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There is a theory which states that if ever anybody discovers
exactly what the Universe is for and why it is here, it will
instantly disappear and be replaced by something even more
bizarre and inexplicable.

There is another theory which states that this has already
happened.

Douglas Adams

Man sagt, der Mensch erfahre seine Welt. Was heifit das? Der
Mensch befiahrt die Flache der Dinge und erfahrt sie. Er holt sich
aus ihnen ein Wissen um ihre Beschaffenheit, eine Erfahrung. Er
erfahrt, was an den Dingen ist.

Aber nicht Erfahrungen allein bringen die Welt dem Menschen zu.

Martin Buber

Jedna z najtazsich veci v Zivote je spravne rozpoznat, kedy nam
vlastne Boh dava, kedy berie a kedy nés skiisa.

Slovenskd mudrost
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Abstract

Thin D,O layers on a Ru(0001) surface experiencing energy transfer from the photoexcited
metal and charge confinement after UV illumination were studied with surface-sensitive op-
tical techniques and in a time-resolved manner to gain a microscopic understanding of the
fundamental processes within this system.

The surface of ice is a highly relevant medium in atmospheric science [Sol90, Ber09, Lul0]
and astrophysics [Jen94, Jen96]|, being involved in many chemical processes of vital importance.
The water—metal interface and interaction are of interest for corrosion and electrode processes,
future applications involve e.g. sustainable energy generation and storage based on hydrogen
economy, employing the dissociation of water (the largest convenient natural hydrogen reservoir)
on a metal surface as a key step [Mael0).

The intrinsically interface—sensitive sum frequency generation (SFG) vibrational spectroscopy
is employed to investigate the surface structure of an ice film grown on the Ru(0001) substrate
with different thickness and thus with different interaction strength with the metal. The vi-
brational signatures of thicker ice samples show characteristic differences between the surfaces
of amorphous and crystalline ice, but the structure of the wetting layer is significantly influ-
enced by the metal and distinctly different from that of ice, which leads to the pronounced
hydrophobic properties of the first water adlayer [Kim05, Haq07]. The number of hydrogen
bonds between this wetting layer and further multilayers is shown to be considerably limited,
which most probably gives rise to the Stranski—Krastanov growth mechanism.

The surface of ice is of special interest also due to its ability to stabilize an excess charge on
a minute timescale [Bov09]. In the present work, the reason for this stabilization is consistently
explained. After an electron is excited from the metal into the (D,0) ice layer by an intense,
ultrashort UV (4.66 V) laser pulse and stabilized at its surface, the SFG vibrational spectrum
in the OD stretch region is changed dramatically. Electron injection resonantly enhances the
SFG signal up to a factor of 103, particularly in the frequency range of vibrations involved
in hydrogen bonding. The signal from the ice surface is simultaneously overwhelmed by the
contribution from the bulk. The observed changes do not spontaneously reverse back to the
original state on a timescale of several hours and strongly depend on the D,O structure, since
no change in the sum—frequency spectra of thin amorphous ice layers can be observed under
otherwise identical conditions.

The proposed explanation for this phenomenon is based on partial ferroelectric alignment of
water molecules experiencing large electric fields, which results in a net dipole moment of the
D, O layer. Such a reorientation converts ice to a medium that is not centrosymmetric anymore
and SFG becomes dipole—allowed also in the inner part of ice, which gives rise to the observed
tremendous SFG signal enhancement.

The screening occurs on a timescale faster than ~100 fs and its dynamics is strongly dependent
on the water isotopologue (D,O vs. H,O) used. Confinement mechanisms that do not involve
the movement of molecular center—of-mass, like the OD flip, are consistent with our observations
and are feasible in the defect—rich structure of Ru(0001)—supported ice even at low temperatures.

The ultrafast desorption dynamics of the D,O wetting layer on Ru(0001) after optical ex-

citation were followed to obtain a deeper insight into the energy transfer mechanism between
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the substrate and adsorbate. Based on a simple model that treats the substrate electrons and
phonons and the adsorbate as coupled heat baths, this process was found to be non—adiabatic,
mediated to a large degree by the hot substrate electrons, although the participation of excited
lattice vibrations could not be excluded. A reaction mechanism involving multiple electronic
transitions from the ground state into a repulsive excited state (DIMET) is strongly supported
by our results and it may account for the significant fraction (~50%) of desorbing molecules
that break their bond to the surface within the first 2 ps after the excitation. Simultaneously,
it explains the recorded high translational energy of the desorbing species that is much higher
than the corresponding temperature in the phonon heat bath.
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Deutsche Kurzzusammenfassung

Die vorliegende Arbeit leistet wichtige Beitrige zum Verstdndnis der fundamentalen Prozesse
innerhalb des D, O-Ru(0001) Adsorbat—Substratsystems und beschéftigt sich mit den Ladungs—
und Energietransfermechanismen zwischen der Eisschicht und dem Metall.

In einer Vielzahl von atmosphérisch relevanten Prozessen spielt die Oberfliche von Eispar-
tikeln eine bedeutende Rolle und ist von entscheidender Relevanz fiir das Studium der ak-
tuellen Umweltprobleme, wie z.B. Ozonschichtzerstérung [Sol90, Ber09, Lul0]. Die Grenzfliche
zwischen Metall und Wasser ist viel mehr als nur der Ort, wo Korrosion oder Elektrolyse in
einer wissrigen Losung stattfindet — es ist auch ein hochst interessantes Medium fiir zukiinftige
Energiespeicherungsanwendungen, die auf der Wasserspaltung basieren [Mael0]. Der Energi-
etransfer zwischen einem Substrat und dem adsorbierten Wassermolekiil stellt dabei einen der
wichtigsten Zwischenschritte dar.

Die intrinsisch oberflichenempfindliche Methode der Summenfrequenzerzeugung aus zwei
Laserpulsen — einem Sichtbaren und einem Infraroten in Resonanz mit ausgewahlten Schwingun-
gen im System — bietet sich als hervorragend geeignete Methode an, um die Eisgrenzflachen
(sowohl Eis/Vakuum als auch Wasser(Eis) /Metall) zu untersuchen. Mit dieser Spektroskopieart
wurden D,O Eisschichten auf Ru(0001) mit unterschiedlicher Dicke — und somit auch mit un-
terschiedlich starker Wechselwirkung mit dem Substrat — untersucht und ein wichtiger Einfluss
der Metallsubstratstruktur auf die dufere D,O Bilage entdeckt: Obwohl die Eis/Vakuum Gren-
zflache durch ein abruptes Ende der Volumenperiodizitit und aufgrund der grofsen Zahl von un-
terkoordinierten Molekiilen die Ordnung charakteristisch fiir das Volumen verlieren sollte, findet
man jedoch auf der Oberfliche der dicken kristallinen und amorphen KEisschichten die fiir die
jeweilige Struktur charakteristischen Unterschiede. Bei kleineren Bedeckungen, besonders wenn
die Wassermolekiile direkten Kontakt zum Metall haben, ist die Eisschicht noch starker durch
das Substrat beeinflusst und weist hydrophobe Eigenschaften auf [Kim05, Haq07|. Dies mani-
festiert sich unter anderem durch die signifikant reduzierte Wasserstoftbriickenbindung zwischen
der ersten und den weiteren Eislagen, was mit grofser Wahrscheinlichkeit zu einem Stranski-
Krastanov—artigem Wachstum fiihrt.

Dariiber hinaus ist die Eisoberfliche auch aufgrund ihrer Fihigkeit, Uberschussladungen
(Elektronen) zu stabilisieren, von speziellem Interesse [Bov09]. Der Grund fiir dieses Verhalten
ist in dieser Arbeit aus der Sicht der Wassermolekiile konsistent erklart. Elektronen werden
durch die UV-Bestrahlung des Metalls in die Eisschicht injiziert. Nach der Lokalisierung dieser
Uberschussladungen, die fast ausschlieflich an der Oberfliche stattfindet, steigt die SFG In-
tensitdt dramatisch an, in der Frequenzregion der vollkoordinierten OD-Streckschwingungen
sogar um Faktor 103. Gleichzeitig iiberdecken die, an der Intensitit gewinnende, in—Phase
symmetrischen und antisymmetrischen Resonanzmoden die Oberflichensignaturen von Eis. Die
beobachteten Anderungen in der Eisschicht sind besonders stabil und bleiben auch nach Wartezeiten
von mehreren Stunden bestehen, was auf eine dauerhafte Strukturdnderung hindeutet. Zusét-
zlich ist eine starke Abh#ngigkeit dieser Anderung von der Morphologie der priparierten Eis-
phase zu beobachten: Das SFG Spektrum von amorphem Eis bleibt auch nach UV Bestrahlung
gleich und ausschlieflich von dem Oberflaichenbeitrag dominiert.

Die Erklarung dieser Phédnomene beruht auf einer (partiellen) ferroelektrischen Reorien-
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tierung der Wassermolekiile, die iiber eine relativ weite Distanz von der Uberschussladung
beeinflusst werden. Eine Struktur, die ein permanentes Dipolmoment besitzt, ist nicht mehr zen-
trosymmetrisch, wodurch der signifikante Volumenbeitrag zur SFG Intensitat zustande kommt.
Die Umordnung in der Schicht findet auf sehr kurzen Zeitskalen statt. Konsistent mit den
zeitaufgelosten und isotopenselektiven Messungen ist ein Szenario, das ein Umklappen von OD—
Oszillatoren in der defektreichen Wasserstruktur berticksichtigt.

Die ultraschnelle Desorptionsdynamik der D,O-Molekiile von der aus dem thermischen Gle-
ichgewicht durch eine Photoanregung gebrachten Ru(0001)-Oberfliche wurde untersucht, um
den Mechanismus des Energietransfers in diesem System zu finden. Anhand eines Modells, das
die Elektronen und Phononen des Festkorpers sowie auch das Adsorbat als gekoppelte Warme-
bader betrachtet, wird gezeigt, dass die Desorption ein nicht—adiabatischer Prozess ist und
die Energie iberwiegend durch die Kopplung des Adsorbates an die heifsen Substratelektronen
iibermittelt wird. Jedoch kann auch ein Beitrag der Gitterschwingungen nicht vollstdndig aus-
geschlossen werden. Die diskutierten Ergebnisse unterstiitzen einen Desorptionsmechanismus,
der auf mehrfacher elektronischer Anregungen beruht, da ein signifikanter Anteil (~50 %) der
Molekiile innerhalb der ersten 2 ps desorbiert und ihre Translationstemperatur die des phonon-
ischen Subsystems bei weitem iibersteigt.
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Introduction

A catalyst, an electrode, a blood cell, a solar cell. Just four examples out of a plethora of
cases where the interface is not just the end of the bulk, but far more the place, where the
most interesting processes take place. In a catalyzed reaction, the reactants experience only the
surface of the catalyst and therefore supported materials are widely employed. At an electrode,
the redox reactions (like corrosion) lead to a charge exchange at the electrode surface. The
surface of a haemocyte is able to bind and transfer oxygen in our bodies and at the surface of
a solar cell is the place, where the sunlight is absorbed and converted into electricity.

There is an interface of special relevance for nearly all areas of scientific research and of vast

importance for the everyday life: the surface of water in its solid and liquid form. Responsi-
ble for impressive (lightning) and environmentally important (participation in the ozone layer
depletion) phenomena, it has attracted a lot of interest in the past. However, the knowledge
about its structure and properties gathered up to now is still not satisfactory.
In many cases, the interfacial water molecules are strongly influenced either by the order or
disorder in the bulk and by forces exerted on them by the second medium at the interface
— e.g. by the support on which the water layers grow, or by the surface of an electrode in a
water solution. This interaction might open new energy and charge transfer channels relevant
for catalysis, it can play a decisive role in the future energy storage applications, or support a
molecular order that facilitates the charge (ion) stabilization.

The impact of these phenomena is at least as large as their complexity. To understand them
better, we investigated the simpler, model system D,0/Ru(0001), allowing us to obtain reliable
results that are still valid in the more complicated, real case. The present thesis contributes to
our knowledge by offering answers to three very fundamental questions (see Figure 0.1):

(i) What is the structure of the topmost ice layer at the ice/vacuum interface and how is it
influenced by the ordering in the lower lying layers or by the direct interaction with the
substrate atoms?

(ii) How is the energy, deposited in the substrate via an ultrashort laser pulse, subsequently
exchanged between the metal and the adsorbed ice layer? What kind of mechanism and
which timescales can describe this process?

(iii) In which way do water molecules react to an excess charge localization, how fast is their
adaptation to the new local environment and what is the role of the supporting material
and of the actual ice structure in the evolving layer transformation?

To be particularly sensitive to the ice surface, we employ an intrinsically interface—sensitive
type of vibrational spectroscopy, based on the nonlinear process of sum frequency generation
(SFG) in environments with broken centrosymmetry. Using a (spectrally narrow) visible and
an ultrashort infrared laser pulse, one can measure the spectrum of the SFG signal generated at
the boundary between two centrosymmetric media. This is resonantly enhanced, if the original
IR frequency matches the vibrational frequency of the system (i.e. the frequency of an molecular
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Figure 0.1.: An outline of the three fundamental questions addressed in the present thesis and
the approach to solve them: Using SFG vibrational spectroscopy, the interfacial structure of
supported ice of various structure and thickness is investigated (left) and the response of the
water layers to excess charge localization is probed (middle). Apart from the charge transfer
process, the energy transfer from the substrate metal into the water layer is investigated after
the system is brought out of the thermal equilibrium by an intense, femtosecond laser pulse,
which results in the molecular desorption (right).

oscillator or the frequency of the collective lattice oscillations). As many of the crystal classes
do posses a center of inversion (and ice belongs to such a class), the nonlinear phenomena of
an even order are (in the dipole approximation) symmetry forbidden and can not arise in their
volumes. Nevertheless, at interfaces the inversion symmetry is always broken and this allows
to investigate them without any contribution from the bulk. Sum frequency generation as a
second—order nonlinear process benefits from these circumstances.

Equipped with this powerful method, we have investigated one of the longest studied (and

most controversially disputed) model systems for water—metal interaction, the D,O/Ru(0001).
The main difficulty that has contributed to the long—lasting discrepancies between theory and
experiment is the combination of the large interaction strength between this metal and the
directly adsorbed water molecules, the complexity of the hydrogen bonded network, the par-
ticularly sensitive adsorbate structure (prone to dissociation) and the inability of most of the
structure—determining methods to exactly find the position of the hydrogen atoms.
We started our investigations on thin crystalline and amorphous ice multilayers and elucidated
the influence of the order (or disorder) in the inner ice layers on the topmost, interfacial D,O
sheet. The problem of surface melting of ice dates back to the times of M. Faraday, who has first
described the tendency of two blocks of good, Wenham-lake ice to freeze into one if brought
together, but the question whether this thin, liquid-like layer at the surface should be inde-
pendent on the structure of the bulk has not been addressed experimentally so far. Existing
theoretical results predict a significant disorder in the topmost layer due to the tendency of the
undercoordinated water molecules at the interface to maximize the number of engaged hydrogen
bonds, but are the molecules adsorbed below 160 or below 60 K still mobile enough to reorient
in this way? Our findings are presented in Chapter 4.

Only if the structure of molecularly intact ice multilayers on Ru(0001) is known, one has a
reference, which can be used to trace the changes in the molecular arrangements in the ice layers
closer and closer to the surface. Approaching the first, wetting layer, the overall signal becomes
very low and it is only due to the many significant improvements in the formerly employed
optical setup that we are able to make reliable conclusions about its structure. For a long time,



the SFG results were not compatible with other available experimental data, but in the present
work we can finally offer a picture consistent with the experiments of different other groups
and restore the agreement with the — in the meanwhile published and accepted — water adlayer
model. Moreover, we can also provide an insight into the seemingly paradoxical, hydrophobic
behavior of the wetting ice layer and demonstrate the influence of this property on the growth of
the further ice multilayers on this substrate. These results are presented in the Chapter 4 as well.

Water is an excellent solvent of polar molecules. This property is given by the high energy a
system can gain if single ions are surrounded by water dipoles and in many cases this energy
is larger than the dissociation barrier of the solute. The charged particles are coordinated by
the molecules in a solvation shell and this screens them very efficiently from their surrounding.
Water can also stabilize an excess electron that can freely diffuse through the liquid. However,
its lifetime of several ps is much shorter than in ammonia, the other well known electron solvent.
The unique properties of the ice surface are responsible for generation of much stabler electron
states, though.

Recent photoemission studies have detected excess charges on top of the crystalline ice on
Ru(0001) with lifetimes on a minute timescale [Bov09]. This is 15 orders of magnitude larger
than the longest—lived electron state in amorphous ice is populated and thus the question arises:
what is the mechanism of such an perfect screening — in a solid water and below 60 K — and
how relevant is it for stabilization of other, atmospherically relevant compounds like chloroflu-
orocarbons? Chapter 5 discusses the experiments performed to address this question. The
process is also related to the heterogeneous electron transfer across interfaces, which represents
an essential step considered in all nanoscale electronic devices, where a molecule is connected
to a conducting electrode, but is equally important in the biological transport systems.
However, the properties of the localized excess electron are less in the focus of this work, much
more effort is put into the understanding of the microscopic molecular response to its presence in
the ice layer. Is the stabilization a surface phenomena or are the molecules in the bulk involved
as well? What is the substrate influence on the screening process and which role does the order
or disorder in the subsurface water layers play in creating the highly effective trapping sites for
an excess charge? These are not only fundamental questions, but also problems of vivid interest
e.g. for atmospheric science (or astrophysics), as the surfaces of ice particles (interstellar bodies)
are formed under different conditions and their reactivity (viscosity, evaporation rate of comets)
could be crucially dependent on the ice modification they contain.

The larger picture is rounded with a detailed examination of the mechanism of the DyO re-
sponse to the charge injection. To this end, time-resolved SFG experiments are presented and
combined with results of measurements on isotope substituted water molecules. In this way,
the relevant degrees of freedom, activated even at low temperatures and essential for electron
confinement can be deduced. Together with other new insights and explanations, those results
are presented in the Chapter 5.

The charge transfer between the metal and the adjacent water layer is not the only important
aspect of this system. For many applications, the energy transfer could be an interesting
phenomenon. Under our conditions, such a process can lead to a simple surface reaction: to the
desorption of D,O from the metal surface, accompanied with the bond breaking between the
water and the metal. The potential energy surface (PES), describing the molecular movement in
the atomic potential (and thus any reaction) is usually derived in the framework of the adiabatic,
Born—-Oppenheimer approximation that presumes no interaction between the nuclear motions
and the electronic degrees of freedom. However, at metal surfaces, where the PESs involved in



the reaction significantly approach each other and are coupled by a continuum of the electron—
hole pair excitations, also non—adiabatic coupling becomes important. Best demonstrated is this
fact by the creation of electron—hole pairs in silver upon gas adsorption [GerOl|: The energy
gained in the bond forming process (involving the approaching of the nuclei) is not dissipated in
the lattice vibrations (phonons), but is transferred into the electronic subsystem of the substrate
solid. Equally, the reversed reaction — energy transfer from the metal into the adsorbate — can
proceed either adiabatically, or be driven by the coupling of hot (energetically rich) electrons
to the nuclear degrees of freedom.

To distinguish between these two pathways is virtually impossible if the system is in thermal
equilibrium. However, this can be disturbed by an intense, ultrashort laser pulse that transiently
increases the temperature of the electron subsystem to values of several thousand degrees Kelvin
above that of the lattice. Coupling of these hot electrons to the adsorbate degrees of freedom
can either considerably enhance the process taking place in equilibrium (if electron mediated)
or open completely new reaction channels. However, it is also possible that the reaction is
very well described within the Born-Oppenheimer approximation and the increased tempera-
ture plays only a role as far as it heats the phonon subsystem on longer timescales as well.
Chapter 6 discusses the possible scenarios of energy transfer between the metal and the ad-
sorbed water layer and offers a deeper insight into its desorption mechanism (DIMET vs. DIET
picture). It is also a suitable starting and reference point for further spectroscopic investiga-
tions of the water desorption, as it reveals its temporal aspects after the intense photoexcitation.

The present work is organized as follows:

Chapter 1 introduces the most important properties of water that connects all parts of this
thesis into one, homogeneous whole. Further discussed are here the different cases, where
the water interaction with an excess electron leads to its localization and the state—of-the art
overview of the electron localization in ice/Ru(0001). To the basic theoretical concepts of this
work belong the energy transfer mechanisms between a metal and an adsorbate as well, treated
in detail in the last Section of the first Chapter.

Many of the results presented here would be not achievable without numerous improvements
and important innovations in the experimental setup described in the Chapter 3. They form
a group of tools employed to observe the phenomena described earlier and therefore are put in
context with the experimental methods that allow to investigate them.

In the following Chapter 2, the complex experimental setup combining an ultrafast laser and
ultra high vacuum conditions is introduced.

Chapters 4, 5 and 6 discuss the experimental results concerning interfacial structure of water,
electron localization in ice and photoinduced D,O desorption, respectively. Each Chapter starts
from the current research status (where earlier works exist) and integrates the thoroughly dis-
cussed experimental findings into a larger frame provided by similar investigations and models
developed by other authors.



1. Concepts and models

Many instruments used throughout this work are indeed much lighter than their manuals. Another
come in boxes that would really impress the people who set up Stonehenge. Arranged in complicated
setups, they not only create a novel form of life (which usually decides to “die” regularly at the least
appropriate point), but allow to discover even more complex phenomena as well. To guide the reader
through the fascinating ideas worth spending such an effort without a need for the famous label
»Don't panic« on the cover of this work is the aim of the following chapter.

It introduces the investigated species — water and its interaction with metal surfaces. Is devoted
to energy and charge transfer mechanisms, that play a crucial role in many important processes
in nature or technology and discusses the most interesting theories, models and ideas, that help
to understand many of its relevant aspects as well as the methods capable to explore its unique
behaviour. Typically, structure and properties of any system are closely connected, therefore water
itself and several types of networks it is able to create are reviewed as well. The many references
that are simultaneously offered should fulfill the requirement that the thesis must in any case weigh
less than its author.

1.1. Physical properties and structure of solid water

Three atoms make up the probably most studied and the most essential compound for the
man in the known universe!. What makes this compound so special, is not only the molecule
itself — it is rather its ability to form stable networks in its liquid and solid phase. Water and
ice dramatically influence our environment (like through the in the footnote mentioned ozone
hole [Sol90, Lul0]), therefore to understand its structure, especially at the surface that is in
contact with other media, is of vast importance [Siel0a]. Many studies are focused particularly
on the solid form of water, mainly due to the more regular arrangement of molecules, although
emerging research activities are focused on the liquid water interfaces as well, because of their
importance for chemistry and biology [Smi07, Dzu05, A1l00].

The present work deals with the solid water in its several different phases, attempts to provide
a model for its interface and investigates its interaction with a metal surface. Largest part is
devoted to explanation and discussion of the phenomenon of excess charge stabilization in ice,
as will be discussed later. The goal of this Section is thus to introduce all relevant forms of ice
that one can expect to be formed under ultra high vacuum conditions?. Defects and aspects in

LAt this place, the author wished to be more poetic. However, as so often, someone else was faster and did
it much better, therefore, only a citation is offered to the reader to be and to stay impressed [Gro07]: “Ice is
arguably one of the most important solids in the universe. In interstellar space, the surface of ice is a veritable
chemical factory and is of major importance to the composition of comets. Closer to terra firma, generation and
interparticle transfer of charges on ice particles are responsible for most lightning storms. In the stratosphere,
ice surfaces play a key role in enabling and catalyzing reactions that are responsible for the now famous ozone
hole. Throughout the troposphere, ice and aqueous particles transport and cycle countless species as well as
provide a staging site for reactions that are either forbidden or very slow in the gas phase. The world would
literally be a different place without this marvelous solid.”

2This is not far from the top research topics in other areas like astrophysics: different forms of solid water and
their mutual transitions are, of course, studied on Earth (= terra firma) as well as in the ‘unholy emptiness’ of
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ice structure relevant for electron stabilization are also discussed, as they can play an important
role in charge confinement in amorphous ice and help to understand the way the water molecules
arrange to compensate for a vacancy of a specific kind. Since deuterated ice (D,0) has been
investigated for reasons explained later, all values and facts in the following parts apply to this
molecular species.

1.1.1. Water and hydrogen bonding
Water molecule

The perfection of the water molecule lies in its simplicity: the oxygen atom forms, in the LCAO
(Linear combination of atomic orbitals) approximation, four molecular sp? hybrid orbitals with
tetrahedral symmetry. Two of them overlap with the corresponding hydrogen orbitals and
contribute to the single o—bond, the remaining both form two lone pairs, each occupied by
an electron pair. This symmetry is similar to the symmetry of carbon in saturated aliphatic
organic compounds and similarly gives rise to a plethora of possible structural conformations.
The dimensions of a single, free water molecule together with the induced electrostatic potential
around its center are depicted on the left side of the Figure 1.1. Different to most organic
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Figure 1.1.: Structural parameters of a free water molecule and a molecule embedded in a
hydrogen-bound network as in ice I;, at 123 K. The single D,O has a total dipole moment of
1.8558(21) D3 [Clo73], slightly higher than the H,O. The probability density in HOMO and
LUMO orbital is shown to illustrate the molecule’s predisposition to form hydrogen bonds. Data
taken from [Kuh08, Pet99, Thi87, Ows58].

compounds, water is polar, which determines its applicability as an excellent solvent of other
polar or ionic molecules, since its interaction energy with charged particles is consequently large.
The first electronic excitation in water occurs upon irradiation with at least 7.5€V (165 nm)
light and the corresponding higher lying state has a linear configuration |[Pet99|. Absorption of
a photon with this energy can also lead to the photodissociation of the molecule. Nevertheless,
this molecular value remains unchanged also in ice [Kob83|, which means that none of the laser
pulses with energies up to 4.6 €V that are used in the present experiment is capable of destroying
the intact sample and all can be expected to be transmitted without a loss to the substrate.

the outer interstellar space [Jen94, Jen96].



1.1. Physical properties and structure of solid water

Possible vibrational transitions in water will be treated in a separate Section 1.1.4, as they are
of particular importance for this work.

Hydrogen bond

Very interesting are also the non—-bonding HOMO and anti-bonding LUMO orbitals of the
water molecule. As shown in Figure 1.1, the highest occupied orbital is composed mainly of the
lone pair located on the oxygen atom, whereas the probability density of the LUMO extends
beyond the deuterium atoms in the O-D direction. Such an arrangement, together with the
electrostatic interaction, favors the formation of a weak intermolecular bond between the water
molecules called the hydrogen bond. The partial filling of the anti-bonding LUMO weakens the
binding between the oxygen and the deuterium atom belonging to the same molecule, so that
each D, although still chemically bonded to an oxygen, is shared between two adjacent O—atoms,
while the tetrahedral symmetry of this molecular aggregate is preserved. As it is illustrated on
the right side in the Figure 1.1, in result the O-D bond length becomes larger as compared to
a free D,0O. Another consequence of this ‘deuterium-sharing’ is e.g. the extraordinarily high
(and fast) electrical conductivity in aqueous acid solutions, as the protons here do not need to
physically move and the current can flow via forming and breaking of already existing hydrogen
bonds. Similar type of intermolecular interactions is generally expected to play a significant
role in compounds, where a hydrogen atom lies between two of the highly electronegative atoms
like F, O or N.

The typical strength of the hydrogen bond is ~20kJmol™!, which corresponds to approx-
imately 200 meV per bond. If two molecules are engaged in the hydrogen bonding, the one
that provides the hydrogen is called a ‘proton donor’, the other, bonded via its oxygen lone
pair, a ‘proton acceptor’. In a bulk solid, usually all molecules are fully coordinated, so that
this distinction is not very useful (all molecules are double donors and simultaneously double
acceptors). This situation may, however, change at the water or ice surface.

To visualize the nature of hydrogen bonding, the potential energy curve of a hydrogen, co-
valently bonded to one oxygen and in a close proximity to another, suitably oriented water
molecule, is often used and is drawn in Figure 1.2 (left) in comparison with that of the single
water molecule (i.e. a species with the hydrogen bond partner in infinite distance). The different
equilibrium position of the ‘shared’ deuterium atom was already explained above, what can be
seen more from this picture is a second local minimum that corresponds to the [D;O]*"[OD]~
configuration? and a significant widening of the potential well. The latter leads to a lower energy
difference between the molecule’s vibrational levels and consequently to a correlation between
the strength of the hydrogen bond (expressed as the relative distance between the two oxygen
atoms) and the O-D vibrational frequency.

The hydrogen bonds in ice are quite uniform and the distances defined by the lattice constant,
so this dependence seemingly plays a little role as well. Nevertheless, this perfect periodicity
is again broken at the ice surface. Not only are the molecules here unable to reach the full
coordination as stated above, but from the thermodynamical point of view the free energy of an
ice surface can be lowered by converting its upper layer from solid-like to liquid-like [Kro92]°.
This behavior is reported for many substances (like lead or aluminum) well below their melting

31D (Debye) = 3.335641 x 107*° Cm [Lid07].

4As in the liquid water always a certain amount of molecules exists, with an energy sufficient to overcome the
barrier to the ionic state, under normal conditions a concentration of 1077 moldm™? of both H;O" and OH~
species is present in pure water, giving rise to the pH scale.

5In this context, liquid-like layer denotes a layer, that is not perfectly organized as in a solid, but maximizes
the number of hydrogen bonds (and hence decreases its free energy) by its restructuring. Even a surface (or
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Figure 1.2.: (Left) Potential energy curve for a hydrogen bond. Solid curve shows the potential
energy of a free water molecule, the dashed line shows the potential curve if another water
molecule is positioned suitably oriented at a fixed distance corresponding to a typical hydrogen
bond length from the first one. In the later case, the broadening of the potential well brings
the vibrational levels of the molecule closer, which leads to a correlation between the O-D
vibrational frequency and the strength of the hydrogen bond (right). The red curve represents
the fit to experimental values taken from 82 different solid hydrates, points represent results of
various calculations. Largest deviations between theory and experiment is observed when one
interaction partner is a fully dissociated water molecule (lower circle and lower square). Taken
from [Thi87, Mik86, Fei04].

point [Das89]. For ice, the most precise studies show the existence of a quasiliquid layer with
ordering different to that expected for perfect crystalline ice down to 200 K at ambient pres-
sure [Wei01b, Wei02].

Obviously, this offers a challenge and new opportunities for a surface—sensitive vibrational spec-
troscopy like SFG (introduced in Section 3.1.2) to study in a fine-resolved way the interface
processes like surface melting of ice or its phase transitions at low temperatures, as usually they
are accompanied with a change of the surface structure as well. Even more complex phenomena
can be investigated — like ion solvation [Par00, Kim0T7al|, or excess charge confinement. The
different structural properties of the ice interfaces and its inner part allow to make conclusions
about the actual place, where those processes occur and this in situations, where such infor-
mation is hard to obtain by other means — e.g. in thin films. Due to its large sensitivity to
smallest changes in the intramolecular distances and geometry, the O—D vibrational frequency
is a particularly convenient marker for any geometrical rearrangement.

1.1.2. Solid forms of water

The thermodynamically most stable modification of all solid compounds (although sometimes
kinetically inaccessible) is the crystalline form. While many compounds posses a single crys-
talline phase, up to now 15 different polymorphs of crystalline ice are known [Mal09, Zhe06].

more generally interface) of liquid water has a molecular arrangement that is clearly different from its bulk
‘organization’ [Fan09, Wer04].



1.1. Physical properties and structure of solid water

Most of them exist only under high pressures, which results in denser packing of molecules
as compared to the hexagonal ice modification that is the stablest form of ice at normal and
low pressures. Additionally, ice can form several distinct amorphous structures [Loe06, Fin02],
characterized mainly by their packing density, a property that has been first discovered in ice
and named polyamorphism. A closer examination of those structures could shed light on many
of the characteristics of solid water that is in the focus of this thesis.

Solid state and order In general, a crystalline solid is thought to consist of periodically re-
peating patterns formed by its atoms or molecules, i.e. to possess a translational symmetry
(long-range order) in all directions. An amorphous solid, in contrast, does not exhibit this
symmetry. On a microscopic scale, this leads to a highly ordered lattice in the crystalline case,
producing well defined diffraction pattern (a definition, which includes also quasicrystals), in
amorphous case, the (dis)order is a matter of ongoing discussion, although it is clear that no
long-range ordering exists here. A schematic illustration of both states is offered in the Fig-
ure 1.3. On the left side, the regularity of a crystalline lattice is depicted, together with the
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Figure 1.3.: The distinction between an amorphous and crystalline solid. A microscopic ar-
rangement is shown on the top, graphs below represent the radial distribution function (pair
correlation). For explanation see text. Modified from [Nar76, Zal9g].

radial distribution function (RDF, or pair correlation) of crystalline ice below. The curve shows
the variation of the atomic density depending on the radial distance from one particular atom.
A clear first maximum can be observed at the position corresponding to the nearest neighbor
distance and distinct maxima appear also for larger distances. Note that if the distance be-
comes too large, the radius of a thought circle drawn around the central particle increases and
even in a perfect structure almost always borders on one of the other lattice partners, which
naturally leads to RDF flattening. In amorphous ice, the radial distribution function does not
show pronounced features on long-range scale. However, the positions of atoms (molecules)
are not random. Their equilibrium positions marked by the black circles show that each atom
(molecule) possess the same amount of nearest neighbors at a nearly equal distance, the bond
angles are also nearly equal. In crystalline solid those parameters are exactly equal leading to
a long-range order, here the atoms (molecules) exhibit a high degree of short-range ordering
or local correlation. It is important to stress this difference to gas or liquid, where the atom
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positions are random and change, so that in the corresponding picture in Figure 1.3 the black
circles show only the instantaneous snapshot of atom positions and this distribution evolves
further uncorrelated. One can consider an amorphous solid as in a metastable state, where the
atoms (molecules) were condensed too fast and their diffusion to the optimal lattice positions
was hindered, which in fact corresponds to the most frequently used procedure of creating this
kind of solids.

Bernal-Fowler—Pauling rules Regardless of its modification, molecules in the bulk ice always
attempt to achieve the configuration with the highest number of hydrogen bonds. This has
been realized first by Bernal and Fowler [Ber33| and later reformulated by Pauling [Pau35| in
form of ‘ice rules’:

(i) There are two hydrogens adjacent to each oxygen and the DOD bond angle is similar to
the gas molecule.

(ii) The orientation of each water molecule is such that its two hydrogen atoms are directed ap-
proximately toward two of the four oxygen atoms which surround it tetrahedrally, forming
hydrogen bonds.

(iii) The adjacent water molecules are oriented in a way that one hydrogen atom lies approxi-
mately along each oxygen—oxygen axis.

(iv) Under ordinary conditions the interaction of non-adjacent molecules is not such as to ap-
preciably stabilize any one of the many configurations satisfying the preceding conditions
with reference to the others.

Until today they represent the basis for discussions concerning ice structure and its defects. It
is important to note that consistent to those rules, tetrahedral D,O networks are preserved in
amorphous ice as well, although slightly distorted.

The last of the Pauling statements has an interesting consequence regarding the crystallinity
of several ice modifications. Taking into account the most general definition of crystalline
solid as a modification producing a regular diffraction pattern, in a classical X—ray experiment
crystalline states would be identified that do not possess perfect translational symmetry. The
electron density on the deuterium is namely far too low to be detected by this method® and
even in a identical arrangement of oxygen atoms the hydrogens can occupy several equivalent
positions, which always make up a perfect hydrogen network. This fact leads to a non—zero
entropy” at 0K and the usually resulting proton disorder additionally increases the stability of
water networks, which leads e.g. to a higher melting temperature of ice [Ric05]. Some of the
very fruitful controversies arose also recently in the literature that are connected to stability,
formation and relevance of perfectly ordered ice modifications [led98, Whi99, Cow99], as they
are formed for most of the known crystalline ice phases [Mal09]. Some of those issues will
be also illustrated on the following examples of water modifications expected to form at low
temperatures under ultra high vacuum conditions.

Ice |

The hexagonal form of ice I is the crystalline modification present in nature under normal
conditions. Its structure and unit cell are displayed in Figure 1.4. It belongs to the isotropic

5Neutron diffraction is used instead, that allows to discover order or disorder in hydrogen /deuterium positions
as well [Jac97].
"The value of the residual entropy of ice was calculated by Pauling as S = kg Na ln§ =3.371JK ' mol .
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1.1. Physical properties and structure of solid water

Figure 1.4.: The crystal structure of ice Iy,. (Left) The unit cell marked by the dashed lines,
the four oxygen atoms contained within it are shaded. (Right) Top view on the hexagonal ice
plane, below the side view of the unit cell. Possible proton positions allowed by ice rules are
represented by half-filled circles. Modified from [Pet99].

(centrosymmetric) symmetry group Dgp and represents one of the proton—disordered ice forms
following the Bernal-Fowler—Pauling rules. For this reason, one usually deals with its ‘averaged
structure’ as plotted here. One of the remarkable water anomalies is connected to the den-
sity of ice Iy, that is lower at 276.97 K (triple point temperature) as the density of the liquid
phase under identical conditions (1.0177 versus 1.1055gcm ™2 [Lid07]). The deviations from
perfect tetrahedral symmetry in this modification are negligible in D, O ice, as can be seen from
parameters shown in Figure 1.1.

Due to the thermodynamical stability (lowest chemical potential) under normal conditions,
ice Iy is not difficult to prepare. Older works, e.g. the famous papers about ice written by M.
Faraday, simply use ‘pieces of good Wenham-lake ice’ [Far59|. Nevertheless, the methods to
prepare the well defined single crystalline ices are not much more sophisticated: they employ
either crystallization from the liquid held slightly below the triple point using crystallization
seeds, or from a capillary that serves as a nucleation bulb [Pet99]. Ice I}, can be also prepared
by evaporation on a solid support under reduced pressure at temperatures not too far below
the triple point.

Ice I,

When ice is prepared by the latter method at a very low temperature (of about 150 K®), another
closer packed modification of ice can be formed. The structure of this metastable cubic ice I is
shown in Figure 1.5. Consistent with the ice rules, the tetrahedral hydrogen bond coordination
is preserved, cubic ice differs from its stable hexagonal counterpart only in the stacking of the

8This temperature is still sufficiently high to not hinder the molecular diffusion into the positions determined
by a crystalline lattice.
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Figure 1.5.: The structure of cubic ice I. in comparison with the hexagonal ice I,. To sim-
plify the stacking pattern, pairs of identical adjacent layers have been graphically merged (the
‘correct’ stacking pattern for ice Iy, is AABB).

hexagonal layers. Instead of simple ABABAB-sequence typical for hexagonal unit cells, ice
I. possess an ABCABCABC sequence, whereas the deuterium atoms are disordered exactly
as in I,. The difference between those two phases is indeed very subtle and they are not
distinguishable in interface sensitive spectroscopy as it is used in the present work due to the
identical surface structure as shown in Figure 1.5.

Ice Iy, never transforms to I. on cooling. This metastable phase can be prepared by heating
of the amorphous water layer vapor—deposited on a substrate below 120 K. Between 130 and
150K the amorphous structure changes to cubic I, and the same is formed if water vapor
is dosed on a support with a temperature in this range. Between 150 and 170 K the cubic
and hexagonal phases can coexist in thicker layer, above this temperature ice Iy, is definitely
formed [Bla58, Pet99]|. Experiments aiming to prove the phase transition temperatures at
ambient pressure as listed here, however, differ slightly. The neutron diffraction findings offer
values cited above, X-ray diffraction [Bur35, Zhe06, Mal09] report the existence of the cubic ice
form up to 183 K. The difference in transition temperatures between D,O and H,O is about
4K, which is caused by the lower D,O vapor pressure.

There is also a lack of experimental data that would allow to unambiguously determine whether
the lattice of very thin ice (several layers) formed in the temperature range between 130 to
160 K under ultra high vacuum conditions is cubic or hexagonal. Recent measurements [Mat95],
however, favor the latter, therefore (and due to the limited relevance for this work) this structure
will be addressed in the following discussions.

lce Xl

A deep truth, giving rise to the third law of thermodynamics, could be inspired by a very
intuitive suggestion: namely that for any substance, given the system is in the thermodynamic
equilibrium, one structure is the most stable and is adopted close to 0K [Bra99, Bje52|. The
disordered ice Iy, with its large number of quasi-randomly distributed deuterium positions is
clearly not such a structure, as many energetically equivalent configurations can be found here,
resulting in a high entropy of such a system. One particular structure of ice I}, assigned to it
already by Bernal and Fowler is the perfectly proton ordered ice XI?. Due to the low amount of

9 Although ice X1 is a valid form of ice I, it is practically never formed spontaneously. Following the argument
of Pauling [Pau35], only two (up and down) out of () " possible configurations have all protons oriented in one
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1.1. Physical properties and structure of solid water

identical structural configurations (and thus low entropy), it is one of the possible candidates
for the ice modification at the low temperature limit!® [Whi99].

Ever since this structure (see Figure 1.6) has been predicted theoretically, numerous at-
tempts have been made to prepare this ‘philosopher’s stone’, but they failed, or inadvertently
discovered another phenomena [Den64, Cub67, Ied98|. Ice XI is kinetically inaccessible upon
cooling, as the diffusivity of water molecules below the glass transition (~136 K) is significantly
limited. One way to enhance the proton mobility considerably, is to dope ice with alkali hy-
droxides, as OH ™~ ions create defects in the ice structure that remain sufficiently mobile even
at low temperatures [Kaw97]. Cooling the doped ice I}, below 76 K reveals a new phase transi-
tion [Kaw72, Hen79, Taj84, Jac95|, which in a neutron—diffraction study shows peaks attributed
fully proton ordered modification [Jac97].

Another way to prepare ice XI is to exploit a specific substrate for vapor deposition that
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Figure 1.6.: Schematic view of the phase transition between ice I}, and ice XI.

forces the water molecules to adsorb with a preferential orientation (template surface). After
one proton—ordered ice layer is grown, it may act as a nucleation core and if the ice rules are not
broken, e.g. by the presence of a defect, it should be theoretically possible to grow the ferroelec-
tric ice XI. Using Pt(111) as the template, a successful preparation of this structure has been
reported [Su98|. The thin ice films have been investigated by the SFG vibrational spectroscopy
(see Section 3.1.2), which is intrinsically sensitive only to interfaces or, more generally, media
with broken centrosymmetry. Ice XI belongs to the Cg, symmetry group and the inversion
symmetry is broken in the crystal. Therefore the amplitude of the observed signal from ice XI
is expected to grow rapidly with increasing ice layer thickness, which was confirmed.

Unfortunately, in neither case is it clear, how much of the hexagonal ice undergoes proton or-
dering. This information could be, in principle, derived from the neutron—diffraction data of
doped ice (the authors claim to see 37 % of ice transformed), however, the presence of hydroxyl
ions complicates the evaluation and allows a different interpretation of results. In the second
case the evaluation of work function changes upon adsorption reveals that not more than 0.6 %

direction, so the appearance of ice XI in normal ice is very unlikely. Additionally, the strong repulsion between
the layers and the huge overall dipole moment of the structure would most probably lead to its disintegration.
10T he real structure at ' — 0K could be also antiferroelectric in principle.
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1. Concepts and models

of the dipoles are actually aligned [led98].

It is more than surprising that the crystalline ice grown on a nearly ferroelectric template
looses this property already in a thin film. As the structure of perfect ice does not allow any
proton reorientation due to the large energy barrier of such a process, specific defects (deviations
from Bernal-Fowler—Pauling ice rules) must exist in the ice structure and promote its structural
reorganization. However, at low temperatures the point defects in ice lattice (discussed later on
page 16) are extremely rare and are not likely to be responsible for the large degree of structural
change. Theoretical calculations of thin ice layers attribute this role to the dangling free O-D
bonds that would point uncoordinated towards vacuum in the ferroelectric case [Wit99, Buc98|.
Their flip leads to a much better coordination and substantial energy gain in the system, which is
the same phenomena as discussed for the surface melting of ice above. Sandwich-like structures
are formed upon ice relaxation in the model, where the O-D bonds of a layer above the template
one ‘dive ’ into the structure interior and create stable layers by simultaneously compensating
the net dipole moment of the first layer.

Probably the most exciting question that can be asked about ice XI is, whether this structure
is the one that is thermodynamically stable at the low temperature limit. Experiments that
dope the ice with OH ™ ions are hard to interpret in this direction, especially because the dopant
can have a large influence on the weak long—range interactions in pure ice that play a decisive
role at " — 0 [Ric05, Buc98|. Theoretical models predict a preference of the antiferroelectric
phase (with no net dipole moment), although the results of the intermolecular interactions are
still quite dependent on the potential model used [Ric05].

The reason why ice XI might be a very important species relevant for processes in the nature
and space is due to the probably general response of water molecule to electric field exerted
most notably by ions. On electrode interfaces, at surfaces of aqueous solutions and in all similar
situations, the water dipoles align to screen the field and this can be studied among others also
by the sum—frequency generation, where the corresponding vibrational amplitudes are expected
to grow due to symmetry breaking induced by the field, which makes this method extremely
sensitive to such changes [Sch99, Sch00, A1l00, Buc07, Shu02].

Supercooled liquid water — “Water A”

So far, crystalline forms of water have been examined. In the twilight between the glass transi-
tion of water at 124-136 K [Fis95|, where all movement (diffusion) of water molecules is frozen,
and the onset of crystallization to cubic or hexagonal ice at ~150 or 160 K, respectively, a range
of temperatures exists, where the water is mobile and exist in a form of a metastable quasi—
liquid. Its measured diffusivity is 6 orders of magnitude larger than the extrapolated diffusivity
of ice, as can be shown by isotope labeling of upper water layer deposited at lower temperatures
and its consequent heating [Smi97, Smi99]. This enhanced mobility can not be attributed to
defect diffusion that sets on before the glass transition and possess a much lower overall value,
therefore a new liquid-like phase of water, denoted as ‘water A’, was proposed to exist under
these conditions, which is supported by theoretical calculations.

In the present thesis, isotope mixed experiments — like vibrational characterization of the
D, 0 ice covered by thin H,O layer — were performed as well and at about 120 K the intermixing
of both isotopes could be also observed (for details see Section 4.2.2). Similar amounts of H,O
were discovered to desorb together with all D,O layers (except of the layer bound directly to
the substrate, that desorbs as nearly pure D,0), although the H,O was initially dosed only on
top of this system. Consistent with this finding, whenever the D,O surface signal should be
spectroscopically ‘quenched’ without influencing the hydrogen bonded system of the substrate,
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1.1. Physical properties and structure of solid water

the H,O overlayer was dosed below 100 K.

Amorphous solid water

There is much more to say about amorphous ice than to give the widespread statement that
it is a form of frozen liquid existing as a metastable phase below 110 K. Some general aspects
regarding amorphous state have been already discussed in the introduction and should be now
related to water more specifically, while stressing only aspects relevant for the present work.
For a more detailed review the reader is referred to [Loe06, Mal09, Zhe06].

Amorphous ice can not be prepared by cooling water, because the crystallization occurs
first!! [Pet99]. Nevertheless, under large pressure (1.2 GPa) and low temperature (~77K) the
structure of ice I}, mechanically collapses and forms an unique amorphous phase of high density,
the high density amorphous ice. If this phase is allowed to relax, its density is lowered by heating
to the glass transition (136 K) and the low density amorphous ice is formed. Pressurizing ice at
~165 K leads to ice of even larger density — this has been named very high density amorphous
ice. When water vapor condenses at a substrate below 110K, the phase named amorphous
solid water (ASW) is formed, which is probably the most common modification of amorphous
ice in the universe [Ste99, Lof03, Jen94, Jen96|. It is structurally similar to the low density
amorphous ice and is examined in the next parts as the prototype for amorphous water, which
can be prepared in our experiment!?. There is a good argument to be aware of the many high
density phases of ice: recent studies show that the deposits on cold metal substrates usually
considered as crystalline might in fact contain a large amount of high density amorphous and
crystalline ices together [Nil10].

Mobility in amorphous ice A picture of amorphous water as a system where all motion is
frozen is unjustified. Already before the water reaches the glass transition, different degrees
of freedom become active, so that the molecules can reorient and attain more energetically
favorable orientations, although no diffusion takes place. Interesting is the consequence of
this fact on the water morphology investigated by inert gas co-adsorption [Ste99]: if the D,O
is dosed at temperatures as low as 20K, a simple ballistic deposition model applies. This
assumes a simple ‘hit—and—stick’ behavior of adsorbing species and hence proposes a very porous
structure, when the deposition angle (between the molecule’s flight direction and surface normal)
is large. Regions that are initially thicker by random chance have higher growth rates in this
case and shadow the regions behind, which leads to a formation of a porous film. As the vapor
adsorption from the background gas is composed of cosine distribution of all angles, porous
films are expected also upon dosing via this method adopted in our setup. Regardless of the
deposition angle, if the substrate temperature is higher, the amorphous film porosity reduces
and at about 90K the structure is compact. As a result, one has to state that the water
molecules obviously do possess significant mobility also well below 136 K, which might be due
to defects in its structure as will be explained later [Zha90].

In the present work the structure of both amorphous morphologies was investigated. Consistent
with the work cited above, the porous ASW is adsorbed at ~50 K and compact amorphous ice
was prepared at 120 K.

1 0One exception is the hyperquenched glassy water that is formed when very fine droplets of liquid water are
deposited at supersonic speed onto a substrate at 77 K.

