactions because these electronghebit characteristics which
makes them a chemically very reactive species: (i) they exhit lifetimes on the order
of several minutes and (ii) they are trapped at the ice/vacuun interface. The high
reactivity of such electrons has been demonstrated for thease of coadsorbed CFGl
Adsorption of 0.004 ML CFCl3 leads to the quenching of the long-living electron signal
in the 2PPE experiment. Simultaneously, the work function o the system increases by

= +250 meV. These e ects are attributed to the dissociative  electron attachment
(DEA) of the trapped electrons to intact CFCI 3 molecules, resulting in the formation
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of CFCI, radicals and Cl anions. The formation of the Cl results in the increase of
the systems work function because of an enhancement in the eative surface negative
charge density. Following a conservative estimation wher@ne trapping site dissociates
one CFCl3 molecule shows the high e ciency of the DEA process and lead$o a cross
section of 4 10 3 cm?. Thatis at least one order of magnitude larger compared
to the DEA cross section in the gas phase and in the condensechpse without coad-
sorbed ice. The e ciency of this process has to be related to he very long lifetime,
the surface location, and the weak coupling to the metal sultsate. Furthermore, the
energy of the negative ion state in the condensed phase is lened compared to the gas
phase due to polarization e ects. As a consequence the poteiatl energy curve of the
negative ion state of the molecule becomes resonant with thieapped electrons enabling
the DEA of trapped electrons to the condensed CFCG] molecules, which enhances the
DEA cross section signi cantly. These results suggest thatthe photoexcited trapped
electrons can play an important role in the heterogeneous amical processes on con-
densed water surfaces and could be relevant in the polar sttasphere chemistry.

Summarizing, the presence of alkali ions in water ice strorlg in uences the pop-
ulation, localization, and stabilization dynamics of excess electrons in ice structures
adsorbed on metal surfaces. It could be demonstrated that tB understanding of the
interactions of charged species and water molecules is a k@arameter to describe the
dynamics of excess electrons in polar molecular ices. Furgdimore, it has been shown
that trapped electrons need to be taken into account when dexibing chemistry at ice
structure surfaces, as they can very e ciently mediate chenical reactions via dissocia-
tive electron attachment.

A route for future investigations would be to expand the doping of ice layers to
other impurities and to study as well salts and alkaline earh metals. This would o er
the possibility to study the dynamics of excess electrons iramorphous ice layers in the
presence of positively and negatively charged parent ionslt was shown for alkali ions
that the solvation dynamics mainly depend on the charge of tle coadsorbed species.
Hence, a doubly charged ion could in uence the dynamics sigrcantly di erent than a
single charged one and would provide new insides. Similar eriments would also be
bene cial for the understanding of electron trapping at doped water clusters directly
adsorbed on the metal substrate. Finally, electron-induce chemical reactions require
a systematic investigation with di erent reactive molecules to identify crucial param-
eters such as ionization energy or dissociation energy gaveng the e ciency of the
reactions.
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A Electron Solvation in Pure Amorphous
D,0O - Minimum Water Coverage

In the presence of pre-adsorbed alkali atoms on Cu(111) stdlized excess electrong;
are found, which exhibit similar characteristics as solvaed electrons, for water coverages
of 0.1-0.2 BL, as discussed in chapter 5. At this small water @verage binding of an
solvated electron is not possible in pure ice layers withoutoadsorbed alkali atoms. In
order to determine the minimum water coverage required to olserve a solvated electron
in pure ice, 2PPE spectra are recorded whil®,0 is exposed to the cold sample setting
a constant water background pressure opp,o0 ' 5 10 ° mbar. The resulting 2PPE
spectra are presented in Fig.A.1 as a function of nal state eergy Esin Er (left
axis) and D,0O exposure (bottom axis). Upon increasing water coverage theecondary
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Figure A.1: Evolution of the 2PPE spectrum of Cu(111) as a function ofD,0O exposure. The
spectra are recorded using a photon energy df yy 3.09 eV.

edge of the spectra is shifting to larger energies indicatig a decreasing work function.
The water-coverage-dependent work function change of Cu(l) is known [Gah04] and
can be seen in the inset of Fig.3.17. This dependency is used tetermine the water
coverage in this experiment. The peak atEs, Efr = 5.75 eV is attributed to the
occupied Cu(111) surface state. With increasing water covage its intensity is gradually
decreasing. At higher water coverage a new spectral featurarises at an energy of
Ei#n Efr =6.1eV thatis associated with solvated electronses. From the work function



A ELECTRON SOLVATION IN PURE AMORPHOUS D ,0 - MINIMUM
WATER COVERAGE

at this water exposure of = 4.2 eV a corresponding water covaage of nin = 1.5BL
is derived, which is one order of magnitude higher than in thecase of alkali pre-coverage.
This nding emphasizes the strong in uence of the alkalis onthe water network.
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