12The reason, why water exhibits polyamorphism can be probably found in the double well potential of the
hydrogen bond as shown in the Figure 1.2. Particle with a low energy can be trapped in any of the minima of
the interatomic potential, which gives rise to an additional phase transition [Fra01].
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1. Concepts and models

Surface of amorphous ice The question might arise, whether a surface of amorphous and
crystalline ice should be spectroscopically distinguishable, especially if one takes into account
the loss of the translational order at the surface as mentioned above. This question is of cen-
tral interest for atmospheric science, as the answer should help to understand e.g. the surface
catalytic properties of ice particles in the polar stratospheric clouds. Experiments employing
acetone co—adsorption on top of a thick crystalline and amorphous ice layer show a clear differ-
ence between the surfaces of the two phases [Sch94]. The more ordered ice interior is presumably
more supportive of regular molecular arrangements of outermost molecules, possibly with alter-
nating free O—D bonds that should point towards vacuum if ideal structure would be preserved.
This could be the reason, why the intensity of the corresponding IR spectral signature is low in
the crystalline case [Sch94] and the surface of crystalline ice rather nonpolar [Ada66]. In con-
trast, amorphous ice surface contains more free O—D oscillators in one of the directions, which
results in its larger polarity. Also its roughness in nanocrystallites might be larger, although
this finding does not apply to ASW films [Buc96|.

Due to the lower structural stiffness (and hence lower energy required for bond rearrange-
ment), the outer part of amorphous ice might be also the place, where the creation of crystal-
lization nuclei preferentially occurs [Bac04]. This is important especially for small particles or
thin films, where the surface/volume ratio is not negligible. Unfortunately, this effect is highly
interface—specific and e.g. the crystallization of thin amorphous water layers on Ru(0001) is
initiated by the random nucleation in the bulk [Kon07]. Although templating effect from the
substrate would be expected, the interaction between the interface and the nucleation grain
adds to the total free energy of the system and increases the corresponding crystallization bar-
rier. This can be also confirmed by the observation of a delayed onset of crystallization at this
interface upon heating [Kon07].

Electronic structure of ASW The large energy needed to reach the first excited state in water
is similar for amorphous and crystalline ice and their electronic structure resembles the behavior
of a semiconductor with a large band gap. As stated above, the excited states of water can not
be reached in our setup due to much lower photon energies used, but the range within the band
gap has to be examined very carefully. The lack of translational symmetry in amorphous ice and
the degree of randomness in defect position give rise to the Anderson localization: the missing
periodicity leads to ‘diffuse’ Brillouin zone boundaries and the sharp features in the density—of-
states diagram valid for crystalline phase are smoothed as indicated in the Figure 1.7. Moreover,
localized states arise in the band gap, indicating large potential energy minima in the potential
energy surface, as the kinetic energy of a localized electron is large due to the Heisenberg’s
uncertainity principle.

In the largest part of this work the stabilization mechanism of an electron in ice is studied and
the states in its band gap might provide a relevant channel either for its decay after excitation
from the metal substrate or for its short time localization. Their importance will be obvious
from the discussion of the results later in Chapter 5.

As a summary of the preceding parts, the phase transition data are compiled into a flowchart
shown in the Figure 1.8. It should help the reader to find the orientation between the low—
pressure phases of ice that might be relevant for the further discussions and serve as a quick
reference in later sections.
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Figure 1.7.: Band structure of amorphous and crystalline solid. The less sharp Brillouin zone
boundaries in the amorphous case result in a smoother density—of-states curve, the Anderson
localization gives origin to localized states in the band gap. Adopted from [Zal9g].
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Figure 1.8.: Phase diagram of water at low temperatures. Inspired by [Pet99].

Point defects in ice structure

Along this Section, there have been many places, where the ice rules were broken. It has
been mentioned that they are definitely not fulfilled at the surfaces or interfaces of ice and
that the double—well potential might be a source of another type of defect produced by water
autodissociation. Although their concentration is fairly low, they have a large influence: as an
example, a perfect ice should be an electrical insulator, but in fact its conductivity is estimated
to be 0.01 pSm~! [Pet99]. Point defects are also responsible for transitions between different
hydrogen configurations within the ice I}, phase and from a large part also for the mobility of the
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1. Concepts and models

ice films below the glass transition. Additionally, having in mind the subject of this work, the
places where the structural periodicity of ice is disturbed are potential traps for excess charges,
as they cause fluctuations in the potential energy surface and may create conditions discussed
in the previous paragraphs.

Although the ice rules are locally broken, the point defects do not change the oxygen atom
lattice considerably. The most relevant of them can be therefore envisaged as in the Figure 1.9.
Ionic defects arise, if a proton has sufficient energy to overcome the barrier (~1.4€V) in the

Figure 1.9.: Illustration of different types of defects in ice. From left to right ionic and Bjerrum
defect next to a dressed vacancy.

double well potential and the pair [D;O]"[OD] "~ is formed. Initially, such a complex is unstable,
but once the D3O+ ion has been created, the protons can move through the lattice from site to
site very fast, as the activation energy of this motion is close to zero [Pet99]|. An oxygen with
one or three deuterium atoms clearly violates the first ice rule.

The third rule is broken in the so—called Bjerrum defect [Bje52|. Here, a molecule reorients
in such a way that along one of the O-O axes a deuterium is missing, but on another axis
two protons face each other. Similarly, a reorientation of the lattice neighbors leads to a defect
diffusion. The undercoordinated, empty (German: “leer”) axes are called L—defects, the doubly
occupied (German: “doppelbesetzt”) sites D—defects.

The different types of imperfections in ice can be combined, e.g. in a dressed vacancy shown
on the right side in the Figure 1.9, one D,O molecule is missing in the lattice. However, adding
it to the vacant place would yield a L— or D—defect, so this structure represents a combination
of vacancy with a Bjerrum defect.

1.1.3. Water on metal surfaces

The importance of interaction of water with a metal surface does not need to be stressed:
catalysis, weathering, processes at electrode surfaces or dissociation of water as a possible way
to store energy are ubiquitous phenomena relevant not only for specific fields of chemistry or
physics, but also often discussed in public.

Despite of the variety of metal surfaces, there has been a classical picture developed for this
interaction, which can be summarized in four points [Thi87]:

(i) Water bonds to the surface through the oxygen atom. Hydrogen bonds with the surface
are rare. This is similar to coordination compounds in chemistry or clusters, where the
bonds are formed via the O—atom as well.
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1.1. Physical properties and structure of solid water

(ii) Bonding is accompanied by net charge transfer to the surface. This manifests itself in the
usually negative work function change upon adsorption.

(iii) The internal bond angle, bond lengths and vibrational frequencies of the molecule are
only slightly perturbed from the gas phase values by the interaction with the substrate.

(iv) Formation of hydrogen—bonded clusters is common, even at very low coverages, because
hydrogen bonding between two or more D,O molecules is often energetically competi-
tive with the molecule-substrate bond (e.g. for Ru(0001) typically 0.2€eV/bond versus
0.4V /bond, respectively [Mic06, Mic03]).

Such a structure of water overlayer is schematically depicted in the Figure 1.10. Due to the
8,858,854 Yo
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Figure 1.10.: A classical water bilayer.

buckled geometry of hexagonal ice layers, the wetting layer is conventionally termed “bilayer”
(BL), as the vertical distance between the two oxygens belonging to the same hexagonal plane in
ice is rather large (0.91 A). The cited list of rules is especially expected to be obeyed in close
packed structures of d—metals (hcp — hexagonal close packed and ccp — cubic close packed),
because the lattice mismatch between the metal surface and an ideal ice structure is very low.

The classical picture is also aware of the fact that the strong interaction between the metal
and water can even lead to its dissociation, which should be accompanied with a work func-
tion increase, since the charge would be transferred from the metal into the partially vacant
antibonding 17 orbital of the hydroxyl ion OH . In terms of potential energy surfaces, the
situation could be illustrated as in Figure 1.11. A water molecule approaching the metal sur-
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Figure 1.11.: Interaction potential between water and its dissociation products at the metal
surface. Taken from [Thi87].

face could be first trapped in a minimum corresponding to the intact adsorbate. This could be

thermodynamically metastable as in the situation marked with the solid line (the dissociation
products possess a lower energy), or thermodynamically stablest state (dashed line). Note that
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1. Concepts and models

in the example above the configuration with lower chemical potential could also be inaccessible,
because the barrier for desorption is lower than the dissociation energy. It is therefore hard to
predict the actual adsorption behavior of water on many surfaces from a simple consideration
and there is a need for experimental data, although in some cases a definitive resolution of this
problem remains difficult despite of numerous investigations [Men02b].

Thermal desorption spectroscopy (TDS; introduced in Section 3.2.1) is probably the most

straightforward method to study the strength of the water—metal interaction and hence the
depth of the potential curve in Figure 1.11. Its interpretation, however, needs to be very
cautious. First important information can be deduced from the shape of the spectra: desorption
of whole water layer at a single temperature indicates that the bond strength between the
molecule and the substrate is actually lower than the strength of hydrogen bonds (observed e.g.
for Cu, Al, Au and Ag). Nevertheless, for most metals the desorption of the first water bilayer
takes place at a higher temperature than of the multilayer, indicative of stronger metal-water
bond. Early studies proposed a correlation between the ice—metal lattice mismatch and the bond
strength (and thus the desorption temperature of a bilayer) [Thi87], but a later reexamination
of the data after additional points became available revealed no such direct relation between
those two characteristics [Den03al.
Another factor is the presence of impurities or coadsorbed molecules: water adsorbed on a
surface covered by a low amount of oxygen in some cases can show three peaks in TDS that are
identical to water dissociated by electron impact [Doe82, Hen02, Far05]. Despite of this, water
remains intact on the surface and the coadsorbed oxygen only disrupts the hydrogen network
interacting strongly with water and influencing up to 8 neighboring molecules. Moreover, even
a dissociated water layer could recombine upon desorption, which only stresses the importance
of a careful examination of the TDS data.

Challenge of the classical picture: substrate’s influence on water overlayers

The substrate’s influence on the structure of adjacent water layers can be surprisingly large.
Studies of crystallization kinetics of mesoscopic ice films reveal that bulk-like properties of a
water layer are established only after about 30 BL [Lof03, Smi96|, which is in striking contrast
with the rule (iii), stating only slight effect of substrate on the ice films that cover it. The
adsorption of H,O on Pt(111) shows a preferential ordering of water molecules induced by this
surface comparable to that in ice XI with a similar decay length of 30 BL [Su98|.

Ice layer on Pd(111) and Pt(111) are even more interesting: the bonding to the metal leads to
a fully coordinated configuration, which makes the first water layer hydrophobic. As a result,
next molecules adsorb on top of it in the form of crystallites more than 45 BL high and ~14nm
or more separated [Haq02, Kim05, Kim06, Kim07b, Wal08|.

Despite of the mentioned serious deviation from the classical picture, the biggest challenge
has been the theoretical prediction of Feibelman [Fei02] that a water molecule must dissociate
in order to wet a surface: the calculated sublimation energies were significantly lower than
adsorption energies otherwise. Although being initially proposed for Ru(0001), number of other
metals possess a similar structure and the ice layers in contact with them yield the same LEED
patterns, so that this behavior seemed to be more general. Even though this idea has proven
to be wrong, as will be discussed later, in certain sense it was extremely useful and led to a
significant change (“out with the old” [Men02b]) in the view on water layers. Reexamination of
water—metal interaction on surfaces led to a suggestion of hydrogen bonding between the metal
and oxygen on Pt(111) and the discovery that oxygen must not necessarily bind strongly to the
metal [Oga02| (see Figure 1.12). Also the charge transfer was found occur from the metal to
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1.1. Physical properties and structure of solid water

Figure 1.12.: Charge density difference plots for Pt—O (left) and Pt—HO (right) bonding species.
Adopted from [Oga02].

the water (breaking the rule (ii)), which makes a simple picture of work function changes upon
adsorption questionable. The motivation is therefore high to understand, what from the initial
set of ice rules and metal-water interaction schemes is applicable to the system studied in the
present thesis.

Water on Ru(0001)

Among other metals, the water adsorbed on Ru(0001) has had a special position probably due
to their interaction strength: according to a compiled set of TDS data, the water molecules
desorb from this metal at highest temperature [Thi87, Den03a|. The lattice mismatch between
ice (2.5989A) and Ru(0001) (2.7059 A) leads to a slight expansion of the hydrogen bonded
lattice, nevertheless, the hexagonal symmetry is preserved and at low coverages hexamers
are formed, as can be shown by STM (Figure 1.13) [Nor09]. The interaction strength can

Figure 1.13.: STM image of water clusters on Ru(0001) at various coverages (from [Nor09]).

be anticipated also from early LEED (low energy electron diffraction) studies, showing that
the vertical distance between the oxygen atoms in the ice unit cell is reduced from 0.91 to
0.1A [Hel94, Hel95a, Pui03]. Dipole-mirror dipole attraction and a large charge—transfer to the
metal are proposed there as possible explanations for the compression of the ideal bilayer struc-
ture, which can not be explained by the influence of the lattice mismatch between Ru(0001) and
ice. To prevent water dissociation upon electron impact, the LEED system used in the cited
work was optimized for very low total doses of electron irradiation (~3 to 9 electrons/molecule).
As this compressed structure very much resembles the structure of water partially dissociated
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on the surface |[Fei02|, XPS (X-ray photoelectron spectroscopy) studies were performed aiming
to find the OH ™ signature in the oxygen 1s core—level spectrum, but provided contradicting re-
sults [Wei04, And04, Fei05b|, probably due to the unexpectedly large cross—section for electron
beam damage that has been later estimated to be as low as 107 cm? (i.e. 1 electron/molecule
converts 50 % of D,O molecules) [Far(05].

The SFG vibrational spectroscopy was also employed, since there was a dangling OD vibration
oscillating free towards the vacuum expected in an intact structure (as in Figure 1.10). The
data revealed that the signature attributed to this species vanishes at coverages below 1BL,
but another one, belonging to fully coordinated water molecules (absent in the calculated data
for the dissociated case) is present even in a much thinner adlayer [Den03b|. Therefore, a D—
down structure has been proposed (shown in Figure 1.14). This is also consistent with the other
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Ru(001)

Figure 1.14.: A side view on the D—down structure.

findings — a very sensitive TDS spectrum (measured with an angle averaging mass spectrometer,
see |[Feu80|) does not show desorption of fragments attributable to dissociation products of
D,O and if the layer is co-doped with H,, no isotopic exchange takes place upon desorption,
which would be expected for a dissociated layer [Den03c|. Although this work provided very
reasonable arguments favoring intact D,O overlayer on Ru(0001), several weak points led to
a further debate: First, it is hard to conclude about the structure based on the fact that a
predicted peak is missing — using a larger supercell in the calculations, the fully—coordinated
feature can be found theoretically as well, even for the dissociated case [Fei04]. Unfortunately,
the measured SFG spectrum suffered a significant intensity loss (due to the CO, absorption in
air) exactly in the region, where the discussed feature should appear, which complicated the
data fitting especially for coverages below one bilayer.

The second point concerns the compatibility between the LEED data (if the measured structure
would be not dissociated) and the D—down configuration: assuming the on—top site for water
adsorption, the Ru-O distance (2.23 A) would be too small to accommodate a deuterium atom
if pointing directly towards the metal [Fei04]. Moreover, the vibration mode for the D-down
stretch was not found, although predicted clearly in the measured range [Men04, Men02a].
Nevertheless, the DFT calculations proposing partial dissociation of the water adlayer [Fei02,
Mic03] also do have weak points: the work function change, one of the main indicators of a
correct overlayer structure, is greatly underestimated in their results. Also the van der Waals
interactions are not modeled reliably [Men02b|, although their poor treatment might be not
sufficient to completely invert the theoretical prediction [FeiO5al. Still, the question whether
the thermodynamically stablest partially dissociated state is also kinetically accessible (see also
Figure 1.11) remained unanswered.

Theoretical studies of Meng et al. could show that the latter is not the case and for D,O the
activation barrier for desorption is lower than that for the dissociation [Men02a]. Simultaneously
they could explain the absence of D-down OD stretch frequency in the SFG data: the value
for work function change that matches the experimental one can be evaluated from a model,
where the adlayer is composed of equal amounts of D—up and D—down oscillators, which would
resemble the structure of disordered ice I}, and lead to cancellation of the free OD signal in the
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previously cited work [Men05]. It is probably not necessary to add that neither this support was
completely convincing: it is not intuitively clear, why the vibrational frequency of a D—down
oscillator should match the frequency of its D—up counterpart, which in the previous work of the
same authors was clearly different [Men02a|. The present thesis will hopefully fill the missing
stone to this extremely complex mosaic in Chapter 4.

While the more and more controversial debate continued, the group of A. Hodgson actu-

ally solved the problem by looking at the D,O scissoring frequency (out of plane) by RAIRS
(Reflection-absorption infrared spectroscopy) [Cla04]. This was clearly present in D,0, is by
no means connected to O-O distance like OD stretch frequency and is a definitive proof of
intact D, O layer on Ru(0001). Maybe even more impressive was the second finding — that H,O
adsorbs intact as well, but dissociates upon desorption. This is a very clear consequence of the
Ubelohde effect, stating that the zero point energy (and also the shape of the potential energy
curve in the Figure 1.2) is different for H,O and D,0, and hence the barrier to dissociation can
be surmounted in the case of the lighter isotope, but the D,O molecule desorbs intact, since
larger energy is needed for its dissociation.
Further, they employed helium atom scattering technique (instead of water damaging LEED)
to evaluate the adsorption geometry (similar results have been achieved also by [Kon06, Tra07])
and connected the data with further DFT calculations. The resulting undissociated structure
is nowadays widely accepted [Hod09] and in their case consists of chains of D-down networks
and flat-lying molecules on atop sites [Gal09]. In agreement with the former statement, the
latest ‘clean” XPS data show evidence for the structure outlined in the Figure 1.14 as well: the
core—level shift of Ru 3d photoemission peak indicates Ru atom coordination that can be only
reached in the D-down case and is nearly identical to Pt(111) surface [Sch10].

Much easier to understand is the growth of thicker films on the D,O wetting layer. Although
Ru(0001) and Pt(111) surfaces are obviously very similar, crystalline ice layers adsorb with
a preferential orientation imposed by the metal on platinum [Su98|, but no such orientation
can be observed in the ice multilayers on Ru(001) [Den03b]. This could be a consequence
of a slightly different structure of the first bilayer [Haq06, Hod09] or simply of the stronger
water and Ru(0001) interaction which flattens the first ice layer more, making it less supportive
of ordering than Pt(111)!3. Nevertheless, on both surfaces the first layer is ‘hydrophobic’ as
mentioned above and ice forms (after fully wetting the metal) clusters on top of the first bilayer
(Stranski-Krastanov growth mechanism) [Haq07, Wal08]. The sticking coefficient is nearly equal
to 1.0 for metal as well as for ice surface, reflecting the fact that it is energetically equivalent to
chemisorb directly at the metal or to form a hydrogen bond with other water molecules [Bro96|.

There are slight differences between the growth of amorphous and crystalline ice: in the lat-
ter case the water clusters grow on the adlayer and gain thickness up to a nominal coverage
of 10BL, but still leaving more than 60 % of the first bilayer exposed, as can be shown by
chloroform adsorption [Haq07, Kon07|. After that, those formations preferentially gain height,
but even at a nominal coverage of 60 BL there are still almost 30 % of the wetting layer unveiled
— it becomes inaccessible only after 90 BL are adsorbed. In contrast, amorphous ice clusters
completely block the first layer water from view as the first 2 to 3 BL are adsorbed, creating a
continuous film [Haq07].

Amorphous layers on Ru(0001) crystallize by random nucleation in the bulk water, thus inde-
pendent on the substrate [Smi96, Kon07|. This is not entirely surprising, even not for very thin

13The LEED spectrum from ice adlayer on Pt(111) shows also a different pattern — (v/39 x v/39) R16.1° [Haq02],
whereas on Ru(0001) water forms a (v/3 x v/3)R30° overlayer. Interestingly, the pattern on Pt(111) indicates a
metastable film that restructures upon electron impact to form a similar adlayer as on Ru(0001) [Har03].
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1. Concepts and models

layers [Yam09], if one takes into account the rather weak interaction between the wetting layer
and the remaining ice structure [Wit99).

Although studies of H,O on Ru(0001) have started much earlier (e.g. in [Thi81|) than those
of D,0O, due to the more stable structure and large IR absorption in air, our studies are mainly
focused on the structure and dynamics in D,O. The heavier isotope is enabling us to strictly
control the purity of employed water (e.g. by the absence of high—temperature peak in the TDS
spectra indicating oxygen contamination) and due to its stronger adherence to ice rules it is
believed to represent the ice structure much better.

1.1.4. Spectral assignment of D,0O molecular vibrations in ice

In most of the experiments presented in this thesis, water is identified with its vibrational spec-
trum. Changes in its local environment or in its structure are observed through the resonance
shifts or amplitude modulations and hence a reliable assignment of modes is of great impor-
tance for the correct interpretation of our results. This Section should provide a brief and
rather compact overview over the data obtained in different types of vibrational spectroscopy
for ice and D,O adsorbed on a metal surface. As in the investigated region between 2200 to
2800 cm ! mainly the stretching OD vibrations are present, this overview will focus mainly on
those resonances.

OD stretch vibrations and their interactions

In a graphical summary, the possible vibrational transitions in ice and in D,O on a metal surface
is displayed in the Figure 1.15. In the top two parts not only the stretch resonances (v and v3)
are listed, but also the lower frequency modes are shown, because they may interfere with each
other and form combination modes in the spectral region of interest, as will be clear from the
tables below.

On the surface of ice several modes may become visible. As a general rule, one can state
that the vibrational frequency of a water stretch mode is strongly dependent on the local con-
ditions of the hydrogen bonded network. A deuterium atom will experience a very different
potential if it is vibrating between two hydrogen bonded oxygens than if it is vibrating freely
(shown also in Figure 1.2). Simultaneously, the closer the corresponding oxygens are, the softer
is the created atomic potential and thus a lower OD vibrational frequency results. Another
very important factor is the actual coordination of the water molecule in vibrational motion
— generally, the frequencies of coordinated D,O molecules are lower (potentials softer) than of
partially or uncoordinated molecules [Wal06]. The obviously less regular O-O distances and
lower water coordination in amorphous ice leads to the expected broader peaks in a vibrational
spectrum. The spectra of crystalline ices Iy, and I, offer sharper resonances, but due to the iden-
tical O—O distances in hydrogen bonding are indistinguishable within the present experimental
error [Wha77].

In a water molecule, the intramolecular coupling is rather weak. This can be understood either
mechanically as the consequence of a large mass difference between the deuterium and oxygen,
or on quantum mechanical grounds as a result of very small intramolecular coupling constant
especially in the condensed water phase [Sad99|. The intermolecular coupling is, however, very
strong, leading to collective in—phase vibrations of high intensity. To evaluate their role in
the spectra and to distinguish them from the molecular modes, isotopic mixtures have been
investigated. Since the vibrational frequencies of the OH bond are very different from the OD
resonances, there is no coupling between them. A spectrum of e.g. 4% of D,O (or HDO) in
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Figure 1.15.: Illustration of the possible vibrational resonances (not only) in the OD stretch

region.
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1. Concepts and models

pure H,O therefore reveals only the uncoupled vibrations as for example in [Sch77, Rit77, Rit78,
Dev90b, Woj93|.

Another form of coupling one has to be aware of is the Fermi resonance, first discovered
and explained for the CO, molecule [Ras29, Fer31|. Here two modes of the same symmetry
and nearly equal energy split apart, whereas the weaker mode gains (and the stronger looses)
intensity. The reason for this behavior lies in the fact that such two modes will interfere (due
to their proximity and symmetry) and the result of their interaction will be represented as a
linear combination of the unperturbed eigenfunctions. This leads to a situation, where also a
mode that would be forbidden by the selection rules (and is thus weak or vanishing) contains a
large part of the eigenfunction of the allowed mode and its intensity increases and vice versa.
Very illustrative is this behavior in the case of a simple CO, molecule — in its IR spectrum a
transition (bending mode) at 673 cm™! exists with an overtone at 1346 cm~!, which should be
not visible in the Raman spectrum, where only a transition around 1330cm™!, corresponding
to symmetric stretch (invisible in IR) is expected. However, a pair of lines at 1284 cm™! and
1392 cm ™! is found instead [Ras29).

Relevant OD stretch resonances between 2200-2800 cm !

The lower part of the Figure 1.15 shows the vibrations expected on the ice surface. They
include collective symmetric in—phase stretch (1) of fully coordinated molecules as well as the
collective asymmetric in—phase stretch (v3) with a slightly higher frequency. Further present on
surfaces or defects are the vibrational transitions of partially coordinated D,O molecules, that
should produce a broad peak due to the rather smooth distribution of different coordinations
at the interfaces or irregularities in ice structure. A molecule with oxygen not engaged in any
hydrogen bond (dangling O) is expected to produce a rather hard potential for the oscillating
deuterium atom and due to the higher frequency of this oscillator as compared to other partially
coordinated species this might be seen as a separate peak. Finally, the resonance with the highest
energy will be the free OD (dangling D) vibration where one deuterium points towards vacuum.
A very similar distinction of possible vibrational modes on the ice surface can be found in the
literature [Gro07, Buc07].

The assignment of particular frequencies to those motions is based on the literature overview
summarized in the following tables. Data measured close to 100 K were preferentially collected.
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1.1. Physical properties and structure of solid water

Phase Assignment Vibrational Reference(s)
frequency [cm™!]
Crystalline vy —vr 2205 [Sch77]
v 2294 Sch77]
v 2295 [Wha77, WonT75|
not assigned 2304 [Ock58|
v3 (TM)?* 2427 [Wha77, Won75|
Vs 2427 Sch77]
not assigned 2477 [Ock58|
vs, v1 +vp, vs+vp 2488 [SCh77]
vy (LM)* 2502 [Wha77, WonT75|
v1 (out-of-phase)t 2547 [Wha77, WonT75|
Vs, v3 + vp 2550 [Sch77]
possibly v1 + vy 2640 [Sch77]
not assigned 2730 [Ock58]
Amorphous v 2318 [Wha77|
v3 (TM)* 2381 [Wha77]
v3 (LM)* 2483 [Wha77]
v1 (out-ofphase)t 2530 [Wha77]

T Out of phase with the immediate neighbors.
! TM and LO denote the transversal and longitudinal mode, respectively [Mat03].

Table 1.1.: Overview over the vibrational frequencies observed in the Raman spec-
trum of ice.
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1. Concepts and models

Phase Assignment Vibrational Reference(s)
frequency [cm™!]
Crystalline fully coordinated 2300-2500°¢ [Row95]
V1 2332 [Wha77, Ber64]
not assigned 2353P [Scho4]
v 2366 [Devo0b]
not assigned 2395 [Ber64]
vz (TM)?} 2425 [Wha77]
2vy Fermi resonance 2425 [Ber64]
not assigned 2430P [Sch94|
V3 2443 [Dev9Ob]
2v9 Fermi resonance 2432 [Dev9ob]
fully coordinated® 2440-2533" [Thi84, Thi87]
v3 (LM)}, vy out-—of-phasef 2485 [Wha77, Ber64]
vi? 2481" [Thi81, Thi87]
not assigned 2484 [Sch94]
fully coordinated (out—of-phase) 2580 [Dev95|
distorted four—coordinated 2580°¢ [Row95]
partially coordinated 2590-2640" [Thi84, Thi87]
dangling O (out—of-phase) 2640 [Dev95|
dangling O (triply coordinated) — 2645° [Row95]
free OD 2725 [Dev95|
free OD (triply coordinated) 2725¢ [Row95]
Vi + vrd 2730" [Thi84, Thi87]
Amorphous v 2385 [Dev90a|
vz (TM)?} 2436 [Wha77]
vy 2470 [Dev90al
vz (LM)¥, vy out-of phasef 2499 [Wha77]
distorted four—coordinated 2580°¢ [Row95]
dangling O (triply coordinated)  2650° [Row95|
free OD 2727° [Sch94]
free OD (triply coordinated) 2728 [Dev95|
free OD (triply coordinated) 2728¢ [Row95]
free OD (doubly coordinated) 2749 [Dev95|

" D,O frequencies calculated from H,O spectra assuming isotope ratio of 1.35 [Mik86].
T Out of phase with the immediate neighbors.
' TM and LO denote the transversal and longitudinal optic mode, respectively [Mat03].

* Wrong assignment due to electron induced dissociation. Measured on Ru(0001) surface.
b Data taken from mesoscopic (= 50 bilayers) ice film on Pt(111) surface.
¢ Assignment after a computational simulation of the spectrum.

Table 1.2.: Overview over the vibrational frequencies observed in the IR spectrum of ice.
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1.1. Physical properties and structure of solid water

Phase Assignment Vibrational Reference(s)
frequency [cm™!]
Crystalline vy 22951 [Su9s|
vy 2295" [Gro07]
vy 2300% [Kub02]
not assigned 2370 [Gro07]
bonded OD 2360" [Wei02]
Vs 2430 [Su9s|
V3 2470% [Kub02]
vi + v 2530 [Su9s|
combination mode 2540 [Kub02]
not assigned 2520" [Su9s|
free OD 27254 [Kub02]
free OD 2730" [Su9s|
free OD 2740" [Gro07, Wei02]

* D, O frequencies calculated from H,O spectra assuming isotope ratio
of 1.35 [Mik86].

t Partially ferroelectric phase on Pt(111).

¥ Thick film (~70BL) on the Pt(111) surface.

Table 1.3.: Overview over the vibrational frequencies observed in the
SFG spectrum of ice.

29



1.

Concepts and models

Phase Assignment Vibrational Reference(s)
(model) frequency [cm™!]

Crystalline vy, fully coordinated (D—up) 22607, 2200 [Men04]% [Men05]*
partially coordinated (D—up) 2530", 2460 [Men04]% [Men05]?
free OD (D-up) 27607, 2710 [Men04]2 [Men05]
free OD (D-up) 2706 |[Fei03|
v1, fully coordinated (D—down) 2070%, 2032 [Men04] [Men05]?
partially coordinated (D—down) 2630", 2470 [Men04]% [Men05]?
free OD (D-down) 2630", 2710 [Men04J? [Men05]*

vy, fully coordinated (half-dissoc.)  1800-2270", 2015
partially coordinated (half-dissoc.) 2560, 2530
partially coordinated (half-dissoc.) 2540

v (ice) 2296
probably v (ice) 2434

[Men04]% [Men05]*
[Men04]# [Men05]*
|Fei03|

[McGT8|
[McGT8|

30

" Data for D,0O have been calculated from H,O spectra assuming the isotope ratio of

1.35 [Miks6].
 Calculated for 1 BL on Ru(0001) surface.

Table 1.4.: Overview over the calculated vibrational frequencies of ice.



1.2. Electron transfer and confinement — experiments and models

1.2. Electron transfer and confinement — experiments and
models

Ever since solvated electrons have been discovered in ammonia [Wey64| and water |[Har62],
confined excess electrons and their dynamics have drawn much attention in many diverse fields
of physics, chemistry and biology [Lon90, Leh99, Kev81|. The fascination by this species is
understandable — in chemistry and physics the electron is the simplest anion and its transfer
between different species one of the most fundamental processes. In biology, electron transfer is
a primary step in photosynthesis [Was92| and a voltage difference across membranes created by
confined charges is a key aspect for ion permeation [Dzu05]. Excess electrons in ice structures
are of general interest also in astrophysics and atmospheric science, mainly because of their high
reactivity [Ber09, Lul0, Jen94|.

The aim of the following Section is to share this fascination by reviewing some of the important
aspects regarding electron trapping or confinement in water, with emphasis on the interaction
with well defined structures like ice or small water clusters. The study of the latter can namely
provide a level of detail that is difficult to achieve in the bulk [Jor04]. The aspects mentioned
here can help to understand the electron localization on ice surface investigated in Chapter 5
in a broader, more general context.

1.2.1. Solvated electron: just add water?

When an extra electron is added to water, a hydrated electron is formed. One can think of
several ways to add an electron: radiation, ionization of H,O molecules, charge transfer to
solvent (e.g. from iodine anions: I™ + fw — I- 4+ e ), homogeneous or heterogeneous charge
transfer — all processes of vast importance for technology ranging from solar cells to nuclear
reactors.

In bulk water, the hydrated electron is believed to be confined in a roughly spherical cavity
with a radius of 0.22 to 0.24nm and to occupy an s-type ground electronic state!® [Jor04].
The transition to the excited p—state gives rise to a broad (0.84 éV) absorption spectrum near
1.7¢V |Du07]. The electron spin resonance experiments and theoretical models agree that in
the electron confinement the first solvation shell plays a major role and mostly influences e.g.
its spectral response [Kev81, Lud04|. In agreement with this observation, the widely accepted
Kevan model of solvated electron was proposed as it is depicted in Figure 1.16. The cavity
(solvation shell) bearing the excess charge is formed by approximately six octahedrally dis-
tributed H,O molecules and is about 4 A large [Zha06|. Radial distribution functions obtained
from quantum simulations of the hydrated electron system yield the distance to the nearest
hydrogen and oxygen of 2.3 and 3.3 A, respectively [Sch87]. The water molecules stabilize the
electron not by reorienting their dipoles as could be expected, but rather by rearranging the
single O—H bonds towards its center. If a hydrogen is not involved in the hydrogen bonding,
it becomes the most electropositive acceptor site and can form a ‘pseudo—hydrogen bond’ with
the electron [Kim97|. Alternative models discuss the possibility of even lower amount of water
molecules being involved in the stabilization: the formation of an solvent—anion complex [Mar99|
or hydrated hydronium radical (Hz0),, [Sob07].

In general, electron in its s—ground state can be excited either to a p-like state, or to the
delocalized conduction band of the solvent (shown in Figure 1.16 left). The measurements of
the transient absorption dynamics reveal three distinct time scales for its decay process — 50

14Recently, studies emerged showing that an electron can be stabilized on the surface of liquid water, although its
binding energy there is lower than in the bulk. The lifetime of this species was found to exceed 100 ps [Siel0b].
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Figure 1.16.: Left: electron excitation to a p-like state and to a delocalized conduction band
of the solvent. Right: Kevan model of the solvated electron. Adopted from [Zha06].

femtoseconds, 200 to 300fs and 1 picosecond [Bar89, Jor04]. In the model of adiabatic solva-
tion [Yok98|, the fastest time constant is attributed to librational motion (hindered rotation)
of the electron surrounding molecules, because it exhibits a strong dependence on hydrogen
isotope present in the water (7(D20)/7(H20) ~ 1.4). The 200-300fs process is assigned to
nonradiative decay (nonadiabatic internal conversion) of the p to the s state. In the 1 ps event,
the long—time relaxation of the s state takes place.

The excitation to the conduction band of the solvent proceeds according to the adiabatic solva-
tion model from the p' state reached after the initial 50 fs and is responsible for the delocalization
of the excess charge resulting in its transfer to different solvent sites [Yok98|. Unfortunately,
the exact mechanism of the motion through the water is still not known.

If the absorption spectrum of the solvated electron is measured at various temperatures,

one can observe a pronounced shift of the absorption maximum towards lower energies with
increasing T'. Close to the boiling point of water the absorption peaks at 1.531¢eV, a general
trend shows a slope of the temperature induced spectral shift of —2.4meV K~! [Jou79]. Using
deuterated water yields a minor change in the peak position of about 0.025 eV that almost does
not change in the whole temperature range.
A possible explanation for this phenomena lies in the reduction of hydrogen bonding — the
interaction energy with water molecules is lowered due to the increased thermal motion of
the molecules. It was estimated from computer simulations estimated that the number of
hydrogen bonds is smaller by about 15% at 373 K in comparison with their number at room
temperature [Mar99|.

Different from ammonia, where the blue color of a solvated electron can be observed for days,
in water its spectral signatures vanish after a time in the order of several ps [Har62, Tho99|. It
is the large amount of possible decay channels and the unknown nature of electron transport in
aqueous media that accounts for the fact that most of the studies of electron confinement were
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performed on small charged water clusters.

1.2.2. Sticky big electrons: confinement in ice clusters

Starting from the smallest size, a single water molecule does not bind (and will not attach)
an electron'®. It is the collective interaction between the water molecules that is essential to
confine the excess charge in a cluster, but also in the liquid water as can be inferred from the
enormous reduction in the photon energy required (6.4-6.5¢€V) to produce the hydrated electron
in bulk water, e~ (aq), versus the photon energy required (12.6 V) to produce an electron from
an isolated water molecule, i.e. to ionize it [Coe06|. Collective interactions enable the electron to
exist in states that are less localized than, for instance, the valence orbitals of water molecules.
Every neutral atom (with no charge) or molecule possess either a multipole electric moment or
polarizability. Thus, all such species could, in principle, be able to bind an electron based on the
classical electromagnetic theory. However, such a electrostatic interaction must be large enough
to generate a bound state, which was theoretically predicted for particles or clusters with a
dipole moment exceeding 1.625D, but owing to the electronic exchange repulsion no molecular
species with a dipole moment smaller than 2.5 D was found to form an energetically stable elec-
tron complex (the stability is expressed in terms of energy needed to remove an electron from
the complex — the vertical detachment energy, VDE). A single water molecule (u = 1.85D) is
hence not capable of binding the excess charge. Water dimer (u = 2.6 D) is the smallest wa-
ter cluster that accepts an electron attachment (the binding energy is 50 meV) [Lee91]. When
the cluster size increases, it starts to resemble the solvated electron state. For a cluster of 4
molecules the dipole-bound state decays rapidly (within 200 fs) by vibrational autodetachment,
but already in a cluster (D,0); the ‘solvent’ rearrangement takes place stabilizing the excess
charge |Leh99]. The energy the electron gains corresponds to several hundreds meV and the
confinement attributed to cluster isomerisation takes less than 3 ps. Enhanced stability of the
cluster—electron system, yielding an electron lifetime of several tens of picoseconds might be
the consequence of large dipole in the cluster caused by the iodine ion used as a source for the
solvated electron.

The optimized geometry and excess electron orbital for a pure water cluster is shown in Fig-
ure 1.17. To prepare such clusters and measure their vibrational spectrum is experimentally

Figure 1.17.: Electron interaction with a small water cluster. Adopted from [HamO04].

challenging, but can be achieved by nanomatrix spectroscopy [Ham04]. From such measure-

51t is possible to create a water radical anion HoO™ - in the reaction between O~ - and methylamine [De 84].
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ments, supported by the theory, already some flavors of electron solvation can be tasted: the
excess charge is closely associated with a single water molecule attached to the supporting net-
work through a double H-bond acceptor motif [Ros06]. The dipole moment and both hydrogen
bonds point towards the space with a large electron probability density.

Moving to larger sizes soon becomes computationally not tractable, especially due to the
large number of independent degrees of freedom in the system and a very exact level of theory
needed to treat the very diffuse electronic state precisely'. Larger clusters also offer a rapidly
growing number of conformations and of possible solvation sites and can offer the possibility to
confine an electron inside of the cluster (internaly bound states) or in a way that significant
electronic amplitude appears outside of the molecular framework (surface bound states), the
first very much resembling the solvation in the water.

This is where the controversy starts: many different theoretical approaches predict a stabi-
lization on the cluster surface for molecular assemblies consisting of 32 H,O molecules or less
and admit the possibility of internally bound state to exist only in an aggregate of more than
64 molecules [Bar87, Bar88|. Additionally, also in clusters like (HyO)5,, a surface bound elec-
tronic state might exist, at least as a metastable species and can be internalized if the cluster
temperature is large enough [Tur06, Marl0]. The existence of this metastable state has been
confirmed experimentally as well [Ver05b|, although with the aim to show the many possible
bound states in the electron/cluster system. Where the theory and experiment do not converge
is the existence of internally bound electron in small clusters [down to (H,0),,] [Pai04].

The problem has many facets. The first study of electron confined in a small water cluster
(H,O)n with n = 2-69 revealed a perfectly linear correlation between the vertical detachment
energy and the cluster size approximated by n~1/3 (see Figure 1.18). Moreover, if the correlation
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Figure 1.18.: Vertical detachment energy as a function of cluster size. The extrapolated value
for an infinite cluster corresponds almost exactly to the photoelectric threshold for hydrated

electrons [PET(eyq) = 3.2€V]. Adopted from [Lee91].

is extrapolated to an infinite cluster size the energy is obtained that is needed to create a free

¥Tn many works, CCSD(T) (coupled—cluster single and double with non-iterative triple excitations inclusion)
using a large basis set with diffuse orbital functions is used. The comparison of computing cost of this method
to identical DFT calculation was made in reference [Her06].
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charge carrier in ice plus the width of its conduction band [Lee91|. The authors concluded that
this result is in agreement with the classical electrostatic description and has to be interpreted
as a proof of a internally hydrated electron in nearly all cluster sizes.

This very intuitive statement was, however, proved wrong later [Mak94|. In their theoretical
work, Makov and Nitzan showed that both interior and surface states manifest the linear scaling
of the VDE with n~1/3. More than that — in the developed continuum dielectric model the free
energy of transfer between the surface and the cluster interior is essentially zero. Vanishing is
hence the energy difference between the VDE for an internally and surface bound electron and
measuring the detachment energies becomes not appropriate to resolve either solvation site.

In contrast to this prediction, a photodetachment study showed several the existence of three
different cluster isomers exhibiting various VDE and assign one of those to the internalized
electron state, based on the highest binding energy and its preferential formation at higher
cluster temperatures [Ver05b|. Following debate, best characterized by the quotation: ‘in our
opinion’ [Tur05b] did not resolve the problem [Tur05a, VerO5a, Tur05b, Tur06, Coe06]. Newer
experimental studies have even found an electron bound to the cluster even stronger than the
one previously discussed and showing an unusual size—selectivity, as it becomes prominent only
if the number of molecules equals to certain magic numbers [Ma09]. From this selectivity the
authors again infer the internal confinement of the excess charge.

Regardless of the real bonding site in this intermediate range, both theory and experiment
agree on the possibility of electron localization at the surface or in the interior of a very large
(more than 200 molecules) water cluster [Mad09]. This is of particular importance for the present
work, as the ice structure on Ru(0001) very much resembles clusters grown on a metal substrate
(see also Section 1.1.3). An electron can be thus stabilized either on the ice surface [Bal05] or
in the interior [And05|. Although the data and models presented in Chapter 5 do not present a
general answer to this problem, they offer a possible way how to look on the electron stabilization
and understand its dynamics in a particular system. More research would be required to confirm,
how this small piece fits to the general mosaic of the electron confinement problem.

1.2.3. Frozen hot electron: a two—photon photoemission study

Solvated, confined electrons can be utilized as a chemical species and drive technologically im-
portant processes. The simple idea, to just add electrons to an unsaturated aromatic molecule
A and obtain more saturated compound B, is known in organic chemistry as the Birch reduc-
tion [Bir58|. Reaction conditions are, however, very demanding — dissolving alkali metals in
ammonia can lead to an explosion, if traces of water are present. On the other hand, the large
lifetime of ammoniated electrons enhances the reaction yield in this harsh environment.

To increase the stability of water—electron complex would be an ultimate goal, if one thinks
about reaction taking place in biological environments, or simply about less demanding al-
ternative to the Birch reduction. Water radiolysis studies have shown, that an electron is
spectroscopically detectable up to several us after its creation. The longest lifetime reported for
an solvated electron, however, is several minutes and was found in a time-resolved two—photon
photoemission (2PPE) study [Gah04, Bov0ba, Std07a, Bov09]. One of the main goals of this
thesis is to explain this extraordinary stability of the excess charge and to offer a better micro-
scopic picture of the processes involved. This is done in Chapter 5 (page 147). However, it may
be useful before to summarize and discuss the 2PPE experimental data before, which is the aim
of the following Section.

35



1. Concepts and models

Two—photon photoemission spectroscopy

Photoemission (or one—photon photoemission) spectroscopy is a well established method to
probe the electronic structure of occupied states at diverse surfaces from core-levels up to the
valence band [Cah03]. If two photons instead of one are used — first with variable energy
below the substrate’s work function and another one with the energy sufficient to overcome
the vacuum level in the consequent step, it is possible to examine the unoccupied states as
well. Basic scheme of the 2PPE process is shown in Fig. 1.19. After the first photon (pump) is
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Figure 1.19.: Principle of a time-resolved two—
photon photoemission experiment. Two pulses,
hvy and hivs overlap on the surface and excite
electrons. The amount of energy carried by each
of the two photons may differ, but in sum is
grater than the system’s work function, so that
doubly—excited photoelectrons can be detected,

Figure 1.20.: Schematic energy diagram of elec-
tron trapping mechanism in ice. Electrons are
excited from metal to a state overlapping with
the conduction band (CB) of ice. From this
state they can relax and stabilize, altering lo-
cal ice structure so that their binding energy
increases.

while their kinetic energy is measured by a time—
of-flight spectrometer.

absorbed, the substrate electrons are excited into an intermediate state, from where the second
photon (probe) can provide them with enough energy to leave the system in a determined
direction, with a certain amount of kinetic energy, that is measured by a detector (time—of—
flight analyzer). If pump and probe are a part of different ultrashort laser pulses, electron
dynamics, i.e. the temporal evolution of electron binding energies in unoccupied states can be
explored by adjusting the delay between them. As an example, experiments complementary to
those introduced in Section 1.3.3 and examined in Chapter 6 have been performed and are able
to resolve the ultrafast thermalization of hot electrons after fs-laser excitation [Lis06]. In this
case, energy from hot electrons is almost completely transferred to the phonon heat bath on a
timescale of approximately 500 fs, but some unoccupied states, whose wavefunction overlap with
the substrate’s surface states is small, can hold an electron for much longer time. Molecules
adsorbed on the surface can effectively push—out or screen charges [Mar02, Ber04| and lead
to their localization [Ge98|, what usually results in longer lifetimes, too. Unoccupied states
under investigation (between Ep and FEy,c) can belong to adsorbate layers as well [Gah00]. In
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1.2. Electron transfer and confinement — experiments and models

such case, the electron is effectively transferred from one medium (metal) into another. Similar
charge transfer is of key importance for various processes ranging from electronic devices to
photosynthesis. More about applications and a deeper theoretical insight into 2PPE experiment
can be found in numerous reviews [Pet98, Ech04].

Detecting frozen electrons

If 2PPE spectra of thin, crystalline ice layer (~4BL) supported on Ru(0001) single crystal
surface are collected with the first photon energy larger than 3.4€eV, a state at 2.3eV above
Fermi level (Ep) is revealed (see Fig. 1.21 left). This spectral feature (denoted as er) has an
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Figure 1.21.: A brief summary of 2PPE results. Left: Temporal evolution of the er state
attributed to trapped electrons. States with n = 1,2 are the first and the second image po-
tential state (IPS), respectively. On a logarithmic intensity scale, considerable, though not full,
depopulation of et state within the first 5ps is recorded. The er level occupation does not
significantly change over next 600s, but its energy shows a large shift towards Fermi level. Top
right: Intensity of the er state as a function of the photon energy in pump pulse. Clear is
the threshold at 3.2eV, when trapped electron signature starts to appear. Bottom right: Xe-
titration experiment. The population of the et state can be reduced dramatically, if trapping
sites are blocked by a rare-gas atom. Reproduced from [Bov(9].

extraordinary long lifetime of several minutes and exhibits behavior significantly different from
other electronic states present in the 2PPE spectrum.
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1. Concepts and models

First, its temporal evolution shows a large stabilization (increase in binding energy — although
still negative in absolute number) of about ~1€V on a timescale of several seconds. For com-
parison, in other states no temporal shift in energy can be observed and a lifetime of at most
several tens of fs is measured. The new feature has a considerable width as well: more than
1eV, compared to ~0.5€eV of other spectral resonances.

Further, this unoccupied energy level is not populated completely by the first UV pulse, its
intensity rather increases with the number of incident photons coming from consequent pulses
and reaches a photostationary state (where population and depopulation are in equilibrium)
with a time constant of 0.17s at a laser repetition rate of 400 kHz and a fluence of 0.02mJ/cm?,
Having such a long lifetime, it is not surprising, that the et spectral signature is independent
on pulse length varied between 100 and 300 fs, whereas the intensities of other states decrease
considerably with increasing pulse length.

Interesting is the structural effect as well — in amorphous ice, that should change the electronic
structure of ruthenium almost in the same way as the crystalline D,O, no long-lived state is
detected |[Gah02, GahO4]. A feature corresponding to the unoccupied electronic state confined
in ice appears at 2.77¢eV and within the first 300fs stabilizes by about 0.85eV towards the
Fermi level [Gah04]. However, after 400 fs this new state is depopulated and no electrons with
corresponding energy are detected. Similarly, for coverages below 1 BL the et feature does not
appear.

Together with the deeper knowledge of the electronic structure in the band gap of ice (dis-

cussed in Section 1.1.2), a conclusion can be drawn, that the electrons detected as er peak are
species trapped and confined by the crystalline ice structure. This seems reasonable, because
a perfect crystalline solid does not provide states between the conduction and valence band,
which hinders the energy decay of stabilized excited carriers back into metal, as a scattering
event between the electrons from below the Fermi level and from a higher lying confined state
is improbable for this reason (there are no states to scatter into). Moreover, the wave function
overlap of the newly created state with the states in the metal can be low (due to a screening
effect of water molecules), which imposes a further restriction for the electron decay. The ex-
periments also allow to resolve some additional aspects of the trapping mechanism:
The clear threshold energy of 3.2€V coincides with the onset of the first image potential state
(IPS'7). This leads to the assumption, that this IPS is directly involved in population of the et
state. On the other hand, its lifetime is about 5fs [Bov05c| after deconvolution. This time is
not sufficient for water molecules to reorient and screen or stabilize the charge. It is therefore
inferred, that preexisting traps are populated after excitation — sites, where electron can reside
longer and stabilize.

The dependence of electron trapping on ice structure and other findings can be explained
easily in this framework as well. Figure 1.20 schematically introduces the energetics of trapping
mechanism. Bandgap between conduction band (CB) and valence band (VB) of crystalline ice
is way too large for 3.5€V photons to overcome. The Ep of Ru(0001) lies above the Fermi level
of ice and approximately 3.2 eV below the CB of ice. To excite electrons and inject them into
the unoccupied ice states this energy is required. This is, however, true only for crystalline ice,
where the bandgap is really state—free. As shown in Figure 1.7 on page 17, the projected density

"Tmage potential states are horizontally delocalized, unoccupied electronic states above Fermi level, that arise
due to the charge screening, if an electron is localized in close vicinity to a metal surface (an image charge
density of opposite sign in surface layers is created, which mirrors the excited charge). If the substrate exhibits
a bandgap in its bandstructure, it may be not possible for an electron to tunnel directly into the metal. This
repulsive surface potential together with attractive force having origin in the image charge create a potential
well, more precisely a Rydberg series of bound surface states [Ech78, Ech86].
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1.2. Electron transfer and confinement — experiments and models

of states in amorphous solid exhibits significant amount of states in the bandgap attributed to
structural defects [Zal98|. Usually, such structural deformation has a closer overlap with the
metal wavefunction as well, what explains the different electron stabilization in amorphous
ice compared to its crystalline counterpart. If namely preexisting trapping sites in ice are
predominantly populated by excited charges, those states should posses lower energy and due
to higher tunneling probability (given by the larger wavefunction overlap) decay faster into the
metal in amorphous case, which is indeed observed. Similarly, low water coverages (below 1 BL)
do not support electron stabilization probably due to the spatial proximity and hence better
wavefunction overlap between such state and metal, which has the same consequences as in case
above.

Further important aspect of electron confinement concerns the distribution of electron density

along the surface normal — as discussed in previous Section, confined charges generally reside on
top of an ice cluster and not inside of such structure, where hypothetically better coordination
could be achieved. For thin, bulk ice layer the same question can be posed: is the electron
located at D,O-vacuum interface, or rather stabilized inside?
To address this problem, Xe—adlayer has been dosed on top of crystalline ice. Measurements
show, that ~4 layers of Xe are needed to cover the water clusters completely, what is a par-
ticularly obvious demonstration of the cluster morphology of crystalline D,O (discussed in
Section 1.1.3). After Xe coadsorption, the majority of available preformed sites on the surface
is spatially blocked by a rare gas atom. A 2PPE measurement comparing the et intensity before
and after codeposition is presented in Figure 1.21 (bottom right panel). Evident is that the ep
state is almost completely unoccupied, if surface electron traps are closed. Together with the
dramatic drop of population of trapped electrons, the first IPS shifts to larger energies. Even
though its binding energy plays a major role in populating er state (see Fig. 1.21 top right
panel), it can be shown, that this shift is clearly not the most important reason for 2PPE signal
decrease between 1.6 and 3.0€V. It is therefore concluded, that a (delocalized) surface site
preferentially offers a confinement place for the excess electron. A very similar experiment has
been reported for ice/Cu(111), where surprisingly electrons tend to be preferentially confined
in the bulk under the same conditions and exhibit shorter lifetimes [Mey08|]. Results presented
in Chapter 5 offer a very intuitive explanation for this phenomenon, which confirms the validity
of the model presented there.

Theoretical model of electron trapping

Despite of numerous difficulties connected with the nature of hydrogen bonding and uncer-
tainity in form and distribution of trapping sites, theoretical model for electron trapping has
been developed using ab initio calculations based on first—principles density functional theory
(DFT) [Bov09].

The basic assumption in the theoretical treatment of electron stabilization is that the sites
responsible for trapping do exist on the surface before the electrons are photoejected into the
water overlayer (as stated before, the short lifetime of the 1 IPS is not sufficient for a dynamic
formation of any electron trap'®). Assuming different generic structural defects on the surface
of a D,O-network, their formation energy was calculated in order to elucidate the possibility of
charge stabilization in any of the expected preexisting arrangements. The binding energy of an
electron to a trapping site is calculated as a difference between the energies of a charged and

8In this consideration the possibility is not included that the electrons might alter the local structure of ice
considerably during their stabilization and form states that are available also for the charge carriers excited in
the next steps.
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1. Concepts and models

the neutral trap. Employed theoretical approach includes the interaction of an excess electron
with the valence electrons of individual D,O molecules and therefore allows the decay from an
excess electron state at a surface trap into the ice layer as well.

Regardless of the actual layer stacking in the bulk, structure of hexagonal ice (I,) with
(0001)-surface termination was taken as a substrate. The computed surface cell, that allows
to localize the electron laterally at the traps is rather large. It consist of 3BL of ice and
10 BL of vacuum, confinement sites are represented in a 4 x 4 surface unit cell of ice Ij,(0001).
Investigated defects include surface vacancies (an entirely missing D,O molecule), divacancies,
orientational defects in the outermost bilayer and admolecules at the surface layer. Examples
for some of the considered defects (Bjerrum D and L defects that are compensated at the ice
vacuum interface rather than by diffusion into the bulk, as the former requires less energy; see
also Section 1.1.2) are depicted in Figure 1.22(a). The notation follows the behavior of water
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Figure 1.22.: Illustration of defect sites investigated in the theoretical model for electron trap-
ping. (a,c,d) Defects created by flipping of different OD bonds and the reorganization of their
neighboring molecules, (b) energy diagram for the S; flip and its stabilization (with excess
charge), (e) distribution of the projected probability density of an electron localized above the
ice layer. Reproduced from [Bov09].

molecules involved in hydrogen bonding. A fully coordinated D,O molecule contributes to the
H-bonded network with two bonds donating electrons to its neighbors (O...D-0O) and two
bonds accepting electrons (O-D...0O) from water molecules in the vicinity. If one of those
bonds is broken at an interface, the affected molecules become either lone pair donor (Sp, Si)
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1.2. Electron transfer and confinement — experiments and models

or acceptor (Sa, Sa2).

If formation energy for every expected configuration is calculated, it can be considered as a
very good measure for the relevance (abundance) of the corresponding defect site. As for
vacancies and divacancies this energy is very large, they are rejected from further examination.
Moreover, it can be shown, that they do not offer any strong trap. From energetic point of
view, the most favorable orientational defect is the acceptor molecule Sy, that reorients such,
that one of the OD-bonds points towards the vacuum (Sp—flip). Apparently, it changes its
Sa configuration and resembles Sp type of coordination. Additionally a Bjerrum L-defect
is created, forcing undercoordinated neighboring water molecules to reconstruct as shown in
Figure 1.22(d). Alternatively, the molecule S; can reorient (S;-flip). Nevertheless, this motion
is connected with a larger formation energy. In both cases the reorientation of surrounding
molecules leads to the restoring of the natural surface coordination as depicted in Figure 1.22(c).
The formation with both D atoms pointing towards the excess electron, similar to the bonding
site in small clusters [Ham04| turned out to be unstable.

After electron is bound to one of the two stable defects discussed above, its probability density
resides essentially outside the ice layer. Figure 1.22(e) shows this situation as the in—plane
average of the excess electron wave function (¥?)) along the surface normal for the electron
located at a Sy—flip. Figure 1.22(c,d) also shows that the state occupied by the excess electron
is laterally well localized. The most important result of the simulation is that the formation
energy of a structure arising from the S;—flip might have a negative formation energy in the
presence of an electron (see Figure 1.22(b)), which could stabilize the electron—ice complex at
the surface. The presence of a stable charge could lead to its further stabilization, unfortunately
not treated here in a more detail.
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1. Concepts and models

1.3. Dynamics at surfaces: energy transfer between substrate
and adsorbate

One of the most fundamental questions that arises, if one studies the surface/adsorbate systems
and particularly the reactions taking place at interfaces, is certainly the one about the energy
transfer. For many years, thermal desorption spectroscopy (TDS) in its many flavors has been
the main tool for investigation of such processes and it was able to provide one at least with the
kinetic parameters like the adsorption energy value — i.e. with the minimum energy that needs
to flow from a substrate to the adsorbate to induce its desorption [Mil87, Kin75]. However, no
information about the transfer mechanism could be extracted as this method studies systems
in thermal equilibrium, where the energy contents of all subsystems does not really change.

To investigate the energy transfer, it would be very convenient to study the system that is

brought out of the equilibrium state in some way. Different energy channels would then be
activated depending on the actual imbalance between the individual subsystems and the energy
flow could be traced.
The first step in the following Section will therefore be an attempt to address the question, which
relevant subsystems can play a role particularly in a process like desorption from a metallic
substrate and how do they interact with the adsorbed molecules. After several coupling models
are reviewed, the modeling of desorption yield parameters is introduced. They do not only
offer an insight into the final amount and energy distribution of the desorbing species, but also
considerably enhance our knowledge about microscopic processes that are responsible for the
desorption from a surface.

1.3.1. Adiabatic and non—adiabatic energy transfer

Many theories in solid-state physics (e.g. the jellium model) aimed to describe the quantum
mechanical features of real metals make use of the separation between the electron gas and
the lattice. This distinction is quite natural, as it separates very different entities with similar
properties present in one system they share. This concept in not unknown to theoretical physics
as well — the Born-Oppenheimer approximation (BOA) [Bor27|, a starting point for almost
all theoretical studies regarding chemical reaction dynamics, separates nuclear and electronic
degrees of freedom for a couple of good reasons, too. It is therefore justified to approximate a
solid substrate in this way and consider the interaction of the electronic and phononic subsystems
with an adsorbate in the following.

Adsorbate—phonon coupling: adiabatic desorption

The conventional image of the desorption process one could take from the thermal desorption
spectroscopy is that heating the substrate enhances the energy of lattice vibrations (phonons)
and an adsorbate encounters stronger and stronger ‘kicks’ from the substrate atoms that may
drive it from its equilibrium position over the desorption barrier. Such a process is schematically
depicted in the Figure 1.23. The whole process takes place on a single potential energy surface
curve and is easy to understand as nuclear degrees of freedom of the adsorbate couple to the
nuclear degrees of freedom of the substrate. In Born—-Oppenheimer approximation, the electronic
and phononic subsystems are in thermal equilibrium, because the nuclei are much heavier than
electrons and their comparably slow oscillation can be hence followed immediately by them
resulting in the equal temperature of both ‘heat baths’.
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Figure 1.23.: Example scheme of a phonon mediated desorption.

Adsorbate—electron coupling: non—adiabatic desorption

If the electronic subsystem has to contribute to the desorption process, it is evident, that the
BOA has to break down. A wording has been adopted in experiments and theory of ultrafast
photoinduced phenomena to name those phenomena as non—adiabatic or diabatic.

In the classical thermodynamics, where this name is borrowed from, processes are called adi-
abatic, if no heat is exchanged between the system of interest and the surrounding space. A
typical adiabatic process, fast gas expansion from a volume V{ to V; under, say, atmospheric
pressure (Patm ), leads to the cooling of the gas. Energy is transferred to the surrounding in form
of work (W = f%l Patm dV'), but given a short time, the energy transfer from the surrounding
(in form of heat) is negligible. In other words, an adiabatic process can be considered as a result
of negligible thermal coupling between the surrounding space and the system itself.

Similarly, in a solid the electrons are often treated as an ‘uniform electron gas’ (e.g. in the
mentioned jellium model) that is in contact with the lattice. If electrons gain energy on an
ultrashort timescale, their temperature increases rapidly, but due to the Born—Oppenheimer
approximation (adiabatic) they can have no influence on the ‘heat’ — energy contained in lattice
vibrations — of phonons. Only inelastic processes like electron—phonon scattering, or phenomena
like diffusion can lead to a cooling of the electron gas. A typical sign of such a coupling is the
typical time delay of ~1 ps until both subsystems equilibrate.

However, in some cases the BOA is not valid. In the non—adiabatic processes the heat contained
in electronic subsystem can be transferred directly into the phonon oscillations of the adsor-
bate. In such a case the energy is redistributed with almost no delay yielding a comparably
high transient adsorbate temperatures. From a theoretical point of view, such a situation may
occur, if two adiabatic potential energy surfaces (PES), e.g. of the ground and excited state with
the same symmetry, cross (avoided crossing!'?; see Figure 1.24) [Wor04], or if for any molecular
motion — such as vibration, rotation or translation — there exist a resonant electronic excitation
in the metal [HG95]. Typically, the PES refers to a potential energy curve created by electrons,
along which the movement of the nuclei takes place. It is therefore reasonable to assume that
two different electronic states create two distinct potential wells. They are very unlikely to cross
at a certain nuclear configuration, which most often leads to the adiabatic potential wells that
have a shape as if composed of a part of each of the potentials and that are not degenerate
at any point. If a particle occupying the energetically lower state in Figure 1.24 desorbs from
the surface in an adiabatic way, it always follows the lowest curve, fulfilling the thermodynamic

9Vibronic (vibrational and electronic) coupling, or conical intersection between two electronic states denote the
same phenomena.

43



1. Concepts and models

-
>

Total energy

\

=

non-adiabatic adiabatic

X

Figure 1.24.: A potential energy surface with an avoided crossing. The two PES curves with
the same symmetry approach each other, but at the nuclear configuration that leads to their
crossing this is always avoided in diatomics and usually avoided in polyatomic systems.

requirement that the Gibbs free energy should be minimized. The situation is different, if the
electronic subsystem is brought out of equilibrium and heated rapidly. According to the adia-
batic theorem?® [Bor20] it will not follow the lower PES, as the time to reorganize the electronic
structure close to the crossing point (in the Figure 1.24 required by the charge transfer to the
metal) may not be sufficient and the system undergoes a non—adiabatic jump into the upper
curve |Gre97, Wod04]. It is obvious that this non—adiabatic jump has severe consequences for
the desorption behavior. Even if the system decays to the lower lying state after some time, it
can return to a vibrationally excited state (due to its better overlap with the state on the upper
PES) which will enhance the desorption probability. The origin of the non—adiabatic coupling
can be found by looking into the form of the Hamiltonian, where especially in the vicinity of a
conical intersection, the terms describing nuclear motion do not only depend on nuclear mass,
but almost exclusively on the derivative coupling Fj; = (®;|V®;) [Wor04].

Up to now, the treatment of the electron—nuclear coupling has been quite general. In the sub-
ject of the presented study — on a metal surface — a whole manifold of PES exists, which are
formed due to the electron—hole pair excitations in the substrate and their excitation energy
starts practically from zero. It is therefore possible that even a nuclear motion may cause an
electron excitation, which is probably the simplest nonadiabatic process [Lun05, HG95|. This
also makes obvious that non—adiabatic energy transfer should never be simply neglected in the
surface/adsorbate systems.

Desorption induced by electronic transition (DIET) and the friction model

So far, a mechanism has been discussed that allows electrons to non—adiabatically jump from
one PES to another. But how is this possibility related to the energy transfer into the adsorbate
and how can this phenomenon cause a desorption?

A general working picture of such a process is offered in Figure 1.25. Electrons that are allowed
to leave the ground state PES can be excited into an anti-bonding lowest unoccupied orbital
and this may lead directly to a desorption (DIET). This is probably the case e.g. for oxygen

29The exact formulation of this theorem states: “A physical system remains in its instantaneous eigenstate if a
given perturbation is acting on it slowly enough and if there is a gap between the eigenvalue and the rest of the
Hamiltonian’s spectrum.” This also means, that in case of rapidly varying conditions the probability density of
a quantum mechanical system remains unchanged (|¥(r,t1)|* = |¥(r, t0)]?).
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Figure 1.25.: Tllustration of the desorption mechanism induced by electron transitions. Right:
electrons excited from the substrate to the bonding or antibonding molecular orbital of the
adsorbate may cause its desorption either in one (DIET) or several excitation—deexcitation
(DIMET) cycles. Left: on an unexcited substrate, the highest lying adsorbate state changes
its position with respect to Fermi level during its vibration. The emptying and refilling of this
state by substrate electrons effectively acts as a friction that damps this vibration. In a reverse
process, if electron density above the Fermi level is sufficient, the electrons being transferred to
the adsorbate state may cause its desorption.

desorption from Ru(0001). Figure 1.26 depicts the theoretically calculated density of states
(bonding and anti-bonding), overlapped with the Fermi function (n(E)) (see Equation 1.1)
that shows the states reachable for electrons of given energy distribution, characterized by the
temperature of the electronic subsystem (see Section 1.3.2). However, the excited PES does
not need to be antibonding [Ant80]. In many cases, more than one excitation is necessary to
overcome the activation barrier of the desorption. Desorption induced by multiple electronic
transition (DIMET) [Mis92| proceeds via repeated excitation and deexcitation cycles, where the
system gains energy due to the difference in the actual position of the system on the higher lying
PES: excited electrons exhibit certain lifetime until they decay, which gives them a possibility
to relax. The small change of the system’s state during this time may lead to a better overlap
between the excited state and a vibrationally excited level of the electronic ground state. The
deexcitation therefore occurs with the largest probability into an energetically richer configura-
tion then the initial one. If the vibrational excitation rates are larger than the corresponding
damping constants, then repeating this cycle may lead to a desorption.

There are several signs characteristic for DIMET, the most obvious one is the strongly nonlin-
ear dependence of the desorption probability on the number of incident photons (fluence). In
most cases, the required photon flux is enormously high (~4 photons/A [Bon99]) and achievable
only with an ultrashort laser pulse. Many experiments can be described qualitatively very well
within the framework of this model, although the unknown nature of the excited PES limits the
theoretical modeling only to a macroscopic description of the energy flow between the substrate
and the adsorbate |[Mis92].

The breakdown of the BOA in an ultrafast surface reaction must be solved in another way to

obtain a quantitative agreement between the theory and experiment. An especially successful
possibility is to reject the unknown excited PES from the calculation and to leave the adsor-
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Figure 1.26.: After oxygen is adsorbed on Ru(0001), the density of states of the metal changes
as it is indicated by A. The bonding states arise that are well below the Fermi level together
with non-bonding states extending up to Er. Additionally, anti-bonding states are formed,
but are not occupied normally due to their position in the energy spectrum (1.7¢eV above Ep).
However, if the electronic temperature is high, the hot tail of the electron energy distribution
(n(E)) (cf. Eq. 1.1) contains population of particles capable of filling this state and weaken
the Ru—O bond. The electron density distribution along the bond axis, corresponding to the
anti-bonding peak, is shown in form of ¥? in C. The weakening of the Ru-O bond is also
obvious from free energy curves (B) that are analogous to the potential energy surfaces shown
before. Adopted from [Bon99|.

bate on the ground potential energy surface during the whole reaction path instead?!. The
non—adiabaticity is brought into play via the electronic friction, which simply quantifies the
coupling of the adsorbate degrees of freedom and the hot electron energy distribution. The
process is schematically depicted in Figure 1.25 left. The coupling between the electrons and
adsorbate allows the hot electrons to exert fluctuating forces on the nuclear coordinates and
induce desorption [Lun06|. This can be simply illustrated in the following way: consider a
broad adsorbate resonance (say the 7* orbital in case of a diatomic molecule; broad due to
its short lifetime, since an electron can tunnel into the metal and back easily) being partly

2! Alternatively, the ground potential energy surface can represent the “effective” PES created by the superposition
of a continuum of nearly parallel surfaces arising due to the mentioned manifold of excited states originating
from the resonant electron—hole pair excitations.
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filled. If it vibrates parallel to the surface normal, its position with respect to the Fermi level
changes, which leads to a current (electron flow) between the adsorbate and the substrate. In
this mechanism, electron—hole pair excitations are involved as electrons are indeed transferred
back and forth, which causes damping of the resonance. In the reverse process, a resonance
vibration can be invoked by forces exerted by hot electron distribution acting on the nuclear
coordinates. The strength of this vibrational dumping, or coupling between the substrate and
the adsorbate, is expressed as the electronic friction coefficient, 7;, and is inversely proportional
to the vibrational lifetime. Its value can be calculated directly from the first principles DFT
theory or from the molecular dynamics simulations [Lun06, Tul93].

Although both discussed mechanisms offer a valid approach to solve the breakdown of the

Born—Oppenheimer approximation for metal-adsorbate and similar systems, both offer advan-
tages in different cases of interest. Due to its purely non—adiabatic approach, DIET/DIMET is
successful in describing high-lying adsorbate states or negative—ion type resonances (as shown
in Figure 1.24). Because of the significantly different PES in such a case and a large electron
redistribution along the desorption process, the reaction pathway can not follow an adiabatic
potential. On the other hand, in many cases (an in the one presented here) the adsorbates do
not form any narrow, long—lived states when approaching the metal surface and their interaction
with the metal does not lead to a dissociation. Here, the frictional approach is clearly more
appropriate.
At the end it should be noted that despite our attempt to make a clear distinction between those
two mechanisms, which is justifiable from the experimental point of view, theoretical studies
exist that combine both viewpoints in one formalism [Bra95, Mis95]. Its detailed description
would, however, go beyond the scope of this thesis.

Resolving energy transfer mechanism between substrate and adsorbate

In the preceding paragraphs, the most important subsystems in the solid — the phononic and elec-
tronic — have been discussed. The distinction between electrons and lattice that was intuitively
made allows one to independently increase the energy content in the electronic subsystem (e.g.
by applying an ultrashort laser pulse) without simultaneously heating the lattice. Performing
such an experiment enables us to evaluate the effectivity of the energy transfer between elec-
trons and the adsorbate before the electronic subsystem reaches the thermal equilibrium with
the lattice, and after this time one can investigate how the desorption proceeds when the en-
ergy is dissipated into the substrate phonons and through other channels. In this way, many
surface processes and their coupling to different subsystems have already been characterized.
However, to make use of this established method, last building block is necessary: up to now,
our main concern was the energy transfer between the individual subsystem and the adsorbate.
Of course, electrons and lattice interact with each other as well [Kag57| and therefore to fully
understand the energy transfer mechanisms, this coupling has to be taken into account, too. A
two—temperature model, describing their interaction is therefore introduced as next. A graphi-
cal summary of the topics discussed so far, which will try to guide the reader also in the next
parts is presented in the Figure 1.27.

1.3.2. Two-temperature model

In the focus of the following section is the interaction between electrons and phonons in general,
with emphasis on their equilibration after the electronic subsystem is excited with an ultrashort
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Figure 1.27.: A general outline of energy transfer mechanisms in a substrate /adsorbate system.
The total energy stored in the metal is separated to a phononic and an electronic part. They are
brought out of equilibrium e.g. by an ultrashort laser pulse that interacts only with electrons.
Before their energy is dissipated into bulk and lattice vibrations, the response of the system to
transiently hot electron distribution can be followed.

laser pulse. Probably the first question that arises in this context is the fundamental one — how
can the energy contained in each subsystem be realistically described and how to account for the
fact that this energy is not distributed equally. Again, inspired by thermodynamics, where the
total energy of a system (gas) can be described by its temperature, which is a value expressing
the energy in all degrees of freedom of the system, one can assign a temperature to the electronic
and phononic subsystem in the substrate. Similar to the thermodynamical pendant, where the
temperature is related to the energy distribution of energy states via Boltzman statistics, the
energy distribution in the electronic subsystem can be described by Fermi-Dirac statistics??:

1
/ksTa 1 1 (1.1)

(n(E)) = =)

and in the phononic subsystem by the Bose—Einstein statistics:

1

(n(Ey)) = S ke Ton _ 1 (1.2)

where (n(F;)) is the average occupation probability of a state with the energy E; (or hw;) —
a function that determines the distribution for any given phononic or electronic temperature.
One assumption needs to be made and will be discussed in detail later — that those functions
are always a good description of electron energies, even after ultrashort pulse irradiation. This
may be true, if the electron energy distribution attains the given shape fast enough after the
excitation. In such a case namely, the whole energy transfer can be simply expressed by two
coupled differential equations [Ani74, New91, Gro95, Fri06]:

0 0 0
Cel(Tel)aTel = % </{,elazTe ) — H(Tel, Tph) + S(Z, t) (1.3&)
0
Cph(Tph)anh = + H(Teh Tph) (13b)

22Valid for non-degenerate distribution of identical, indistinguishable fermions.
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1.3. Dynamics at surfaces: energy transfer between substrate and adsorbate

This formulation is extremely elegant and one can ‘read’ it in the following way: the total
energy deposited in the electronic subsystem (dU/dt = Cel(Tel)%Tel) equals to the energy
absorbed from the optical excitation (S(z,t)) and is reduced in time via the electron-phonon
coupling (H (T, Tpn)). Further it is distributed into the metal by thermal diffusion, which is
expressed as the first term in the Equation 1.3a in a form identical to Fick’s second law. Only
the diffusion along the surface normal is considered, because the size of the laser spot is large
compared to the lateral diffusion length. In the second line a fact is expressed that phonons
gain energy exclusively via non—elastic scattering with electrons, which is reasonable in cases
when the sample interacts with an optical field and was the purpose of the experiment.

The system of differential equations 1.3 can be solved numerically [Den99| which generates
the temporal evolution of the surface electron and phonon temperatures as depicted in the
Figure 1.28. Following further assumptions are present in the modelling:
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Figure 1.28.: Temporal evolution of electron and phonon temperature at the sample surface
(z = 0) after an optical excitation with a 100 fs pulse with a fluence of 80J/m?.

Electron heat capacity The electron heat capacity Ce(T%;) can be expressed as a product of
the temperature independent coefficient v and the electronic temperature [Kit96]

C'el = ’YelTel (14)

with
2

SNk} (1.5)

where N (€) is the density of states in the relevant energy interval, which is usually taken to
be close to the Fermi energy (¢ = Ep). In case of Ru(0001), the value of 7. amounts to
~3.3mJmol~! K=2 [Ree70, Kit96]. As in the calculation the volume specific heat capacity co-
efficient is used, this value is converted to 400Jm~3 K~2 using the molar mass and density of
the metal. Together with other relevant material parameters it is listed in Table 1.5.

The attentive reader may have noticed that the heat capacity coefficient calculated using Equa-
tion 1.5 and the tabulated value of N'(Er) differs from the experimentally measured 7,. And
indeed, if the density of states is calculated for zero temperature, it describes a state, where

Yel =
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Electron gas heat capacity coefficient Vel 400 Jm3K2
Electron gas thermal conductivity” Ko 117 Wm'K™!
Debye temperature 0p 415 K

Fermi energy Fr 0.827 Ry'

Density of states at Fermi level* N (EF) 11.8 states/atom/Ry'
Molar mass Mol 101.07 1073 kgmol !
Density p 12100 kgm™3
Electron—phonon coupling constant Joo 185 1010 Wm3K~!
Refractive index (800 nm) ny +in; 5.04+13.94

Refractive index (266 nm) ny+in; 1.11+12.93

* Equals to thermal conductivity of Ru at 300 K.
f The energy unit 1Ry corresponds to 2.179 783 x 10718 J (13.605 692 V).
! Value calculated by the linear muffin-tin orbital method.

Table 1.5.: List of the relevant material parameters of ruthenium. Compiled from
[Den03c, Fri08, McM68, Ree70, Jep75, But77, Ded81, Kit96, Pal98, Bon00a, Lid07,
Bos09, Hoh00].

Ru is superconducting. In this phase, the electron—phonon coupling is strong and the value
of e does not depend solely on the electronic density of states. In a simplest approach, the
coupling can be expressed by a constant factor (1+ )23 obtained from the quantum mechanical
calculations and is approximately 1.38 for ruthenium metal [McM68|. After this correction, the
calculated ) fits the experimental value very well.

Another point that needs to be verified when applying the assumption expressed by the
Equation 1.5 is the expectation of a constant density of states close to the Fermi level. As can
be seen from the Figure 1.29, the actual density of states may change rapidly with the energy
in some cases and the parameter -, is no longer energy (ergo temperature) independent. This
expresses the fact, that the interaction between the electrons depends on the available phase—
space for electron—electron scattering processes. Nevertheless, for ruthenium, we can safely
neglect this dependence, as the density of states is almost flat around the Fermi level.

Electron thermal conductivity The thermal diffusion into the metal is described by the elec-
tron thermal conductivity, a coefficient analogous to the diffusion constant. Within the Som-
merfeld theory of metals, for the thermal conductivity of electron gas the following relation can

be derived [Ash76]:
1 1
Kol = gCeI(Tel)'U%‘T = g%lTew%T (1.6)

Here vp is the Fermi velocity (usually of the order 10° ms~!) and 7 the average time the electron
can travel without a collision. As the possible collision partners are only other electrons or the
lattice, this time can be further expanded as

1 1 1
i +
T Tel—ph Tel—el

(1.7)

It can be shown [Kan98| that if the electron temperature remains below

T>,< ~ \/EFTph/kB (18)

23With electron—phonon coupling constant A that is described later on page 53; see also Equation 1.15
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Figure 1.29.: Density of states of two hcp transition metals zirconium and ruthenium. The
figure illustrates, how the assumption of constant density of states around Fermi level made in
Equation 1.5 may fail in certain cases. Graphs adopted from Ref. [Jep75].

which is for Ru approximately 5700 K, the electron—phonon collisions determine the heat trans-
port. As their scattering rate is in a good approximation proportional to Tel—ph o< h/(kBTpn),
in combination with Equation 1.6 one obtains

Tel
Ton

Kel = K0 (1.9)
where all proportionality factors were put into the material constant k.

In the two temperature model, only the thermal diffusion in the electronic subsystem is con-
sidered, because on the ultrashort timescale the heat transferred with the sound velocity in
the metal (through lattice vibrations) can be in best case transported over a distance compa-
rable to the optical penetration depth (see page 54). This inefficiency can be also estimated
by evaluating the Equation 1.6 that has a more general validity and postulates a dependence
of thermal conductivity on the square of the particle velocity (x o (v)?). Considering the
Fermi velocity for electrons (~10°) as the effective quantum mechanical analog to the sound
velocity (~10?) of lattice vibrations, one can estimate the ratio xe/kpn o (vpn)?/vE < 1075.
Based on this consideration, it is clear that the thermal conductivity in metals is essentially of
electronic nature and the coefficient ¢ is equal to the thermal conductivity of the pure metal
under normal conditions, when the electronic and the phononic subsystem are in equilibrium
(Ter = Tpn). For metals with large variation in density of states, where the linear dependence
between the electronic temperature and the heat capacity does not hold (Eq. 1.4 and thus also
1.6), ke is often estimated from the fit function to the available thermal conductivity data for
the corresponding metal [Mis95].

Electron—phonon coupling The interaction between electrons and phonons can be intuitively

understood from a picture of a metal consisting of fixed positive ions with the free electron
gas around. If the position of ionic cores is disturbed by a phonon, the potential in the lattice
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1. Concepts and models

changes and the electrons are affected, thus liable to scatter to another state. The corresponding
term in the Hamilton operator describing the electron—phonon coupling can be evaluated in the
perturbation theory framework to?*:

1 dN,

This integral (energy transfer due to the electron—phonon coupling per volume per second)
represents a sum over all elementary phonon absorption and emission processes (dNg/dt is the
change in the occupation of the corresponding phonon state) weighted with the energy transfer
per collision (Awg). Assuming the phonon and electron distribution follows Equations 1.2 and
1.1, respectively, the Equation 1.10 gives [Gro95, Kagh7|:

H(Tel,Tp ) = f(Te ) - f(Tph) (1-11)

with

T 5 r0p/T 4
F(T) = 4goob <0D> /0 ef_ -da (1.12)

This result is one of the fundamental parts of the two temperature model: knowing the Debye
temperature fp [Ree70, Rao77, Ded81|? and the material specific electron—phonon coupling
constant g, for Ru [Bon00a|, the energy transfer between the two main subsystems in a solid
can be described as a function of their temperature.

The Equation 1.12 can be reduced further, which greatly facilitates the numerical evaluation
of the electron—phonon coupling rates. The function

oy =D _y ( L )4/00D/T e (1.13)

Goo T’ % e* —1

does not vary greatly at temperatures larger than fp as can be seen from Figure 1.30 and is

often approximated to unity. Under conditions relevant for energy transfer in the surface area
of solid, irradiated by an ultrashort laser pulse, this is usually in a very good agreement with
the experiments and enables one to write [AlI87, Bro90, Bon00a]:

H(Tela Tph) = Joo (Tel - Tph) (114)

with g., being the same factor as introduced above.

Due to its importance not only for the surface science, but also for the theory of strong—
coupled superconductors, the electron phonon coupling constant is an highly interesting material
parameter. It allows one to calculate the critical temperature below which the solid becomes
superconducting [McM68, But77]. To avoid confusion while connecting the two different fields of
physics, please note that the constant g, is not directly the electron—phonon coupling constant

24 At this place, the quotation »Now fills thy sleep with perturbations« (W. Shakespeare, The Tragedy of King
Richard the Third (1597)), taken from an excellent textbook dealing with electron—phonon coupling [Zim60]
should show exactly the way that the author will not go. The derivation of the Equations 1.10 — 1.12 is hardly
illustrative and would probably not be helpful at this point. Nevertheless, it can be found in [Zim60, Wag06,
Den99].

25The data in the references show that the Debye temperature changes at low temperatures. This is already clear
from its definition (fp = hwp/ks [Ash76]) that connects it with the energy of the highest lying phonon mode.
The erroneously often taken value of 600K is valid for zero temperature, the experimental value under normal
conditions is given in Table 1.5. It should be however noted, that the literature values vary in the wide range
between 400-550 K.
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Figure 1.30.: Graphical evaluation of the high temperature electron—phonon coupling approx-
imation. The value of the variable 0p is set to 404, which corresponds to the theoretical value
calculated from maximum phonon frequency in [Ded81|. In materials with higher fp the inves-
tigated curve g(T') is less steep and the approximation in Equation 1.14 becomes problematic.

usually denoted as A in the superconductivity theory. Their relation can be, however, expressed
simply as [All87, Bro90|
_ 3hYer {w?)

A 1.15
ke (1.15)

o

where (w?) is the square of the average phonon frequency that is accessible e.g. from He or neu-
tron scattering data [Bra97, Hei00, Smi81| as the frequency of the phonon longitudinal mode
along the K—point in the phonon dispersion curve. The experimental value of 680meV? cor-
responding to a phonon frequency of 6.3 THz is in excellent agreement with the theoretically
calculated dispersion curves [Bos09, Hei99, Hei00].
The experimental approach discussed here offers an unique possibility to directly measure the
electron—phonon coupling constant g., and hence A and to the best of our knowledge this has
been the only method capable of obtaining this value without any free parameters experimen-
tally?% [Bon00a, Hoh00, Bro90]. The determined A = 0.4 for Ru (cf. Ref. [Bon00a]) is in a good
agreement with the theoretical predictions [McM68, But77, San89|, which additionally justifies
the assumptions made up to now.

Optical excitation The last term in the Equation 1.3a deals with the energy transfer between
the optical field and the metal. Generally, the electric field of a photon can be expressed as

E(r) = Eyelkr—t) (1.16)

which is the classical solution of the wave equation with  being the propagation vector and
k = 2mn/)\y = 2n(n, + in;)/A the complex wave vector. The imaginary part of the latter
is responsible for the damping and therefore for the absorption of light in the medium. This
can be shown from a simple consideration, where the light propagation is restrained into one

26Calculating A from the critical superconducting temperature requires additionally a theoretical input in form
of the calculated Morel-Anderson Coulomb pseudopotential [McM68].
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dimension and the material is isotropic, so that the expression for light intensity in the medium
can be written as
I ‘E|2 o |62i(kz7wt)‘ — ’6(72/6)62i(27rn,«z//\07wt)| (117)

This formulation is known as the Lambert—Beer law with optical penetration depth

5= 0

41n;

(1.18)

where \g is the wavelength of the wave in vacuum. For Ru, one can easily calculate from 1.18
that the intensity of an optical wave at 800 nm decreases to 1/e of its initial value after passing
16.2nm in the metal.

Although the penetration depth is rather low, not all incident light is absorbed in this thin
outer layer of the crystal, but a considerable part is reflected. Knowing the complex index
of refraction for Ru, the amount of reflected light can be calculated from the Fresnel formu-

las?” [Dem08]:
2
 — <M>2 _ [eosa=Vn? —sina (1.19)
cos a4+ ncos 3 cosa + v/n2 —sin?a

2
R — (ncosa—cosﬁ)2 1— (sina/n)? —ncosa (1.20)
I n cos a + cos 3 1—(sina/n)? +ncosa .

for light polarized parallel to the reflection plane and perpendicular to it, respectively. The
result of their evaluation for two wavelengths relevant in this thesis is offered in a graphical
form in Figure 1.31.
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Figure 1.31.: Reflectivity curves for Ru calculated from equations 1.20 and 1.19 for two relevant
wavelengths. The angle of incidence is the angle between the surface normal and the light
propagation vector.

Now the optical field intensity decay in the medium has been discussed and the reflected part
estimated, so how can the excitation term S(z,t) be formulated? If the energy conservation
requirement should be valid, then the definite integral [* [~ S(z,t)dz]dt must yield the total

2"The Fresnel equations are a bit more complex in reality, in Equations 1.19 and 1.20 our situation is taken into
account and the refractive index of the medium in contact with the crystal (vacuum) is set to 1.
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energy contained in the absorbed part of the laser pulse. This problem is not difficult to solve,
as the intensity decay term is a simple exponential function, so that a plausible possibility is:

S(z,t) = (1_1?'1“) e (1.21)

where I(t) represents a pulse with a Gaussian time profile in the model.

Phonon heat capacity In the Debye approximation the capacity of lattice vibrations to store
thermal energy is described by [Ash76]

T L 3 ,0p/Ton :L‘46w
Toh) = kg [ 22 | 1.22
Cph( ph) 9In B < 9D ) /0 (6“/’ — 1)2 XL ( )

with atomic density n, = 7.21 x 10?® m~ for Ru to maintain consistency in energy units used
until now. This equation can not be further simplified and the integral is evaluated in the
program, which is one of the most time consuming steps in the calculation.

Empirical proof of the two—temperature model: on the short life of the hot electron

At the end of this Section, the crucial assumption of the two temperature model is discussed
again, namely the approximation of thermalized electron distribution (following Fermi—Dirac
statistics; see Equation 1.1) immediately after the optical excitation. There is obviously no
reason in a metal with an almost flat density of states distribution around the Fermi level to
favor the excitation of lower lying electron states over those being closer to the Ep. Therefore
the true picture immediately after the ultrashort laser pulse reaches the sample, corresponds
rather to the left part of the Figure 1.32, than to its thermalized counterpart on the right. This

At =0 At > Tin

hv

J(T,F) —— [(Te, E) ——
substrate adsorbate

Figure 1.32.: Thermalization of electron energy distribution after ultrashort laser pulse.
Adopted from [Lis04].

may have severe consequences for the two temperature model as presented here and in some
cases our model simply fails for this reason [Fan92, Gro92, Del95, Lis04].

It is not only the temperature of the electronic subsystem that is no longer a valid description of
the energy distribution stored there, or several assumptions mentioned before that are violated
if the electronic temperature is too high. The usability of our model is intrinsically limited also
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by other channels for energy transport that become relevant (e.g. ballistic transport?®) [Hoh00),
Lis04], by the electron—phonon scattering with non-thermal electrons and most importantly,
by the possible different nature of interaction with the adsorbate, as it is demonstrated in
Figure 1.32, but clearly visible also from Figure 1.26.

Despite of all the reasons named, the two temperature model is capable of describing most of
the experimental data very well. It is therefore highly interesting to proof, in which cases the
two—temperature model can work and which improvements can be implemented to enhance its
application area.

Hot electron relaxation time First, it is intuitively clear that the time the electrons need to
thermalize will be the main factor determining whether the set of equations 1.3 will appropriately
describe the studied system or not. Experiments in thick gold films [Fan92| show that the
thermalization of hot electrons can take up to 1300 fs which would definitely lead to a failure
of our model, since this time is comparable to the electron—phonon thermalization time and a
single electronic temperature is thus at almost any instant only a number without a physical
meaning. Nevertheless, it could be also found that this long time applies only if the Au sample
is irradiated by a fairly low fluence of 120 1J cm=2. At 3001J cm~2 the electronic subsystem
has reached its thermal equilibrium already within ~670 fs.
This interesting result naturally leads one to ask, what determines the temporal evolution of a
given electron distribution after optical excitation? Considering the electron—electron scattering
as the process leading to the thermalization, this question becomes quite subtle, especially for
highly excited particles. To answer it, one needs to leave the electron gas approximation where
electrons are fully independent like atoms of the ideal gas®® and make use of the Fermi-liquid
theory that describes this process more appropriately [Ash76|. For the lifetime (7e—e) of a
quasiparticle with energy ¢ = F — Ep that interacts with electrons having a Fermi distribution
of temperature T', this theory predicts a value of [Pin66, Gro95]:
1 mi (mkpT)? + €
Te—e  16m4H6 W) 1 4 e—¢/(ksT)
Here, meg is the electron’s effective mass, the constant (W) is the angle-averaged scattering
probability. It is also obvious that if € is large — as in the situation we consider (~1.5€V) —
the term wkgT and the exponent in the denominator can be safely neglected. In this way the
temperature 1" does not need to describe a thermalized subsystem and the expression is valid

also for non—thermal distribution. The rigorous expression 1.23 is often further reduced within
the random phase approximation, so that one obtains [Pin66, Fan92|:

(1.23)

1 V3w, (E—Ep\’
_ mV3uw, 3 (1.24)
Te—e 128 Er
with the plasma frequency

2

ne
Wy = 1.25
D . (1.25)

28Ballistic transport is an energy channel that is always opened. However, ballistic electrons in many d-metals
posses a penetration depth comparable to that of the light and thus this sort of energy transfer can be neglected.
Although, in metals like gold the ballistic depth is much larger, it is still limited, which leaves the thermal diffusion
to be the preferred heat transport channel into the bulk after the electron subsystem has thermalized [Hoh00].
The higher energy is deposited in single electrons, the more effective in terms of energy amount transferred can
this channel therefore be, especially in the first phase after optical excitation.

2In such a case, the scattering probability per unit time would be 1/7 = pneQ/meff with 7 being the Drude
relaxation time, n electron density, meg electron’s effective mass and p electric conductivity [Kit96].

56



1.3. Dynamics at surfaces: energy transfer between substrate and adsorbate

which is the same as in the Drude model, where n denotes the electron density, e is the ele-
mentary charge and €y the permittivity of the free space. To emphasize the key message the
Equations 1.23 — 1.25 attempt to convey even more, they can be simplified to the following

form: )
1 Er
_ — | ——— 1.26
Teeo‘\/ﬁ(E—EF> (1.26)

Now, one is obvious: the scattering probability grows rapidly with increasing electron energy.
This phenomenon is connected to the Pauli exclusion principle and also to the fact, that there
are usually more states available for scattering into, if the electron energy is high and conversely,
the electrons at the Fermi level are extremely unlikely to scatter, as all possible final states are
already occupied. For the two temperature model this law is a rescue: the hotter the electrons
are, the shorter lifetime they can expect. Due to their short lives (even as short as 10 fs [Gro92|)
their interaction with phonons and the adsorbate is strongly limited. Additionally, there is a
quantity argument: assuming the interaction of a hot electron with its colder counterpart creates
two species with half of its initial energy, the probability of one of those to interact with either
phonons or the adsorbate is twice as high as the probability of the original non—thermalized one.
Thus in many cases, especially if the metal is irradiated by high fluences, the thermalization
takes a negligible amount of time and does not need to be taken into account®’. The second
factor, the free electron density is also considerably larger for ruthenium than for gold crystal
mentioned in the experimental example above.

Although normally the arguments above are satisfactory and the two temperature model
performs well, under some experimental conditions it appears to be necessary to include the
not thermalized electrons into the model though. This is achieved by adding another electronic
subsystem to the solid, which will represent the non—thermal electrons, but can be surprisingly
described by the Fermi-Dirac statistics (with higher temperature) as well. Such a procedure
is reported to enhance the functionality of the model to very low fluences, where probably no
desorption could take place [Lis06, Fan92].

Ballistic transport In general, the list of energy transfer channels mentioned so far is not
complete. Energy transport via ballistic electrons [Bro87] is the second often considered exten-
sion to the two temperature model. It applies especially if the energy from the optical pulse
deposited in the metal — and hence the highest electron temperature — is low. In such a case,
the thermal diffusion can not immediately compete with the electrons moving at Fermi velocity
(~10° ms~1) and ballistic transport may transfer considerable amounts of energy away from the
surface. Of special importance is this fact for thin films. One way to implement the larger en-
ergy deposition depth into the two temperature model is to rewrite the Equation 1.21 describing
optical excitation as the source term in the following way:
(1-R)-I(t)

_ . »—2/(6+0ba1) 1.2
S(z,t) 0+ oo e (1.27)

Here 6§y is the ballistic penetration depth, which is usually of the order of 100 nm for gold, but
comparable to optical penetration depth for d—metals like Ru [Hoh00]. This extension resolves
primarily the initial ballistic heat transport and does not account for later times, where the

30There is another (correct) interpretation of the Equation 1.26 consistent with the preceding explanation: the
lifetime of the non—thermal electrons depends on the density of states of the excited metal around the Fermi
level. As this is much larger in Ru than in gold, it will contribute to a faster thermalization as well.
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heat diffusion is more effective.

The existing 2PPE3! experiments on Ru [Lis04, Lis06] are very helpful to estimate the rel-

evance of the abovementioned corrections for our experiments that will be discussed later in
Chapter 6 as well. The photoemission is the ideal method to study the actual electronic dis-
tribution after an ultrashort pulse: after the sample is excited, the electron distribution can
be probed by a second ultrashort pulse with energy lower or approximately equal to the work
function of the metal. The energy distribution of the photoemitted particles provides a direct
information about the occupation of the hot electron states and thus an instantaneous ‘snap-
shot’ of electron energy distribution. The only drawback of this method is the limited laser
intensity that can be used for the excitation: the more intense pulses emit large amount of
electrons and the interactions within the charge cloud (space charge) would distort the image
of the true energy distribution in the substrate.
If the Ru(0001) crystal is excited by 0.6 mJ cm™2, up to 20 % of electrons are non-thermal at the
time delay of 100 fs after the excitation, which represents the largest fraction compared to any
other time instant. It could be also shown, that this fraction decreases with increasing fluence
and that the thermalization time follows the same trend (due to the overall higher energy of
excited electrons, as explained above). Extrapolated to the excitation density used in experi-
ments discussed in this thesis, the upper limit for the thermalization time should not exceed a
few tens of femtosecond. Together with the high ultrashort pulse induced temperatures in the
electronic subsystem (favoring diffusion over the ballistic transport) this justifies the assumption
of instant thermalization made in our model. The preceding experiments on Ru performed in
the same laboratory and aimed to test the liability of the described model further justify the
simplifications made in the modeling [Bon00a, Fun99].

1.3.3. Metal—-adsorbate coupling

The concept of temperature introduced to both substrate subsystems is very elegant and so far
quite intuitive. If one wants to discuss the coupling between the substrate and the adsorbate,
the probably most straightforward idea is to assign it its own temperature (T,qs) as well. It is
immediately clear from chemical kinetics that any thermally activated process (e.g. desorption)
with an activation energy F, will proceed with a rate similar to that expressed in the Arrhenius—
like form

R = yye FalknTuas (1.28)

and the question will arise, how can a single effective temperature of the adsorbate species be
derived from the knowledge of the temperatures in the substrate heat baths and how to express
the prefactor 1vy. In the following, the frictional approach introduced earlier (Section 1.3.1)
is applied, mainly due to the more natural inclusion of desorption induced by the phononic
subsystem into the model and also due to the expected lower vibrational excitation of surface—
leaving molecules, which keeps the adiabatic PES to be a good description for the actual state
of the system during the desorption.

Harmonic oscillator master equation

A good starting point for determining the effective adsorbate temperature based on the modeled
temperatures of subsystems in the substrate, is to consider them as coupled harmonic oscilla-

31 A brief and general introduction in two-photon photoemission spectroscopy can be found in Section 1.2.3 on
page 36.

o8



1.3. Dynamics at surfaces: energy transfer between substrate and adsorbate

tors [Mis95]. A formulation of the Fokker-Planck equation in the Markovian limit predicts the
temporal evolution of the probability P, of an oscillator being in state n as

dP, Ms

dt — ehw/ksTs _ ]

(n+1)e™/*5p, 40P, — (n+ 1+ ne/FTp, (1.29)

In this relation, Aw is the oscillator level spacing and ns the strength of the coupling between
the oscillator and the surrounding heat bath with an instantaneous temperature Ty (may be
non-adiabatic as well). In the limit n = 0 and Ty — 0 the equation is reduced to*?

dPy
= n P 1.30
dt i1 ( )

which shows that the coupling strength 7, can be related to the oscillator population lifetime 7
by 71 = 1/ns or alternatively to the homogeneous spectral line width (FWHM) of the oscillator
by hns = AE [Mis95|.

The average vibrational energy U, of the oscillator with respect to the zero point energy is given
by the weighted sum of level populations as [Mis95, Bud93]

Uy =hw>» nP, (1.31)
n=0

and therefore multiplying the Equation 1.29 by nhw and summing over all n yields for the
temporal evolution of U, (in the limit hw > kpT)3?

dau,

dt
with Us being the vibrational energy of the oscillator in equilibrium with its environment. The
vibrational energy distribution of either oscillator and its surroundings can be described with
Bose-Einstein statistics:

= *ns(Uv - US) (132)

@:M@M%ﬂ—gl (1.33)
The expression 1.32 is very similar to the rate equation of the first order chemical reaction. The
coupling strength, or friction coefficient 1 also has the dimension of s™' and a similar meaning
in the theory: it represents the rate constant of the process, in which the oscillator v attempts
to equilibrate with its neighbors but can do so only with a time constant of 7 = ! [Mis95].
If we now leave the general notation, the oscillator v can represent the adsorbed molecule and
surrounding s will be a subsystem of a solid. The expression 1.32 therefore presents the energy
transfer between the adsorbate and the substrate, taking into account the quantum mechanical
nature of the adsorbate vibrations. If the level spacing Aw in the system is small compared to
the temperature kgT', one can make use of the identity

) hw
et —1 BT (1.34)
and replace the vibrational energies with temperatures in 1.32. The two subsystems in the

substrate can be treated independently and obviously modify the adsorbate temperature in the
same way. The final expression for adsorbate temperature will thus read

dTads
dt
32We make use of the identity lims— 100 €”/(e* — 1) = 1 and limz— 100 1/(e® — 1) = 0. The limit could be

introduced also as hw > kpT', which is true for many real systems.

33Here, the rule > (n* +n)Pnot1 — 3, n?P, = — 3. nP, is applied.
n=0 n=0

n=0

= nel(Tel - Tads) + nph(Tph - Tads) (1'35)
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1. Concepts and models

Finally, a brief comment to the approach above — to treat the quantum mechanical oscillators
classically — is necessary. One has to be aware of the fact that some intramolecular vibrations
posses a significant level spacing hw that is even comparable to the kg7 term at high tempera-
tures. In such a case the Equation 1.32 has to be integrated and the expression for the adsorbate
temperature becomes more complicated. The reason for Equation 1.35 to be the standard for
evaluation of energy transfer is illustrated in the Figure 1.33, where the quantum mechanically
and classically calculated adsorbate temperature coupled to the heat bath evolving thermally
along the solid line is shown. The difference between those curves is quite modest and arises
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Figure 1.33.: A comparison between the quantum mechanical solution of the master equa-
tion 1.29 and its classical limit (kgT, >> hw) for a inverse coupling strength of ! = 355fs.
The solid line shows the input bath temperature profile used in the calculation which inter-
acts with the oscillator v for 0.5ps to reach either of the classical (dashed) or the quantum
mechanical (dotted) temperature evolution. Adopted from |Mis95].

due to a lower heat capacity of a quantum mechanical system (limited amount of levels) as
compared to its classical analog.

Nevertheless, neither this last correction to the substrate—adsorbate coupling offers the perfect
solution. The harmonic potential we assumed, is a satisfactory approximation only if the first
few vibrational states of the system are relevant, as it is the case in the desorption. A parabolic
well would namely never allow the molecule to leave the surface. Alternative approaches there-
fore include e.g. the solution to the Langevin equation [LunO6|, or temperature-dependent
friction [Bra95|, but their rigorous apparatus is aimed more to calculate the friction coefficients
from first—principles methods, than to explain the experimental data, whereas the treatment
presented here offers a very convenient way in a reasonable agreement with our observations.

Rate of the desorption process

Obtaining the adsorbate temperature, the first step was made, enabling us to use the rate
equation 1.28 which has been the goal of this Section. To find the definitive expression for
the desorption probability (or rate), it is equally important to know, how the prefactor vy
(“successful-attempt frequency”) can be determined from the available system parameters.

In its derivation, the Fokker—Planck equation is solved again in its classical limit, now formulated
in a way that allows to calculate the energy distribution function W (e, t) as [New91, Bra95|

0;: = nsge [6 <1 + Ts@)i) W} (1.36)
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1.3. Dynamics at surfaces: energy transfer between substrate and adsorbate

The solution is found within the boundary conditions: first, it is physically reasonable to assume
that in a harmonic oscillator picture the initial vibrational distribution is concentrated at the
bottom of the potential well, second, as the friction is normally small, Kramers low—friction
limit applies [d’A75, Bra95|. The detailed description of the steps leading to the mathematical
derivation of the rate formula can be found elsewhere [New91|, the physically important result
is, that the prefactor in Equation 1.28 is friction dependent

R = v(n)e Fa/knT (1.37)

which is in agreement with our interpretation of friction coefficient as being proportional to the
fluctuating and frictional forces acting between the substrate and the adsorbate that govern the
energy transfer within those two heat baths. The full rate equation obtained from 1.36 reads

—Ea/kpTads
Pdes — R(t) — nSEa & / B4ad (t)
kg Toas(t)

dt (1.38)

if the friction coefficient 7y is assumed to be time—independent. The measurable quantity,
desorption yield, can be consequently expressed as

Y:/R@ﬁ (1.39)

The friction coefficient 75 is supposed to express the coupling between an oscillator (adsorbate)
and the heat bath (either phonons or electrons). If the adsorbate would interact only with
the electronic subsystem, one could easily replace ns by 7. To include also the phonon—
adsorbate coupling, one can make a similar assumption as in 1.35 and treat both heat reservoirs
as independent. As their interaction is well described by the two temperature model, this
approximation is justified and one can make use of the Mathiessen’s rule and write [Ash76,
Wag06]:
R (1.40)
Teff Tel Tph
or

Ns = Neff = Nel + Mph (141)

The last equation is used in the present work to describe the coupling strength between each of
the two subsystems of the metal and the adsorbate. Both values 7 and 7,y can be obtained
from a fit to the experimental data and belong to the important results discussed in Chapter 6.

Two—pulse correlation: measuring the adsorbate—substrate coupling strengths

Ultrashort laser pulses offer the possibility to transiently increase the temperature of the elec-
tronic subsystem in a metal that can couple, as discussed above, to the adsorbate degrees
of freedom and transiently increase its temperature, which leads to a higher desorption rate.
However, the electronic subsystem is only hotter than the lattice vibrations for usually ~1 ps.
Obviously, the possible higher desorption rate in this short time interval cannot be measured
directly, as the molecule will hardly move more than a few nanometers during this time, so even
though it is on the way to desorb, it will still feel the attractive potential from the surface. The
usual measurable quantity is the desorption yield as defined by Equation 1.39. In this value all
temporal information is seemingly lost (summed up in the integral).
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1. Concepts and models

One way to extract it from the yield though is to employ the two pulse correlation experimental
scheme [Bud91]. Here, the pulse is divided into two (unequal) parts that reach the sample with a
defined delay. The temperature evolution of either subsystem during a pulse sequence is shown
in Figure 1.34 (left). Due to much higher heat capacity and less effective heat transport in the
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Figure 1.34.: Two-pulse correlation principle. Two unequal pulses (41 and 56 .J m~2) reach the
sample and create a transient thermal imbalance between the electrons and the lattice at the
sample surface (left). Due to the slower cooling of the phononic heat bath the temporal delay of
the pulses within several picoseconds does not influence its maximal temperature, which leads
to a broad response of the yield measured as a function of the pulse—pulse delay (right).

lattice, its cooling is slow, so that delays of several picoseconds do not influence the maximal
temperature of this bath considerably. The maximal temperatures of electronic subsystem are,
in contrast, very sensitive to delays of several hundreds femtoseconds, as can be guessed from
the total width of the first peak showing the surface temperature of the electronic bath after
the first pulse has arrived. Thus, if an adsorbate would be coupled entirely to the lattice heat
bath, its desorption rate, proportional to its temperature, would not change considerably either
in a wide range of delays. The measured desorption yield, plotted as a function of the temporal
pulse—pulse separation would show a shape displayed in the right part of the Figure 1.34 with a
FWHM of typically several tens of ps. A fully electron driven desorption would show a different
yield-delay correlation: the maximal adsorbate temperature (and hence desorption rate) would
be reached only if the two pulses are almost overlapping, which implicates a very narrow curve
with FWHM of ~1 ps as indicated in the Figure 1.34.

In reality, the adsorbate may also interact with both subsystems so that neither of them
can be fully neglected. Two—pulse correlations with FWHM of a few tens of fs are usually a
typical example of such a coupling. From the fit to the obtained data, following the procedure
described above, one can extract the friction coefficients ne and 7y, that are of similar size
and the coupling times that are larger than the electron—phonon equilibration time. In such a
situation, additional information is necessary to decide on electron or phonon mediation [Fri06].
Additionally, experiments on CO/Cu(100) show, combining a two—pulse correlation measure-
ment and REMPI (Resonance enhanced multi-photon ionization), that even within one adsor-
bate system different desorption pathways can be followed [Str96]. Depending on the frictional
coupling estimated empirically, the leaving molecules exhibit different energy partitioning into
various degrees of freedom.
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1.3. Dynamics at surfaces: energy transfer between substrate and adsorbate

It is important to stress here that even if a reaction is mediated by hot electrons and shows
a significant rate enhancement only during a short time, this is not only a result of transiently
elevated temperature in this subsystem, which would have nothing to do with a desorption
under normal conditions. At lower temperatures namely, the hot electron levels are populated
as well, only with a much lower probability. If one compares the Fermi-Dirac distributions for
300 and 3000 K at approximately 0.8eV — which would correspond to the hot electron tail in
the latter situation — it can be seen that the probability of finding an electron in this level for
the colder sample is approximately 1 x 10'? times lower. Multiplying this probability by the
available time for desorption (1 x 107!2s in the hot-—electron scenario) shows that the reaction
probability on the realistic time scale (1s) remains the same and although the electronic energy
transfer channel is much ‘narrower’ under real conditions, it can be active as well.

Finally, in a two—pulse correlation, several special cases might occur that should be only
briefly mentioned in this context. In the preceding sections, it has been assumed that the light
is first absorbed by the metal and transferred into adsorbate via the frictional coupling. How-
ever, theoretically the adsorbate can absorb photons as well and desorb without an interaction
with the substrate heat baths. In such a case, the two—pulse correlation should have a width
comparable to the pulse duration, which is typically ~100fs. Another option recognizable in
this setup appears, if the low—energy vibrational modes of the adsorbate are excited and decay
with a time constant comparable to the lattice cooling. This is visible in the two pulse correla-
tion as wings on the corresponding time scale [Fri06].

From all mentioned cases, it is clear, how powerful this experimental scheme is in evaluating
the nature of the desorption process. After giving its main idea in the present Section, its
experimental implementation will be described in Section 3.2.2 in a more detail.
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2. Experimental setup

After the first Chapter tried to convey the experimental ideas, the following Chapter makes the
consequent attempt: it invites the reader to understand the way we look at them. First, the vacuum
system used to reduce the complexity of the investigated phenomena is introduced. Further on, the
femtosecond laser system is presented as the main tool and its main characteristic, that are of crucial
importance for the experiments discussed later are presented. These two separate devices create the
‘backbone’ of the experiment and all experimental innovations and experimental methods introduced
in the next Chapter can be to some extent seen as the extensions of their functionality. To provide
the essential information about the optical and vacuum part of the setup is therefore the main goal
of this Chapter.

2.1. Ultra high vacuum system

All experiments presented in this thesis are performed in the ultra—high vacuum (UHV). Al-
though this is not necessary for the SFG—spectroscopy, it is probably the only way to keep
the investigated surfaces clean and well defined [Ert94]|. Moreover, valuable information can be
obtained by employing the retarding field analyzer introduced later in the Section 3.4, which is
based on the direct electron detection possible only in the UHV. The resolution in the desorption
yield measurement is also greatly enhanced in vacuum, as will be clear from the Section 3.2.2.

Base pressure below 10710 in the chamber allows to neglect coadsorption of any contaminants
from the surrounding environment!. Such high vacuum is achieved by pumping a stainless—steel
UHV chamber with a serially connected membrane pump (creates vacuum of about 1 mbar) and
two turbomolecular pumps. To accelerate the pumping process, the chamber is heated to 130°C
for at least 24 h (bake—out) after each venting, in order to promote desorption of (mostly) water
from the chamber walls. The pressure evolution is recorded by a Bayard—Alpert ionization
pressure gauge, working in the pressure range between 10™* and 10~ mbar. Typical residual
gas spectrum before an experiment is shown in Figure 2.1.

The residual gas spectrum is a kind of finger print of a specific chamber with its own equip-
ment and used for a certain experiment. The typical vacuum gases like H,, H,O, CO and CO,
are present in every UHV chamber either due to their continuous gas desorption from metal
filaments (usually contaminated with traces of carbon) used in the experiment, or due to the
large surface area of the chamber walls, where water vapor with a high adsorption energy can
adsorb while the chamber is opened. Some of the peaks in Figure 2.1, however, do not belong
to those easily distinguishable species. As an example, mass 19 is fluorine, which arises due to
the electron induced desorption from the rod system that is cleaned by the hydrofluoric acid
in the manufacturing process. Similarly, the traces of mass 20 are a result of the long—term
chamber exposure to the D,O vapor, as the water dosing system is extensively passivated by
D, 0O every day to assure isotopic purity of the adsorbate. The unusually high signal of atomic
oxygen (mass 16) can be attributed to the fact, that the Ru crystal is prepared in the oxygen

LAt this pressure, a monolayer of molecules would adsorb on the surface after a time longer than 2.5h, even if
the sticking probability is 1.
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Figure 2.1.: Typical residual gas composition in the SFG chamber.

atmosphere every day, therefore electron induced desorption of O from chamber walls can be
expected as well.

The chamber is equipped with a standard set of surface—science tools. To increase the par-
tial pressure of selected gases inside, commercial leak valves are used. Two customized pinhole
dosers, that can be moved close to the sample face, support controlled adsorbate dosing by
increasing the pressure locally through a 5 pum diameter pinhole and allowing to dose the UHV
poisoning gases like D,O or CO without affecting the quality of the vacuum. They have been
developed by the previous coworkers and are described in detail in several publications [Fun99|.
For coverage estimations and femtochemistry measurements, a Balzers (Inficon) QMG-421
quadrupole mass spectrometer has been employed, however the partially customized electronic
circuits used to readout the data differ substantially for both kinds of measurements (for details
see Section 3.2). Another mass spectrometer with the ionization volume embedded in a Feulner
cup [Feu80| allows to measure partial pressures of selected gases with a very high sensitivity,
however, it has been not employed for water measurements due to the risk of isotopic water
contamination in the closed volume of a cup. Its detailed description can be found in previous
thesis work [Den03a].

Retarding field analyzer developed within the framework of this thesis and described more thor-
oughly in the Section 3.4 is used to detect kinetic energy of electrons leaving the sample after
photoionization.

Another device connected directly to the chamber is a sputter gun, providing high kinetic en-
ergy Ar' ions, that can be employed to clean the sample surface. A general overview over
the geometrical arrangement of the above—mentioned components offers Figure 2.2. It partially
illustrates the possible optical paths of employed laser beams (discussed in Section 2.2) as well.
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Figure 2.2.: A top view on the two optical levels of the SFG chamber. It has a cylindrical shape
with two concentrical optical stages. On the left side the preparation part is depicted, the right
side is an illustration of the chamber part, where all measurements explained below take place.
Instruments are attached to ISO-CF flanges in the same geometry as shown here.

2.1.1. Sample mounting and manipulation

The most critical component in the vacuum is the sample holder. It not only allows the moving
and rotating of the Ru(0001) single crystal under UHV conditions, but also makes possible
the heating of the sample to more than 1650 K and simultaneously can act as a cold part of
a liquid He cryostat, achieving temperatures as low as 40K, all in a well controlled fashion.
The lower part of the sample holder designed on the very beginning of this thesis is shown in
Figure 2.3. The mounting point of the sample holder is a commercial continuous flow cryostat
(Janis research Supertran system, model ST 400) equipped with electrical feedthroughs for high
voltage, DC line voltage and thermocouples. It is mounted to an XYZ manipulator operated by
a computer controlled step motor device. A differentially pumped rotational stage makes further
possible to rotate the sample to any required direction in space. The cryostat is terminated
by a copper head, where the cooled components are attached. A specially shaped Cu block is
highly polished and connected to the cryostat head with the largest possible contact area. Its
bottom part can be seen as the middle post of the sample holder in the Figure 2.3. Since the
cryostat is always connected to the ground, in order to keep the possibility to set the sample to
a defined potential two additional symmetrical copper blocks are attached to this middle part,
both electrically isolated by a sapphire plate that is a poor electric but good heat conductor
at low temperatures®. The only electrical contact between these blocks is established through
the Ru sample, which is held by two Ta wires clamped to each side of the sample holder. The
folded wire shape aims to buffer the strain imposed on the crystal during the heating |Yat97|.
Allowing the current to flow through the wire via thick copper feeds connected to external power

2The volume resistance of a sapphire crystal exceeds 10** Q cm and thermal conductivity is 42 Wm™! K~! at
20 °C. This corresponds to a material with the thermal conductivity comparable to steel or lead, but with the
electrical resistivity of rubber or glass.
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Figure 2.3.: The Ru(0001)-sample holder: front and side view. The middle copper finger is
an extension of the cryostat, two symmetrical copper blocks are electrically isolated from the
middle part by sapphire plates. The Ru(0001) crystal is held by two Ta wires, which are used
to heat the crystal as well. Two thin thermocouple wire pairs are spot—welded to the crystal as
well. Behind the crystal thin filament for electron beam heating is placed and shielded.

supply , the sample can be heated up to 1000 K in a well controlled way. Behind the sample
a shielded filament is placed and is used for the fast sample heating (“flash”) to much higher
temperatures®. This is achieved by the electron impact on the sample that is grounded and in
close vicinity of the filament heated by a current of 3.14 A and set to a negative potential of
typically —1000 V. Due to the large electric fields in the chamber during the filament operation
this type of heating is used only for sample preparation purposes.

The actual sample temperature is measured by two pairs of type K thermocouples that are
spot—welded to the side of the Ru crystal. As the Kapton insulation of the thermocouple pair
is not stable at temperatures above 700 K, large part of unprotected wire is kept apart from
metallic parts of the sample holder in the ceramic tubes.

2.1.2. Ru(0001) surface cleaning and preparation

Only a clean and well defined surface is a suitable support for the crystalline adsorbates
and allows to understand the investigated processes without introducing too much complex-
ity into the system of interest. For the crystal preparation established procedures have been
followed [Mad75, Mus82, Den03a, Wag06|, whereas the initial preparation of a freshly cut Ru
single crystal differs from the everyday cleaning procedure.

3 Although very high sample temperatures are achievable, the upper limit in the presented setup is 1530 K, which
corresponds to the melting point of the type K thermocouple considering its typical tolerance as well.
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Initial preparation

The Ru sample (2mm thick, 8 mm diameter) is cut from a single crystal rod and consequently
polished to an orientation accuracy of <0.5° with the diamond grains of the size down to 0.25 pm
to the mirror quality. According to Auger electron spectra (AES), the usual impurities found in
ruthenium single crystals are carbon, sulphur and oxygen [Mus82|, the freshly cut crystal can
be additionally covered by the remains from the polishing procedure. All contaminants can be
removed in a cycle consisting of three steps:

(i) The sample is sputtered by a beam of Ar" ions accelerated to the grounded sample by a
potential difference of up to 3000 V. The sputtering current i.e. the ion flux reaching the
sample amounts to several tens of pA. The beam diameter is larger than that of the sample
and the crystal is moved during this process to assure the best possible homogeneity in the
surface ablation degree. One cycle lasts for approximately 20 min, the argon background
pressure is 2 x 10~° mbar.

(ii) Heating the sample to 1250 K in the oxygen atmosphere (O, pressure in the chamber
background amounts to 2 x 10~7 mbar) for circa 20 min leads to the oxidation of impurities
that are consequently desorbed, as the desorption temperature (Tges) of corresponding
oxides is much lower than the Tges of carbon or oxygen and well below 1000 K. The
temperature is chosen such that it is slightly below the maximum oxygen desorption
temperature as well to support the sticking and diffusion of the O—atoms on the surface.

(iii) Annealing the sample to 1700 K leads to surface healing and to oxygen removal [B6t99].
The RuO, that covers ruthenium after exposing it to the O, atmosphere decomposes
at this high temperature. The sample temperature is followed by an external pyrometer,
whose accuracy has been tested in the lower temperature range by comparing the indicated
temperature to the value measured by a thermocouple pair or to a known settings of the
electron beam heating.

These steps are repeated until no traces of contaminants are present in the AES or until a
desired characteristics (mostly its unique shape) of a CO thermal desorption spectrum (TDS) is
achieved, since this is the most sensitive measure of surface cleanness and quality [Kos92, Pfn83].

Routine crystal cleaning and preparation

One of the usual problems one meets in the surface science is to keep the surface clean under
experimental conditions. To remove traces of oxygen that is present in traces in residual gas
from the surface, a frequent heating of the sample is required. However, one drawback of this
procedure is the constant migration of the contaminating carbon from the Ru bulk to the surface
at elevated temperature [Shi08]. The carbon Auger peak at 2746V further overlaps with the
ruthenium signature at 272 eV, therefore it is hard to determine the exact amount of C present
on Ru surface by this method every day. As a consequence, the daily preparation routine differs
from the initial preparation only in the intensity of performed steps:

(i) The Ar™ sputtering is performed with lower ion currents, typically 5pA. For 20 min
the sample is sputtered by ions accelerated by the 0.5kV voltage difference at least at 7
different positions. Ionized is the Ar gas from chamber background, where its pressure
is set to the value of 1 x 107° mbar. Both, pressure and acceleration voltage are chosen
such that the ion beam diameter is larger than the whole sample in order to avoid beam
focusing that could destroy the homogeneity of the crystal face.
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(ii) The heating time of the sample in the oxygen atmosphere is reduced to 10 min. The back-
ground pressure of 2 x 10~7 mbar is maintained during that time, as it provides sufficient
sticking and hence reaction (impurity oxidation) probability. The temperature used in
initial preparation is kept as well.

(iii) Due to the lower melting point of the type K thermocouple the sample temperature must
not exceed 1530 K. Although other thermocouple pairs are capable of measuring higher
temperatures as well, their accuracy in the temperature range below 100K is often poor.
However, at this temperature complete oxygen desorption from Ru can be observed and
the heating to even higher temperatures is normally not necessary. A short flash heating
is regularly followed by means of TDS to control the oxygen desorption. Such a step
presents the last point in the Ru sample preparation.

2.1.3. Ice layer preparation

Water molecules adsorb on a clean ruthenium surface below 185 K, at temperatures lower than
~170K they are already able to form multilayers. As the phase diagram of ice is rather com-
plicated and its mobility is due to the strong hydrogen bonding considerably limited (diffusion
is frozen below 120 K), very well defined conditions are required to prepare a selected ice struc-
ture reproducibly. Moreover, water on a metal surface is extremely sensitive to the traces of the
usual UHV contaminants such as hydrogen or oxygen [Doe82|, in the case of D, 0O, traces of H,O
can affect its intact growth as well. In the following, the adopted standard ‘recipes’ for D,O
ice layer preparation are therefore introduced and are strictly followed in the everyday routine.
This introduction is, however, not intended to be exhaustive and for a deeper explanation of
the water—metal interaction the reader is referred to the Section 1.1.3.

Water dosing system To ensure the highest purity of dosed gases, a gas system has been
developed with a separate dosing line for D,O, HyO and other gases. To minimize the possi-
bility of adsorbate contamination from the chamber background, experiments with both water
isotopes have even been carried out on different days if possible.

The water (>99.999 % isotopic purity of either isotope) is purchased in a sealed glass bottle of
1ml volume. This bottle is cleaned, put into a glass tube with an ISO-CF DN16 flange adapter,
connected to the gas system and pumped, until a stable pressure well below 1 x 1072 mbar is
reached. After that, the evacuated tube can be closed and disconnected from the system. Under
vacuum the small bottle is crack—opened and connected again to the gas system.

As the glass tube is not constantly evacuated, but frequently in use for several months, even a
small leak well below our leak—check detection limit could contaminate the water inside. There-
fore, on an everyday basis the D, O glass is immersed in liquid nitrogen, frozen and consequently
pumped until the vapors have reached the pressure of 1 mbar. This process is similar to distil-
lation: until the water in the glass is in its solid state, the possible traces of other atmospheric
gases (O,, N,) can be removed. Their solubility in solid water is — compared to the liquid state
— also greatly reduced. If the contaminating gases are present in the glass tube, the recorded
pressure in the gas system with frozen water first increases, but after reaching ca. 0.6 mbar it
decreases again and rises once more only when the water starts to sublimate. Normally, this
freeze—thaw—pump process was repeated three times, or until the mentioned initial increase
could be observed.

In the next step, the stainless steel walls of the dosing system were passivated. For this purpose,
the D,O was injected into the chamber on the same way as during the dosing, but at a lower
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total pressure and for a limited time. The isotope ratio between the detected H,O and D,O
was checked by the QMS and usually after an hour it has converged to the value related to the
cracking pattern of a pure mass 20, which was a signal that the water in the system is highly
pure and can be dosed.

Crystalline ice layers preparation The Ru(0001) single—crystal, continuously cooled by liquid
helium, is first flashed to 1530 K to desorb any impurity. While the sample is cooling down,
its temperature is set to stay at 155K using resistive heating and a PID controller (Lakeshore
340). At this constant temperature the crystalline ice layers are grown by dosing D,O at
rates lower than 2 BL/min via the passivated pinhole doser®. Usual dosing time under these
conditions does not exceed 6 min. Immediately after this time has elapsed, the sample heating
is switched off and the manipulator transfers it to the SFG position, with the face turned
towards the QMS. In the next step, the ice layer is annealed by heating the crystal to 160 K
for ~5s, which yields a compact, crystalline ice layer [Gah04]. A TDS is used to follow the
water desorption during this process, as the vapor pressure of crystalline and amorphous water
differ significantly at this temperature. The amorphous domains, possibly still present in the
ice layer, will either crystallize or desorb, which leads to an initial spike in the isothermal TDS.
After that a signal at a constant level is only recorded, which is attributed to the desorption of
a perfect crystalline structure [Haq07]. As will be discussed later in Chapter 4, the SFG spectra
are very sensitive to the actual ice structure and the quality of the crystalline phase can be
hence recognized immediately. Together with a TDS, these are two independent ex post checks
of our preparation procedure.

The preparation of a single ice bilayer is derived from the procedure above. All the steps
are exactly followed, the only change in the procedure consists of a longer annealing time. At
160 K, the crystalline ice multilayers desorb with a low rate and the desorbed amount can be
followed simultaneously by the QMS. If its signal converges to zero, all molecules from the ice
multilayer are desorbed, but since the binding energy of the D,O molecules in the first bilayer
is higher, this layer remains intact. Again, a reliable check of a perfect monolayer provide the
TDS and SFG, the latter method being especially sensitive due to the intense free OD stretch
appearing immediately at coverages larger than 1 BL (see Chapter 4 for more details).

Amorphous ice layers preparation Normally, the amorphous ice was prepared by dosing the
water onto the Ru(0001) crystal below 50K and at higher deposition rates [Haq06]. This
procedure yields a porous solid [Ste99]. In the measurements discussed in the Chapter 4, a
compact amorphous ice is also investigated. This was prepared by dosing D,O in the same way,
but at 120 K.

Despite the large effort put into the preparation, the actual water coverage in the experiment
can vary slightly (£5%). Therefore, it is always determined from an integrated TDS taken after
every single measurement.

4Due to the arrangement of the instruments in the chamber, this ratio is not exactly 0.25 as expected for the
cracking pattern of D,O, but usually higher, as the dosed molecules do not reach the QMS directly, but may
first interact with the chamber walls. A TDS from the water adsorbed on the clean Ru(0001) sample from
the doser passivated in the procedure above shows no peak at the mass 17, corresponding to the OH fragment
characteristic for a possible isotope contamination.

5Dosing at higher temperatures is preferred over dosing an amorphous film and consequent annealing, as the
resulting layer in the latter case could still contain fractions of amorphous phase [Doh00, Dev95].
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2.2. Femtosecond laser system

It would hardly be legitimate to begin the title of this thesis with the word “Ultrafast”, if the
described investigations would concern mainly effects lasting more than several picoseconds.
An established way — widely developed in the last 20 years — to follow such a fast dynamics
is based on the interaction of matter and the light provided by a sub—picosecond laser system.
And indeed, the investigation of the ultrafast energy transfer between the substrate and an
adsorbate (Chapter 6) as well as the highly nonlinear effects enabling us to follow the interface
structure of ice (Chapters 4 and 5), both require very short pulses with a high peak intensity
to be at least realizable.

In the first case, such a pulse triggers the desorption and its limited temporal width allows to
resolve the coupling of the adsorbate to surface electrons, which equilibrates with the system’s
phonons on a timescale lower than ~1 ps. High intensity is needed to deposit enough energy in
the metal layer that reflects most of the light. A closer explanation of those phenomena was
discussed in the Section 1.3.3.

In the second situation, only ultrashort UV and IR-pulses provide the possibility to map
the vibrational dynamics of ice, which is extraordinarily fast due to the exceptionally efficient
coupling of single water molecules within a hydrogen—bonded network. As the Fourier transform
indicates, short pulses are spectrally broad and can be conveniently used in the spectroscopy
covering a larger wavelength region of interest. The large number of nonlinear effects exploited in
the generation of those pulses, together with the nonlinearity of the SFG process itself demands
high intensities achievable only in a ultrafast pulse.

For those reasons, this Section will serve as a guide through the employed laser system and
accent several points important for the experiments described later. A general scheme showing
the most important parts of the laser setup is shown in the Figure 2.45. To describe its parts
in detail and explain it is the aim of the next paragraphs.

800 nm
o 0.5 mJ, 400 H
80 1(\3/?1—1fs ~100 ps .reglzne’ratlve ’
’ amplifier 527 nm
a0, [P ] 14md
two Pass 400 Hz
Ti:Sa amplifier
oscillator
100 fs
800 nm
400 Hz

Figure 2.4.: Overview of the most important components in the laser system employed. The
chirped pulse amplification technique is illustrated and pulse parameters at its every stage are
listed.

5The way it is embedded in the SFG setup is discussed later in the Section 3.2.3 and shown as Figure 3.9. Other
exploited beam paths can be derived from it, therefore it can be regarded as a representative one.
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2.2.1. Generation and amplification of ultrashort 800 nm laser pulses

As can be seen from the Figure 2.4, the generation of intense, ultrashort 800 nm pulses is based
on the commercial Ti:sapphire oscillator (Vitesse; Coherent, Inc.) that seeds the amplifier
chain (Quantronix—Titan II-amplifier; Quantronix, now Excel Technology Europe, GmbH.)
consisting of a regenerative and a multipass amplifier, both being pumped by a synchronized,
pulsed Nd:YLF laser. The setup is a slightly modified version of the arrangement developed by
the Quantronix corporation, described in the reference [Fu97|.

Ti:sapphire laser is the most widely used solid—state laser, which is mainly due to its re-

markable and unique properties — simple electron structure (3d" configuration of the Ti®*" ion),
very broad fluorescence (670-1070 nm) and absorption band that peaks around 490 nm [Koe03,
Mou86]. The first fact eliminates the possibility of excited—state absorption, which reduces the
efficiency of other transition—metal doped lasers. The light emitted from a Ti:sapphire crystal
will also not be reabsorbed there because of the large spectral separation of the two bands.
The broadband fluorescence spectrum allows the generation of extremely short pulses, as will
be shown later and absorption maximum around 500 nm opens the possibility to pump such a
laser with an argon gas or a frequency—doubled Nd:YLF laser. The host material sapphire itself
possess many advantageous properties — very high thermal conductivity, chemical inertness,
mechanical stability and high damage threshold.
In this system, Ti:sapphire is not only the lasing medium but is used in the amplification stages
as well. Here, the pulsed and synchronized Nd:YLF is the laser of choice due to its very long
fluorescent lifetime (480 ps). Pulsed pumping is preferred because of the comparably short fluo-
rescence lifetime of Ti:sapphire (3.2 ps), which results in a small product of stimulated emission
cross section times fluorescence lifetime (o7f). Usually, the output of the Ti:sapphire laser is
centered at 800 nm, where the amplification gain reaches its maximum.

Generation of fs—pulses

Having introduced the Ti:sapphire laser, its ability to produce ultrashort pulses should be
discussed in a more detail. In fact, this type of laser is able to produce the shortest pulses that
have ever been achieved in a solid state laser or from a laser oscillator at all [Mor99, Bra0o0].
However, to generate pulses of 4.8 fs length [Mor99, Sut99], i.e. less than two periods of light
and approaching the limit of 3.7 fs, where the pulse duration converges to the light oscillation
period, a lot of effort is required and it already is a separate research field. Interestingly, all those
achievements have been accomplished by a more sophisticated design of the laser cavity, but the
principle of the ultrashort pulse generation remains the same — the passive or self mode—locking
in the Ti:sapphire crystal, which is also used in our system as well.

Mode—locking 1In a laser resonator of length L, many frequencies can oscillate independently.
The spectral width of such a laser beam is limited only by the gain bandwidth of the correspond-
ing lasing medium, which can be — as in case of Ti:sapphire— very large. To satisfy the condition
for a standing wave inside of the laser cavity, the separation of those frequencies (modes) has
to be Av = ¢/2L. In practice, the L is typically 1m, so the frequency spacing amounts to
approximately 0.15 GHz. Now, considering the typical 100 fs laser pulse with a corresponding
bandwidth of 4.4 THz (a wavelength range of 10nm around the central frequency of 800 nm),
one can easily calculate, that almost 30000 modes oscillate independently in the cavity. The
output signal consists of their mutual interference pattern, that has no regular temporal struc-
ture, the intensity is averaged over the time and the laser is said to be in a cw (continuous
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wave) mode.
This situation would change dramatically, if one could force the modes to oscillate in a fixed
phase, so that their interference concentrates all the power to a single coherence spike repeating
with a period corresponding to the cavity round—trip time ¢t = ¢/2L [Fre95]. This situation is
illustrated in the bottom part of the Figure 2.5.

Several techniques have been developed to achieve a fixed phase between the cavity frequen-
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Figure 2.5.: Bottom: The idea behind the mode locking technique is to fix the phase of the
individual cavity modes oscillating at frequencies separated by Av = ¢/AM\ so that their con-
structive interference results in a single, temporally short intensity burst. Top: The scheme of
the soft aperture Kerr—lens mode—locking, the employed method to achieve the phase—matching.

cies, the shortest pulses are, however, achieved by the technique called Kerr-lens mode-locking
(KLM). Its special type, the soft-aperture KLM, employed in our Ti:sapphire oscillator shall
be explained in the next paragraph.

Kerr—lens mode—locking Although several sophisticated methods of altering the properties of
laser cavity to obtain ultrashort pulses have been developed, paradoxically, the most reliable
way to achieve the mode-locking is to ‘let it happen’ — the only thing that is required is
a right medium inside the cavity. This is the reason, why this type of mode—locking is often
called passive or self-starting. In the resonator, small laser field strength fluctuations are always
present either as a consequence of the quasi—stochastic cavity mode interference process, or they
can be induced, e.g. by a short mechanical impulse given to the end mirror of the resonator. If
the pumped cavity medium can absorb (attenuate) more the less intense parts of the laser field,
then only the transmitted stronger components will be amplified. The situation in the resonator
is a simple one: the absorbed weak intensities can not participate in inducing the stimulated
emission from the population—inverted laser medium, whereas the transmitted strong intensities
will be coherently enhanced due to this process. This allows their intensity to increase further
until only the initial strong field fluctuation (mode) oscillates in the cavity and the resonator
will mode-lock itself.

In the soft aperture mode—locking this is achieved by exploiting the nonlinear optical Kerr
effect in the Ti:sapphire crystal. The phenomenon causes the material’s refractive index to be
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dependent on the intensity of the light passing:
n(w, I) = no(w) + nol(w,t) (2.1)

Similar to some other nonlinear effects discussed in Section 3.1 this situation arises from the
anharmonic motion of bound electrons in a medium under the influence of an intense propagating
field [Fre95|. Given a Gaussian beam profile inside the resonator, the intensity—dependent
refractive index effectively acts as an intensity—dependent lens. As this electronic response is
virtually instantaneous, it only affects the beam that has induced it, so that the strong pulses
tend to be focused more than the weak ones. If additionally the diameter of the pumping beam is
smaller than the beam spontaneously emitted by the Ti:sapphire crystal (or possess a Gaussian
intensity distribution), as shown in Figure 2.5, the stronger focused, more intense laser pulse
will encounter a better overlap with the pumping beam as the rest of the modes. Repeating this
process will consequently mode-lock the beam in the resonator. In this way, the Verdi diode
laser pumped Vitesse oscillator system can achieve 60fs long pulses with a repetition rate of
80 MHz and a spectral width of 35 nm. One general problem in creating even shorter pulses lies
intrinsically in the Kerr—effect: in a simple picture, if the refractive index is changed in time as a
function of the passing laser field intensity, the speed of light in the medium changes as well and
alters the phase delay in the beam in a similar nonlinear way as the optical intensity changes
(this phenomenon, so—called self-phase modulation is, however, too special to be treated in this
context). To compensate for this effect resulting in a temporal chirp of the laser pulse, special
chirped mirrors and other elements are used in the resonator.

It should be also noted that not all modes have to be phase—locked in a resonator, in fact,
such a situation can hardly be achieved. However, the pulse length depends on the number of
modes N locked in the laser cavity via the expression

o'
At = 2.2

NAv (22)

where the constant o = 2In(2)/7 = 0.441 for a Gaussian pulse. For a sech? pulse’ fre-

quently used to describe the ultrashort pulses, the constant @ = 0.315. This relation, the
time—bandwidth product, shows the lower limit for the duration of a mode—locked pulse in a
situation, when a single frequency is phase—locked in the resonator [New83|. In the literature,
such pulses are denoted as bandwidth—limited. Put in other words, this limit is reached, when
the pulse duration approaches the oscillation period of light from a given source. For a general
overview where the frontiers of ultrafast pulse generation currently are, please refer to the recent
review [Kra09].

Amplification of ultrashort laser pulses

Unfortunately, the ultrashort laser pulses are difficult to amplify mainly due to their high
peak intensity that imposes severe restrictions on the choice of the optical components (mainly
amplifier crystals) and greatly limits their lifetime. Moreover, nonlinear effects, such as the
optical Kerr effect, but also other intensity—dependent phenomena like self-phase modulation,
gain saturation or supercontinuum generation, could seriously distort the beam profile and the
pulse structure. A way to circumvent this problem is to temporally stretch the pulses in a
controlled way and to compress them again after their amplification. This method, the chirped
pulse amplification [Bac98|, is widely used and its particular application to our setup can be
seen in Figure 2.4.

"Fitting the data to the hyperbolic sechant, the temporal intensity distribution in the form I(t) = %sech2 (%)
is assumed, with sech(x) =

eX4e—X"
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Stretcher The output of the Ti:sapphire oscillator is first sent to the grating stretcher, where
a linear temporal chirp is imposed on the pulse by a strongly dispersive element — the grating
pair. To avoid all the problems mentioned above, pulse lengths of almost 1 ns are usually created
in this first step.

Oscillator pulses, stretched to 100 ps in our case, are amplified in the amplifier chain in two
steps. Firstly, in a regenerative amplifier (Quantronix 4810 Ti:Sa RGA) that produces a very
high gain, but as will be shown later, due to its construction it produces a lot of parasitic
reflections and an additional linear chirp. Secondly in the two—pass amplifier that provides
optimal pulses, but becomes hard to align if the number of passes through the gain medium is
high. The first stage of the pulse amplification is illustrated in the Figure 2.6.

Regenerative amplifier

~
Pockels
lens Ti:Sa TFP cell PD
Nd:YLF — T
mirror mirror
J
4 DTS DR
Pockels Faraday
cell rotator TFP A2
1 |
two-pass | N[ [ L] X ! |
amplifier N\\—‘/W )
are”  TFp TEP | OUeteher | ppp
_

Stretcher & pulse-picker

Figure 2.6.: The first amplification stage of the employed laser system is shown. The dark—
red pulses mark the path of the oscillator pulse to the stretcher and continue on the almost
same way to the regenerative amplifier. Here, the red pulses depict the amplified beam that
continues further to the pulse—picker: a Pockels cell placed between two crossed Glan—Thompson
polarizers.

Regenerative amplifier If the output intensity from an oscillator is not sufficient for an experi-
mental purpose, the probably most straightforward idea how to amplify it is to let it pass through
a similar cavity as the one used for its generation — to re—generate the pulse — although in this
step a higher total intensity can be achieved due to its longer duration. However, all amplified
light should become accessible and no light should remain in the resonator as it is necessary in an
oscillator to maintain the mode-locking. Such a regenerative amplifier [Bad85, Vai90, Wyn94],
frequently used for amplification of laser pulses with a low repetition rate is schematically de-
picted in the Figure 2.6.

An optical resonator containing the Ti:sapphire crystal is pumped by a part (~ 35 %; 5mJ)
of the frequency—doubled output of the Nd:YLF laser. From the other side, the horizontally
polarized light® from the oscillator will enter the cavity and be reflected on the thin film polarizer.

8Polarized parallel to the propagation plane constituted by the beam and its reflection and is often denoted as p—
or m—polarization. A beam with a polarization perpendicular (German: senkrecht) to this plane is conventionally
named as s— or o—polarized.
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2.2. Femtosecond laser system

The next element it passes is the Pockels cell. This device consists of a nonlinear crystal,
KD*P, that changes the phase delay between the perpendicular electric field components of
the transmitted light wave, depending on the applied voltage, and a set of electrodes. By
applying a suitable voltage, the Pockels cell can act as a voltage controlled waveplate. If no
voltage is applied on the crystal, the light is transmitted unchanged and is finally reflected out
of the resonator by the polarizer without reaching the Ti:sapphire crystal. As our goal is to
achieve pulses with high intensity in every single pulse, the repetition rate of the seed oscillator
(80 MHz) is too high, since the total gain achieved in an amplifier system would be distributed
among many individual pulses. Therefore the majority of the oscillator output is blocked in the
regenerative amplifier in this way and only pulses with a frequency of 400 Hz are intensified.
This is achieved by synchronizing the voltage of the Pockels cell with the oscillator trigger signal
downscaled in a divider. A similar synchronization adjusts the timing of the Nd:YLF laser, so
that with a frequency of 400 Hz the Ti:sapphire crystal in the cavity of the regenerative amplifier
is pumped and simultaneously the polarization of a pulse from the seed is changed in the Pockels
cell by two times \/4 and it is therefore not immediately rejected from the resonator. These
pulses travel through the population—inverted crystal and gain intensity. On the other hand, by
reflections on the Pockels cell or via its imperfect switching a part of this gain is continuously
lost. The population inversion of the Ti:sapphire is also depleted after several round—trips. As
a consequence, after approximately 18 cycles the pulse intensity reaches its saturation, as can
be seen on the signal from a photodiode placed behind the highly reflective cavity end mirror
in the amplifier. At this time, high voltage is put again on the Pockels cell and the amplified
light is coupled out from the regenerative amplifier. To suppress the large number of pre—
and post—pulses, the beam must pass a pulse picker, consisting of a further Pockels cell placed
between two crossed Glan—Thompson polarizers. This Pockels cell is synchronized to switch the
polarization of light immediately after the beam was released from the regenerative amplifier
and hence allows only the desired part of the light to pass. Its perfect timing can be found
by checking the residual output rejected by the Glan—Thompson polarizer that should in the
optimal case only consist of the rejected pre— and post—pulse. The resulting pulses possess an
energy of the order of several hundreds pJ, which is an increase of five orders of magnitude
compared to the individual pulses emitted from the oscillator.

Two—pass amplifier and compressor The low frequency, preamplified seed pulse is in the
next step led to a two—pass amplifier optimized for high pulse energies and efficient energy
extraction from the Ti:sapphire crystal. Here, the lasing medium is pumped very intensively
by the rest of the energy from the Nd:YLF laser pumping the regenerative amplifier and by an
additional laser of the same type (527 nm light, together with an energy of ~22.5mJ/pulse).
The perfect overlap of the pumping and the laser beams in the crystal is necessary to obtain
the optimal, Gaussian—shaped pulse profile as it is needed in the measurement, especially to
correctly quantify the desorption yield (see Section 3.2.2). After the already intense input beam
has passed the Ti:sapphire two times, its energy is additionally increased by a factor of 10. Due
to the strong pumping, the stimulated emission occurs from a saturated level responsible for
the population inversion, therefore the possible fluctuations in the output beam are less than
3 %.

In the last step, the pulses are compressed in a grating compressor, which removes the linear
chirp imposed by the stretcher and other components in the amplifier system. As the peak power
becomes very high at the compressor, the beam diameter on the compressor grating has to be
rather large. The reflections on the grating reduce the energy of the pulse by approximately
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35 %, but it can be compressed to a length below 80 fs and a final energy exceeding 3.8 mJ.
A more detailed description of the presented laser setup can be also found in reference [Fun99].

2.2.2. Generation of ultrashort IR—pulses

For years, the supercontinuum generation in strongly nonlinear media like optical fibers in
combination with an optical parametric amplifier (OPA, introduced in Section 3.1.1) was the
only source of a tunable, coherent and ultrashort IR radiation. Although optical parametrical
oscillators” (OPO), capable of creating tunable light in relatively narrow infrared wavelength
range have been known since early sixties [Gio65b], it was only the advent of powerful ultrafast
lasers together with synthesis of novel highly nonlinear media that allowed to create femtosec-
ond infrared laser pulses with a duration comparable to that of the pump pulse. The advanced
nonlinear media have solved one of the major problems of the OPO setup, which has been the
required large number of passes through the crystal and hence a temporal broadening of the
pulses generated and the lost of the OPA gain due to the different group velocities of the signal
(idler) and the pump pulse in the medium. Similar to the Kerr-lens mode-locking case men-
tioned above, the evolution of devices able to generate ultrashort IR pulses led paradoxically
to more and more simple setups with improved optical components and better specifications.
One such commercial device, TOPAS (Traveling—wave optical parametric amplifier of superflu-
orescence) [Dan93|, has been used as the IR source for experiments discussed in this thesis. A
scheme, showing the main light conversion steps in this instrument, is depicted in Figure 2.7.

800 nm . 98% > @7\

~100 fs,~2.5 mJ

1% 2.4 -10pm

~150 fs
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—{oPA2}—{DFG]— 503007

Figure 2.7.: The working principle of TOPAS. The processes OPG, OPA1 and OPA2 are
depicted in the order they take place, however, all of them occur in the same BBO crystal. The
DFG process is an optional step in TOPAS and takes place in an AgGaS, crystal suitable for
light generation in the wavelength range between 2.4-10 pm.

In a ‘black-box’ approach, a part (~60%) of the 800 nm light from our Ti:sapphire laser
system described earlier enters the device, ‘travels’ through four nonlinear processes (no res-
onator is required due to their high nonlinearity) and by tuning their parameters, ultrashort IR
pulses of desired frequency are obtained. However, the processes in between are rather complex
and involve many nonlinear optical phenomena not connected to this thesis. Therefore, while
explaining the inner life of TOPAS in the next couple of lines, the reader will be rather referred
to the corresponding literature than bothered with too much details.

The capability of an OPO to convert the visible pump beam into the tunable pulses in the
near infrared region has been already mentioned and it is a good starting point for explaining
the working principle of TOPAS. Its basic idea is to drive a similar process — first to convert

9An optical parametrical oscillator consists of a resonator cavity similar to the laser oscillator, however, a x?—
nonlinear optical crystal is placed inside. Pumped with a high intensity laser output, the input light frequency
is converted to two components of lower frequency that fulfill the phase-matching condition in the crystal. In
the resonator cavity, where those beams are permitted to bounce between the end mirrors, every pass through
the nonlinear medium additionally enhances their intensity via an OPA process.
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the frequency of the input light into two appropriate, tunable components like OPO and then
to combine them or rather their harmonic frequencies. This approach is surprisingly successful
when using 800 nm light — all frequencies in the range between 239 nm to 11 pm are achievable
in a reasonable power. This is an additional factor that strongly motivates one to understand
this device.

OPG stage After entering TOPAS, the input light is split and about 1% is focused into the
nonlinear BBO crystal. Different from an OPO, the pulses of lower frequency are generated
in a much more effective way by using the superfluorescence of the nonlinear media inside.
From the theory of parametric transitions in a single—atom system it is known, that quantum
fluctuations of the electric field can be amplified to a macroscopic power level in an OPA, which
gives rise to the processes like optical parametric fluorescence [Har67| and optical parametric
emission [Bye68]!°. Those phenomena do not require signal or idler field to be present in the
crystal during the OPA process, both are created from the pump beam, if the corresponding
phase—matching condition in the nonlinear crystal is fulfilled.

If a parametric transition in a many—atom system is considered, a correlation between single
atoms regarding their spontaneous emission can be found [Dic54, Reh71, Bon75|. A system
can be either excited by a coherent pulse into a “correlated state” which has a macroscopic
electric dipole that radiates, or the system can spontaneously create such correlations. The first
case is commonly denoted as superradiance, the second one as superfluorescence. An exciting
property of superfluorescence is that such an assembly of NV dipoles radiates with a peak intensity
proportional to N2. Moreover, it possess large bandwidth and is highly directional. One can
distinguish it from the superradiance based on the small temporal delay between the pump and
superfluorescent pulse, which represents the time required for the individual atomic dipoles to
come into phase lock due to the coupling between them [Mal87]. It is also the phenomena that
can convert the 1% of the input light to two optic waves with lower frequency very efficiently
in only one pass. Depending on the phase-matching in the BBO crystal (can be adjusted by
changing its angle), the signal and idler pulses can be created with frequencies between 1180 nm
— 1620 nm and 1620 nm — 2484 nm, respectively.

OPA and DFG stage In the further step, both pulses are considerably amplified in two con-
sequent OPA processes. The design of the instrument allows them to take place in the same
BBO crystal. The last OPA process is strongly saturated which minimizes the pulse-to—pulse
fluctuations inherited from the OPG process. After the final amplification the pulses are nearly
bandwidth-limited and the overall efficiency of the conversion process is estimated to 35 %.
The obtained tunable frequencies can now be used, frequency—doubled and mixed depending
on the intended application. To obtain the infrared frequencies in the D,O stretch region, the
pulses have to undergo another nonlinear process — in an AgGaS, crystal wavelengths from 2.4
to 10pm can be produced via DFG. To separate the signal and idler beam from the desired
output, a 1 mm Ge filter has been put into the beam path under the Brewster angle. Finally,
the tunable IR pulses with the energy of up to 20 pJ'! are ready for the experiment.

19Both processes are often commonly denoted as optical parametric generation (OPG). The OPA has to be driven
at fairly high gains to amplify the quantum fluctuations to such a scale, but this way of frequency conversion is
much more effective than the generation of supercontinuum, as in the OPG the phase-matching conditions have
to be fulfilled and therefore light with a narrower range of frequencies is produced as the spatial angle for beam
propagation is limited.

" The actual energy depends on the IR wavelength as well.
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Several additional remarks have to be made for the sake of completeness:

(i)

(iii)

First, during all works, TOPAS has been pumped with 400 Hz repetition rate only. The
superfluorescence in the BBO and the last OPA step are driven close to the damage
threshold of the crystal: if the pulse energy is increased, the instrument must be readjusted
or the energy compensated.

The effect of different group velocities of signal, idler and pump can not be fully suppressed
even if only one beam pass through the nonlinear crystal is granted. For ultrashort pulses
the dispersive optical components like the lenses in the telescope, the crystal itself and
alike may play a role. This effect can be partially neutralized, if the compressor in the
amplifier system is slightly overcompensated. The pulse duration is then longer on the
output side of the Ti:sapphire laser system, but optimal after passing TOPAS. This
compensation has been made whenever only SFG spectroscopy has been performed and
no other devices or processes requiring the ultrashort 800 nm beam (especially the tripler,
see Section 3.3) have been involved.

The remaining 800 nm light not converted in TOPAS is further used as the VIS pulse
in the SFG measurement. To make this pulse spectrally narrow, a simple pulse shaper,
shown in Figure 2.8, is used to cut out a small wavelength region from the Fourier plane.
To avoid spatial chirp, the beam is guided on the same way from as to the grating, differing
only in height, which allows us to separate the output. An extremely usefull guide to pulse
shaping addressing more complex arrangements as well is given in reference [Mon10].

™\ grating
ps pulse (1-4 ps) 2000 ]/mm;

% pulse (100 fs)

mirror

Figure 2.8.: A scheme of the employed pulse shaper.

In the following Chapter (Section 3.3), the further path of the large part (~40 %) of the light
available from the amplifier system will be discussed. In the pump—probe SFG setup, these
photons are converted to ultrashort 266 nm pulses in a noncollinear optical frequency tripler
developed and build in the framework of the presented thesis. Therefore a separate Section 3.3
on the page 109 is devoted to this device.

2.2.3. Characterization of laser pulses

The reliability of all data obtained in this thesis is strongly correlated to the quality of the
employed beams. Therefore their main signatures have been checked on an everyday basis,
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some important characteristics even before every single measurement. In the following, the
brief overview over the optimal pulse characteristics is given.

Ultrashort 800 nm pulses

The spectrum and the temporal profile of the Ti:sapphire amplifier output is plotted in Fig-
ure 2.9. To obtain the spectral information, a commercial grating spectrometer has been used.
Compared to the output from the oscillator (not shown), the peak is slightly red—shifted towards
800 nm, which is expected as the maximum gain in the Ti:sapphire crystal is reached at this
wavelength.

Even more important information is contained in the temporal envelope of the pulse. As

Intensity [a.u.]
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Figure 2.9.: The spectrum and the autocorrelation of the Ti:sapphire amplifier output. From
the right graph the pulse duration can be calculated and amounts to ~90 fs

the pulses are not very complex (unshaped, with no chirp, longer than several light oscillation
periods) and their temporal evolution copies the sech? shape almost exactly, an autocorrelation
is the best choice to follow it. In the autocorrelation, the characterized pulse is usually split
into two equal parts and overlapped again in an appropriate nonlinear medium, so that the
generation of second harmonic is possible. The intensity of the generated SHG light can be

then expressed as
o

I (r) o / I(t) - 1(t — 7)dt (2.3)
—0o0

where 7 is the delay between the two pulses. If the investigated autocorrelation trace has a sech?
shape, the deconvolution of Equation 2.3 assuming two identical pulses gives the ratio between
the full width at half maximum (FWHM) of the autocorrelation and of the original pulse to be
1.543 [Fre95, Dem08]. A typical pulse duration of our amplified pulses is hence ~90 fs.

A very critical issue in the desorption yield measurement (see Section 3.2.2) is the actual beam
profile. Figure 2.10 shows a typical spatial intensity distribution in the beam taken with a
CCD camera. To achieve the required high fluences, the beam is focused on the sample with a
telescope. It can be also diverted from the direct path to the sample and enter a reference beam
path, where it is first attenuated by reflection on two wedge windows and consequently imaged
in the distance from the last lens identical to that of the Ru(0001) crystal. A pass through

81



2. Experimental setup

250

200

150

100

50

Figure 2.10.: A spatial profile of the 800 nm beam. Its almost perfect Gaussian shape can be
fitted to obtain its real dimensions that vary in the experiment due to the necessary beam
focusing with a telescope to an appropriate size. Such a beam shape is expected from a laser
oscillating in the fundamental transverse mode (TEMgo).

a filter is to be avoided due to the possible selffocusing of a small-size, intense beam, which

distorts the measurement.

UV pulse characterization

The spectrum of the UV beam (Figure 2.11 right), which represents the output from the non-
colinear optical frequency tripler described later (Section 3.3), has been recorded with a fiber
grating spectrometer (Ocean Optics HR 4000+ ). It is obviously much narrower than the spec-
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Figure 2.11.: The spectrum and the autocorrelation of the tripler output. The left graph depicts
a cross—correlation between the 90fs long 800nm pulse and the 266 nm beam, which after
deconvolution yields a pulse duration of ~65 fs.

82



2.2. Femtosecond laser system

trum of the input 800 nm beam, which can be explained by the larger light oscillation frequency:
assuming the same pulse duration, the time-bandwidth product yields the same bandwidth (Av)
for both pulses. Therefore the larger frequency v of the 266 nm beam is broadened less in the
wavelength due to the smaller Av /v ratio. Its width of ~2nm is indeed compatible with the
time—bandwidth product.

A more difficult task is to measure the pulse duration of the UV light. Instead of using a
nonlinear effect (like DFG in BBO) which is often connected with an enhanced light dispersion,
as most of the compounds do absorb in the UV, we decided to make use of the retarding—field
analyzer (RFA, introduced in the Section 3.4) and the photoemission phenomena (discussed in
the Section 1.2.3 and 3.4). In a simple view, an electron is emitted from the Ru(0001) crystal
if the photon energy in the incident light is sufficient to overcome its work function. This is
the case for the 266 nm UV pulses, if the ruthenium is covered by at least ~0.3 BL of ice. If
another pulse spatially and temporally overlaps with the UV, electrons from lower energy lev-
els can be emitted as well. This is detected by the RFA as an considerable increase of signal
intensity and allows to find the perfect temporal and spatial overlap even of the ultrashort and
invisible (IR) beams. Such a cross—correlation measurement between the UV pulse and the 90 fs
long amplifier output is shown on the left side in the Figure 2.11. It is difficult to deconvolute
such a spectrum if the initial shapes of both pulses are unknown. However, the error in the
obtained pulse duration is negligible, if a Gaussian shape for both initial pulses is assumed'?.
The advantage of this approach lies in the properties of the Gaussian function: its convolution
with itself yields another Gaussian, whose FWHM (Acc) follows the relation

(Acc)? = (A1)* + (Ag)? (2.4)

where Ay and Asg are the FWHM of the initial pulses. Within this picture, the length of
our UV pulses is ~65fs. One can understand this result from a consideration discussed more
thoroughly later in the Section 3.1: the intensity of a frequency doubled (or sum frequency) pulse
is proportional to the square of the intensity (or to the product of intensities) of the original
beam. Put in other words, even within a single pulse the efficiency of frequency doubling is
much larger in the most intense part than in the rest. This leads quite naturally to a narrowing
of the pulse duration which is, however, often compensated by the dispersion in the medium. In
the tripler, two independent SFG processes take place and the corresponding nonlinear crystals
are very thin. Thus, a decrease in the pulse length is expected. An excellent demonstration of
this behavior offers the Figure 3.15 in the Section 3.3.4 with corresponding discussion.

TOPAS output characterization

Both beams exiting TOPAS are used in the SFG experiment. The spectrum of the IR beam is
shown in Figure 2.12. The central wavelength of the IR pulse can be varied over a wide range,
however in the measurements in this thesis only the interval between 3250 and 5000 nm (2000
and 3100 cm~!) was exploited. The radiation at ~2340 cm ™! is absorbed completely in air after
passing only several centimeters due to the intense, asymmetric CO, vibrational transition.
This can be avoided by purging the beam path with the dry nitrogen (see Section 3.2.3).
The example pulse spectrum in the Figure 2.12 covering a region of ~150cm™tin the SFG
spectroscopy was recorded with a commercial (Jobin—Yvon) grating spectrometer. The light

121n fact, if the autocorrelation of the amplifier output pulse in Figure 2.9 is fitted to a Gaussian function, the
FWHM value is identical to the sech? fit, although the latter obviously describes its shape much better.
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Figure 2.12.: The spectrum and the cross—correlation of the TOPAS IR output in the frequency
range corresponding to the OD stretch resonance (partially coordinated, see Section 1.1.4). In
the cross—correlation, the IR pulses are convoluted with the UV light to achieve a better temporal
resolution. The estimated pulse duration is ~160 fs.

was first dispersed by a grating (120 lines/mm, blaze wavelength 5pm'3) and by controlled
change of its angle, the corresponding IR intensity was measured by a liquid—nitrogen cooled
MCT detector (mercury cadmium telluride detector, based on an alloy of CdTe and HgTe that
may possess an extremely small band gap which is suitable for large wavelengths; cooling is
required to suppress the thermal noise).

The temporal envelope of the pulse is obtained from the cross—correlation between the UV and
the IR pulse. The pulse duration is found to be ~160fs at FWHM. Note, that the temporal
pulse width may be longer, if the system is not purged. Due to the proximity to the CO,
vibrational transition the dispersion of air can namely become large for some wavelengths.
This, however, does not apply to our case.

The spectrum of the VIS light remaining after IR generation in TOPAS is plotted in Fig-

ure 2.13. It has been usually taken with a fiber spectrometer, whose resolution is lower than
the actual pulse width, mainly due to the dispersion in the fiber itself. However, this type of
spectra was frequently taken to check the real wavelength of the VIS beam required for the
correct estimate of the SFG wavelength. From the former measurements, the time-bandwidth
product and also from the SFG data it is clear that its spectral width amounts to ~0.5nm at
792 nm central wavelength.
Shaping the pulse shrinks it to a narrower spectral FWHM, but on the other side, the sig-
nificant grating dispersion leads to a considerable temporal chirp, i.e. to longer pulses. The
cross—correlation between the UV and shaped VIS reveals the pulse duration of 2.65ps. This
value is strongly dependent on the distance of the shaper slit blades, but usually does not exceed
4 ps. With this settings, high spectral resolution in the SFG can be achieved, therefore it has
been mainly used to precisely characterize the D,O/Ru(0001) system and to precisely determine
the vibrational frequencies in Chapter 4.

13Gratings with grooves that have a sawtooth profile possess a high diffraction efficiency for selected wavelengths
and orders, where most of the energy is concentrated.
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Figure 2.13.: The spectrum and the cross—correlation of the TOPAS VIS output after pulse
shaper. The spectrum is artificially broadened in the fiber of the spectrometer, its actual width
is ~0.5nm. Cross—correlation shows the convolution of the UV and shaped 792 nm pulse, the
extracted pulse duration is identical to the FWHM of the cross—correlation peak.
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3. Experimental methods and important
innovations

3.1. SFG vibrational spectroscopy

In the underlying thesis the main tool for investigation of structural changes in ice is a nonlinear
vibrational spectroscopy method based on the sum frequency generation at its interfaces. The
optical nonlinearity is, however, not only exploited in this technique, but is essentiall property
of the most important elements of the laser system used and crucial factor in the generation of
IR light of tunable frequency.

In the following a brief introduction into the basics of nonlinear optics is given with emphasis
on the theoretical background necessary for understanding the second—order nonlinear processes
and the phenomena discussed later in the experimental part in Chapter 2 and for the correct
interpretation of results in Chapter 5.

3.1.1. Nonlinear optics

Nonlinear optics (NLO) examines phenomena that can occur in matter as a consequence of the
modification of its optical properties in the presence of light [Boy03, She84|. Those effects are
nonlinear in the sense that they arise when the response of a medium depends in a nonlinear
manner on the strength of the electric field contained typically only in a laser pulse in suffi-
cient magnitude. More precisely, by optical nonlinearity usually the dependence of polarization
P(r,t) of a material (or dipole moment per unit volume) on the strength of the applied optical
field E(r,t) is considered. In the linear optics, the induced polarization is directly proportional
to the field strength and can be described by the relationship’:

P(r,t) = eoxVE(r, t) (3.1)

with proportionality constant Y1) being the linear susceptibility?, ey is the permittivity of free
space. However, if the external field becomes strong®, as it is the case in a femtosecond laser
pulse, the linear polarization of matter is no longer a sufficient approximation and higher order
terms have to be taken into account. Then the total polarization of a medium can be described
by a series expansion:

P(r,t) = on(l)E(T, t) + eox(z)EQ(r, t) + eox(3)E3(r, t)... (3.2)
P=PY +P? PO (3.3)

where x(™) are nonlinear susceptibilities of n-th order, having tensorial form in general and the
P™ is the n—th term in the series. This is of course valid only under the assumption that

19T units are used; in gaussian unit system, often used in the literature, the ey prefactor is ommited.

2In a more general approach, due to the molecular symmetry and local-field effects, P(r,t) is not necessarily
parallel to the applied field E(r,¢) and ¥ becomes a first-rank tensor (i.e. vector).

3 Although still weaker than the intramolecular field felt by an electron, otherwise strong photoionisation can
occur and the series expansion 3.2 does not need to converge anymore [Boy03].
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the response of the medium is instantaneous and the losses or dispersion in the matter can be
neglected.

The close relationship between the external field and the medium polarization has an important
consequence: the polarization associated with the (nonlinear) response of a material can itself
act as a source of electromagnetic field. In a simple example, one can consider a second order
nonlinear material experiencing a field composed of two distinct frequency components:

E(t) — (Ele—iwlt + El*eiwlt> 4 (E2e—iw2t 4 E2*eiUJ2t) (34)
According to Eq. 3.2 and 3.3 the resulting induced second order polarization is

P(2) :EOX(Q) [E12€—i2w1t + 2E1E2€—i(w1+w2)t + 2E1E2*e—i(w1 —w2)t
+ EZe 220 4 cc] + 20X P [ELE] + EoES] (3.5)

The physical interpretation of this equation is that the incident optical fields with the frequencies
w1 and we are able to generate a transient polarization of dipoles in the medium, which reacts
in the nonlinear way by converting a part of the incident light to photons at frequencies 2w,
2wg, (w1 + we) and (w1 — wz). The process of obtaining the first two frequency components is
commonly denoted as the second harmonic generation (SHG) [Fra61, Fra63], following two terms
give names to sum and difference frequency generation (SFG and DFG) [Bas62a|, respectively.
The latter effect is known as optical rectification and generates a static electric field across the
nonlinear crystal, as the term E,E* with zero frequency can not be a source of electromagnetic
radiation [Bas62b]. Both SFG and SHG can be intuitively understood as being a process of
generating a sum of the two photons entering a nonlinear matrial. In fact, they are in many
aspects similar, unlike the DFG as can be seen from Figure 3.1.
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Figure 3.1.: A graphical scheme of the SFG (top) and the DFG (bottom) process. On the right
side their energetics is outlined in a simple three level diagram.

In the DFG case, the energy conservation requires that for every photon at created frequency
ws, one photon at frequency wi has to be destroyed and another photon with frequency wo is
released by stimulated emission in the presence of another photon with the same frequency.
This phenomena is known as the optical parametrical amplification OPA* and is widely used
to amplify optical laser pulses at various wavelengths, where a corresponding coherent source
is not available (see e.g. Section 2.2.2). For this purpose a nonlinear crystal is placed inside of
a resonator cavity with two mirrors possessing a high reflectivity at frequency wy or/and ws,
so that an optical parametrical resonator is created. In such an arrangement, pump light (w;)

4The word parametric denotes a process in which the initial and final quantum mechanical state are identical.
A nonparametric process usually involve a population transfer between the real energy levels and the energy
transfer to the material medium becomes more likely.
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3.1. SFG vibrational spectroscopy

enters the cavity and the selected® output frequencies are amplified. Conventionally, the output
optical wave with higher frequency is called signal, the lower frequency part labeled idler. The
desired frequency can be chosen and tuned by altering specific parameters of the system (e.g.
crystal temperature, orientation, etc.).

Nonlinear optical susceptibility

The nonlinear optical susceptibility contained as prefactor in Equation 3.5 deserves a special
treatment, as it is the main quantity that determines the amplitude of second—order processes,
like SFG and imposes restrictions on the media where they can take place. In a simplified
situation, where an atom is treated as a harmonic oscillator (Lorentz model) the nonlinearity of a
medium can be simulated by a nonlinearity in the restoring force exerted on the electron [Boy03|.
In contrast to a quantum—mechanical treatment [Bon05|, this approach can not properly describe
the complete nature of the nonlinear phenomena, but offers a good and illustrative starting point
to explain some of its main characteristics.

One can divide the nonlinear media into two groups based on their internal symmetry — there
are centrosymmetric materials that also possess an inversion (mirror) symmetry and materials,
where this inversion symmetry is broken. In either of them the collective movement of electrons,
giving rise to the induced polarization will encounter a different potential as is depicted in the
Figure 3.2. In a centrosymmetric medium, the potential function must be symmetric under the
operation x — —x. If this condition is considered in the equation of motion for a harmonic
oscillator, all even—order responses vanish. The easiest way to demonstrate this is to take the
part of induced polarization responsible e.g. for the SFG process

P? = ¢oxPE (H)E,(t) (3.6)

and invert the sign of the incoming field [Arn10]. In such a case, the polarization must change its
sign as well, however, due to identical (centrosymmetric) atomic structure, the x?) is insensitive
to this transformation and does not change. One obtains

— PO = eox?[~E; ()]~ Ea(t)] (3.7)

which is simultaneously fulfilled only if ¥ = 0.
If the inversion symmetry in the medium is broken, the potential energy function of the Lorentz
oscillator becomes asymmetric and the even order nonlinear processes are allowed. It should be
emphasized that this simple picture helps to understand a number of phenomena correctly. For
example, it is often erroneously assumed that an isotropic material can not be used to generate
second—order nonlinear processes (e.g. in [Arn10]). However, such a prominent example as GaAs
crystallizes in a cubic lattice (is not birefringent), but represents a strongly nonlinear material
with one of the largest second—order nonlinear susceptibilities. The reason is its zincblende
unit cell with intrinsically broken inversion symmetry. In a similar way the weak second—order
nonlinear response of chiral liquids [Gio65a, Bel00, Bel01, Ver98| can be understood based on
the definition of a chiral compound as being different from its mirror image.

If the atoms in a nonlinear behave like oscillators, each developing an oscillating dipole mo-
ment with a component at the frequency (w; + ws), it is obvious that the interference between
the emitted light waves can occur. The largest intensity in the SFG signal can be expected if the

5The wavelength is chosen mainly by the crystal orientation that must satisfy the phase matching condition
(momentum conservation) for any selected wavelength (see below).
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Figure 3.2.: Symmetry properties of the nonlinear optical susceptibility. In the top level the
applied electric field is shown and if passing through a linear optical material, the induced po-
larization will copy its original shape. If the medium provides a nonlinear response and is cen-
trosymmetric (middle), its electrons move in a potential shown by the red curve (gray represents
an ideal parabolic potential). The polarization changes in a way that can be characterized by the
waveform on the right side (here: sin(wt) — 0.25sin(3wt)). For a non—centrosymmetric medium
the waveform is shown in the bottom level (the function plotted is: —0.2+sin(wt)+0.2 cos(2wt).
Adopted from [Boy03].

periodic array of dipoles oscillates in phase and adds constructively, giving rise to a highly di-
rectional sum—frequency output and to the phase-matching condition. From this consideration
also follows that e.g. amorphous compounds lacking long—range order will hardly contribute to a
second—order nonlinear process, as there is no way to arrange the dipoles that are not correlated
over a longer distance (more than with their closest neighbors; see Section 1.1.2) so that they
do not interfere destructively.

A further place, where an asymmetric potential is felt by electrons is at a surface of a solid or
liquid, where the centrosymmetry is always broken. As many of the crystal classes do possess
an inversion center, second—order nonlinear effect offer a way how to investigate the processes
at the surface without an interference with the usually much larger bulk signal.

3.1.2. SFG vibrational spectroscopy

Nicknamed ‘new light on hidden surfaces’ [Rok04]|, the SFG spectroscopy, exploiting the second—
order nonlinear process of the same name, has become an established and widely used method
to explore surfaces and interfaces. Its advantages are intuitively clear — it is very convenient
to use vibrational spectroscopy to trace processes on a molecular level, but it is usually easier
to detect light at lower frequencies (higher energies) than in the infrared region. With SFG,
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3.1. SFG vibrational spectroscopy

one can have both — if two pulses are overlapped on the sample, one with a defined infrared
frequency and a second defined in the visible range, the sum—frequency (SF) signal containing
vibrational information as visible light can be observed. But its main virtue is that if the
underlying medium is centrosymmetric, this method is intrinsically surface sensitive®.

For two beams, infrared and visible, the general scheme of an SFG process involving a resonant
vibrational transition in a thin adsorbate layer is shown in Figure 3.3. Using the electric (optic)

WSFG VIS — SFG

X

Figure 3.3.: SFG geometry and energy level scheme.

field induced polarization expressed in the Equation 3.6 as a source of the SF radiation, the SF
intensity (Isrg) can be calculated by solving Maxwell equations [Blo62, vdH98, She01, Unt02b],
whereas the main problem is to express the nonlinear polarizations and electric field strengths
inside of the adsorbate layer. For this purpose a Fresnel matrix (known also as optical transfer

matrix) is used [Bor75]. In general, the Ispg is proportional to the intensities of the incoming
fields”:

2

Iirlvis (3.9)
where the effective second—order nonlinear susceptibility ng) is introduced that contains all
geometrical and light polarization dependent factors that influence the actual electric field ex-
perienced by the adsorbate molecules. It is also affected by the interaction of the field with
surrounding media that usually produces a constant, frequency independent response (see also
discussion below) and can be thus split into a non-resonant and resonant contribution

2
Iska o ‘PS(%)G‘ x (Xi?

2 2 2
Xe = Xk + Xny (3.10)
where the latter becomes important when the incoming IR field is in resonance with a vibrational
transition in the adlayer. The resonant part is further dependent on the number of oscillators
(i.e. on coverage f): in a microscopic scale, it is namely closely related to the angular average of
the molecular hyperpolarizability (second-order polarizability of a molecule) (3)® [Ric02, She89]:

@2 N

XR = 5(5) (3.11)

6Tt should be noted that this statement is valid only within the quantum-mechanical electric dipole approxima-
tion, where the total Hamiltonian is expressed in the form

H = H, - pE(t) (3.8)

with [t = —e7r being electric dipole moment operator and all other contributions to the polarization of a medium
[e.g. from electric quadrupoles (E(VE)) or magnetic dipoles (E x B)] are neglected.

"For a more general formula allowing to extract the molecular orientation from the SFG spectra see Appendix A.
8This expression is generally valid if one resonant transition is considered.
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In a system, where more than one resonant transition (vibrational mode) is present in the given
frequency range covered by the IR pulse, the contribution to the total hyperpolarizability from
the g—the mode becomes [Buc01, Ric02]

(9lauimlq) (qlnlg)
WIR — wq + iy

Bimn,q = (3.12)

within a molecular coordinate system (Imn) and with oy, and p,, representing the Raman and
dipole vibrational transition elements, g and ¢ the ground and vibrationally excited state as
shown in Figure 3.3, respectively. The expression 3.12 contains directly formulated selection
rules for the resonant SFG process: to be allowed, a vibrational mode must be both IR and
Raman active. Here, again the broken inversion symmetry requirement can be seen from a
different angle — all molecules possessing an inversion center are either Raman or infrared active,
but can never be both at the same time, as this is only possible in the non—centrosymmetric
media.

To analyze the SFG data, the usually unknown transition moments are merged into fitting
constants. A very often used resonant shape (already indicated by Eq. 3.12) is the homogeneous
Lorentzian profile [Zhu87, She96, Zhu99, Vid05, Arnl0, She06| described by

6y
— (2) E A idNR E ’AQ‘ 61 3.13
Xeﬁ XNk XR = |Axrle + 7 WIR — W +ily (313)

Here, A4, ®4, wy and I'y are the amplitude”, phase, resonant frequency and damping constant
(half width at half maximum) of the ¢—th mode, the non-resonant contribution is characterized
only by its amplitude and phase. As the latter usually stems from surface electrons [Tad00],
its phase can be set to zero so that the constant ¢, expresses the relative phase between the
resonant and the non-resonant part (please refer to Section 3.2.3 for more details). Inserting
the obtained expression into the Equation 3.9, the SFG intensity (signal) can be written as

2

A eid)q
4 IvisTir (3.14)

Ispq o< ||ANR| + e —

| | Xq:wm—wq—f—lfq
The details of its evaluation and of the spectral deconvolution of the measured data are discussed
in Section 3.2.3.

3.1.3. SFG spectroscopy with broadband IR pulses

Having discussed the resonant nature of the SFG process and its connection to the Raman
and infrared vibrational spectroscopy and thus directly to the vibrational spectra of the single
molecular layer on a surface, a more practical point of view should be addressed next. If the
valuable information contained in the SFG signal should not get lost due to a poor resolution,
at least one of the employed pulses has to be spectrally narrow. The femtosecond laser pulses
used in our setup provide the necessary intensity to drive a second—order nonlinear process, but
also automatically possess a large bandwidth — this becomes obvious when they are converted
from the time into the frequency domain by a Fourier transform. As a compromise between the
resolution and the intensity, the visible pulse is spectrally narrowed in a way that is described

9The amplitude A, is also proportional to the number of oscillators contributing to the g-th mode, as it is obvious
from Eq. 3.11.
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later in the Section 2.2.2. This solution offers many advantages:

First is the larger spectral width of the IR pulse that can cover a wide frequency range without
the need to be tuned over a resonance. Using one pulse, one can conveniently cover a frequency
range of about 150cm ™' as it is shown in Figure 3.4. If the frequency of the infrared pulse

SFG wavelength [nm]
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vibrational
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Figure 3.4.: SFG spectroscopy employing broadband IR pulses. In the bottom panel the spec-
trum of the infrared pulse is shown. It is measured as the SFG signal from bare Ru(0001)
surface, as in the absence of a resonance this is directly proportional to It1gr. At the resonance
wavelength the signal is enhanced (shown in the top panel) and in the case shown it appears
together with the contribution from the metal surface.

matches a vibrational transition, the SFG signal is resonantly enhanced (cf. Equation 3.14) and
this can be clearly resolved since the convolution of the very narrow visible pulse and the IR
pulse essentially copies the shape of the latter.

A second important advantage is the possibility to resolve the ultrafast dynamics of surface
processes. Keeping the IR pulse short allows to collect vibrational spectra of molecules several
tens of femtoseconds after e.g. an optical excitation. In this way, the laser induced desorption
of CO from Ru(0001) could be followed and its microscopic mechanism revealed [Bon0OOb].

SFG on metal surfaces

On a metal surface, the presence of free electrons may significantly influence the measured
vibrational spectrum by its interaction with the electric field in the IR frequency range. In
fact, it imposes a new ‘selection rule’ for vibrational modes that can be observed: If a dipole
(or its component) is oscillating parallel to the metal surface, it will not be visible (it will not
contribute) in the vibrational spectrum. The reason is the image dipole created in the metal
that will effectively cancel the dipole moment change accompanying the molecular vibrational
motion (see Figure 3.5). On the other hand, dipoles oscillating perpendicular to the surface will
exhibit a larger dipole moment change for the same reason.

A very similar effect is responsible for vanishing of the IR field polarized in the direction
perpendicular to the plane of incidence (s—polarized or p polarized with the angle of incidence
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- Eint

Figure 3.5.: Illustration of the dipole and the image dipole at a metal surface leading to a
vanishing or an amplification of the corresponding vibrational mode in the IR spectrum (left).
The effective filed experienced by a molecular adlayer is vanishing for infrared frequencies with
electric field oscillating perpendicular to the surface normal (right).

close to zero): In the proximity of a metal surface its slowly varying amplitude is always com-
pensated by the free electron gas and the electromagnetic field experienced by the adsorbed
molecule is essentially zero [Gre66|. This applies not only to the first monolayer, influenced are
also thicker films (e.g. in case of copper oxalate films on Cu, layers up to 25 nm thick [Yat87]).
In the experiments presented here, only SFG with a p—polarized IR beam is therefore feasible
and performed with the largest possible angle to the surface normal.

A further complication is the nonlinear response of the surface electrons. The broken inversion

symmetry at the interface leads to a comparably large background that is independent on wir
only if the frequencies of the incident fields are much smaller than the frequency of plasma oscil-
lations in the metal [Pet95] and do not coincide with the metal’s interband transitions [Tad00].
The interaction between this non-resonant background and resonant amplitudes gives rise to
the characteristic line shapes discussed in the Section 3.2.3.
In the experiments presented here, both input frequencies are well below the plasma frequency
of Ru(0001) surface electrons (for d-metals typically ~10eV). The wavelength of the visible
light is kept constant at a value, where the shape of the non—resonant response does not exhibit
any phase (¢, introduced above) modulation and essentially copies the spectrum of the IR pulse.
Its amplitude varies only under the influence of different adsorbate species and coverages, which
is also considered in the Equation 3.14 above.
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3.2. Performed experiments and experimental methods

In a typical experiment, usually many of the ideas and instruments described in the previous
Chapters and Sections are exploited simultaneously. Due to the considerable complexity of
the system, the aim of the following Section is mainly to provide the information necessary
to understand the interplay between the different parts of the experiment and to introduce
the way, how it leads to the final result. Not only is the experimental setup for each type of
investigation discussed thoroughly, but the evaluation and the modeling of the measured data
is also introduced, as in some of the cases (particularly in the SFG spectroscopy) it is the only
way to extract the information from the experimental results.

3.2.1. Thermal desorption spectroscopy

Maybe a good starting point for the discussion of employed experimental methods is to briefly
introduce the thermal desorption spectroscopy (TDS), as it is the method used in all experiments
mainly to confirm the quality of the sample and to estimate the total amount of adsorbate on
the surface, but the data obtained here bear much more valuable information which is used e.g.
for the rough estimate of the binding energy of an adsorbate to the substrate.

The general idea of a TDS experiment is rather simple: if the adsorption is not a thermally
activated process and the desorption is seen as its reverse, than the adsorbate binding energy
can be estimated in a convenient way from the desorption activation energy. This can be easily
calculated from the temperature at which the adsorbed species leaves the surface, whereas the
desorbing amount (rate) can monitored sensitively by a mass spectrometer.

In a classical setup therefore one heats a surface (or a filament), covered with a coverage of 6,
with a constant heating ramp § = dT'/dt. Using the Arrhenius expression for the rate of the
desorption process, the adsorbate starts to desorb when the surface temperature T approaches
the desorption activation energy Eges and the change in the coverage can be expressed by [Kin75]

do

dt — Vene_Edes/kBT (315)

which is known as the Polanyi—-Wigner equation. The constant v denotes the attempt frequency
and is usually set to 10'3s™! [Thi87, Sch94], the exponent n is the reaction order. For a first
order desorption (a process that is independent on the concentration of other species on the
substrate), the expression 3.15 can be simplified assuming reasonable heating rates to [Red62]

Tinax
Eges = kT max (hl Y ;1& - 364) (316)

which is known as the Redhead formula and relates the peak desorption temperature Ty, di-
rectly to the activation energy of desorption. Although a detailed analysis could yield further
kinetic parameters of the desorption [Tom96]|, for the purposes of the present work the Equa-
tion 3.16 presents a sufficient description. Further evaluation is not made also due to the strong
lateral interaction between the adsorbed water molecules that influences our desorption spectra
and additionally complicates the evaluation. Nonetheless, a phenomenological analysis of the
TDS spectra of Ru(0001)-supported thick ice layers was already successfully applied to reveal
the D,O crystallization dynamics [Smi96].
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3.2.2. Measurements of the desorption dynamics
Measurement of the laser induced desorption yield

More in the focus of this thesis is the desorption process from Ru(0001) crystal not induced by
a heating of the sample, but as a consequence of irradiation with ultrashort laser pulses, as it
offers a genuine way to look on the dynamics of the energy transfer between the substrate and
the adsorbate as discussed in the Section 1.3.

The experimental setup for the measurement of laser induced desorption yield is sketched in
Figure 3.6. A laser beam from the amplifier system is focused on the sample, whereas its intensity

from amplifier ] shutter nA BS
. La/2
| delay
7 stage

pulse characterization

[ PD ]
?ﬁlter
filter / == BBO

Figure 3.6.: Experimental scheme of the laser induced desorption yield measurement. The
beam from the amplifier can be either guided directly to the sample or split into two parts
with a variable time delay. Desorption from Ru(0001) is followed by the QMS, pulse shape is
recorded with a CCD camera prior to each measurement, pulse length is determined from an
autocorrelation. To avoid the sample damage the laser pulse with the desired intensity is sent
to a reference Ru(0001) crystal first. (A = attenuator; BS = beam splitter; A/2 = wave plate;
PD = photodetector; W = glass wedge).

can be varied by an attenuator consisting of a A\/2 wave plate and a thin—film polarizer. This
solution is preferred over an arrangement involving optic filters, because it allows a continuous
power modulation without a need to change the optic path and the homogeneity of the beam
profile is affected less. Depending on the experiment, the beam can either travel directly to the
sample, or can be split into two nearly equal parts by a beam splitter. As they travel along
different paths, their relative delay is set by moving a delay stage. The two beams overlap
on the sample. A flip mirror marked by a dashed line in the Figure 3.6 is used to divert the
beam(s) into the reference path. Its distance from the sample in the chamber is exactly equal
to the distance to the reference crystal, CCD camera and nonlinear BBO crystal used to find
the temporal pulse overlap on the sample. In this part of the experiment all essential laser
parameters are determined prior to each single measurement.

Yield—weighted fluence The autocorrelation measurement used for the pulse length charac-
terization was examined in detail in Section 2.2.3. In the same Section also the spatial intensity
distribution of the employed pulses was shown, exhibiting a Gaussian beam profile. It is evi-
dent that the simple use of overall laser intensity (that varies across the beam) as a measure
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of deposited energy would not correspond to the actual situation on the sample surface, where
different parts of surface experience an irradiation with different energies, which will lead to a
different desorption yield depending on the relative position of a (infinitesimally small) sam-
ple part within the beam. One way to express the real amount of energy deposited across the
Ru(0001) surface with a physically meaningful quantity, taking into account that the desorption
yield is a function of absorbed laser energy is to introduce the yield—weighted fluence, (F'). The
measured beam profile image can be evaluated pixel by pixel and an intensity can be assigned
to each of them depending on their relative contribution to the total beam power. Further, the
contribution of the pixel ¢ to the total yield wj; is calculated as

w; =Y; < F}' (3.17)

where the exponent n expresses the (possible) nonlinear dependence of the reaction yield on the
absorbed fluence F;. Weighting the assigned intensity (fluence) with its relative contribution to
the total desorption yield leads to

(= Ziwifi S A
> Wi > E

Usually, the constant n is not known and must be estimated experimentally from a series of
measurements where the fluence of the arriving beam is varied and the induced yield (first—shot
yield) estimated (see Section 6.1.1). If the obtained data (yield vs. non—weighted fluence) are
plotted and fitted by a power law, a first guess (iteration) for the n is obtained. The fluence is
than in next steps weighted with the obtained factor (and plotted as yield vs. yield-weighted
fluence), until self-consistency is reached in this iteration process, i.e. the power of the fitted
power law equals to the exponent used to calculate the value of the yield—weighted fluence.

(3.18)

Estimating the desorption yield The laser induced desorption yield can be recorded by a
quadrupole mass spectrometer (QMS) as a total current caused by the desorbed species, ionized
and detected in the secondary electron multiplier (SEM). However, a lot of information gets
lost in this process as only a number of arriving ions integrated over the whole desorption
time can be extracted from the data. A scheme of a more sophisticated setup, allowing to
measure a time—of-flight (TOF) spectrum of the desorbed species and thus their kinetic energy
is shown in Figure 3.7. As the repetition rate of our laser system is with 400 Hz still too high to
distinguish between desorption induced by single pulses, its frequency is decreased by a factor
of 20 in the pulsepicker!? (see Section 2.2.1 on page 77). Integrating a fast shutter into the
beam path allows to reduce the frequency even further and to block all pulses except of the
desired one. The opening signal for the shutter is sent from the computer synchronized with the
laser trigger so that only one whole pulse can pass. The trigger also starts the data acquisition
on the multichannel scaler (Stanford research systems SR430). After the pulse arrives at the
sample, desorption is induced and desorbed molecules fly towards the ionization volume. The
flight time depends on their mass and velocity, but usually does not exceed several hundreds
of ps. Molecules ionized in the QMS spectrometer are detected by the SEM in an identical
form as in the retarding—field analyzer (discussed in Section 3.4.3): the pulses representing high
voltage breakdown on the highly resistive layer are obtained, with a width of approximately

0The advantage of this step is obvious: the alignment in the regenerative amplifier optimized for 400 Hz is
preserved and rejecting the pulses just before they enter the multipass amplifier has the advantage of not loosing
a substantial amount of available power. The energy of the single pulses is correspondingly high, so that this
frequency is never employed to pump the TOPAS.
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Figure 3.7.: Experimental scheme of the time—of—flight measurement.

20ns. Those signals are amplified and recorded as ‘events’ in the multichannel scaler. This
device has started the acquisition with the trigger that arrived before and counts the number of
‘events’ emerging on its input within a narrow time window of 0.16 ps determined by an internal
clock. This represents the smallest time step (and hence the best molecular translational energy
resolution) achievable in our setup. A curve as in Figure 3.7 is read out from the multichannel
scaler by the computer, containing the information about the amount of desorbed molecules as
well as about the time—of-flight (i.e. kinetic or translational energy) of the arriving species.

First shot yield Let us first examine the desorption yield in a more detail. How to express
the desorbed amount of molecules induced by a single pulse of a given fluence in a reasonable
quantity like e.g. coverage? If the fraction of desorbed species would be known, this number
would also have the meaning of the desorption probability upon single pulse irradiation. To
obtain it, one can simply repeat the procedure introduced above and measure the time—of-flight
spectra for several (usually 20-50) laser shots. The curve constructed by integrating the data
and plotting them against the laser shot number is then similar to that shown in Figure 3.8.
Obviously, from the plot one can not only estimate the total signal that would be produced
if all molecules would desorb after a single pulse (area of the blue bars), but also the pulse—
to—pulse laser intensity variations can be compensated if a model curve is fitted to the data.
The model is based on an Arrhenius—like expression for the desorption process and in case of
a first—order desorption this corresponds to an exponential decay (shown as a black curve in
Figure 3.8). It is introduced in a more detail in Section 6.1.1 together with the discussion of
the experimental data, as it contains more information that can be extracted to characterize
the particular system, which is out of the focus of the current Section.

Translational (kinetic) energy distribution If now the additional information contained in
the time—of-flight spectrum should be evaluated and converted e.g. to the kinetic energy distri-
bution, several aspects have to be considered.

The kinetic energy of a particle can be calculated from its mass and velocity. As the mean free
path of a particle under UHV conditions amounts to several hundreds of kilometers, collisions
with the particles present in the background and along the path to the QMS ionization volume
can be safely neglected. The velocity of a desorbed molecule can be hence calculated from the
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Figure 3.8.: Desorption yield as a function of the laser shot number. Blue bars show the time
integral of the corresponding TOF spectrum (inset). The decay shows the depletion of the
amount of adsorbed species on the surface and is fitted by a curve corresponding to the first
order process (see text).

direct sample—ionization volume distance (QMS ionizer is usually spatially very localized) and
the time needed to reach it. The latter quantity is not directly known — the TOF spectrum (yield
vs. arrival time) always contains an offset, arising from the additional time needed to detect the
ionized molecule. This is different for every particle mass and depends on many factors that are
hard to quantify exactly. Nevertheless, it is possible to estimate it experimentally in a reliable
way. For this purpose a low pressure of desired gas is created in the chamber background and
the laser beam focused exactly into the ionization volume. If the ionizing current is switched
off, the recorded signal arises only from molecules ionized by the laser with a nominal flight
time equal to zero. The observed detection time can be hence considered as the offset caused
by flight time in the quadrupole system and the response time of the whole electronic setup. In
this way the time axis of a TOF spectrum can be corrected.

It is a bit misleading that the time—of-flight spectrum is not the same as the time—of-flight
distribution [Zim94, Zim95|. To obtain the latter, one has to consider the different residence
time of molecules with different velocities in the QMS ionization volume, which results in a
lower detection probability of the fast species. If the measured spectrum is represented by S(t),
the TOF distribution I(¢) will be proportional to I(t) oc t71S(¢). The function I(t) physically
represents the detected flux of molecules versus time. In an infinitesimal time interval dt the
number of molecules passing the ionization volume is I(t)dt, which is equal to the number of
molecules with the corresponding velocity (v = r/t) described by the velocity distribution P(v),
so that one can write

I(t)dt = P(v)dv (3.19)
Using the identity!! |dv/dt| = r/t? gives
t? ¢
P(v) = ?I(t) x ;S(t) (3.20)

"The use of the absolute value (Jacobi-determinant) is justified, as the flight direction does not play a role in
this consideration. Moreover, a negative velocity distribution is not a physically meaningful concept.
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where r is the flight distance. Usually, the velocity distribution of the desorbing molecules is
Maxwell-Boltzmann like (desorption from one site, or a single reaction channel), and can be
described by the flux-weighted v3 Maxwell distribution that has the form

1/ m \? 3 muv?
P(v)dv = 2(M> v exp(—QkBT>dv (3.21)

where T is the translational temperature related to the mean translational energy via the ex-
pression (E) = 2kgT and m is the molecular mass.

For the routine data evaluation the equations 3.20 and 3.21 are combined. As mentioned
above, the time—of-flight spectrum is measured for 20-50 laser shots, each containing the same
information. Their sum is thus fitted to the function

d3 —mr?
St)=A—exp| m————— 3.22

(1) =4% p(2kBT(t - t0)2> (322)
where A is a setup specific proportionality factor. It contains most notably the detection
probability and is dependent on the solid angle of the detection.

Fluence dependence and the two—pulse correlation The experimental setup for the mea-
surement of laser induced desorption yield is rather versatile and can be employed for two types
of measurements. First is the fluence dependence, where a TOF spectrum is measured for var-
ious fluences up to the damage threshold of the Ru(0001) crystal. All desorption experiments
are performed on 1BL of water that is prepared as described earlier (Section 2.1.3, page 70).
To gather as many data points as possible, the beam is focused on the sample so that up to
7 independent measurements in only one preparation can be performed in different separated
regions of the crystal. Positions on the Ru(0001) surface are changed by moving it in the plane
perpendicular to the surface normal (and thus surface-QMS ionizer direction). The same fo-
cused beam enters also the reference beam path where its properties (i.e. intensity and profile)
are measured prior to every TOF sequence (up to the spot depletion).

Measurement of the two—pulse correlation (see Section 1.3.3) resembles the fluence depen-
dence measurement. Here the original pulse of a given fluence that is fixed throughout the
measurement is divided into two parts that reach the sample with a variable time delay. To
avoid their interference close to their temporal overlap, the polarization of the delayed pulse
is changed by a A\/2 wave plate. Additional effort is required to ensure the optimal spatial
and temporal overlap at the sample surface, this is however facilitated by a very narrow angle
between the two pulses, so that they effectively overlap on a rather large distance. Both beams
are characterized separately before every measurement. In the data evaluation the difference in
the absorbed energy for both polarization is considered. The intensity loss caused by reflections
on the MgF, window of the UHV chamber is estimated to 10 %. The described measurements
applied to the D,O/Ru(0001) system together with a detailed interpretation can be found in
Chapter 6.

3.2.3. SFG spectroscopy

The substantial part of phenomena investigated during this thesis are connected to molecular
vibrations at interfaces, therefore the SFG spectroscopy (introduced in the Section 3.1) is the
most appropriate method to study them. Many details of such an experiment have already
been introduced — the sample preparation is treated in the Section 2.1.3, the generation of
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ultrashort IR and UV pulses is discussed in Sections 2.2.2 and 3.3, respectively. The actions in
between, especially the light path from the laser to the detector, is schematically depicted in
the Figure 3.9.
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Figure 3.9.: A scheme of the employed laser system with the SFG beam path.

The SFG beam path

The IR and VIS light do not leave TOPAS with the same delay, as the last OPA process has
a larger efficiency when pumping light arrives earlier than the signal and idler photons. This
temporal difference has to be compensated, which is achieved by a different path lengths for
both beams. The fine tuning of the overlap can be accomplished via a delay stage that has been
implemented for most of the time in the VIS beam path.

To achieve the highest possible SFG yield, the beams are focused on the sample, which locally
increases their intensity. The investigated ice layer on Ru(0001) surface is much thinner than
the wavelength of the employed light, therefore the efficiency of the SFG process can not be
optimized by increasing their Rayleigh length, as it is common in a macroscopic nonlinear or
laser media. It is rather desired to design the beam path in a way that the maximum intensity
is focused into smallest possible area, i.e. to use short focal lengths. Therefore, the CaF, lens
for the IR beam is placed very close to the CaF, window that serves as the optical input into
the UHV chamber. As in the Gaussian beam propagation theory the beam radius in the focus
(wy) is proportional to the product of the beam wavelength () and the focal length of the lens

(f)[Dem0O8]:
Af

= 3.23
wr MWy ( )
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putting the lens for the VIS beam to the same distance would result in a much smaller (approx-
imately 5x) spot size'? on the sample, if the initial beam radii wy are identical. For this reason,
the lens focusing the visible up—conversion light has a correspondingly larger focal length and
is placed further away from the sample.

The light output from the TOPAS keeps the horizontal polarization given by the input beam
unchanged. To create the maximal field intensity at the surface it is therefore reasonable to
choose a possibly flat angle of incidence. Both beams, overlapped temporally and spatially reach
the Ru(0001) crystal under an angle of ~75° to the surface normal. Due to the momentum con-
servation (or phase matching condition), under a similar angle the SFG light will leave the
chamber. The energy conservation determines its wavelength Aspg = (1/Ar 4+ 1/Avis) " to be
in the range between 645 and 685 nm for 2000 to 2800 cm~! infrared and 792 nm up-conversion
wavelength.

The intensity of the generated SFG light is many orders of magnitude lower than the intensity
of the input beams. As the wave vector of the up—conversion pulse is also much larger than the
wave vector of IR pulses, the SFG beam of minute intensity will travel over a long path with
the intense VIS beam. Nevertheless, neither a long distance is sufficient to separate them, as
even the visible stray light will still overwhelm the sensitive detection device. The use of edge or
notch filters is inconvenient, because they rarely transmit more than 90 % of light at frequencies
that should be transmitted and one pass is not enough to get rid of the up—conversion light. A
very successful idea was to use reflective optics — mirrors with an optical coating transmitting
the beam at 800 nm but reflecting the SFG wavelength almost completely. A pair of them can
be arranged as shown in the Figure 3.9, providing several reflections at once, which is very
convenient for the spatially restricted detection beam path.

Finally, the SFG light is dispersed in a classical grating spectrometer (Triax 320, Horiba Jobin
Yvon)!? and imaged on the chip of the intensified charge—coupled device (ICCD) camera (Prince-
ton Instruments, 576 G/PE-E). This instrument consists of a low—noise CCD circuitry placed
behind an image intensifier. Photons entering the camera first generate electrons via the pho-
toemission from a photocathode. A micro—channel plate is attached behind it to amplify the
photocurrent while preserving the spatial information about the photon impact. Due to the
secondary emission intensified electron beams impinge on a fluorescent screen that is imaged
and digitalized via the CCD. To reduce the noise level, the whole device is cooled with a Peltier
element. However, the design of the ICCD allows a much better noise suppression: the image
intensifier works very much as the channel electron multiplier (CEM) introduced earlier and for
the signal amplification in electron cascades it requires high voltages as well (900 V in this case).
Such a voltage can be applied for a very short time (/5 ns), limiting the whole detection to this
narrow time window. As the repetition rate of our laser system is 400 Hz and the SFG pulse
duration is lower than 200 fs, most of the time only noise would be detected by a continuously
working detector. It is hence very convenient in our situation to apply the high voltage only
for 20 ns synchronously with the laser trigger arriving to the camera. This setting also allows
to measure the low intensity SFG signal and helps to suppress the remaining part of the VIS
stray light, as it usually travels over a different distance and hence possess a longer delay with
respect to the trigger.

It would not be possible to align the invisible beam paths without a reliable reference path that

12Note, that the area of such a beam — which is obviously the more important quantity — would be then 25x
smaller.

131t should be mentioned, that the SFG light always exhibits a spatial chirp due to a different phase matching
condition for different up—converted IR wavelengths. In some cases, if the designed detection beam path is long,
this dispersion can be even used instead of a spectrometer [vdH98|.
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has been created similar to the previous case by a mirror that can be flipped and diverts the
light right before it enters the chamber to a LilO4 crystal at the position analogous to that of
the Ru(0001) single crystal. The whole SFG beam path has been rebuilt and realigned many
times during this thesis. Only a minute optimization of the laser system output, e.g. by tuning
the overlap of the pumping beams in the multipass amplifier, causes severe deviations from the
optimal path of the beam due to the several tens of meters distance that the light has to travel
until it reaches the sample. Nevertheless, with a good reference path it was always possible to
restore the optimal setup after only several hours.

Apart from maintaining and small improvements made in the existing SFG setup, some com-

pletely new features have been added.
The non—collinear optical frequency tripler introduced in the Section 3.3 considerably enhances
the ability of the existing setup to investigate processes which are triggered by larger photon
energies. Apart from the used 4.66 eV, photons with energies 3.1 eV and 1.55 €V (the input wave-
length) can easily be coupled out and are even available simultaneously. The tripler exploits as
its input a part of the amplifier output that is not used in TOPAS. The pulses have to be delayed
considerably to arrive at the sample at the same time with the IR pulses as the distance the
light passes in TOPAS is large. The final temporal overlap is adjusted precisely via a motorized
delay stage (Physik Instrumente, PI M-535) and found by maximizing the photoemission signal
on the sample as it is described in Section 2.2.3 for their cross—correlation measurement. For
fluence dependent measurements the beam intensity has to be changed smoothly and neither
the optical path of the beam nor its shape should be affected. A similar arrangement of the
A/2—-waveplate and the thin—film polarizer as in the desorption yield measurements has been
used to attenuate the light before it enters the tripler.

A further major improvement was the design and construction of a transparent cover that
allows to purge the IR beam path with dry nitrogen. Apart from structural differences discussed
in the Section 1.1.3, one reason to investigate D,O ice layers rather than H,O is the presence of
water vapor in air, which absorbs in almost the same wavelength region as water adsorbed on
a surface. If the beam path is not under vacuum or enclosed and continuously purged, such a
measurement is not possible. However, unfortunately even in the D,0O region, the asymmetric
CO, stretch complicates the reliable detection of all resonances. As this problem hindered us
to unambiguously confirm a key conclusion derived from the data presented in Chapter 5, the
SFG beam path has been shortened considerably, enclosed in a transparent housing and purged
with the dry nitrogen. The possibility to control selected optical components remotely has been
added as well. Considerable effort has been put into the designing of possible beam inputs, as
many beams have to cross or enter the same optical path. Also the TOPAS is not proposed
to be a part of such a setup. Figure 3.10 is intended to graphically present the capabilities of
the final version of the purged beam path. In the CO, absorption region the measurements
could be performed as if no trace of this gas would be present and even our best resolved
data averaged over large number of scans did not exhibit its signature. This is of particular
interest, because the opened frequency window bears a substantial part of the fully coordinated
OD stretch resonance of amorphous and the very important fully coordinated asymmetric OD
stretch of crystalline ice.

Measurements in the H,O absorption region (around 3100 cm ™) were possible as well, although
the intensity of the IR radiation in this case was rather small. Water exhibits a very broad and
intense absorption band between 2800 and 3800 cm ™! and its extinction coefficient in this region
is larger than that of CO, in its maximum absorption range. Together with the fact, that the
H,O content in air is much higher the CO, abundance, this shows the limits of a method based
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Figure 3.10.: Evolution of the IR spectrum during the nitrogen purging. In the left part the
spectra are collected in the real time and compiled into 2-D plot, the right part displays a
vertical cut through this data and shows the shape of the IR intensity distribution without
purging (red), an intermediate state during the purging (blue) and the final state (green),
which provides an evidence that the CO, signature could be completely removed.

on a dilution of contaminating gas by another gaseous substitute.

In any case, the described beam path offers an excellent infrastructure for SFG measure-
ments and the presented modifications enhance its capabilities greatly, so that all intended
measurements could be performed and data of high quality was obtained.

Performing an SFG measuement

While the sample is prepared (as described in Section 2.1.2) and the dosing system is cleaned
(Section 2.1.3), the laser beam quality is checked and the TOPAS settings are changed to
produce the desired wavelength (Section 2.2.2). The spatial and temporal overlap can be first
checked in the reference beam path.

After the sample is clean and in thermal equilibrium with the cooled cryostat head, ice layers can
be dosed (Section 2.1.3). On the ice covered Ru(0001) surface the final check of the detection
path and temporal /spatial overlap is performed. During the measurement, the sample is located
in front of the ionization volume of the QMS. This position can not be fixed exactly, therefore
deviations of the order of several tens of pm can arise. Their compensation by small adjustments
of the beam overlap is straightforward. The check of the perfect spatial and temporal match of
the IR and UV pulse is performed at this stage as well.

Following the characterization phase, the sample is shortly heated to 1530 K and a well defined
D,O layer is prepared on the surface. The total coverage is controlled via the dosing time
that has been calibrated before and checked after each measurement by a TDS. This method
is preferred even in measurements, where the ice coverage is continuously varied and an SFG
spectrum could be taken simply along with the TDS, obtaining all data in a single run. The
drawback of the latter method lies in the thermal properties of the sample holder — the Ta wires
providing the resistive heating during the temperature ramp do not fix the sample tightly and
their thermal expansion leads to a small change in the sample angle. Due to the natural spatial
chirp of the SFG beam mentioned above, this could have severe consequences for the quality of
the data. Along with the evolution of the sample holder, as the twofold bended wires have been
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introduced (see Figure 2.3), this problem disappeared, nevertheless, such a measurement was
performed only if the angular stability has been proven several times prior to every experiment.
After each measurement completed by a TDS, the sample was exposed to the IR and VIS beam
once again and a spectrum from the bare surface was measured as a reference (non-resonant
background). The obtained data have been evaluated after the spectrometer system calibration
following the procedure described later on page 105.

Calibration of the ICCD spectrometer

The infrared spectrum of the adsorbate/vacuum interface can be in principle obtained from
an SFG spectrum easily, if the SFG and the up—conversion wavelength are exactly known.
However, often the required precision is hard to achieve, as already small errors (0.2nm) in the
VIS or SFG wavelength estimation decrease our resolution dramatically (5cm™! at 640nm).
An optimal way to circumvent this problem would be a suitable reference in the IR wavelength
range that could be used in the measurement as a marker. In the frequency region of the
coordinated OD stretches it is reasonable to exploit the asymmetric stretch resonance of CO, in
air before it is completely removed by purging. Although the broad band covers several tens of
wavenumbers, it exhibits a narrow dip at 2349 cm ™!, where SFG light can be detected [Nie45]
(see also Figure 3.10). To obtain a fixed frequency point in the free OD region, a gas cell was
inserted into the beam path and filled with diluted CH, that possess known absorption bands
around 2740 cm ™! and a difference SFG spectrum has been recorded with and without the gas
inside. Based on the overlap with a reference data set from the literature, an exact vibrational
frequency of 2730.5cm™! could be assigned to the narrow free OD resonance that emerges if
several amorphous ice multilayers cover the Ru(0001) substrate [Den03al.

Knowing the actual frequency of those two markers, all other frequencies in the region of interest
can be determined. Their position relative to the calibrated points can be calculated from the
characteristics of the ICCD camera/spectrograph system. In the SFG wavelength range, Ne gas
discharge lamps (Pen—Ray, LOT Oriel) have been used to characterize the spatial distribution
of wavelengths on the ICCD chip. The obtained calibration curve is plotted in the Figure 3.11.
Every time the TOPAS settings have changed and the spectrometer grating has been moved, this
calibration has been rechecked to eliminate the possible error in pixel-wavelength assignment,
which may appear due to the small changes in the angle of the mechanically moved grating'*
After that, the pixel position is converted to wavelength with high accuracy and from the
infrared marker, which is appears at a known SFG wavelength, the true up—conversion frequency
is calculated. Its value is used for the calculation of all other frequencies. The error in the
obtained frequency is estimated to be lower than 1cm™! in the vicinity of the marking points
and does not exceed 5cm™! in the whole frequency range.

Evaluation of the SFG spectra

In the Section 3.1, a purely theoretical approach yielded the following expression for the SFG
intensity (cf. Equation 3.14):

2
e¢q

Ispg ANR 1¢NR + Z R F IvisIir (3.24)
q

'1n fact, a small shift from the perfect position was only observed if the spectrometer gratings have been changed
(three gratings are mounted inside, automatically interchangeable with each other) and the instrument readjusted
their positions. The mechanical latch, used as a reference position for the maximal angle, unfortunately allows
such a deviation.
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Figure 3.11.: The calibration curve of the ICCD camera/grating spectrograph system. The pix-
els of the ICCD camera are arranged in such a way that they reflect the energy axis. Wavelength
range of 1 nm (corresponds in the OD stretch region to ~23 cm™!) is imaged on 37 pixels.

The real constants A, ¢, w and I' denote the amplitude, phase, frequency and damping factor
(half width at half maximum) of the corresponding resonance, respectively. Despite of numerous
approximations accepted during the derivation of this relation, it describes the measured SFG
spectra very well [Arn10, Bai95, Bon00b, Bon01, Bon05, Che02].

Line shape of a SFG resonance The vibrational resonances are assumed to possess a Lorentzian
line shape, as this is the most common solution of the equation of motion with a simple damping
inclusion (for details see Section 3.1). This ‘line profile consistency’ allows to extract the vibra-
tional transition from this model in a similar form as in the more conventional absorption or
emission spectroscopy. However, the introduced idea of the x(2) tensor as being the sum of the
non-resonant (NR) and resonant part allows their combination in this non-linear case. In many
situations the resonant contribution is the dominant one and the non-resonant part can be ne-
glected. However, when a vibrational mode has a very low amplitude or is damped strongly (as
it is found in our data), its contribution may become comparable to the NR term, which causes
interference between those two parts and results in a Fano—shaped intensity profile [Fan61].
The best way to visualize this interference is to use an alternate form of Equation 3.24 and for
simplicity first assume only one resonance being present in the underlying system. We obtain:

AT sin(¢) Ay (wir — w1) cos(e)
I A
SFG < NR + (wIR — w1)2 + F% + (wIR — w1)2 + F%
Aj(wir — w1) sin(¢) A1l cos(¢) )2
+ — Ivis T 3.25
( (w[R — w1)2 + F% (w[R — w1)2 + F% VISIIR ( )

Now, inspecting the expression in the square brackets reveals important facts about the possible
SFG line shape. If the phase ¢ equals to /2, the cosine terms vanish identically. The resonant
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and the non-resonant part on the first line is either added or subtracted, but the Lorentzian
shape is preserved, even though the peak will appear as a decrease in the total SFG intensity in
the latter case. The term on the second line can be neglected in this consideration as it vanishes
close to the resonance due to the damping factor. In a non-realistic scenario it could cause a
small, symmetric peak broadening if the I' was very small.

Setting the ¢ to 0 (7) leads to slightly more complicated behavior: the SFG intensity decreases
(increases) as the light frequency (wir) approaches the resonance frequency (wi), remains un-
changed if those frequencies match and increases (decreases) for larger photon energies. Due
to the second term, which always increases the total intensity, the point symmetrical curve
could theoretically loose this symmetry. As the key factor determining the final shape of the
spectrum is mainly the amplitude of the NR part, under the conditions of interest (Ang ~ A1)
the influence of the second term can be neglected as well.

The possible line shapes, representing each of the discussed situations, are depicted in the Fig-
ure 3.12. The probably most striking difference to the conventional linear spectroscopy is the
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Figure 3.12.: Possible SFG line shapes for different values of the resonant phase (¢).

actual spectral position of a resonance in the SFG spectrum: it may appear at a frequency,
where no resonant signal change can be observed (see the situation for ¢ = 0). It is also obvi-
ous, that the spectral information is very hard to extract intuitively during the measurement
and often only the consequent fitting procedure can provide one with the spectral parameters
of interest. Moreover, as can be seen from Equation 3.24, the spectrum consists of convolution
of the VIS and IR intensities as well, which presents a further complication.

Fitting the SFG data The obtained SFG data was fitted using commercial software (Igor
Pro 6), employing self-developed procedures and using the built-in Levenberg-Marquardt al-
gorithm for solving non-linear curve fitting problem via the least—squares method. The non—
resonant background signal could be substituted in place of the convolution Iyiglir as it is
proportional to the same. The unknown fitting parameters constitute the effective X(z) value
as discussed above. The fitting Equation 3.24 has been modified slightly in order to assign a
more defined physical meaning to the obtained values:

As the NR component of the SFG signal often stems solely from the metal surface electrons, its
phase ¢ngr can be set to zero [Tad00]. In such a case, the resonant phases express the relative
phase A¢ between the vibrational mode and the NR part.

For a more convenient definition of the resonant amplitude, the Lorentzian line can be normal-
ized. It can be found, that [ I(w)dw = 1if I(w) = T'/7-1/((w —wo)? +I'?). Substituting the
expression A;\/Fq /m for A4 in the fit equation therefore yields a set of parameters, where the
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individual peak area (the SFG signal intensity) is simply (A;)Q. The modified relation reads

2
A/ &el(bq
Isre o ||ANR(0)| + Y —"——| Iysl 3.26
srG o ||ANr(0)] zq:WIR—qurqu vislir (3.26)
The choice of Afl has been made in this way, as it is now proportional to the number of oscillators
in resonance with the exciting frequency (see Section 3.1) and can serve for a direct comparison

to linear optical spectroscopies. Particular examples of the fits will be given later, along with
results in Chapters 4 and 5.
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3.3. Non—collinear optical frequency tripler

3.3. Non—collinear optical frequency tripler

The posibility to exploit nonlinear optical phenomena to generate laser light with frequencies
for which no suitable source is available was mentioned earlier in the Section 3.1. One such
commercial device, TOPAS, was introduced in the previous chapter as a source of IR radiation.
To obtain the light at the pump frequency of 266 nm, a non—collinear optical tripler has been
designed, built and characterized in the framework of this thesis. Its simplified scheme is shown
in Figure 3.13:
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Figure 3.13.: Optical frequency tripler.

3.3.1. Design of the tripler

The input light is diverted from the amplified output of the laser system described in the previous
Section. Approximately 1/3 of its power, corresponding to 0.45W (1.12mJ/pulse) have been
exploited. The p—polarized, 800 nm light enters the tripler, where the beam diameter is first
reduced in a simple telescope to approximately 50 % of its original size. At this size the beam
intensity is close to the damage threshold of the employed anti-reflection coated mirrors. In
the second step the input wavelength is converted in a BBO crystal with a conversion efficiency
of approximately 20 % to 400 nm photons. The type I phase matching that necessarily applies
in the SHG process if one linearly polarized beam is used, results in the s—polarized output
wave (perpendicular to the incident electric field; see below). The two frequencies are further
separated from each other by a dichroic beam splitter that is highly reflective for 800 nm and
highly transmitting in the 400 nm region. The remaining part of the original beam is then guided
through a delay stage and a A/2-wave plate, where its polarization is turned by 90°. Both, now
s—polarized beams are spatially and temporally overlapped in the second BBO crystal, where
they create the desired p—polarized 266 nm beam. The conversion efficiency of the whole device
after this last step is approximately 4.5 % which is up to 50 nJ/pulse of energy available for the
experiment.

3.3.2. Phase—matching considerations

In designing any nonlinear optical device, special care has to be taken especially to choose
the right nonlinear medium for all relevant processes. The choice of the BBO crystal is eligi-
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ble for its high nonlinearity, birefringence and hence ability to obtain perfect phase-matching
and particularly because of its transmission in the whole desired wavelength range down to
200nm [Nik91, Rin93].

Apart from the proper choice of the crystal, there are several other important parameters that
influence the conversion efficiency. All are in some way connected to the possibility to achieve
a perfect phase matching in the BBO. It has been mentioned before (in Section 3.1) that the
intensity of SFG or SHG radiation depends strongly on the wavevector (momentum) mismatch.
In the microscopic picture, large mismatch corresponds to a geometrical arrangement of os-
cillating dipoles that leads to a destructive interference of photons of the sum—wavelength in
the forward direction. In terms of physically meaningful quantities the dependence of sum—
frequency intensity (Isp) on the wavevector mismatch (Ak = ksp — k1 — k2) can be expressed
as [Boy03|:

8d*qwir 11

Isp = 5
€gninaonsc

L%sinc®(AkL/2) (3.27)

where dqg is a constant, that for a fixed geometry and beam polarization corresponds to the
effective part of the x® tensor, L is the interaction length and n, are the refractive indices
of the medium at the wavelength of all participating beams. This formula predicts a strong
decrease of the sum—frequency intensity if the phase matching is not optimally adjusted and
Ak = 0 is not valid (see Figure 3.14(b)). However, under realistic conditions (normal dispersion)
the equation

ks = k1 + ko = n3ws = niwi + naws (3.28)

does not possess a solution for any w-set as the refractive index increases with increasing
frequency. Therefore while working with a negative uniaxial crystal'® like BBO its birefringence
is used to compensate the dispersion and to achieve the perfect phase matching.

If one considers the first frequency—doubling process in the tripler, the phase matching condi-
tion for the SHG process (w; = we = 800 nm; w3 = wy +ws = 400 nm) would necessarily require
that ng = n1 = no. This is clearly not achievable in an optically isotropic crystal where the
dispersion must be taken into account. In BBO, assuming the same polarization of both beams
propagating as ordinary rays, the indices are n(800) = 1.66 and n(400) = 1.69. An uniaxial
anisotropic medium, however, offers two non—equivalent axes and hence two refractive indices
for every wavelength, as can be seen from a set of empiric Sellmeier equations for BBO valid in
the spectral range of interest [Eim87|:

0.0184
2 2
= 2.7405 — 0.0155A 3.29
o + A2 —0.0179 ( )
0.0128
2 2
= 2.3730 — 0.0044\ 3.30
e + A2 —0.0156 ( )

Here X\ denotes the wavelength in pm, n, and ne represent the refractive indices for the ordinary
and the extraordinary ray'%, respectively. Assuming a beam that enters the crystal is linearly
polarized, it propagates as an ordinary beam if its electric field vector oscillates perpendicular to
the plane containing the wavevector k and the optic axis, i.e. it possesses no component paralel
to the optic axis (see Figure 3.14(a)). The refractive index of such a beam is a constant (n,)

5 An uniaxial crystal is a birefringent (optically anisotropic) crystal with one eztraordinary optic axis along which
the light propagation speed is different from the other two axes in the crystal coordinate system. A negative
uniaxial crystal denotes a medium having refraction index in the ordinary axis larger than the refraction index
along extraordinary axis (ne < mo).

16Extraordinary in this context describes a beam, that violates Snell’s law of refraction. Even if it enters a
birefringent medium parallel to the surface normal, it does not continue in a parallel direction, but is diverted.
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Figure 3.14.: (a) Directions in a birefringent crystal. Light entering a birefringent crystal always
splits in two components: one perpendicular to the plane containing the wave propagation
vector and optic axis (ordinary ray) and another oscillating in this plane (extraordinary ray).
(b) The change in the output SF intensity as a function of the wavevector mismatch shows the
extraordinary sensitivity of the desired output on the phase matching condition.

independent on the beam direction. In all other cases, the beam propagates as the extraordinary

ray and has an index of refraction that depends on the angle # beween the optic axis and the

wavevector of the linearly polarized incident beam (ne(6)). Changing this angle can therefore

be used to “mix” the refractive index to a desired value required for the perfect phase matching.

It can be found that the dependence of the refractive index on 6 follows the equation [Bor75]:
I sin?f  cos? @

= + (3.31)

n?(0)  ng ng

After its evaluation one can find, that if the condition n(400) = n,(800) = 1.66 has to be
fulfilled, the angle between the incident beam and the ordinary optical axis of BBO must be set
to 29.2°. A very similar calculation has to be performed for the second nonlinear process in the
tripler as well. Here we require that n(266) = 1.68, which is the case at an angle of 44.3°. These
angles are not adjusted manually, but crystals with corresponding orientation are cut and used
in the tripler.

In the previous case study, type I (or (ooe)) phase matching has been considered, as both
input beams propagating in the ordinary direction possess the same polarization. However, in
BBO type II (although only eoe) phase matching is equally possible due to the symmetry of the
x? tensor. Here the input beams possess a polarization perpendicular to each other and the
crystal angle is adjusted to achieve a suitable refractive index for one input and the output ray
in the extraordinary direction. Evaluating the equations above results in 60.6° as an optimal
angle for such a process'”. One drawback of such a scheme is the higher absorption cut—off of
output frequency along the ordinary axis, however, at 266 nm this should not play a decisive
role. In general, an advance of such a setup is, that less birefringence is needed.

" To calculate the value of § for practical use, the walk—off angle of the input extraordinary beam has to be taken
into account and the crystal has to be cut and oriented according to that slightly different angle.
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3.3.3. Effective nonlinearity of the BBO crystal

An even more important quantity for estimating of the sum—frequency yield and choosing the
right type of phase matching for experimental purposes is the effective nonlinearity constant
degs. For BBO, belonging to the trigonal 3m crystal class, it can be calculated from the equa-
tions [Mid65, Kle03|:

dle = d3; sin 0 — doy cos sin(3¢) (3.32a)

dl = dyo cos® 6 cos(3¢) (3.32b)

for type I and type II phase matching respectively'®. The angle 8 has been introduced before as
the angle between the optic axis and the wave propagation vector k. The ¢ is the azimuthal angle
between the propagation vector and the zz crystalline plane, i.e. the angle between the projec-
tion of the wavevector into the xy plane and the x—axis. As a matter of terminology, usually the
z—axis represents the optic axis. The nonlinear crystal can be cut either in the yz—plane or the
xz—plane, leaving the zz or yz plane for beam propagation, respectively. In the first case, ¢ = 0°
and therefore this orientation is optimal for type II phase—matching, as d.g reaches its maximal
value here, the second case provides then ¢ = 90° and is best suited for type I phase-matching.
Substituting the known experimental parameters into the equations 3.32 and assuming opti-
mal conditions for phase-matching of either type reveals a much higher SF yield obtained in
the first case. The experimental values for the effective nonlinearity agree with the result sug-
gested by this estimation and under given experimental conditions (wavelengths: output and
second harmonic from a Nd:YAG laser; crystal thickness: 4.5mm) amount to 1.75 pm V! and
1.45pm V! for type I and type II phase matching respectively [Kle03, Arm96|. This justifies
the choice of the non—collinear tripler setup, as such an arrangement allows one to exploit the
BBO nonlinearity in desired wavelength range with far greater efficiency.

On the account of non—collinearity it should be added, that for a crystal oriented to match the
proper value of 8, changing this angle has much less effect on resulting SF intensity than the
change in azimuthal angle ¢. Therefore a properly cut nonlinear crystal has to be rotated along
only one axis, which greatly reduces the effort to maximize the output intensity. Consequently,
if two beams are to be overlapped in the non—collinear tripler, the most convenient way is to let
them propagate close in the plane defined by this rotation axis and the surface normal, since
under these conditions the angle walk—off is negligible.

3.3.4. Employing ultrashort pulses

Equation 3.27 also suggests the independence of the strength of the output signal on the in-
teraction length, but it is derived under the assumption, that the intensity of the SF light
grows constantly within the whole interaction length and is not depleted by a reversed process
(w3 — w1 4+ wa, see DFG in Section 3.1.1). Unconsidered is also the possibility, that the output
wave can get out of phase with the driving polarization. Unfortunately, both is the case in thick
BBO crystals and the efficiency of the three wave mixing is in fact lower, if L is greater than
approximately 1/Ak.

A further complication arises, when ultrashort pulses are used. Pulse duration is greatly influ-
enced by the length of the path traversed through the nonlinear medium as can be seen from
Figure 3.15. Although the pulses employed here are longer than those in the referred exper-

'8 The corresponding constants are ds1 = (0.16 & 0.08) pm V™! and d22 = (2.22 £ 0.09) pm V™! [Lid07]. Although
available scientific papers all agree on form of Equations 3.32a and 3.32b, the data sheets of many crystal
producers often offer confusing constant sets, nonexisting x<2> elements and original, rather magic formulae for
calculation of the actual deg.
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Figure 3.15.: A 30fs short pulse is frequency doubled in a nonlinear BBO crystal. Plotted is
the output pulse duration versus crystal thickness. Reproduced from Ref. [Liu94].

iment [Liu94], both the dephasing probability and the dispersion!”(causing the pulse length
stretching) rapidly increase with decreasing wavelength. Therefore the nonlinear crystals used
in the tripler possess a different thickness — 0.4 mm for the first, SHG process and 0.2 mm for
the second, SFG process.

The pulse length characteristics of the tripler output beam is discussed in the more appropriate
context in Section 2.2.3 on page 82, as the corresponding measurement requires exact knowledge
of the temporal shape of the IR-sampling pulse as explained there.

With pulse duration below that of the input beam and the power sufficient to excite enough
electrons from Ru into the ice overlayer, the tripler was successfully implemented into the
working setup of the SFG experiment and played the crucial role in obtaining all the data

presented in the Chapter 5.

For the output extraordinary ray, the dispersion dn/d\ amounts to —0.0193pm~*, —0.158pm~' and
—0.694pm ™" for 800 nm, 400 nm and 266 nm, respectively.

113



3. Experimental methods and important innovations

3.4. Retarding—field analyzer

Water adsorbed on a metal surface may interact strongly with its electrons, as has been thor-
oughly discussed in Sections 1.1.3 and 1.3.3. This interaction is usually accompanied by a
change in the work function (®) of the first metal layers, which indirectly reflects its strength.
A crystalline ice monolayer on Ru(0001) surface lowers its ® by 1.26 €V, which is a change
of 25%. Section 1.1.3 already stated that the binding of water to this surface is very strong
compared to other metals, leading to the surface wetting and to a desorption temperature of
180 K. Even in the next layers, a difference of 0.2€V in the work function is observed between
the crystalline and amorphous structure of ice multilayers.

This high sensitivity of the work function to the type and structure of the adsorbate in general
has served for example in many theoretical studies as a reference value, that each plausible
adsorbate structure must agree with [Gal09, Men05|. But the work function change has a sim-
ilar significance in experimental studies as well, since it provides a very sensitive measure of
structural changes, that would in the water case peak for the perfect ice XI — a ferroelectric
structure — in a massive A® of approximately 2.1eV/BL [Ied98] (see also Section 1.1.2).

In the time the presented measurements were performed and electronic origin of the structural
changes in water has gained more and more experimental evidence, for the same reason the need
of a device emerged that is capable of measuring the work function change without a contact to
the sample and highly locally, preferentially only within the UV pump spot. Additionally, the
possibility to follow the temporal evolution of ® in the real time during the measurement and as
a function of photon dose was required, as well as a design suitable for the integration into the
rather limited space and angle boundaries available within the SFG setup. On the other hand,
as the work function change was expected to be large, the resolution of such a device could be
a matter of compromise if the other conditions were fulfilled.

As a result, a small retarding—field analyzer (RFA) mounted on a customized ISO-CF DN40
flange has been designed, implemented, tested and calibrated and later successfully employed
in the experiment. The whole electronics capable to run and read the data from the analyzer,
as well as the computer programs to process them in the real time have been developed. A
set, of photographs showing different views on the RFA without the shield is shown in the
Figure 3.16 and is intended to provide the reader with a picture worth keeping in mind while
reading the remaining lines of this Section. Before a detailed information about the RFA design
and capabilities can be given, a brief introduction into its working principle is offered.

3.4.1. Principle of the electron kinetic energy measurement using retarding field
analyzer

The usual way to measure the surface work function is to employ the photoemission spectroscopy
as described in the Section 1.2.3. In its conventional fashion, the energy of photons that interact
with a metal surface is varied and the possible emission of electron is followed by a sensitive
detector. The value of @ is easily found as the threshold photon energy at which the electrons
are ejected from the metal with zero kinetic energy.

In our experimental setup, however, an external tunable source of radiation is not available
and for many reasons (especially the guarantee of a perfect overlap with the probing beam) the
better approach appears to be the use of the UV pump beam. Its energy is larger than the work
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Figure 3.16.: A photograph of the retarding field analyzer

function of the ice covered metal?® and hence it causes electron excitations not only from the
Fermi level as the light in the conventional photoemission, but also from the underlying states.
As a result, electrons with a broad range of kinetic energies are emitted, whereas the energy
of every single electron depends on its initial state. The idea of the retarding field analyzer is
to map this energy distribution, since it bears the information about the work function as will
be explained later. This goal can ideally be achieved with an electron detector placed behind
a grid with an adjustable potential. Increasing the voltage Ug set on the grid increases the
energy barrier for the particles emitted towards the detector to a value of —qUg, if their flight
direction matches the direction of the field created by the grids. Electrons with lower kinetic
energy will not pass the barrier, which enables to map the emitted electron energy distribution
simply by sweeping the voltage. In reality, the setup is somewhat more complicated, but the
idea is the same. Figure 3.17 shows the optimal experimental arrangement of grids and detector
in the employed RFA.

A detector — channel electron multiplier — is placed in a shielded tube behind three grids,

20The Ru(0001) single crystal covered by a multilayer of crystalline ice exhibits a work function of (3.80 4 0.05) éV.

If the multilayer is amorphous, the ® value amounts to (3.98 £ 0.04) ¢V [Gah04]. The employed UV pulse is
still short and intense enough to induce the photoelectric effect from the bare Ru(0001) in a two—photon process
(Pru = 5.44€V [Ber00]), although with a orders of magnitude lower efficiency.
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Figure 3.17.: Schematic arrangement of the most important elements in the RFA. For simplic-
ity, the first and the last grid are shortcut in the illustration, but can be set independetly to any
voltage in reality. On the bottom, the two-dimensional potential felt by an electron travelling
parallel to the electric field created by the grids is depicted.

whose potentials can be controlled separately. To achieve the high sensitivity to the incoming
electrons, this type of detector requires quite large voltage difference to be set across the highly
resistive coating layer that provides the electron cascades. In the presented work, 0.1kV were
set on the front and 3kV on the back side of the layer. The innermost grid therefore mainly
shields the other two grids and the space in the chamber from this extraordinary high potential
that resides on the wires, connectors and the channeltron device itself. The middle grid is
the retarding grid. Its potential is proportional to the kinetic energy of a passing electron, if
its trajectory is parallel to the grid normal. The first grid allows to focus the electron beam
into the RFA or to switch off the electron flow into the analyzer. Without this first focusing
step, setting a negative voltage on the retarding grid would create a repulsive potential and the
electrons approaching the device would tend to diverge from their original path and collide with
the shielding or the chamber walls rather than pass directly through the grid. Moreover, this
would have a stronger influence on the electrons with low energies, as they can be diverted from
their flight direction easily by any small potential eventually present in the chamber, despite
of our effort to suppress this?!. Note that the low energy electrons are of great importance for
the calculation of a correct work function value, as will be explained later in this Section on
page 120.

3.4.2. Measuring work function changes

Simulation of electron trajectories under experimental conditions

The optimal design analogous to the scheme in the Figure 3.17 can not be realized in the SFG
chamber. Its geometry, the sample position in the optical level of the chamber and the positions

21Tt is not possible to account for the contact potential of every metal piece in our chamber. It is also not possible
to shorten the electron path, since this is not compliant with the spatial restrictions in the SFG chamber.
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of other instruments greatly restrict the available space for an RFA.

The short description of the setup above could already make obvious, how important the reliable
knowledge about the ion trajectories — before and in the device — can be in such a more compli-
cated case. The number of corrections that can be made ‘on the fly’ is also greatly reduced by
its operation under UHV conditions. For a similar arrangement, as shown in the Figure 3.17,
however with a geometry closer to that of the employed experimental setup, a profound simula-
tion has therefore been realized [Zac09]. The modeling has been performed with a commercial
PC program SIMION in the version 8.0.4 [Dah00]. The control of the program flow and the
readout of relevant results from the simulation was achieved through a programming interface
in the scripting language Lua.

In principle, the problem solved by the program SIMION can be generalized as finding a numerical
solution to the Poisson equation

As(r) = 2 (3.33)
€0

for a given arrangement of electrodes, i.e. the sample and the RFA parts. Here, the symbol ¢
is used for the potential of the electric field, p denotes the free charge density, A is the Laplace
operator. In the vacuum and in the absence of the free charges, the right side of 3.33 equals
to 0 and a homogeneous partial differential Laplace equation is derived. Its analytical solution
is possible only for a limited set of simple cases, therefore one often has to find its numerical
solution. This is offered in many computational—science textbooks as the prototypical example
for an elliptic partial differential equation [Pre97|. Solving it leads to a potential map in the

UHYV chamber and through
E =—-V¢(r) (3.34)

the force F(r) = ¢E acting on any charge at any location in the chamber can be also calculated
numerically. A possible magnetic field influence on the electron trajectories is neglected. For
details concerning the implementation of the solution path in the SIMION program, please refer
to [Zac09]. An example simulation result — a potential map in the simplified UHV chamber
geometry showing also the modeling arrangement is presented in the Figure 3.18.

Ru(001

Figure 3.18.: Simulated potential map in the simplified UHV chamber geometry. In the de-
picted case, the sample voltage is set to —2 'V, the first grid to 15 V. The grey equipotential
lines connect points with the same electric potential.

The actual goal of the simulation can be expressed in another way as the task to evaluate
the RFA transmission probability, which gives us a more defined observable to compute. Here,
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the transmission probability is defined as the probability of an photoemitted electron to reach
the detector after passing all grids. Only if a sufficient amount of electrons can be detected,
the setup is feasible and the number of degrees of freedom is greatly reduced. For this purpose,
25000 electrons with a random velocity vector vy and a selected energy Ey = mevg /2 were
simulated to leave the sample.

Simulation results: Implications for the design of the RFA

The modeling has revealed that the distances between the grids are much less important than
expected and the desired electron trajectories can be controlled more precisely by tuning the
voltage on the grids. The electrons are detected with an almost 100 % probability after they
have passed the last grid, as the potential on the detector area that almost fills the entire rear
part of the analyzer is very high. Therefore, only the adjustment of the front RFA part is
reasonable. Due to the risk of repelling the electrons in the analyzer towards its walls before
they can reach the retarding grid, the grids are stacked as close to each other as possible. This
also increases the aperture for a hypothetical electron beam that passes the RFA. Clearly, the
optimal position for the grids is flush with the shielding end.

The length of the RFA tube is not important. Different to its optical analogue, where a longer
tube would enhance the spatial angle under which the electrons can pass the grids, here all
charges can be attracted by a voltage (U;) on the first grid?2. As will be discussed later, this
is not always appropriate and a shorter tube accepting a narrower spatial angle could even
improve the energy resolution. However, due to the constraints in the UHV chamber, the RFA
must end 15 cm away from the sample and a further shortening of this distance does not show
any notable effect.

An RFA constructed with all the attributes mentioned above offers a model transmission curve
depicted in the Figure 3.19. The data represent, considering the given spatial restrictions in the
UHYV chamber, the best achievable characteristics of our analyzer.

Simulation results: Implications for the RFA data processing

Evaluating the RFA properties based on the data from the Figure 3.19, several drawbacks of
our method can be identified. Its main limitation is the very low detection probability even
in the best possible design. For electrons with kinetic energy larger than 4 €V, the detection
probability lies below 1%. Not considered is the transmission of the grids, which reduces
this number further by at least 50 %. However, it is not the insufficient number of detectable
electrons which would be problematic in this context. The intensity of the UV laser pulse is
very high and can produce an amount of electrons orders of magnitude larger than a CEM could
detect in the current setting. On the other hand, to excite a large initial number of electrons,
which is required to register them with a sufficient statistics, especially if the repetition rate
of the laser is low, can lead to a space charge in front of the sample and considerably distort
the kinetic energy distribution. Every measurement has therefore been performed with a signal
intensity close to the detection limit and the channeltron settings were deliberately tuned to the
maximum sensitivity even taking into account the risk of destroying the device by an electron
source, such as a filament in the chamber, inadvertently switched on during its operation.

A further factor greatly influencing the measured kinetic energy of the electrons is their
angular distribution. As it is obvious from Figure 3.18, none of the electrons is released from
the sample in the direction parallel to the RFA grid normal. However, the part of the energy

22First (outermost) grid is the first from the viewpoint of a charge that passes the analyzer.
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Figure 3.19.: Left: A simulated RFA curve. The electrons start from the sample at —2V and
at various energies (see the legend). The fraction of electrons that finally reach the detector is
plotted as a function of the retarding grid voltage. Right: The transmission probability as a
function of the initial electron energy immediately after leaving the sample (Ep). In both cases
the first and the last grid are set to a constant voltage of 5V.

contained in their momentum only in this direction can be mapped. The influence of the electron
incident angle depends on the voltage set on the first grid:

If the actual potential difference between the sample and the first grid is zero, the key role
plays the angle v between the direct sample-detector path and the grid normal. It amounts
to approximately 10° and therefore the measured energy is E, = mev2/2 = %mev2 cos’y =
Eyp cos? ~v 22 0.97 Ey;,. This deviation is clearly visible in the simulation. By the inspection of
the onset of every RFA curve in the Figure 3.19(left), a shift to a little lower negative energy
than the energy conservation would require can be observed. Similar shift should apply to all
electrons that reach the detector and therefore the final kinetic energy distribution measurement
is not disturbed by this fact, although it requires a correction.

If the potential of the first grid is set to a value different from the sample, the angular distribution
of the electron momenta becomes much wider. The grid acts as a lens and a part of the
trajectories of electrons that would not be detected in the previous case (¢1 = @sample) is bend
towards the detector. Although a grid can change the electron path, it can not add energy to a
particle as the same field which accelerated it towards the detector will slow down the electron
after it has passed the grid. Overall, there is no energy gain and only the initial momentum
component parallel to the grid normal counts. As electrons in this case have been collected
over a wider spatial angle than in the case above, the final kinetic energy distribution will be
artificially wider. This fact can be seen in the simulation as the deviation from a step change
in the Figure 3.19(left). Electrons that start from the sample (—2V) with an energy of exactly
0.5¢eV should in an optimal case all reach the detector after the retarding voltage is increased
above —2.5V. However, a saturation of the modeled signal is clearly visible at much later
values. This complicates the measurement significantly and requires additional calibration and
characterization of the device to correctly describe the low energy part of the electron kinetic
energy distribution. Due to this difficulty, the measurements are preferentially performed with
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a potential on the first grid similar to that of the sample.

Another important information can be drawn from the right curve in the Figure 3.19. The
experiment simulated there is proposed to estimate the total probability of detecting an electron
photoemitted with the kinetic energy FEy, if no retarding potential is applied. For this purpose, a
relatively high positive voltage of 15V is set to the retarding grid. The result is quite intuitive:
the trajectories of slow electrons are much more influenced by a given constant field (force),
exhibited by the first grid, than the trajectories of the faster species. As a consequence, the
detected low energy electrons have a much broader angular distribution of their momentum
vectors. The field they experience accelerates them to a velocity that is too large compared
to their original velocity vector and regardless on its initial angle their resulting path will be
governed mainly by the potential gradient in the chamber, which in this case will almost always
lead towards the analyzer. The still low detection probability under these conditions is caused by
the suboptimal position of the RFA in the chamber, which gives only a small effective aperture
for the electrons that can be detected, leaving the rest to collide with the RFA wall. This, again,
stresses the importance of the proper choice of the potential set on the first grid. The smaller
its value with respect to the sample potential is, the lower fraction of electron trajectories it
will distort significantly.

There is another way to circumvent the problem with the low energy electrons and their
enhanced detection probability. If the sample is set to a negative voltage (e.g. to —2V), the
kinetic energy of the slowest electron will be larger than zero (at least 2€V, assuming ¢; =

gar:n%le)’ because all emitted particles do have a kinetic energy of at least 0eV. Particles with
a higher kinetic energy are less prone to follow a path completely influenced by the first grids
attractive field. Moreover, if the voltages on the sample and on the first grid are adjusted
properly, the electron detection probability is almost equal for all electron energies, as can be
seen from the left graph in the Figure 3.19, comparing the detection probability for any energy
at a voltage of approximately —2 V. This is in this case the lowest real barrier and all electrons
arriving to the detector at an expected angle should be detected up to here. Thus, all other
detected species, if detected, could obviously be neglected. To find the proper value of this
potential as well as the adjustment of the sample/grid voltage is a matter of calibration. Also
in this case, keeping a low voltage on the first grid is preferred.

Estimating the work function change from the electron kinetic energy distribution

After the true RFA intensity—voltage curve is obtained in the way described above, it indeed
reflects the electron kinetic energy distribution, but its interpretation is not straightforward.
A schematic view on this problem is offered by Figure 3.20(a). It shows the total energy of
the excited electrons and introduces the important energy levels of the metal and the electron
detector system, which is in the RFA represented by the retarding grid. It is namely its potential
alone that decides whether an electron with a given kinetic energy will be detected or not. Other
parts either only focus, or detect all electrons.

If the sample and the detector grid are shortcut (or both of them are set to an identical voltage),
their Fermi levels are aligned as obviously no constant electric current flows between them.
Their vacuum levels, however, may differ — the potential energy of an electron excited from any
compound depends mainly on the compound-specific electron binding strength?. This does

23This statement is illustrative, but not fully correct. The electron charge density near to the surface usually
has a different symmetry than the underlying lattice. This leads to a permanent dipole moment at the surface,
which depends for instance on its orientation and requires a correction of the work function value derived from
the Koopmans theorem [Koo34| as above. As an example, the polycrystalline tungsten exhibits a work function
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Figure 3.20.: An energy diagram showing the total energy of electrons excited by a pulse of
energy hr as well as the consequent processes — scattering and transport towards the detector,
again with its energy level diagram. Depicted is the case of a bare metal surface and of a
surface covered by an adsorbate with a dipole moment pointing away from the surface. Adapted
from [Cah03|. Detailed explanation in text.

not only manifest itself in a different value of the work function (® = Ep — Eyac) of the grid
and sample, but causes any pair of connected metals to posses a different electric potential.
Such a potential difference is known as the contact potential (A¢ = ® — '), and exerts a force
on a charged particle in the space between the sample and the detector. The contact potential
has two important consequences for our measurement. First, the lowest kinetic energy of the
photoemmited electrons is almost always different from zero. Given a detector with a work
function lower than that of the metal, the higher potential energy of electrons in front of the
sample will be converted into the kinetic energy during the flight and add to the total kinetic
energy so that one can write

Ellq(ll& =A¢p = q)sample — @getector (3.35)
which is valid for electrons that start from the sample with zero kinetic energy and

Eﬂﬁx = hv — q)sample + Erlilllril =hv — (bdetector (336)
for electrons excited from the Fermi level. The sample work function can be expressed accord-
ingly as

(I)sample = hv — Eﬁfﬁx + Erlilllril (337)
showing the great importance of both edges of electron kinetic energy distribution.
The second consequence is that to map this whole distribution, positive voltages may be required

on the detector to assure the detection of all electrons. In the presented design, the grid is made

of 4.55¢eV, the W(113) face 4.46 eV and W(110) 5.22¢€V [Lid07]. For more details see [Ash76].
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of tungsten mesh with a @getector 0f ~4.55€V |[Lid07], which is a higher value than the work
function of ice—covered Ru(0001) sample. If the first grid and the sample were grounded (set
to the same voltage), the low energy electrons would be not able to reach the detector (as the
potential of the grid would be higher). It is therefore crucial to keep in mind the difference
between the voltage and the potential in this case. The RFA operation with a negative voltage
on the sample as mentioned above is thus convenient for this reason as well.

There is another aspect worth noting before the data can be discussed. The kinetic energy
distribution of electrons is not to overinterpret as the image of the density of states in the
metal. The electrons with the highest energy are indeed, as illustrated in the Figure 3.20,
coming from the Fermi level (Ep) of the substrate. However, the lowest energy electrons are not
only emitted from the low—lying states below the Eg, but can represent the outcome of an e—¢
scattering process during the excitation in the metal itself. Unlike the broad angular distribution
of the photoemitted electrons, this distortion of the low—energy edge can not be avoided and
represents a source of systematic error. Although the probability of such a scattering is not high,
it complicates the absolute estimation of the work function value. Nevertheless, our actual goal —
to measure the work function change can be reached under the assumption that this probability
is low and does not vary greatly upon a change in the work function.

Working with ultrashort intense pulses adds to the complexity of a RFA measurement as well,
as the number of excited electrons can be that large, that their electrostatic interaction within
the charge cloud in front of the surface (space charge) is not negligible and artificially spreads
the electron energy distribution. In such a case, the change in the work function becomes
apparent in the width of the electron kinetic energy distribution. Illuminating the sample with
an identical amount of photons leads to a larger number of electrons if the work function of the
sample is lower. If the electron density in the space charge is larger, the electrostatic interaction
can be stronger, accelerating the fast and slowing down the slow electrons. In any case, only the
sign of the work function change can be determined in this way. To suppress the space charge,
lower laser intensities are used and detection of electrons takes place close to the detection limit
of the channeltron.

Meaning of the work function change upon adsorption

As a short note, reasons for the work function change, as they are depicted in the Figure 3.20(b),
should be explained more precisely. Our interest in the A® value was sparked mainly by the — at
the time not understood — processes in the ice layer upon electron confinement (see Chapter 5).
What implications has a change in ® for this phenomena?

We consider a water layer adsorbed on a Ru(0001) surface — a situation that has been thoroughly
treated in Section 1.1.3. Such an arrangement of D,O molecules will have a dipole moment which
will be imaged in the metal. If it points away from surface, as shown in Figure 3.20(b), it will
be compensated by a decreased electron density at the metal surface as compared to the bare
metal. Lower negative charge density at the interface means a reduced barrier (vacuum level)
for an escaping electron leading to a lower work function. The situation is symmetric and hence
opposite, if the dipole moment points towards the sample. The theoretical calculations confirm
this argumentation, predicting a work function value of 5.04¢V, if D,O molecules in the first
ice layer on Ru(0001) were aligned in ‘D—down’ (dipole pointing towards the surface) fashion
and 2.4V for the ‘D-up’ (dipole pointing away from the surface) structure [Men05| (see also
Section 1.1.3).

If a reorientation of D,O molecules in ice takes place as a consequence of the charge confine-
ment, mainly the water dipole moments should align. Due the solvation site at the ice-vacuum
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interface (see Section 1.2.3) and some other factors, this should change the final work function
and allows some conclusions made in Section 5.1.1.

3.4.3. Important technical parameters

As the RFA is a non—commercial instrument, a brief description of its components might be
useful for the reader considering to build a similar device. The final technical drawing of the
assembled RFA is shown in the Figure 3.21. An ISO-CF DN40 flange has been manufactured

Figure 3.21.: A technical drawing of the assembled RFA—analyzer. Based on a customized ISO—
CF DN40 flange with 6 BNC (side) and 2 SHV (front) connectors (placeholders in the drawing)
a rod system is mounted providing a fixing point for a channel electron multiplier and three
tungsten mesh grids. The whole device is shielded by a stainless steel tubular shield, mounted
to the grounded flange by a special OHFC copper screw thread.

from a block of stainless steel, since extended thickness was required to place and mount all
necessary connectors and no commercial alternative could be found. On the back side (not
visible in the drawing), two SHV-feedthroughs are welded, providing a plug contact suitable
for high voltages. Around the circumference, 6 BNC connectors offer the possibility to set a
low voltage on the grids. In the back side of the hollow space bearing the connectors, four
threads are placed, aimed to support the same number of threaded rods. A coarse screw thread
is cut next to the cutting edge of the flange to provide a mounting point for the stainless steel
shielding, which is attached to it with a copper orifice to avoid the damage of the device during
bakeout, which exposes both components to a different elevated temperature. The shielding is
manufactured from a thick foil with several holes in its bottom part to facilitate the gas pumping
from the device.

A channel electron multiplier (CEM), KBL15RS from Dr. Sjuts Optotechnik GmbH is mounted
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as the detector in the device. After particle or photon impact with sufficient energy it provides
electron cascades with an amplification factor up to 1 x 10®. This is accompanied with a source
high voltage breakdown that can be read out via a capacitor and produces negative pulses of
8 ns length. The intensity of those pulses is to a good approximation proportional to the electric
current induced by the given number of incident species. Such short pulses are amplified and
then integrated in a boxcar integrator which is read—out using a newly developed computer
program.

The CEM is mounted to the rod system behind the three grids made of a tungsten mesh with
a transmittance (open area) of approximately 80 %. Such a dense network of very thin wires is
necessary to assure the homogeneity of electric field in the proxmity of the grids and hence to
increase the resolution of the device. All components are connected with their corresponding
feedthrough plug by a polyimide isolated wire, the wires for the high voltage parts are addi-
tionally equipped with a ceramic isolation. To separate all components from each other a thin
polyimide foil keeps apart the shielding from the grids. The rod system has no electric contact
with the grids, which is achieved by a specially designed set of ceramic washers (see zoomed
area in Figure 3.21). For connecting the grids and the wires, spot—welding appears to be a very
convenient method.

The results achieved with the RFA are further discussed in the Section 5.1.1. Although they
deliver the information this instrument was aimed to obtain, this device could perform much
better in a setup, where less restrictions limit its function. We believe that the operation of an
RFA is a genuine alternative to other methods that are intended to provide one with the value
of the work function of any compound.
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4. Interfacial structure of D,O on Ru(0001)

The importance of ice surfaces for many areas of physics or atmospheric science cannot be overem-
phasized and some of the prominent examples demonstrating their relevance have been mentioned
earlier in Section 1.1. Equally, for many research areas the interaction of the water with a metal
surface is of key interest. As a model metal surface, Ru(0001) and Pt(111) have been studied most
intensively, most probably due to the strong influence they exhibit on the chemisorbed water layer.
Although SFG vibrational spectroscopy can provide an unique view at the water/metal interface and
interactions, apparently the last results led to an interpretation of the obtained spectra not fully
consistent with the other findings. In the following Chapter the interfacial structure of water on
a Ru(0001) surface is reexamined using an improved experimental setup and benefiting from the
knowledge obtained by other research groups in the meantime. At the end, a more consistent picture
of the interaction between the model metal surface (Ru(0001)) and D,O molecules can be drawn.
Another aspect examined here is the surface structure of different phases of ice grown on the Ru(0001)
substrate. Despite the interface—induced disorder in the layers, a clear difference between the amor-
phous and crystalline phase can be found. The oscillators contributing to the SFG vibrational signa-
tures are located more precisely by coadsorption experiments and a model for the structure of the
surface of both phases is discussed.

4.1. Introduction to the current research status

The initial motivation to perform the experiments presented in this Chapter comes from the
investigations carried out by Denzler et al. that focus on the structure of the wetting water
layer on the Ru(0001) surface [Den03a, Den03b, Den03c|. Before the more advanced topics
are discussed, a brief summary of their results is therefore given with some of the conclusions
reinterpreted in the light of the current understanding of the D,O/Ru(0001) system.

4.1.1. Thermal desorption spectroscopy investigations

In the discussion regarding the theoretical calculations predicting a half-dissociated structure
of the first water bilayer, the first convincing experimental argument confirming intact D,O ad-
sorption came from TDS measurements [Den03c]!. As in the rest of the thesis the undissociated
structure of the first water layer is assumed, it is worth spending some lines of text in a brief
overview of the corresponding results.

There is a remarkable isotope effect accompanying the water desorption from a clean Ru(0001)
surface: If the H,O multilayers leave the surface, three distinct peaks can be observed in the
corresponding TDS, whereas the part of the ice film without a contact to the metal exhibits
a maximum around 150-160 K (depending on coverage) and the layer bonded directly to the
Ru(0001) surface leaves it in two clearly separated peaks at 170 and 213K (at the heating
rate of 0.5 Ks™!; see Figure 4.1). In contrast, pure D,0O was found to yield only one peak for

More arguments were required by the opponents of this picture to exclude that the desorption peak of the
wetting layer does not correspond to an associative desorption.
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Figure 4.1.: TDS spectra of D,O and H,O desorbing from the Ru(0001) surface. Taken
from [Den03c].

the multilayer and one peak (at ~175K) for the wetting layer. A the third, high temperature
peak, appears only if oxygen or impurities contaminate the sample, which leads to a strain
in the hydrogen—bonded structure of an otherwise nearly perfect, compressed bilayer. The
structure of the wetting layer formed by either of the water isotope is indeed different: H,O
forms separated stripes with hexagonal internal structure and D,O grows by covering the surface
uniformly, since the Ubelohde effect (see page 23) most probably allows the latter type of
water molecules to accept the structure enforced by the substrate [Hel95b|. The theoretical
prediction [Fei02] concerned the most stable structure of both H,O and D,O and in both
cases postulated a half-dissociated adlayer. It is therefore reasonable to expect that if the
molecules break apart under the influence of forces arising from the interaction with the metal,
their recombination upon desorption will not be perfect. Processes like diffusion may namely
bring the dissociation products out of the distance range feasible for a reversed reaction and
in such a case a measurable amount of fragments (hydrogen and hydroxyl) will remain on the
surface. The hydrogen is particularly known to desorb associatively at temperatures exceeding
the water desorption temperature, whereas the enhanced mobility of the hydrogen atom at
higher temperatures also supports the diffusion of the reactants. The result of a hydrogen TDS
measured after a water desorption with a specially designed mass spectrometer of extraordinary
collecting efficiency (Feulner cup QMS [Feu80]) is depicted in the Figure 4.2. Obviously, both
water isotopologues leave some fraction of hydrogen on the surface. Its amount grows up to
the coverage of 1 BL nearly linearly and saturates there in both cases. This indicates that the
picture of water dissociated only at steps or defects has to be discarded, as those sites should
be saturated much earlier and remain blocked by the dissociation products. Similarly, dosing
D,O on a clean Ru(0001) surface at 230K, which is above the D,O desorption temperature,
but still allows the water molecules to interact for a short time with the surface, does not lead
to an accumulation of dissociation products. The consequent deuterium TDS resembles rather
a desorption of impurities originating from the water dissociation at the large surface area of
the gas handling system than the reaction products.

Much can be learned by comparing the intensities of the H, and D, desorption peaks in the
Figure 4.2 right. After dissociation exclusively at steps or defect sites has been excluded, the
total amount of measured hydrogen corresponds to the fraction of water molecules dissociated
upon interaction with the surface. In the case of H,O the area below the TDS peak corresponds
to 14 % of the saturation coverage with H,, which means that about 10 % of H,O molecules
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Figure 4.2.: Amount of H, and D, remaining on the Ru(0001) surface after a complete desorp-
tion of the corresponding water isotope. Left: the integrated QMS signal of the desorbing species
as a function of the initial water coverage (dashed lines guide the eye). Right: Comparison be-
tween the TDS signal of hydrogen adsorbed on a clean surface and the signals for hydrogen
remaining on the surface after water (~3.5BL) desorption due to its (possible) dissociation.
Data are corrected for the different QMS sensitivities to H, and D,. Taken from [Den03a].

dissociate upon desorption®. In turn, D,O molecules leave only a negligible (at least one order
of magnitude lower) amount of D atoms on the surface.

Is it possible, though, that the D,O bilayer is also (partially) dissociated, but due to the
differences in the global structure of the adsorbed water its recombination is much more effec-
tive? Such a scenario is quite reasonable: the isolated H,O stripes formed below 1 BL possess a
larger amount of molecules neighboring to the free Ru(0001) surface and hence are more prone
to diffusion of H atoms away from the corresponding OH fragments than the commensurate,
epitaxial D,O layer. To test this hypothesis, H, (D,) was added to 0.6 BL of D,O (H,O) and
a TDS measured. In either case, no desorption of water molecules containing both hydrogen
isotopes was observed. Such a behavior casts doubts on the recombination scenario: neither H,
nor D fragment are exchanged between the water structures and their neighborhood (which is
expected if hydrogen can leave the structure) and the water desorbs as if no other adsorbate
was present on the sample. Nevertheless, in the case of H,O, clearly larger amount of HD is
found to leave the sample as in the situation when only the pure H,O is dosed.

These observations are fully consistent with the model of the water bilayer described in the
Section 1.1.3. While the D,O isotopologue adsorbs and desorbs molecularly intact from the
Ru(0001) surface, the higher desorption temperature of a fraction of the H,O bilayer (peak at
213 K) is responsible for its partial dissociation: The dissociated water molecule is in either case
the thermodynamically more stable species on the Ru(0001) surface. Nevertheless, the energy
barrier separating the intact water film from its most stable structure (~0.5 €V /molecule) makes
this state kinetically inaccessible at temperatures well below 200 K. The dissociation rate,
estimated from the Arrhenius equation and using the value for the energy barrier mentioned
above, is, however, three orders of magnitude larger at 213 K than at 170 K. As the former is

2Considered is the different geometrical arrangement of hydrogen atoms on the surface, effectively yielding a
saturation coverage occupying only 2/3 of the sites available for water adsorption. Note that hydrogen adsorbs
dissociatively and thus the saturation coverage of H, (D,) in fact represents a saturation of the surface with H
(D) atoms.

127



4. Interfacial structure of DoO on Ru(0001)

the temperature where the desorption of the H,O wetting layer starts, a dissociation process
on a timescale of several seconds to minutes is feasible in this case, taking into account the
calculated rate constant.

4.1.2. SFG spectroscopy on thin D,O films

A deeper insight into the properties of adsorbed water was gained using the interface—sensitive
SFG vibrational spectroscopy. Although the experimental setups employed in the previous
works differ slightly from the setup employed in this thesis, the results can be well understood
based on the description of our experiments that can be found in the Section 3.2.3. A typical
SFG spectrum of 2 water bilayers is displayed in the top panel of the Figure 4.3 (black curve)
and shows the whole OD stretch region of D,O molecules adsorbed on a Ru(0001) surface. It
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Figure 4.3.: SFG spectrum of D,O (2BL) as obtained by Denzler et al. [Den03b]. Top panel
shows the raw data and the corresponding IR-intensity in the ultrashort laser beam employed
in the measurement. Fitting the data to the Equation 3.26 yields three broad resonances shown
in the bottom panel. In the middle part the data normalized to the incident IR intensity are
shown after the non-resonant background amplitude (a fitting constant) has been subtracted.

was taken in four IR frequency windows (marked by the dashed vertical line), corresponding to
different TOPAS settings, as the width of the generated IR pulse is not capable to cover the
whole OD stretch region. The gray curve represents the signal of the non—resonant background
measured from the bare surface and thus reflects the IR intensity at the given wavelength (see
Section 3.1.3). It can be clearly seen that the data accumulation is impossible in the region
between 2300 and 2400cm™! due to the strong light absorption by the CO, traces in air.
Unfortunately, this coincides with one of the D,O resonances and complicates the evaluation of
its parameters, although it is theoretically possible to extract them from the wings of the main
peak that are still visible.

The data can be fitted to the Equation 3.26, which yields a set of parameters for every resonance
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(for each Lorentzian-shaped resonance g the amplitude A,, the phase with respect to the non—
resonant part ¢,, the resonant frequency wg, the half width at half maximum I'y and the
amplitude of the non—resonant contribution Ang; see Section 3.2.3). These fit results can be
either plotted directly as in the bottom panel of the Figure 4.3, or the measured data can be
displayed in the form normalized to the variable IR intensity as

Isrc — |Anr|* IR
Iir

IspGp,0 (4.1)
which is shown in the middle panel of the Figure 4.3. This by no means represents the net
signal from the D,O layer, since the interaction with the non-resonant part of the spectrum is
much more subtle and cannot be simply subtracted (see e.g. Eq. 3.25; obvious also from the
apparently negative intensities). Therefore this form of data demonstration will be avoided in
the following. Nevertheless, the results presented in this form illustrate the possible shapes of
the SFG resonances in a very expressive way, starting from the raw data and (in principle)
without a need to consider any fitting parameters®. Despite its complexity, the whole spectrum
can be fitted assuming three Lorentzian-shaped OD stretch resonances at 2290 cm ™!, 2550 cm ™!
and 2729 cm™! and the overlap of such a fitting function with the data is excellent (black line,
middle panel of Figure 4.3).

The spectral assignment of the vibrational modes was based on a comparison with similar
spectra in the literature [Wat01, Del97, Wha77, Buc99, Woj02, Mir98, Kub02, Men02a| and is
in accord with Tables 1.1 to 1.4 compiled in the present work. The resonance at 2730 cm™! was
identified as the free OD (dangling D) vibration at the ice surface, the mode at 2550 cm ™! was
attributed to the partially coordinated, hydrogen bonded OD oscillators and the vibration at
2290 cm ™! belongs to the fully coordinated OD stretch* (cf. Figure 1.15).

The SFG spectrum of two D,O bilayers represents an important reference, as it shows the
intact ice surface. The changes in the spectrum as the ice coverage decreases can be seen in
the Figure 4.4. Dramatic is especially the decrease in the intensity of the free OD vibration
that vanishes close to 1 BL. The amplitude of the other modes is reduced as well, although not
as abruptly as of the first one, and this effect is accompanied with spectral broadening of the
corresponding feature. The spectral positions and peak phases remain essentially unchanged. In
comparison to the partially ferroelectric ice structure observed on Pt(111) (see Section 1.1.3),
no considerable enhancement of the SFG signal is observed for coverages above 1BL, which
automatically allows to reject this multilayer structure from further considerations. Does the
spectrum of the water adlayer, clearly different from the spectrum of an intact ice layer, indicate
its (half-)dissociation?

The interpretation of the results is not straightforward. It cannot be expected that the struc-
ture of the water bilayer connected to the metal (and bound to it more strongly than to the
other water layers as indicated by the TDS) will remain the same as in the ice. Moreover, the
vibrational spectrum of water reflects mainly the distance between the two oxygens creating

3The coverage-dependent amplitude of the non-resonant background can be obtained from a measurement of
SFG on a bare and covered surface off any resonance and the obtained value inserted into the Equation 4.1.

4Tt is important to emphasize that this vibration cannot belong to the fully coordinated species deeper in the ice
volume as the corresponding sketch in the reference [Den03a] (or the more general picture in the Figure 1.15)
might suggest. Due to the random directional distribution of the OD bonds connecting the individual sheets in
ices I and I (consistent with the ice rules), an equal amount of fully coordinated OD resonators is pointing ‘up’
(towards the vacuum) and ‘down’ (towards the substrate). Such a layer will not contribute to the SFG signal
as the change in the dipole moment in this structure after a vibrational excitation is zero. The origin of this
vibration is more likely found in the fully coordinated oscillators connected to the D,O molecules with a free
OD bond (having a preferential orientation enforced by the vicinity of the surface) or alike.
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Figure 4.4.: Coverage dependence of the SFG signal from ice/Ru(0001). In the top panel the
employed IR intensity is shown together with the raw data overlaid with the best fit function
(dashed) to Eq. 3.26. The resonances are displayed in the bottom panel based on the obtained
fit parameters. Taken from [Den03a).

the effective atomic potential of the hydrogen bond, which will definitely change under the sub-
strate’s influence and contributes to large spectral widths.

What can be said immediately after seeing the free OD signature vanishing is that the wetting
layer cannot consist of a majority OD oscillators directed towards the vacuum as proposed by
the standard bilayer model and illustrated e.g. in the Figure 1.10. However, the opposite case,
with OD stretch pointing to the metal was also not identified in the spectrum. The possible
explanations include the postulation of a weak and broad resonance covered by the partially co-
ordinated peak [Den03b| (however, it should appear though at coverages below approx. 0.8 BL
where the overlapping peak vanishes completely, but this is not the case) and a structure con-
sisting of an equal amount of OD oscillators of either orientation [Men05|, which is improbable
for several reasons: First, it is difficult to accept the idea that the binding strength of water to
the metal support does not depend on its orientation and neither of the structures (‘D—up’ or
‘D—down’) is thermodynamically preferred. Also difficult to understand is the equal frequency
that the oscillation of a free OD and of an OD pointing towards the metal should (and in-
deed must in this case) exhibit. One of the objections against the ‘D—down’ model was the
space consideration, derived from a LEED study, stating that if the water would point the OD
bond to the surface along its normal, the covalent radii of the atoms would not fit into this
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constrained space [Fei04]. It is therefore very improbable that a D,O stretch vibration, highly
sensitive to O—O distances lower than 0.1 A would not reflect this neither in its position, nor in
its width®. Moreover, the same calculation that predicts the match of the discussed resonances
within 1meV is more than 30meV (250cm™!) off from the experimental value for the fully
coordinated resonance (in the ‘D—down’ case). The most important argument highlighted by
the authors is the sensitivity of the calculated work function to the correct water structure, but
unfortunately this is reached only in a ‘bilayer mixture’ where the ‘D—down’ structure clearly
prevails, which again lacks any experimental evidence.

The data shown here (Figure 4.4) were also (over)interpreted in the sense that the continuity
(slowly varying amplitude and a constant spectral position and phase) seen in the evolution of
the vibrational modes with the coverage is indicative of an intact water layer resembling the
structure of ice. A closer look at the results, however, reveals severe discrepancies between the
fit and the physical reality: the fully coordinated hydrogen bonded D,0O molecules are present
in a considerable amount also at coverages, where no partially coordinated molecules can be
seen®. This behavior was never explained and is most probably a fit artifact, arising partly
due to the limited reliability of the fit in a spectral window with almost no signal at such low
coverages. Additionally, a large fraction of the fitting curve is covering an IR frequency range
strongly affected by the CO, absorption.

For the reasons discussed below, no difference in the SFG spectrum of amorphous ice layer
and the layer prepared at 140 K was observed in the previous work. Nevertheless, a valuable
finding is that the mobility of D,O molecules in a thin water film (~4 BL) significantly increases
at T, = 110 K, which is lower than in the pure ice. This was found by coadsorbing H,O on top
of the D, O layer, which suppressed especially the free OD signal. Upon sample heating, the free
OD signature reappears in the SFG spectrum when the temperature of 110 K is reached. This
represents the temperature, where the two isotopes significantly intermix by diffusion in the
multilayer. Nevertheless, no isotope exchange with the wetting layer was observed, confirming
its high binding energy to the metal and indicative of a different character as compared to the
ice multilayers.

5In fact, another work by the same authors predicts a clearly different vibrational frequency (and width) for a
‘H-up’ and a ‘H-down’ structure in the H,O/Ru(0001) system, the latter almost 150 cm™"' red-shifted, if the
isotope ratio of 1.35 is considered [Men04].

5Note that the intensity of the extracted peak is in either case normalized to yield the number of oscillators
vibrating at the corresponding frequency (see Section 3.2.3).

131



4. Interfacial structure of DoO on Ru(0001)

4.2. Structure of D,O multilayers on Ru(0001) surface

In the previous part, the form (phase) of the investigated ice multilayer was intentionally not
mentioned. The authors assumed that the D,O layer grown at slow rates and at 140K was
crystalline. Unfortunately, the indicator of the layer morphology they used was easy to misin-
terpret: due to the different coordination and hence binding strength of the individual molecules
in the ice structure, the vapor pressure of the amorphous modification is significantly larger than
that of the crystalline D,O. This leads to a very pronounced shoulder (‘amorphous bump’) in
the TDS spectrum around 160K, when the layer crystallizes (see Figure 4.5). If the water
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Figure 4.5.: A TDS spectrum of amorphous ice showing the pronounced change in its vapor
pressure (‘amorphous bump’) upon the crystallization. Taken at a heating rate of 0.5 Ks™!.

is dosed at 140 K, this shoulder is completely missing, which was interpreted as a proof of the
adsorbate’s crystallinity. Nonetheless, the hydrogen bonded system is far more complex and the
purely amorphous form does not revert to the crystalline phase completely. There is a rather
wide temperature window (including 140 K), where a liquid-like phase coexists with the growing
crystallites [Doh00, Koh00, Jen97]. A TDS spectrum of this adsorbate does not exhibit the pro-
nounced crystallization shoulder, but is far from crystalline — various estimates determine the
amount of the amorphous fraction to be between 20 % to 50 %. Therefore, a slightly different
preparation procedure for ice layers has been used in the present work, yielding a compact, crys-
talline ice structure: after dosing D,O at 150 K, the layer is annealed for a short time to 164 K
where the desorption rate is already significant (see Section 2.1.3, page 71 for more details). The
isothermal desorption spectrum at this high temperature shows a narrow peak corresponding to
the crystallization that proceeds with a very high rate [Doh00]. To make obvious the difference
between the ice layer prepared in this way and by that obtained following the former recipe,
Figure 4.6 compares a TDS of the predominantly amorphous structure (without a shoulder or
‘amorphous’ bump) and the crystalline structure after annealing to 164 K. The multilayer peak
reveals a stronger bonding between the D,O molecules arranged in a hydrogen-bonded network
with the largest coordination, although the energy of the water—metal bond is still higher”. In

"It amounts to ~0.56V if the evaluation is performed assuming zero-order desorption and using the Redhead
formula with an attempt frequency factor of 1031,
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Figure 4.6.: A TDS spectrum comparing an amorphous and a crystalline ice layer. The data
is acquired using a background QMS that is less sensitive than the Feulner cup technique, but
also less dependent on the heating ramp and pumping speed of the enclosed volume. Taken at
a heating rate of 0.5 Ks™!.

contrast, the imperfect D,O coordination in the (prevalently) amorphous ice modification leads
to a much weaker H-bonded network, so that the D,O molecules can desorb at slightly lower
temperatures. Could this considerable difference in the D,O layer preparation procedures ac-
tually explain the nearly identical shape of the amorphous SFG spectrum and that of the layer
prepared at 140K in the previous work [Den03a|? Was the latter spectrum one of amorphous
ice as well?

On the one hand, one could argue that the surface of ice, which is only probed by SFG, is
insensitive to the bulk structure and its spectrum would rather resemble that of the liquid water,
especially due to the surface melting that occurs far below the melting point of water. This
would mean that no change can be expected if the ice crystallizes — the uppermost layers can not
achieve the full coordination and will be disordered in either case. The experimental evidence,
however, does not fully support this idea. The surface of ice is pre—melted or liquid-like only
above 200K [Wei01b, Wei02]. To see whether the solid-like surface structure is influenced by
the underlying layer order or disorder, the following Section presents our recent experimental
results concerning this topic.

4.2.1. Morphology of crystalline and amorphous ice/Ru(0001) probed by SFG

In the previous, an attempt was made to show that the current understanding of the structure
of D, 0 ice supported on the Ru(0001) surface based on the SFG investigations is unsatisfying
and to an large degree incompatible with other investigations on the same system. From a large
part, the reason for those inconsistencies is the low data quality that is misleading to the fit
such that the obtained spectrum is not reliable, especially at minute coverages when the total
signal intensity is in any case very low. Nevertheless, to achieve data quality much higher than
Denzler et al. [Den03b], a lot of experimental effort is required. As many of the consequences
that were drawn from the SFG spectrum before are based on the properties of the (practically
invisible) peak corresponding to a molecular vibration of fully coordinated species, a first step
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4. Interfacial structure of DoO on Ru(0001)

was to build a purged beam path so that the traces of absorbing CO, could be removed and this
vibration was observed whole in the SFG. Along with this, the beam path was shortened and
optimized to a large degree. Another factor contributing to a better resolution was a choice of
more overlapping spectral windows covered by the IR pulse width, leading to more independent
measures of the peak intensity and providing a valuable cross—check between independent data
sets which significantly restricts the fit to the data, operating with a relatively large number of
free parameters. And finally, the employed preparation procedure allowed to probe the structure
of truly crystalline ice. Figure 4.7 shows the results of those experiments for 8 BL: of ice in a
compact form. The raw data in the top panel are taken in three distinct spectral windows, each
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Figure 4.7.: SFG spectrum of 8 BL amorphous and crystalline ice. In the top panel the raw
data normalized to the IR intensity is shown, together with the corresponding fitting curve.
This consists in either case of Lorentzian—shaped resonances, proportional to |X§§2|2 (see e.g.
Equation 4.2 and 3.10). As the number of oscillators contributing to each resonance is again
proportional to the square root of this value, this is plotted in the middle and bottom panel
and more resembles a classical IR absorption spectrum.

covering approximately 200cm™' and upon tuning between those regions the IR wavelength

has to be changed. To account for the non—constant intensity distribution in the wavelength
domain, the spectra are normalized to the incident IR intensity. The result deserves a short
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4.2. Structure of D,O multilayers on Ru(0001) surface

explanation, as it differs considerably from the classical infrared curves.

A good point to start its clarification is to begin with the gray markers representing the normal-
ized SFG signal from the amorphous ice surface. It can be understood as consisting of a baseline
(at the ratio of ~ 0.8), on which the resonances of the characteristic shape (explained in the
Section 3.2.3) are superimposed. Since the IR intensity is measured as the SFG signal from the
bare Ru(0001) surface, the factor of 0.8 is different from 1.0 only due to the metal-adsorbate
interaction. It can be also seen that this value is independent on the photon energy.

The only way to extract the parameters of the vibrational resonances that alter this non-—
resonant line is to fit the experimental data to a model, like the one described earlier in the
Section 3.2.3, which yields the Equation 3.26, now in the normalized form:

A, A /&ei(ﬁq
norm A 9 q 71—7 4.2
sra o |[ANR( )|+%:WIR—wq+in (4.2)

This fit describes the data of Figure 4.7 very well, the small deviations at the red and blue
end are a consequence of the small IR intensity in the corresponding off-resonant region. The
obtained fit parameters are listed in the Table 4.1 and will be discussed later. Here only one
additional point should be noted, namely that two of the peaks interact destructively with the
non-resonant part which leads to a considerable decrease in the SFG signal intensity (see e.g.
the right part of the peak at 2545cm™!). This emphasizes the importance of changes made to
the previous setup, as the quality of the data recorded during a TDS measurement [Den03a] is
by far not sufficient to measure this low signal reliably without being overwhelmed by the noise.
The spectrum of the crystalline ice/Ru(0001) could be explained analogously, but apparently
the signal levels at each side of the spectrum and away from any further resonance (as can be
easily checked by just tuning the frequency further towards the red or blue side) do not match.
This implies that the constant |[Axg(f)| is in fact frequency dependent as well, if crystalline
ice is adsorbed on the Ru(0001) surface. Moreover, on the red side (left) of the spectrum the
non-resonant signal is enhanced upon crystalline D,O adsorption, in contrast to the amorphous
water structure adsorption that leads to a relative decrease of the observed signal (as compared
to the bare surface). Obviously, this is connected to the adsorbate structure and indicates a very
strong influence of crystalline water multilayers on the surface electrons in the metal, as the
structure of the wetting layer is identical in both investigated cases (see Section 1.1.3). A more
detailed explanation of this phenomenon is given below together with the discussion of structural
differences between the amorphous and crystalline water layers deduced from the resonant part
of the SFG spectra. Nevertheless, this fact complicates the fitting of the experimental data,
since they patently cannot be described with only one |Axg ()| for all resonances, as it would
be possible in the amorphous case. Here, the existence of cross—terms in the expression 4.2 is
extremely helpful and enables us to find the parameter |[Axg(0)| as a fitting constant for every
evaluated spectral part. Additionally, it can be shown that to a very good approximation this
value is nearly constant on such a narrow range®. Although the fitting procedure becomes very
demanding when performed in this way, it is possible to obtain fully consistent fit parameters

8Moreover, if our hypothesis concerning the origin of the varying intensity in the non-resonant contribution
as a consequence of the coupling between the oscillations of the large adsorbate—induced dipole moment in the
subsurface metal layer (large due to the ordered growth of the dipoles in the crystalline water layer) and the
collective oscillations in the water layer is correct, the |Axgr(6)| should vary slowly, similar to the further, off-
resonant spectral regions. It should be also noted that the resonant enhancement of the SFG signal originating
from the surface electrons (and leading to the metal-surface selection rule discussed in the Section 3.1.3) is
already formally included in the resonant amplitudes Aq.
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4. Interfacial structure of DoO on Ru(0001)

for identical resonances from the completely independent wavelength windows and still find a
very good fit to the experimental data that is shown in the Figure 4.7 as the black line.

The fit to the measured spectrum of amorphous ice (8 BL) supported on the Ru(0001) sur-
face reveals vibrational modes characterized by the set of parameters listed in the Table 4.1
and visualized in the bottom panel of the Figure 4.7. The free OD (at 2730 cm™1!), partially

OD resonance wlem™] Ay ¢g[r] Ty lem™]
free OD 2730 ) 0.11 7
dangling O (D—down) 2605 6  0.51 47
partially coordinated 2545 20 1.38 64
fully coordinated (symmetric, vy) 2298 9  0.22 30

Table 4.1.: Parameters of SF resonances in amorphous ice

(2545cm™1) and fully (2298 cm™!) coordinated resonances have been observed and described
earlier. Of particular interest is the new resonance discovered at 2605 cm ™! and assigned to the
dangling O resonance (similar to [Row95, Men04]) that represents an oscillation opposite to the
free OD vibration, pointing from the topmost ice layer down to the underlying (ice) substrate.
Along with vibrational frequencies the resonant amplitudes are listed, however, those should be
treated with care, as these values depend greatly on the molecular orientation and the polar-
ization of the employed laser beams, although they are in principle directly proportional to the
number of the contributing molecular oscillators. The resonant amplitudes and other param-
eters are best considered in context with the extracted resonant parameters of the crystalline
ice, displayed in the middle panel of the Figure 4.7 and listed in the Table 4.2. Comparing

OD resonance wlem™] A, ¢4 7] Ty lem™]
free OD 2730 4 0.15 7
dangling O (D-down) 2610 3  0.56 42
partially coordinated 2490 16 1.23 73
fully coordinated (symmetric, ) 2302 5 048 18

Table 4.2.: Parameters of SF resonances in crystalline ice

the two data sets we can clearly answer the question posed in the beginning and state that
the surface of the amorphous and crystalline ice is indeed different. In the light of our findings
we can also clearly see that the structure investigated previously by Denzler et al. spectroscop-
ically resembled much more the amorphous modification. Characteristic is the position of the
partially coordinated resonance that is shifted approximately 60 cm™! towards lower energies
in the crystalline case. One can readily understand this shift: in the Section 1.1.4 the influ-
ence of the molecular coordination on the vibrational frequency has been discussed, whereas it
could be shown that the increasing D,O coordination leads to a softer potential well for the
hydrogen-bonded deuterium atom and thus to a lower OD vibrational frequency. A higher D, O
coordination, accompanied with the increased order in the hydrogen bonded system is expected
for crystalline ice by definition.

The vibrational frequency is further closely connected to the distance between the two oxygen
atoms creating the effective atomic potential for the hydrogen in a hydrogen bond, as demon-
strated in the Figure 1.2. This is expected to be more defined, if the adsorbate is crystalline.
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4.2. Structure of D,O multilayers on Ru(0001) surface

Comparing the widths of the fully coordinated resonances in either of the investigated cases, the
amorphous modification really exhibits an almost two times broader symmetric stretch mode.
The free OD vibration is a significant feature, but still relatively weak in both cases, considering
its location in the interfacial layer and the orientation allowing to project the dipole moment
change to a direction parallel to the surface normal in nearly all cases. This observation is con-
sistent with the theoretical findings that for such an uncoordinated molecular species it will be
energetically more favorable to reorient and saturate its hydrogen bonds to a maximum possible
degree than to keep the order enforced by the underlying layers [Wit99|. The surface D,O layer
is thus influenced by the order in the hexagonal ice sheets below, but also possess a structure
different from the bulk.

4.2.2. SFG spectra of D,O on Ru(0001) in the low—coverage limit

Up to now, a rather thick ice layer was examined. Due to the hydrophobicity of the wetting
D, 0O layer on Ru(0001)?, it is possible that the substrate influence does not play a significant
role in determining the structure of the ice/vacuum interface beyond a coverage of ~8 BL. How
do the vibrational resonances evolve with decreasing coverage and growing interaction with the
substrate?

Coverage dependence of the fully coordinated mode intensity

The change in the intensity of the fully coordinated D,O resonance for various coverages can
be seen in the Figure 4.8. The corresponding peak in the crystalline ice is only visible if
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Figure 4.8.: Intensity and amplitude evolution of the fully coordinated OD stretch resonance.
Left: Normalized SFG spectrum of amorphous ice is depicted for various coverages. The wing on
the blue (right) side originates at least to some extent also from the partially coordinated mode.
Right: Amplitude of the fully coordinated peak is extracted as a fit parameter from the SFG
spectrum combined with a TDS measurement allowing to trace the actual water coverage. Note
that the spectral intensity is not linearly proportional to the number of molecular oscillators
and thus to the extracted amplitude (I, o AZ). The black line is a guide to the eye.

9The term hydrophobic wetting layer may sound contradictory: It describes the unique property of the water
adlayer on the Ru(0001) surface that wets the substrate, but the water-metal interaction leads to a structure
that is very different from a typical hexagonal sheet in ice and thus the adsorption of further molecules on this
wetting layer is less favorable than in the case of a ‘normal’ ice layer (see also the discussion in the following
subsection).
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4. Interfacial structure of DoO on Ru(0001)

experimental beam path is purged, from the wider feature in the amorphous ice just the red
(left) wing can be observed if no purging is applied. With decreasing coverage the intensity
of the resonance becomes gradually smaller and vanishes completely around 2 BL, whereas the
strongest reduction of the resonant signal is recorded below 4 BL. Additionally, this behavior
does not depend greatly on the ice modification.
This seemingly surprising result reflects the complexity of the investigated system. In the
Section 1.1.3, the growth of crystalline D,O layers on Ru(0001) obeying the Stranski-Krastanov
mechanism has been introduced: If the water is dosed on this substrate, it first forms a closed,
hydrophobic wetting layer and the consequently adsorbed molecules form clusters of various
heights, keeping the first adlayer exposed up to a nominal coverage of several tens of multilayers.
The most dramatic changes in this structure occur within the first 3—4 layers, where those
formations mainly gain thickness [Kim07b, Haq07|. Further water layers contribute mostly to
the height of these aggregates, nevertheless, the interfacial area still gradually increases. This
structural consideration can explain the faster growing SFG signal at low coverages, as well as
the increase in the SFG signal from the crystalline ice at larger coverages.
The structure of amorphous multilayers grown at low temperatures (below 60 K) is, however,
different. They are believed to grow almost layer—by-layer for the first three bilayers on the
Pt(111) surface [Kim06], but a higher roughness can be expected with increasing coverage due
to the structural imperfections, probably a ballistic deposition process [Ste99]| and also due
to the Ostwald ripening (connected to the Gibbs—Thomson effect), leading to the preferential
growth of larger structures created by random adsorption of the adsorbate molecules on the
surface'” [Das04]. This, again would lead to an increase in the SFG signal with growing layer
thickness, whereas the larger surface area initially created by the closed layer could also explain
the much larger resonant amplitude of the fully—coordinated mode in the amorphous case.
Even more intriguing is the disappearance of the fully coordinated mode below 2 BL. For
1BL this resonance does not exist (see e.g. the assignment of the bilayer resonances in the
reference [Thi84]), because assuming the standard bilayer structure as depicted e.g. in the
Figure 1.10, the upper half of the molecules lacks coordination partners for hydrogen bonding
from above and the lower oxygen plane from the bottom. The bond to the Ru(0001) surface
can not mimic another water molecule. Moreover, the oxygen—oxygen distances, essentially
determining the resulting OD stretch frequency are dictated mainly by the metal, which most
probably expands the structure and leads to a shift of the resonance towards higher vibrational
frequencies, where it could overlap with the partially coordinated species. In any case, as the
coverage exceeds 1 BL, the appearance of the fully—coordinated mode is expected. Nevertheless,
as it has been mentioned above, the wetting water layer is hydrophobic and the bonding to
it not favorable for further D,O molecules, which leads to the formation of the clusters on its
surface, minimizing the contact area with the adlayer. At coverages below 3 BL the formed
islands possess a low aspect ratio and thus the multilayers are preferentially stabilized by the
weak interaction with the wetting layer rather than by the internal hydrogen bonding within
the islands [Haq07|. Our result points exactly in this direction: if the first D,O layer offered
a possibility of the rather strong hydrogen bonding to further incoming water molecules, this
structure would be hydrophilic and a layer—by—layer growth would be expected. The absence
of the fully coordinated mode proves that this is not the case and that the D,O molecules are
formed only in thicker layers by interaction within the formed crystallites, resembling in the

10A further evidence for the rough structure can be found in our data presented at the very end of this Section:
if we try to quench the vibrations of the interfacial D,O molecules from the amorphous ice by coadsorbing H,O,
the amount of H,O molecules needed to accomplish this is much larger (at least five times) than the equivalent
of 1 BL. This strongly supports the rather high surface roughness in this case.
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4.2. Structure of D,O multilayers on Ru(0001) surface

coordination the bulk ice structure.

Coverage dependence of the partially coordinated mode intensity

If the model of water multilayer on Ru(0001) discussed above is correct, the intensity (amplitude)
evolution of the partially coordinated D,O resonance with coverage is particularly interesting.
This resonance namely should be visible nearly at all coverages and its vanishing would indicate
either the detection limit of our setup, or the approximate coverage where the water molecules
on the surface do not cluster and remain mostly adsorbed as monomers.

The partially coordinated OD stretch resonance is an unusually broad spectral feature (cf.
Table 4.2). This is connected to the type of oscillators contributing to this mode: it is a
characteristic oscillation not only of the well defined, coordinated OD bond within a molecule
at the interface that exhibits the free OD vibration as well, but belongs also to many kinds of
defects in the ice structure with a lower molecular coordination. As such, it is composed of many
different modes'! that, unfortunately, can not be distinguished experimentally. With decreasing
coverage (and approaching 1BL) the width of this resonance slightly increases, which can be
understood as the influence of the metal that forces the altering of the ice structure and thus
a formation of larger number of the reduced—coordination species. Interesting is the evolution
of the resonant amplitudes depicted in the Figure 4.9. In both, amorphous and crystalline ice
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Figure 4.9.: Amplitude evolution of the partially coordinated OD stretch resonance. The black
line is a guide to the eye.

the spectral intensity of the partially coordinated mode is nearly constant for coverages above
4BL. Below this value a significant decrease can be observed, but the resonance is clearly
present (with lower frequency of about 2450cm™!) also at coverages close to 0.25BL. This
would confirm the picture that the water molecules prefer to cluster on metal surfaces because
the hydrogen bonding between them lowers the free energy of the system.

HPartial coordination itself does not indicate, which hydrogen bond is not saturated. The vibrational frequency
of a water molecule with three coordination partners will differ from the frequency of a water molecule engaged in
hydrogen bonding with only two D,O molecules. Further, there is a subtle difference in whether the incomplete
coordination occurs on the hydrogen or the oxygen end, i.e. whether the molecule is a hydrogen bond donor or
acceptor. Based on these considerations, the molecules belonging to this class are often characterized as e.g.
single—donors double—acceptors (with all permutations of single and double and void placeholder), which is useful
to distinguish them in theoretical calculations [Dev01].
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Again, consistent with the previously discussed data we observe the threshold of the amplitude
growth at 4 BL, where the thickness of the water clusters does not grow significantly anymore,
however, in this case the intensity of the mode does not grow significantly with the coverage.
One way to explain this is a purely geometrical consideration: the signal that is observed stems
mainly from the flat surface terraces rather than from the sides of the tower—like water structure.
As the former sites grow very slowly, only a little increase in intensity is expected when the
amount of D,O molecules dosed is larger. If we take the structure of bulk ice as shown in the
Figure 1.4 (see also the bottom panel of the Figure 1.15), assume its periodic repeating and
then terminate it from the side, a defect analogous to the side of an ice tower is created. The
partially coordinated oscillator can either be oriented such that it vibrates nearly perpendicular
to the surface normal and is thus not visible in the SFG on a metal surface (see Section 3.1.3) or
in a way that the dipole moment change can be projected to the surface normal, however, in this
case the adjacent oscillators will cancel its contribution, as the OD directions are distributed
randomly and the structure is centrosymmetric. Moreover, the same cancellation effect can be
expected from the presence of neighboring clusters, as the system is symmetric in the plane
parallel to the surface!.

Coverage dependence and origin of the free OD mode intensity

If one is interested in resolving the structure of the complete wetting layer, a particularly useful
vibrational resonance to look at in the OD stretching spectral part is the free OD vibration.
Despite the indication from the fully coordinated mode that the first layer is hydrophobic, which
means that there are not many bonds that can easily coordinate further D,O molecules on top
of the first layer (and a free OD pointing to the vacuum would be such a bond), there are several
possibilities discussed above, how the wetting layer could be arranged. The free OD resonance
is a very pronounced, narrow spectral feature, not significantly influenced by an interaction
with other vibrational modes and can be therefore recognized with a high sensitivity (it also
interferes constructively with the non-resonant part of the spectrum). In contrast, the D-down
(or dangling O resonance) discovered and identified here is rather broad and overlapping with
the partially coordinated peak, however, it can be clearly recognized due to its different phase.
Moreover, in crystalline ice the partially coordinated peak appears at lower vibrational frequen-
cies, which facilitates its identification even more (see Figure 4.7). Graphs in the Figure 4.10
show the experimental data of the coverage dependencies for both discussed resonances. Again,
the signal from the free OD vibration rapidly decreases below 4 BL, being almost flat at large
coverages. A similar behavior is observed for the dangling O resonance. This evolution is also
common for both ice modifications. Consistent with the observations published earlier [Den03b],
the intensity of the free OD resonance is zero at 1 BL. The fit indicates a rather low, but still
existent amplitude of the D—down feature even slightly below this coverage, however, due to the
high intensity in the overlapping, partially coordinated resonance and the shift of the former
towards lower frequencies with decreasing coverage, this cannot be resolved reliably.

Structure of the water bilayer on Ru(0001) Information obtained from these spectra is very
valuable: first, we can show that the resonant frequency of the dangling O (D—down) structure

121f one considers the partially coordinated resonance as the resonance of water molecule having one free OD
vibration and thus another OD end only partially coordinated, the latter will most probably point towards the
bulk ice and be responsible for the molecular bonding. The direction ‘towards the bulk’ is perpendicular to the
surface normal at a side of an ice tower and thus invisible, but parallel to the surface normal at the ice terrace
and hence amplified.
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Figure 4.10.: Intensity and amplitude evolution of the free OD and the dangling O stretch
resonance. Left: a series of SFG spectra for different amorphous ice coverages. Right: Decay of
the amplitude of the free OD and dangling O resonance as a function of coverage in crystalline
D,0/Ru(0001). Data are extracted from the combined TDS and SFG study.

is different from that of the free OD mode and with decreasing coverage their frequencies do not
converge, so that they cannot cancel each other even if present in the same ratio at the surface.
One could argue against this consideration and assume that the D—down vibration gains exactly
the vibrational frequency matching that of the free OD mode only if connected directly to the
Ru(0001) surface. However, in such a case, this would have to be always visible in the SFG
spectrum, as the symmetry of the system is also broken at the metal/ice interface. Nevertheless,
as will be shown later, the resonance at 2730 cm~! can be completely suppressed by dosing e.g.
H,O on top of the D,O layer and thus it cannot originate from other than the ice/vacuum
interface. This allows to definitively reject the mixed D—up and D—down bilayer structure from
our considerations. Moreover, we have to discard any structure with D—up molecules as well,
since this would be definitively observed in our spectra.

Is there then another structure of Ru(0001) wetting layer consistent with our observations? The
molecular arrangement suggested recently by Haq et al. [Haq06, Hod09, Gal09] and displayed
in Figure 4.11 seems to reproduce consistently all observations made on the D,0O/Ru(0001)
system up to now. First, this geometry possesses the largest D,O binding energy of all non—
dissociatively adsorbed structures, which explains the wetting behavior best. Second, the cal-
culated metal work function change almost exactly corresponds to the experimentally measured
value, which is a requirement fulfilled only by a few other bilayer models. Further it is consistent
with the He-atom scattering and the accessible LEED data. What is most important for our
case, it explains the absence of the free OD vibration in either SFG and the RAIRS (reflection
absorption infrared spectroscopy).

As can be seen in Figure 4.11, such a structure consists of hexagonal chains, whereas the
structure (a) with long chains is energetically the most favorable. It is completely different from
the standard bilayer model, but is only able to explain the hydrophobicity of the wetting layer,
as this is can hardly occur in any of the ice-like structures (water and ice are generally hy-
drophilic). It does not contain fully coordinated species and the majority of the D,O molecules
is partially coordinated, consistent with our findings. The small fraction of the D—down bonds
is very likely not detected for the reasons mentioned above, or below our detection limit due to
the strong destructive interference with the resonant peak corresponding to the partially coordi-
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Figure 4.11.: A consistent model of the wetting D,O layer on Ru(0001). In the top part a
proposed geometry for the full bilayer consisting of hexagonal chains is shown (dark and gray
shades represent a lower and a higher bilayer plane, respectively). As the coverage decreases,
water hexamers are formed that possess no (or only a small fraction of) dangling OD bonds,
but are composed almost entirely of partially coordinated D,O molecules. Taken from [Haq06.

nated species (note the different phases in the Table 4.2). With coverage decreasing below 1 BL,
the adlayer chains break down, forming hexagonal structures as can be also seen in the STM
picture in Figure 1.13. These formations (especially the one depicted in Figure 4.11(c)) indeed
do not contain dangling OD bonds anymore. Their binding energy is comparable, structures (c)
and (e) (flat hexamer and double ring) exhibit slightly stronger bonding to the substrate than
(d) (hexamer with enhanced hydrogen bonding).

With all these statements, the long-lasting controversy concerning the structure of ice bilayer
and especially the contradictory results obtained from the previous SFG experiments could
be successfully resolved. The theory (the structures in Figure 4.11 are supported by DFT,
employing ultrasoft pseudopotentials for hydrogen bonding) and experiments are brought into
accord, which indicates that for the one of the longest studied model systems for water—metal
interaction finally our understanding reached a satisfying level.

Structure of the ice multilayers on Ru(0001): origin of the free OD vibrational mode The
free OD vibration is a marker that can be used to evaluate and trace the structure of ice mul-
tilayers as well. The following investigations were motivated by the observation of its larger
resonant amplitude in amorphous than in crystalline ice. Can the origin of the larger signal in
the former case be found and if so, how does this enhance our knowledge?
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4.2. Structure of D,O multilayers on Ru(0001) surface

A first reasonable assumption is based on the fact that the amorphous ice is known to be
porous [Ste99]. The larger number of oscillators attributed to the larger amplitude could include
those present in a pore, where the inversion symmetry is most likely broken, too. To test this
hypothesis, one can prepare a sandwich water system: after dosing pure amorphous D,O ice at
low temperatures, H,O gas is adsorbed on this sample (see Figure 4.12) and a SFG spectrum
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Figure 4.12.: A scheme of the free OD quenching experiment: on top of either amorphous or
crystalline D,O ice multilayer (deuterium atoms are filled by red), a certain amount of H,O ice
is dosed at low temperatures (hydrogens are filled green) and the free OD resonance is probed
via SFG. The rather idealized structure in this scheme should represent both ice modifications.

is measured. As the H,O stretch frequencies are significantly larger than those of D,O, no
signal from the surface species should be observed in the D,O spectral region, as all of them
are now coordinated by a H,O molecule. This simple experiment produces interesting results.
First, it is possible to quench the free OD vibration completely, as it is shown in Figure 4.13,
which means that only the OD oscillators from the ice/vacuum interface contribute to the total
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Figure 4.13.: A part of the SFG spectrum in the free OD region demonstrating the quenching
of the resonant SFG signal intensity from ~20BL of amorphous ice (orange trace) upon dosing
more than 6 BL of H,O on top of this structure (gray trace).

signal. Indeed, the layers investigated in the present work are probably too thin (~20BL) to

exhibit porosity [Kim06, Ste99]. Nevertheless, the amount of H,O needed to accomplish the
quenching is at least five times larger than it would correspond to one full bilayer. If a similar
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4. Interfacial structure of DoO on Ru(0001)

experiment is performed with crystalline D,O and amorphous H,O overlayer!®, the quenching
is still possible, however, clearly less (~3-4 layers) H,O molecules are needed. A similar result
can be achieved, if the rare gas (Xe) is used instead of H,O, here, however, a full quenching
cannot be accomplished probably due to a much lower desorption temperature (sensitive also
to the actual adsorption site) that is easily reached upon irradiation with the visible and IR
probing pulses.

The observation for the crystalline ice is readily understandable: the crystalline D,O clusters
possess a much larger surface area than a closed wetting layer and consequently the amount
of water required to cover all surface sites will be larger than 1 BL. On the other hand, the
contribution to the total SFG signal from the free OD oscillators located at the cluster sides is
rather low due to their geometry (see the discussion above concerning the partially coordinated
OD resonances at those sites), so it is not necessarily required that H,O fills the gaps between
the individual clusters completely. In any case, the number of coadsorbed H,O molecules is
only slightly higher than for a flat film on Ni(111) of comparable thickness [Cal92].

In contrast, amorphous ice is believed to grow layer-by—layer [Kim06, Haq07|, so the only

feasible explanation for the large amount of H,O needed to quench the free OD signal is the
existence of a very rough structure already at coverages of about 4 BL (even here more than
2BL of H,O need to be dosed). The possibility, that the increased number of H,O molecules
is a consequence of its preferential adsorption on already existing H,O patches can be excluded
based on the similar Xe—coadsorption results: at temperatures used in the experiment, the
rare—gas is not able to form multilayers (it physisorbs at much lower temperatures of around
60K [Sch93|) and possess an increased binding energy only to the water layer. The larger
amount of HyO molecules needed in the amorphous case to suppress the free OD resonance, is
therefore an unambiguous proof of an extended surface area.
Unfortunately, we cannot obtain the information about the actual structure or mechanism lead-
ing to the amorphous surface roughening from our data. Nevertheless, with this experiment we
confirm the conclusions made earlier, based on the observation of a coverage—dependence of the
resonant amplitude, belonging to the fully coordinated resonance in amorphous ice (see also the
discussion on page 137).

By investigating the behavior of the free OD resonance, we are able to reproduce many of
the data known for ice and discussed in the Section 1.1 and additionally show that they are
relevant for our metal supported system as well. If the sandwich system, schematically depicted
in the Figure 4.12, is slowly heated (with a rate corresponding to 0.5Ks~!) and the spectra
in the region around 2730 cm ™' recorded, one obtains a graph depicted in the Figure 4.14 that
demonstrates all relevant processes in ice in the accessible temperature range in a very compact
way. In the beginning (at 90K), H,O covers the D,O ice layer so that no signal belonging
to the free OD resonance can be detected. As the temperature increases, the glass transition
is passed around 120 K. As the ice in this region forms the highly mobile ‘water A’ structure
with enhanced molecular diffusivity, the water isotopologues intermix and the free OD mode
becomes increasingly visible. Upon water crystallization, indicated by the shoulder in the TDS
spectrum, the water crystallizes and becomes more compact rapidly, which leads to a drop in
the SFG signal. Finally, upon reaching 1 BL, the observed vibrational signature vanishes, again
reflecting a different structure of the ice, as discussed above.

13Preparing a crystalline H,O overlayer is not possible, as at temperatures far below the phase transition those
two isotopologues intermix via diffusion.
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Figure 4.14.: A combined TDS and SFG study aimed to resolve the processes taking place in
ice between 90-200 K on a molecular level. A sandwich system H,0/D,0/Ru(0001) is heated
(the bottom panel shows the desorption trace as recorded in the TDS) and the evolution of
the free OD amplitude extracted from the SFG data (top panel) observed. The glass transition
accompanied high diffusivity of the water molecules can be observed (around 120 K), as well as
the sharp phase change between the amorphous and crystalline phase. At a 1 BL coverage the
free OD signal disappears. The slightly unequal levels in the free OD trace before and after the
desorption are a consequence of the considerably changed non-resonant background in either
case and can be regarded as noise.

These are convincing arguments that support the idea to investigate the response of the inter-
facial water molecules to a change in the environment or structure (not only) of the underlying
substrate. Being inspired by the 2PPE results, showing a possibility to capture an stable elec-
tron on top of a crystalline D,O ice on Ru(0001) (those are summarized in the Section 1.2.3),
we were very interested to explore this phenomenon from the water molecule’s point of view.
What is the structure of the substrate that is capable to support an excess charge? The charm
of this question led to the origin of the following Chapter.

4.2.3. Conclusions

In this Chapter we could resolve the long—lasting controversy concerning the structure of the
ice layer in D,O/Ru(0001), which is one of the longest studied model systems for water-metal
interaction. Our contribution is essential in order to bring together the results obtained from
the SFG spectroscopy and other experimental techniques.

In the structure of the wetting layer (and below) we could convincingly show the absence
of OD stretching modes attributed to the molecular oscillators pointing towards the vacuum
(free OD) and pointing towards the surface (dangling O, D—-down). This confirms the wetting
layer structure proposed by Haq et al. [Haq06], consisting of hexagonal chains and thus being
significantly different from the classical bilayer derived from the bulk hexagonal ice.

By investigating the fully coordinated OD stretch vibration, we could further bring evi-
dence for its hydrophobicity, manifesting itself in the surprisingly low coordination of the D,0O
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4. Interfacial structure of DoO on Ru(0001)

molecules up to a nominal coverage of ~2 BL.

From the evolution of the partially coordinated resonance we deduced a rather rough surface
of D,0 ice on Ru(0001). We supported this finding by a combined SFG and TDS study of the
‘sandwich’ system H,0/D,0/Ru(0001).

We could show the remarkable difference between the surfaces of the amorphous and crys-
talline ice. Despite of the large amount of undercoordinated molecules at the ice/vacuum
interface, its structure is not disordered and liquid—like as in many comparable cases, but at
least at low temperatures the influence of the underlying ice substrate is shown to play a large
role in determining the properties of the interfacial layer.

The latter finding was possible due to the advanced preparation procedure enabling us to pre-
pare a smooth, crystalline ice, which was confirmed by the combined TDS and SFG experiment,
showing a characteristic change in the spectra upon crystallization.
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5. Vibrational response of ice to excess
charge confinement

The following Chapter is by no means connected to alchemy, even though it tries to find the ‘elixir
of longevity' of the long—lived electron (see Section 1.2.3) and achieve the ‘ultimate wisdom' at least
what the stabilization processes, following the excess electron excitation on top of a thin ice layer,
concerns. We employ an intrinsically surface—sensitive technique, SFG vibrational spectroscopy, to
study the surface of ice, experiencing electron photoinjection from a metal substrate. As this newly
discovered excited electronic state must be considerably delocalized and is limited to a certain pre-
existent ice structure and the presence of the free charge obviously changes those ‘electron traps’,
a study of the structural evolution of the interfacial D,O layer along the stabilization process can
significantly contribute to our knowledge about the electron localization phenomena.

The picture, we could gain from our data is discussed in the following way: after the experiment and
its limitations are introduced, the spectral changes in the OD stretch region of ice are examined,
together with the additional phenomena accompanying the electron localization at the ice surface.
Several possible scenarios that could explain our observations are considered and tested. A micro-
scopic insight is finally obtained by investigating the ultrafast dynamics of the confinement process
and by comparing the excess charge stabilization in the H,O and D,O0 ice.

5.1. Long-lived excess electron confinement

In the previous Chapter, thin (up to 20 BL) D,O layers on the Ru(0001) surface were charac-
terized by means of the interface—sensitive SFG vibrational spectroscopy and the sensitivity of
this method to the local structure on the ice surface was demonstrated. How does this structure
change upon electron localization?

To answer this question, we enhance our setup used for the experiments discussed previously
and employ an additional ultrashort UV beam! that is in spatial and temporal overlap with
the visible and infrared pulses used to probe the vibrational response of the adsorbate. If the
D,0O/Ru(0001) sample is irradiated by the UV light, the photons are absorbed in the metal,
as ice is transparent in this wavelength range [Kob83]. The general scheme of this process is
sketched in the Figure 5.1: The incoming light excites the metal electrons and they populate
the unoccupied states above the Fermi level (Ep), most notably the horizontally delocalized
first image potential state with the maximal probability amplitude above the ice surface (for
more details refer to the Section 1.2.3). Most of the electrons decay back into the metal within
a short time (after 500 fs there is no intensity in the peak belonging to the first IPS state as
can be seen from the Figure 1.21), but some of them populate a lower-lying level, whose energy
with respect to Ep considerably decreases with time (cf. the gray arrows in the Figure 5.1).
The decay of the electron back into the metal is now hindered either by the poor wave function
overlap with the metal states and by the absence of states in the bandgap of a crystalline solid

Tts wavelength is equal to 266 nm (4.66 V) and the pulse is created in the non—collinear optical frequency tripler
described in the Section 3.3.
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Figure 5.1.: A schematic illustration of the investigated phenomena. The goal of the presented
experiment is to gain an insight into the mechanism of the extraordinarily strong electron
stabilization caused by the D,O molecules in the vicinity of the crystalline ice/vacuum interface.
After an electron from the underlying metal is excited by the UV pump pulse, it is localized
in a horizontally delocalized, unoccupied state at the ice surface. Water molecules reorient and
screen this excess charge very efficiently, which lowers the energy of the populated level with
respect to Ep. The mechanism of this screening is investigated by the interface—sensitive SFG
vibrational spectroscopy.

(see Section 1.1.2), so only a slow radiative decay can proceed. For this reason, the lifetime of
an electron at the ice/vacuum interface can reach several minutes?. This is the point, where the
SFG vibrational spectroscopy can show its brilliance: as discussed earlier, the stable electronic
state does not exist in the ice bulk, but the probability density of its wave function ((¥2)) is
maximal at the ice/vacuum interface. This can be probed in situ by SFG, as the scheme in Fig-
ure 5.1 shows and by employing sufficiently short laser pulses, the dynamics of the stabilization
process can be traced as well.

An important aspect of the measurement, not immediately clear from the simple scheme, is
that the ice surface is always probed in absence of the electrons. This has two reasons: first,
the probing visible light (800 nm; 1.55eV) possess enough energy to excite the localized electron
either into the conduction band of the ice, from where it can decay back into the metal very
efficiently, or directly into the vacuum. Second, the number of excess charges that undergo
localization is rather low?, so that vast majority of sites present on ice surface does not experi-
ence any charge confinement. As the vibrational spectrum of ice arises from phonons (collective
lattice vibrations) and not from the vibrations of individual molecules, such an isolated (and
in every instant of the measurement rare) site can not be distinguished in the resulting SFG
signal.

2Several minutes is the characteristic lifetime of e.g. phosphorescence as well, which is in a certain sense an
analogous process. However, there the decay of the excited state (i.e. of a state above the Fermi level) is
hindered by the quantum—mechanical selection rules, as the spin multiplicity of either state is different.

3The estimate, based on the fluence dependence of the intensity in the er peak in the 2PPE measurements is
that per 10® surface D,O molecules, there is only one trapping site with an appropriate structure, capable of
electron stabilization [Ber09].
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Figure 5.2.: Spectral changes in crystalline ice after UV illumination. In the top panel, a SFG
spectrum of crystalline ice on Ru(0001), normalized to the incoming IR intensity is plotted (red
trace; note the multiplication factor of 100). Upon UV irradiation, the SFG signal (intensity)
is enhanced by a factor of ~10% (blue). If both UV and IR pulse temporally overlap on the
sample, a further increase is observed (green). Inset shows the same spectra on a logarithmic
scale, without a multiplication of the not illuminated spectrum. In the middle and bottom
panel, a fit of Eq. 3.26 to the experimental data yields the vibrational bands for the crystalline
ice and the ice after UV irradiation. Black vertical lines mark the boundaries between the three
distinct spectral windows mappable by a single broadband IR pulse.

Electron localization: a water molecule’s point of view

Having understood the excess charge localization from the ‘electron’s point of view’ and being
aware of the type of answer, the SFG vibrational spectroscopy can provide, we can look at the
reaction of the water molecules to the electron confinement. Figure 5.2 displays the changes
in the vibrational spectra of 10 BL crystalline ice after 20 min of UV illumination?. The red
trace (note the multiplication by a factor of 10?) represents the SFG spectrum of crystalline

4The overall UV fluence incident on the spot, where the SFG measurement is performed amounts to ~1 mJ / cm?,
however, due to the Gaussian profile of the employed laser beam, the total photon doses absorbed in various
areas within the spot diameter differs considerably.
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ice, analogous to that shown in the Figure 4.7. If the very same sample is irradiated by 4.66 ¢V
photons, a dramatic increase in the SFG output signal is recorded (blue line). In contrast to the
expectation that an excess charge localized at the ice/vacuum interface will change mainly the
vibrational frequency or intensity of the free OD vibration, this is overwhelmed by the signal
from the two adjacent peaks at 2285 cm™! and 2435cm ™! as can be clearly seen in the inset of
the Figure 5.2. The newly formed peaks are extraordinary stable at temperatures below 100 K
and the spectrum does not revert to the original state on timescales much longer than several
hours.

Additionally, if the experiment is repeated with the ice sample of the same thickness and both,
the UV and the resonant IR beam are on the sample during the whole time, even a larger
intensity increase can be observed, as indicated by the green curve. Nevertheless, the peak
positions remain the same, only the relative intensity of the vibrational modes depends on the
IR frequency used and leads to an apparent discontinuity in the normalized SFG spectrum at
the place, where two adjoining spectral windows are merged.

What does such a dramatic (and persistent) signal increase mean? It could be caused by
an increased number of oscillators active in the SFG process, or by a much better alignment
of molecular axes, so that vibrations formerly forbidden by the metal surface ‘selection rule’
(Section 3.1.3) become visible, or by dramatic changes in the structure of water, leading to a
new, or strongly modified ng) tensor. The latter could be even a water dissociation, leading
to a presence of charged ions at the interface that could create a large electric field across the
layer, so that nonlinear optical processes of different kind might occur (e.g. the Electric—Field
Induced Second Harmonic generation (EFISH) [Ter62, Lee67, Dwo00]).

To discuss those possibilities, we need to gain a better understanding of the spectral response
of the water layer. As a first step, one can try to fit the spectrum after UV irradiation to
the model employed and described earlier. The resonant parameters obtained in this way are
depicted in the bottom panel of the Figure 5.2 and listed in the Table 5.1. Due to the negligi-

OD resonance wlem™] A, ¢4 7] Ty lem™]
new resonance 2435 400 1.85 30
fully coordinated (symmetric, v1) 2285 300  0.90 15

Table 5.1.: Parameters of resonances in the SFG spectrum of crystalline
ice after UV irradiation

ble signal from the non—resonant background, as compared to the resonant part, the fit offers
reliable values only for the peak position, phase and the width, however, the estimate of the
amplitude may vary (£10 %), depending on small changes in the non—resonant amplitude Axg
that still lead to an excellent fit to the data. In any case, the intensity increase amounts to at
least three orders of magnitude (Ispg o< [44]%).

As it could be expected from the rather long irradiation time between the initial and final
spectrum in the Figure 5.2 mentioned earlier, the described changes are not instantaneous. If
the SFG spectrum is measured together with the UV pumping beam on the sample (and hence
slightly influenced by either beam as will be discussed later), one can trace the SFG signal
buildup and follow the temporal evolution of the spectrum. This is best demonstrated by the
Figure 5.3, showing the very fast growing two resonant amplitudes at vibrational frequencies
listed in the Table 5.1. By the inspection of the data one can find that the essential changes in
the spectrum involve only a slight shift of the vibrational mode at 2302cm™" in crystalline ice
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Figure 5.3.: Temporal evolution of the resonant amplitude (extracted from the data fit) for the
vibrational modes at 2285cm ™! and 2435cm ™! during irradiation with ~1mJ/cm? of 4.66 eV
light. As IR and VIS light are present on the sample during the whole buildup time, numerical
values from this graph should not be compared with the parameters in the Table 5.1.

to a lower frequency and its enhancement upon UV illumination. Along the buildup, another
resonance at 2435 cm ™! becomes visible, nearly exactly copying the evolution of the former fea-
ture. Comparing its position to the available spectra of ice (Tables 1.1 to 1.3), it could belong
either to the in—phase asymmetric, fully coordinated OD stretch (v3), or to the Fermi resonance
between the symmetric, in—phase OD vibration () and the overtone of the bending mode (v3).
Even though the former can not be identified in the spectrum of the not irradiated crystalline
ice®, this assignment is more probable due to the different behavior of the resonances in some
of the experiments discussed later (mainly the possibility to ‘control’ the buildup process and
peak intensity by employing resonant IR pulses).

From seeing that the changes in the spectrum are of resonant nature at all stages, we can
exclude additional nonlinear processes like EFISH from our considerations, as those should lead
to an enhanced SFG yield, regardless of the IR wavelength. Furthermore, our spectra after irra-
diation show signatures of species characteristic more for the bulk ice, while the surface related
vibrational modes do not encounter any enhancement. The shift in the vibrational frequency of
the fully coordinated D,O species towards lower values, as well as the slight narrowing of the
corresponding peak are both indicative of a structure, where the hydrogen bonded network of
the ice more resembles a perfectly aligned system of molecules with well defined distances, as
it is rather in the ice volume than on the surface. The OD stretch frequency is namely a very
sensitive measure for the hydrogen bond length [Fei04| and generally shows a decreasing trend
with increasing water coordination [Del97, Buc07|. Is it possible that the SFG signal after UV
irradiation is larger because the oscillators from the ice bulk contribute to the overall intensity?

1

5If a resonance at around 2430 cm ™! is enforced in the fit, its amplitude is very low and its inclusion does not

further improve the fit quality.
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Induced ferroelectricity in the D,0 ice Consider a following scenario: if a sufficient amount
of molecules screens the excess charge on the ice surface, their dipole moments might be aligned
in its direction in a very efficient way by the phase transition from the hexagonal ice I}, to the
ferroelectric ice XI (see Section 1.1.2). This reorientation does not need to involve all the D,O
species, but just the number that is needed to create a suitable trap for the delocalized charges.
A phase transition in the thin ice layers upon electron excitation is not an unusual process: it
is observed also in other studies, e.g. the transition from the amorphous to crystalline phase is
observed under similar conditions on graphite [Cha98|.

If the dipole moments are aligned, the structure gains a net electric dipole moment, which is a
similar process as the alignment of the magnetic domains in a ferromagnet. Such a water network
is, however, not centrosymmetric anymore, so that the signal from the bulk can be indeed
expected. The larger SFG signal would be thus caused by both, the molecular reorientation and
by the larger amount of oscillators. Can such a behavior, even though fully consistent with our
data and explaining the observations, be accepted? Can other experimental evidence put our
hypothesis on a more solid ground? We shall find the answer to this question in the following
Section.

5.1.1. Ferroelectric behavior of the water ice

After seeing the first SFG spectra and proposing the ferroelectric ordering of the ice layer as a
response to the excess charge localization, the central challenge for this Section is to add more
convincing arguments in favor of the net dipole alignment in the water layer and to discuss,
how general can such a reaction be.

Maybe a good point to start with, is to introduce the nature of the ferroelectric ordering to
be able to judge its feasibility. First, it should be noted, that this type of alignment does not
affect the oxygen atoms (= centers of mass) in the D, O structure and thus the activation barrier
of its formation is not large (obviously lower than that of crystallization or diffusion, setting on
below 130 K). The only difference between the ices I, and XI consists of the unequal orientation
distribution of the OD bonds connecting the hexagonal sheets of ice via hydrogen bonds. In
ice I, the organization of those oscillators is random (although restricted by the ice rules), so
that on average every ice layer exhibits an equal number of OD bonds pointing to the layer
above and below and consequently possesses no net dipole moment. Ice XI, that is unstable
under normal conditions, consists of almost identical hexagonal layers, but the OD resonances
connecting them are all aligned in the same direction. This ordered structure could therefore
be the thermodynamically stable form of ice at the low entropy and low pressure limit [Taj84]
and as such is of considerable interest. Up to now, the only reliable method to create it in the
laboratory is to dope an ice Ij, single crystal with OH~ anions |Taj84, Jac95|, which resembles
our case in a way that the ordered structure is generated in a strong (local) voltage gradient,
induced by the presence of the solvated ion. Thin ice layers can also be grown (partially)
ferroelectric on an appropriate substrate, like Pt(111), where the metal acts as a template for
the proton-ordered bulk ice growth. The SFG experiments show a spectrum of H,O adsorbed
on this surface that (at larger thicknesses) very much resembles our spectrum of the D,O after
UV irradiation [Su98|.

A characteristic sign of the ferroelectric ice structure would be a pronounced change in the

5The concentration of the alkali hydroxide (0.055-0.08 mol/dm?®) in the cited experiments is rather high and
puts all water molecules less than six water molecules away from an ion [Cow99]. Nevertheless, it is believed
that the role of the OH™ ion is only to enhance the mobility of the D,O molecules below 76 K, where the ice I,
to ice XI phase transition takes place (it is kinetically inaccessible in a pure ice.
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5.1. Long-lived excess electron confinement

work function of the substrate metal, reflecting the net dipole moment created in the ice over-
layer. To be able to measure it in the constrained geometry of the SFG chamber, the retarding
field analyzer (RFA), described in detail in the Section 3.4 has been constructed and employed.

Work function changes upon ice ordering

To measure the work function under conditions of an SFG experiment is a particularly challeng-
ing task. As already discussed earlier, the classical methods (like e.g. a Kelvin probe, measuring
the contact potential differences) can not be used mainly for two reasons:

(i) The change in the ice structure occurs only within a small region of the sample that is
irradiated by the UV light (as can be checked by the SFG). Therefore the work function
(®) of the whole sample contains no information about the ordering process. The preferred
way is thus to measure the A® only exactly at the point, where the irradiation occurs.

(ii) Optical access to the sample face during the complete buildup time is required. The
optimal work function probe must be therefore able to measure the A® remotely, without
a contact with the surface and without an interference with the beam path designed to
approach the sample under an intrinsically given, very flat angle.

One possibility to avoid both complications, is to map the kinetic energy distribution of elec-
trons excited from the sample surface by the very same ultrashort UV pulse that induces the
dipole moment reorientation in the ice layer. Unfortunately, its intensity is considerable and
a precise measurement of the work function value is very inaccurate. The reason is the space
charge in front of the sample, necessarily created by such intense pulses with low repetition
rates. Even if the UV beam is attenuated close to the RFA detection limit, those effects can
not be fully suppressed (see the discussion below). Nevertheless, despite of this experimental
difficulty, such a measurement can provide valuable informations.

Figure 5.4 shows the kinetic energy distributions of the electrons arriving at the detector from
the sample after the excitation. The measurement is performed before and after UV irradiation,
whereas the first curve is taken at such a low pump beam intensity that no spectral changes
are observed in the SFG spectra upon irradiation with this power on a timescale much longer
than needed to complete the RFA measurement. The detected current (proportional to the
integrated signal intensity from the channel electron multiplier) is plotted as a function of the
retarding voltage on the analyzer grid, which is again proportional to the kinetic energy (Fyin)
of the detected species, arriving parallel to the device axis. The curves are severely influenced by
the space charge, as it is apparent from the shifted onset of the distribution curve: under ideal
conditions namely, the electrons with the maximal Ey;, (and thus detected at highest negative
voltages) carry no information about the changed work function of the metal, but their energy
only depends on the ®getect Of the detector (BN = hv — @getect). As the latter value can not
change during the experiment, both curves should start at the same retarding voltage. Knowing
the photon energy of the exciting light (4.66€eV) and approximating the work function value
of the detector grid with a tabulated value for the polycrystalline tungsten (4.55€V [Lid07]),
we can expect the first electrons leaving the sample after one—photon absorption with a kinetic
energy of ~0.1€V (i.e. at a retarding voltage of —0.1 V). Due to the large work function of the
detector (significantly larger than the work function of the water covered Ru(0001) surface), the
electrons with low kinetic energies (close to zero) will arrive only at positive voltages, which is
quite counterintuitive, as the electrons are indeed retarded by the positive potential that is put
on the grid (although the actual potential with respect to the grounded sample is still negative
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Figure 5.4.: Work function change in the crystalline ice on Ru(0001) upon UV irradiation as
measured by the RFA. Plotted is the integrated intensity of the signal from the electron multi-
plier as a function of the retarding voltage. The graphs present raw data and are neither cor-
rected for contact potential differences, nor for the different detection probability as explained
in the text below.

or zero). The work function of Ru(0001) surface, covered by a crystalline water multilayer,
is known (3.8eV [Gah04]) and this implies that the kinetic energy distribution mapped in the
experiment, yielding the dark red curve in Figure 5.4, should end at 0.8 V. This is apparently
not the case — the curves are broader and shifted by further 4.66 eV towards higher energies.
The former fact indicates the space charge, the latter one the reason, why it can not be avoided
in our measurement: the low energy electrons generated in the one—photon photoemission are
not detected at all, despite their orders of magnitude larger amount and instead, only electrons
generated in the two—photon process are visible to our device. However, they naturally start to
appear only at light intensities, where the direct photoemission has already generated a large
electron cloud in front of the sample.

There is a number of reasons, why the low energy electrons are not detected and many of them
are discussed in the Section 3.4.2. The probably most important is that they can be deflected
much easier than the fast ones from their flight direction by an electric or magnetic field, whose
presence in the SFG chamber can not be fully excluded, even though all separate contacts
leading to all devices inside were properly grounded. Our setup also consists of three grids,
allowing to employ the first one for attracting all charges by setting it to a large voltage (30 V),
nevertheless, even then no distinguishable signal increase around 0V (on the retarding grid) is
observed.

What information bear the data depicted in the Figure 5.4 then? They show that if the
D,0/Ru(0001) system is left untouched and only the UV irradiation takes place between the
two independent work function measurements, one can obviously detect less electrons and they
possess lower energy with a narrower distribution after the molecular dipoles are aligned. All
those effects are characteristic for less space charge. This unambiguously shows at least one fact:
the work function of the system must increase upon irradiation, unfortunately, it is impossible
to tell, how much. We can deduce the approximate value from earlier works — if the old 2PPE
data is examined carefully, one can find a similar observation of the work function increase upon
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5.1. Long-lived excess electron confinement

UV illumination in the thesis of C. Gahl [Gah04], although not correctly interpreted and put
in a quite different context. According to these results, changes of several tens of meV are to
be expected.

Clearly, such a small work function difference is not compatible with an ordering of the whole
ice layer, but this is also not expected. Ordering of a few percent of D, O molecules is sufficient to
produce a similar enhancement in the SFG signal as reported here and to account for comparable
work function change [led98|, which would fit to the number of electron traps estimated from
the 2PPE data. If no chemical change takes place in the water layer upon illumination, this is a
strong argument for the D,O molecular alignment. In the next subsection, we therefore discuss
the former option more thoroughly and evaluate its plausibility.

Chemical stability of water upon UV illumination

It was mentioned earlier that water is transparent in the near UV and thus a direct light—induced
dissociation is not probable, however, the system under investigation is more complex. Apart
from a two photon absorption that might well excite the D,O molecules to a state from where
the OD bond breaking is feasible [Han90, Tho99]|, the excited electrons could interact with the
water molecules and transfer substantial amount of energy, as will be discussed in the next
Chapter, with the same result. Can we find some evidence for or against water dissociation in
the SFG spectra?

Up to now, we considered the process responsible for the long living electronic state visible

in the 2PPE measurements to be identical with the process investigated here, although a larger
photon energy and beam intensities are employed in our work. We can test this assumption
and obtain an important argument against e.g. the two—photon absorption in water itself: in
the former work namely, no long-lived electronic state is observed in thin amorphous D,O
layers and only very thick layers provide a weaker signal comparable to that of crystalline ice.
Simultaneously, samples 1 BL thick do not provide an electron confinement site probably due to
their proximity (and thus large wave function overlap) to the metal. All those observations are
consistently observed in the SFG as well: signal from 1 BL of D, O on Ru(0001) does not change
upon illumination and neither does the spectrum of thin amorphous layers (below ~15BL).
The situation at larger amorphous ice thicknesses is shown in the Figure 5.5. In the top panel,
the temporal evolution of the raw (not normalized to the IR intensity) SFG spectrum of 8 BL
of crystalline ice is shown upon illumination with UV light (1mJ/cm?). The maximum IR
intensity is concentrated in the region just below the free OD resonance at 2730 cm™!
therefore only a wing of the giant signal increase can be observed, however, in this graph the
free OD resonance can be seen more clearly. The apparent shift of this vibrational mode is in
fact caused only by the increased intensity on the red side of the spectrum.
The picture is quite different in thick (20 BL) amorphous ice (bottom panel of Figure 5.5). The
very same experimental conditions lead to a much slower intensity increase and the saturation
level (photostationary state) that can be reached in this case is lower than that of the crystalline
ice.

This all is not only consistent with the accessible 2PPE data, it is additionally a convincing
argument that the water intactness is not affected neither by the radiation, nor by the electrons
excited from the surface, even though they create a space charge in front of the sample under
these experimental conditions. To test the compatibility of the SFG and 2PPE data, we even
employed a nanosecond XeCl excimer laser, with the wavelength of 308 nm (4.03€V) and ob-
serve analogous changes in our spectrum, albeit with a lower total intensity after illumination.
Using this light source, any two photon process is extremely unlikely and the photon energy

and
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Figure 5.5.: Comparison of the buildup in the 20 BL of amorphous and 8 BL of crystalline D,O
layers on Ru(0001). The UV light starts to illuminate the sample after 71 s, which serves as an
internal reference (e.g. to be able to normalize to the same IR intensity in all compared data
sets).

matches the upper edge of the energies used in the former experiment. The similarity of the

results affirms the assumption that the investigated process is the same”.

Another scenario that involves bond breaking in the D,O/Ru(0001) system, could postulate
the water dissociation only after an interaction with the long—lived electron. However, a dissoci-
ation is not expected to be a reversible process, especially not in the water network that greatly
facilitates the diffusion of the reaction products so that a recombination becomes improbable.
Although it is not possible to reorient the ice layer completely back to the original state unless
the temperatures are close to the desorption limit [Su98] (and thus the ferroelectric alignment
is, to some extent and under our experimental conditions, an irreversible process, too), the
process described here can be partly reverted by employing higher temperatures or (probably
via the same mechanism) by irradiating the sample with the short and intense VIS laser pulses
(stronger than usually used in the detection). In the latter way, the built—up SFG signal could
be quenched to approximately 80 % of the maximum value and then enhanced again to nearly
the same value by letting the UV pulse on the sample again. Such cycles can be repeated several
times.

A further argument offer the thermal quenching experiments discussed more thoroughly later:
if the sample is illuminated by the UV light at 55K and after reaching the photostationary
state annealed to a temperature below the desorption limit (particularly to temperatures in the

"The different intensities in the SFG signal at various wavelengths are most probably also compatible with the
2PPE data, showing an increase in the intensity of the er peak with increasing photon energy. Another factor
represent the vastly different irradiation conditions upon illumination with an femtosecond UV pulse and with
the output of the excimer. In the later part of this work, experiments with KrF excimer laser will be presented
and even though the wavelength of this light source is close to the UV wavelength generated for our experiments
in the tripler, for the reasons discussed there, the SFG intensity after the buildup with the nanosecond laser is
always lower as compared to the ultrashort pulse induced SFG enhancement.
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5.1. Long-lived excess electron confinement

range between 110 and 140 K), the SFG signal is reduced significantly (to ~30% of the photo-
stationary value) as well. The original signal (as before the illumination) is reached again only
at temperatures when the ice layer desorbs, but these are unfortunately not conditions directly
comparable to the initial status. Adding to that, the TDS shows no sign of water dissociation,
normally clearly visible as a high—temperature peak around 210K, even not after a long UV
illumination. It also shows (together with the SFG measurement) that the D,O layers are not
desorbing upon irradiation, and the dissociation is a process with a higher energy barrier than
the desorption.

Summarizing all facts together, we exclude the possibility that the changes in the SFG spectra
of crystalline ice after UV illumination are due to a photoinduced water dissociation mainly for
two reasons: a two—photon absorption would necessarily induce a similar process in the amor-
phous ice, but for the layers with the same nominal thickness (up to 10 BL), no spectral change
can be observed after illuminating the amorphous ice/Ru(0001). A dissociation induced by the
long-lived excess charge can be discarded based on the (partial) reversibility of the process,
leading to the SFG signal enhancement: the recombination probability of the defects in the ice
network, created by a bond breaking, is expected to be very low and thus also the reversibility
of a dissociation process should be considerably limited. So far, all observations are consistent
and explicable by the ferroelectric ordering of the ice layer induced by the long—lived charges.

Is there a possibility, though, to induce the ordering in the amorphous ice as well and definitely
exclude any dissociation scenario? One can think of stabilizing a charge in form of an anion at
the amorphous ice surface: its field should have a similar effect on the D,O molecular dipoles as
a long—lived excess electron, but the reaction pathways in its presence should be different. For
this purpose, we dose a small amount of the electron scavenger, CFCl;, on top of the amorphous
ice. After an electron excitation, the CFCl; molecules dissociate [Ryu06| and for a short time
(until the C1™ anionradical reacts with D,0), they stabilize a negative charge at the ice surface.
The response of the system seen in the SFG signal is depicted in the Figure 5.6: At 55K,
three samples are irradiated by the UV light: a pure, crystalline D,O ice on Ru(0001) (blue
rectangles), a crystalline sample prepared under identical conditions, but with a small amount
(below 1BL) of CFCl; adsorbed on top (gray rectangles) and amorphous sample of the same
nominal thickness, again with the equal amount of CFCl; coadsorbed (red rectangles). In the
first case, a smooth intensity increase is observed, similar to that described earlier. In both
cases, where the electron scavenger is present on top of the ice layer, there is a jump in the
intensity as soon as the first pulse reaches the sample. Nevertheless, while in the crystalline ice,
the initial, fast increase is low and the buildup continues as without admolecules at the surface®,
the signal from the CFCl; covered ice is enhanced much more initially, and decays afterwards?.
However, if the water dissociation would play a role in this process, we would expect that a
stable photostationary state is reached as in both crystalline cases before.

In any case, the changes observed are only consistent with the ferroelectric ordering process,
as described earlier: in the crystalline ice, the individual molecules are embedded in more
saturated, stable hydrogen bonds. Therefore, the presence of an anion causes their smaller

8The lower intensity in the saturation can be explained by blocking a part of the sites, where electrons can be
confined.

9Here, the different intensity at the maximum SFG signal is caused mainly by the lower ordering in the amorphous
layer which leads to a lower intensity of the collective phonon modes responsible for the vibrational response of
ice. In particular, the antisymmetric in—phase stretch (v3) is affected and its amplitude relative to the in—phase
symmetric stretch (v1) smaller than in the crystalline case.
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Figure 5.6.: Charge-induced SFG signal enhancement in the amorphous and crystalline ice
covered by CFCl;. Plotted is the integrated SFG intensity in the frequency region containing
both growing resonances as a function of time, whereas the UV pulse is opened at 71s, as
marked by the black arrow. For details see text.

total reorientation in the first step (with first photons arriving, creating the Cl = anionradicals),
as compared to the identical situation in the amorphous ice. After the anions are quenched by
a reaction with neighboring D,O molecules, electrons can be confined at the free sites in the
crystalline ice and the buildup continues, although it is less efficient, because a part of the surface
is definitively blocked by the admolecules. In amorphous ice, there are no species that could
keep up the ordering after the decay of the anions, but the layer order is continuously revoked
by the transient sample heating, induced by the intense ultrashort UV pulse. Additionally, as
discussed earlier in the Section 1.2.3, the excess electrons in amorphous ice, with a lifetime of only
several hundreds of femtoseconds, are not confined at the ice/vacuum interface, but populate
the defects inside of the structure. As the defect distribution in ice is rather uniform, this yields
a continuous changing, creation and disturbance of the dipole order. For thin amorphous layers,
this is most probably the reason, why no change in the SFG spectrum is observed!?.

The current Section has introduced the most important experiments performed to probe
the nature of the process following the UV illumination of thin D,O layers adsorbed on the
Ru(0001) surface. A close relationship to the processes investigated earlier by the 2PPE (see
Section 1.2.3) was found and in the present study we could first explain those phenomena from
the water molecule’s point of view as a consequence of the ferroelectric ordering. This finding
is able to explain a much wider variety of phenomena at different substrates!!. We have also

100\ foreover, the SFG is not sensitive to the centrosymmetric environments, as the oriented parts in the amorphous
water layer, generated around an excess charge, certainly are.

' As an example, in ice on the Cu(111) surface, the lifetime of confined electrons is much shorter. Although this
observation is hard to explain based on the electronic structure of the metal and the STM measurements reveal
a similar growth of water on this surface (towers/clusters on top of the bare metal [St407a]) as in the Ru(0001)
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5.1. Long-lived excess electron confinement

shown that the ferroelectric ordering is not only a response of the water layer to an excess
electron, but a similar effect can be expected in a wider class of charged particles. An analogous
effect has been already observed on water surfaces containing ions of both polarities in previous
investigations [Sch99, Jac95].

However, with these measurements the potential of the SFG method has by far not been ex-
hausted. The following Section shows further experiments that allow to make conclusions about
the dynamics and mechanism of the confinement process and hence provide an unique insight
into the charge screening by D,O molecules in our model system.

case, our result provides a hint why the stabilization process is different: The much smaller water—Cu(111)
interaction (manifesting itself in the single peak in the TDS and a comparably small work function change)
leads to a strong bonding within the closed D,O network so that the formed crystallites in fact do not wet the
metal layer. Nevertheless, it is this interaction with the metal that introduces a considerable strain into the ice
structure — and thus defects that are mostly responsible for the orientation ability. The lack of this important
channel in the more perfect network could explain its stiffness and low tendency towards the charge screening
and stabilization.
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5. Vibrational response of ice to excess charge confinement

5.2. Mechanism of the electron stabilization

In the previous part, the origin of the vibrational spectrum of ice has been attributed to the
collective lattice motions, which means that we unfortunately can not distinguish a response of
a single water molecule to the excess charge. This leads to the slow increase of the SFG signal
that builds up as more and more oscillators are influenced and their collective motion becomes
more feasible. Is there a possibility, though, to gain insight into the ultrafast dynamics of the
reorientation process?

5.2.1. The IR assisted SFG signal enhancement
Influence of the IR wavelength on the SFG buildup

While discussing the first SFG spectrum (Figure 5.2) in the previous Section, the apparent
discontinuity in the normalized SFG shape at the boundaries between two adjacent probing
IR regions has been pointed out. They arise because the whole OD stretch spectrum of water
can not be covered by a single broadband IR pulse, but more distinct spectral windows are
scanned, each with quite different central IR frequency. However, the employed wavelength in
the ultrashort infrared pulse evidently influences the resulting SFG signal. Therefore all the
spectra up to now were taken either without the IR pulse on during the buildup process, or —
if not possible — at a large delay between the UV and the IR pulse, so that their interference is
minimal.

To demonstrate this effect, one can choose a spectral region (e.g. of the resonance at 2435cm™!)
and compare the result of the buildup process in this spectral window while inducing the dipole
ordering in the water layer with temporally and spatially overlapping UV and IR beams of
different frequencies. The result of such a measurement is summarized in the Figure 5.7. One
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Figure 5.7.: Influence of the IR wavelength on the UV+IR induced buildup process. The SFG
spectrum after irradiation with both (temporally and spatially) overlapping pulses is shown for
two cases: when the IR wavelength matches the probing wavelength (dark curve) and when
the infrared frequency employed during the buildup is higher than the frequency of the probing
light. For details see text.
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can clearly recognize the difference between the spectrum taken after illumination with the UV
and the IR pulse matching the probing frequency and after an irradiation with the UV and
an IR pulse shifted to larger frequencies: in the latter case the shoulder closer to the pumping
frequency is much more pronounced. This indicates that we are able to actively influence the
buildup process by employing additionally an IR pulse of a frequency in (or out of) the resonance
with the resonance that should be enhanced (or attenuated) relative to the rest of the spectrum.
The same picture can be obtained from the green curve in the Figure 5.2, showing the largest
amplification of every vibrational mode when the probing IR light is in resonance with the
same.

One experimental complicacy that should be mentioned here is the availability of only one
coherent and intense IR source that has to be re-tuned between the pump and probe during
the measurement. This experiment was only possible because of the high reproducibility of the
set of parameters, repeatedly leading to a defined IR wavelength profile. Additionally, the shift
of ~200cm™! can be achieved by only a small change in the angles of the nonlinear media in
the TOPAS, so that the temporal overlap is not lost while changing the frequency range back
and forth.

Vibrational pre—excitation of water: a time resolved study

If the IR pulse has such a large influence on the SFG signal enhancement, it is possible that
a vibrational pre-excitation can facilitate the D,0O reorientation and this is the reason for the
additional increase in the SFG signal. The polarization of the ice layer induced by the IR pulse
should show a limited lifetime, which can be tested by comparing the SFG signal buildup upon
UV+IR irradiation, whereas a different time delay between those two pulses is employed and this
is kept constant during the whole process. Figure 5.8 shows the dependence of the integrated
SFG intensity in the photostationary state as a function of the UV-IR delay. The SFG spectrum
was measured with an IR wavelength comprising both resonances visible in the enhanced SFG
spectrum and the same was employed to co-induce the signal buildup. The visible beam has
been only used at the end to check the saturation of the signal increase, although the quenching
effect expected from its comparably small intensity should be negligible. The data show a
considerable sensitivity of the SFG buildup to the UV-IR delay. However, the final SFG signal
is only modified if both pulses (at least partially) overlap and the influence does not exceed their
(mutual) cross—correlation. Evidently, to resolve the lifetime of the IR-induced polarization in
ice lies beyond our experimental limit. Most probably, there is a very fast free induction decay
process taking place, leading to an almost instantaneous fading of the IR induced polarization
of the D,O molecules!?.

12 Another effect could seemingly explain our data as well: if, and only if the UV and IR pulses overlap, the total
amount of electrons produced by the photoemission is larger than in the case, when they arrive separately (it
is the same phenomenon that enables us to measure the cross—correlation between the IR and UV pulses). It
could therefore also be assumed that the larger SFG intensity in the photostationary state is simply due to the
larger amount of confined excess charges. However, the role of the IR pulse is not limited to a signal ‘boost’
— it is also responsible for the spectral changes that can not be explained by the increased amount of confined
charges. A further argument delivers the measurement of the (UV—)fluence—dependence of the buildup process:
with increasing fluence and thus the number of confined electrons, the SFG intensity in the photostationary state
remains nearly constant and only the buildup rate changes significantly (if more electrons are injected on top of
the water layer, the buildup process is accelerated, but we can not influence the number of water molecules that
reorient, as this is given by the number of appropriate defect sites offering a stable trap for an excess charge).
This is completely different in the measurement presented here: apart from the rate, the total intensity also
changes dramatically. This could mean that the IR pre—excitation facilitates the reorientation of the species
that would not be reoriented only upon UV irradiation (e.g. because of their distance to the excess charge or for
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Figure 5.8.: Integrated SF intensity in the fully coordinated OD stretch vibrational region of
ice as a function of time delay between the IR and the UV pulse (black rectangles). The
green horizontal line indicates the integrated signal level obtained after irradiating the sample
only with the UV light, the red curve is a cross—correlation between the two pulses. Positive
(negative) delays stand for a pulse sequence IR (UV) prior to UV (IR).

There are indeed many indications that the vibrational dephasing occurs on a timescale com-
parable to the shortest achievable IR pulse length of our system (~130fs) or even faster. The
very strong coupling between the hydrogen—bonded molecules in a crystalline matrix explains
this ultrafast dynamics below 100 fs (directly measured in the unpublished SFG work of our
group) — a timescale that can be also understood as a consequence of the large anharmonicity
of the hydrogen—bonded OD stretching mode [Ste01].

If any reorientational process can benefit from the ultrashort transient polarization discussed
above, it has to be very fast as well. Flipping of the OD oscillators could provide a reasonable
channel for such rapid changes'®. To present a convincing argument in favor of this mechanism
and to limit the number of possible other options, isotope resolved experiments have been
performed. The results are displayed in the Figure 5.9. Despite of the relatively small molecular
mass difference between H,O and D, O, the temporal evolution of the SFG spectra is significantly
different in either isotopologue (much faster in the H,O case). Based on this observation, the
dipole realignment taking place in ice upon electron confinement cannot be connected to the
movement of the center of mass of a D,O molecule, but more probably involves the motion of D
and H atoms, as the atomic mass difference between them is larger. This is exactly the process
that is expected to take place in the phase transition from the ice I, to ice XI.

another reason).

13A fast rotational movement (with no change in the center of mass) could also be considered in this con-
text [Bar89).
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Figure 5.9.: Temporal evolution of the SFG signal of the two water isotopologues. The SFG
vibrational spectra of H,O and D, O differ slightly in shape and intensity. Therefore in both cases
the normalized SFG intensity in the vibrational region of fully coordinated OD(OH) oscillators
is plotted as a function of the illumination time. The intensity of the employed UV light is the
same in both cases.

Activation energy of the net dipole alignment in ice

Another important point in the discussion concerning the reorientation dynamics is the activa-
tion energy that a water molecule has to overcome to reorient and screen the excess charge. As
all described processes take place even at temperatures around 55 K, the barrier should be suf-
ficiently small. However, one has to take into account the not—negligible local heating induced
by the pump and probe pulses.

This point has been emphasized many times before, but how important is actually the tem-
perature of the sample and how does it influence the buildup of the SFG intensity upon UV
illumination? To elucidate the influence of heat (deposited locally by the intense pulses, or
contained in the different degrees of freedom that are activated at temperatures comparable to
our working conditions, i.e. below 60K), we have observed the SFG signal buildup at various
sample temperatures. Up to 110K, the overall enhancement does not show any temperature
dependence, but as can be seen in the Figure 5.10, after this threshold, the SFG intensity in the
photostationary state decreases with increasing temperature. Such a behavior is expected: the
larger temperatures favor the ice Iy, over the ice XI phase and a randomization of the OD bond
directions is supported by unfreezing the degrees of freedom blocked in the ‘colder’ conditions.
Nevertheless, one has to keep in mind that the process observed here is rather complex. If
we neglect the influence of the IR pulse (coming with a great delay, so that this can be done
safely) and the VIS light (of small intensity), the pulse mainly responsible for the growth seen
is the UV. However, it can be expected that it in fact acts in two ways: it excites an electron
into the ice layer and enforces its ordering and by heating the substrate it can support either
the ferroelectric alignment in the presence of an electron or the random orientation of the D, O
molecules, if the negative charge is missing. As will be discussed later, either of those phenom-
ena can become more dominant, depending on the experimental conditions. It is therefore hard
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Figure 5.10.: The electron induced ferroelectric ice ordering is strongly dependent on tempera-
ture. The graph shows the integrated SFG signal during the illumination with UV pulses having
a fluence of ~0.8 mJ/cm? at different equilibrium sample temperatures.

to estimate the activation energy of the ordering transition from the measurement shown in the
Figure 5.10.

On the other hand, one can make use of the fact, that at temperatures close to 100 K the
two ice phases are close to equilibrium (phase transition) and approximate the activation bar-
rier of the direct process with that of the reverse transformation. As we could show that the
ferroelectric structure is less stable at higher temperatures, one can increase the sample tem-
perature after a photostationary state is reached at 55 K. At different end temperatures, the
decay rate and the final equilibrium level of the SFG signal will differ as well and considering an
Arrhenius—like behavior one can estimate the activation energy of the ice XI — ice Iy, transition
from the Arrhenius plot shown in the Figure 5.11 (the proportionality of the SFG signal to
the square root of the number of oscillators is taken into account). Comparing the initial and
final SF signal level reached at several different temperatures, the activation energy for the ice
reorientation can be found and amounts to (25 £ 7) meV /molecule, which is consistent with the
recent theoretical thermodynamic calculations [Joh98].
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Figure 5.11.: An Arrhenius plot showing the temperature dependence of the photostationary
SFG signal decay. After buildup at 55K (up to saturation) the sample is heated to various tem-
peratures and the decay of the signal is observed in very short SFG scans. The new equilibrium
level at the elevated temperature is compared to the original (saturated) level at 55 K and their
logarithmic ratio (after taking the square root of the intensity) is displayed on the y—axis. From
the fit to the data, the approximate activation energy for ice reorientation is calculated.
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5. Vibrational response of ice to excess charge confinement

5.3. Discussion

After the examination of the experimental data in the previous two Sections, the goal of this last
part is to discuss the data in a more global picture, taking into account also the facts revealed
by the two—photon photoemission results and offer a synthesis of the available information
concerning the long-lived excess electron confinement in D,O ice/Ru(0001).

Before a consistent picture of the phenomena observed in those works can be outlined, one
point has to be mentioned: Despite of the high degree of complementarity and consistency
between our work and [Bov09], our results are not completely identical, as they describe the
same system from the water molecule’s and the electron’s point of view, respectively.

It has been stated before, that in the 2PPE spectra, the confined electron occupies an energy
level denoted as er. Based on the threshold photon energy needed to populate it, it has been
concluded, that the electrons reach this level by stabilization from a laterally delocalized image
potential state located at 3.2 eV above the Fermi level. Consequently, irradiating the crystalline
sample with light of this wavelength should already lead to an accumulation of confined electrons
(and thus to a buildup of the SFG signal) until a steady state between the population and
bleaching is reached. Unfortunately, a light source of this frequency is not available in our
setup. However, even if the D,O/Ru(0001) system is exposed to 350nm (3.54€V) of Nd:YAG’s
3" harmonics, the SFG spectrum does not exhibit any distinguishable changes. The lowest
photon energy at which we can observe an SFG intensity increase is 4.03eV (308 nm from a
XeCl-excimer laser), whereas here the SFG intensity grows only by a factor of 3.

It is very difficult to compare such (in all aspects) different light sources, nevertheless, an excess
charge localization was expected to occur upon illumination with lower energies as well. One
possible explanation of this discrepancy lies in the number of confined electrons, created by
the corresponding pulse. In the 2PPE spectra, the et peak intensity and hence the amount of
confined electrons, grows rapidly with the photon energy used (and also beyond the energy of
the first IPS). As the electron confinement in ice is dependent on a subtle balance between the
localized state population and depopulation (bleaching), it is possible that in our intensity range
the latter process is simply much more effective and a significantly larger amount of electrons
has to be confined to be able to compete with the extremely efficient et state depletion.
Another factor might concern the different intensity in the nanosecond and the femtosecond laser
pulse. The transient heating of the D,O molecules upon irradiation can support their orientation
in the external electric field imposed by the excess charge. The length of the pulses might
therefore play an additional role, especially if the energy deposition is much faster (femtoseconds)
of much slower (nanoseconds) than the heat diffusion in the system. As a result of this subtle
equilibrium between the heat—supported ordering and disordering, the SFG intensity in the
photostationary state obtained by the sample illumination with an excimer (KrF) laser is lower
than with the femtosecond UV light of almost the same wavelength. The larger local heating
upon sample illumination with different fluencies gives also rise to a slightly nonlinear fluence—
dependence (power exponent of 1.6) of the orientation cross-section'4.

All other aspects investigated so far, however, offer a picture fully compliant with (and com-
plementary to) the 2PPE data and in many cases provide an almost perfect possibility to
understand the process on the microscopic level, which was not possible before.

14 Although detailed examinations of this behavior were performed, the complexity of various independent phe-
nomena contained there does not allow to draw any further conclusions from them. By using another light
sources and by stretching the original UV light in several very thick glass plates we could, however, definitely
exclude that the phenomenon under examination is a more—photon process.
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Electron trapping in the amorphous ice on Ru(0001)

The short-lived electronic state in amorphous ice, as already discussed, is a consequence of the
not negligible density of states in the bandgap of the amorphous solid. These states arise due
to the structural imperfections and defects and the corresponding localization sites, possessing
a better wavefunction overlap with the metal, are preferentially populated and depleted very
fast (~400fs). Although this lifetime is sufficient for D,O reorientation as shown above, in thin
layers the uniform defect distribution across the layer most probably hinders the net dipole
alignment as new dipoles are recreated around every excess charge, canceling the same effect
of their neighbors. Moreover, the absence of the signal in SFG could be explained also by the
centrosymmetry of the ‘solvation shells’ and by the fact that a low amount of isolated, ordered
molecules does not contribute to the collective phonon motion that is only visible in the vibra-
tional spectrum of ice.

The seemingly strange phenomenon is the existence of the long—lived species (and of the corre-
sponding SFG signature) in thick (more than 15 BL) amorphous layers. Explanations involving
photoinduced crystallization (as on graphite [Cha98|) are not satisfactory, as the same effect
would be expected in thin layers. Our result offers a much more elegant solution to this problem:
Consider again the electrons localized for a short time in the uniformly distributed structural
defects or irregularities. Every such ‘trap’ is populated with a probability that strongly depends
on its spatial distance to the metal surface, as the wavefunction overlap with the metal surface
states also decreases in this direction. Although this might not play such a large role for thin
layers!®, in thicker layers a transient electric field gradient is created, as considerably more ex-
cess charges are present for a short time after the photoexcitation in layers close to the surface
than in the layers further away. This causes the species in the upper layer to align their dipoles
to a preferential direction, which again might create a good, horizontally delocalized electron
confinement site. Consistent with this explanation is the much slower rate of the SFG signal
buildup (the lifetime of the electrons in amorphous ice is considerably shorter, therefore the
time for reorienting a certain amount of molecules is consequently longer) and also the lower
SFG intensity in the photostationary state (only the upper layers can be reoriented and this
process is continuously disturbed by the new electrons that recreate a new dipole alignment in
the sample).

Electron trapping in the crystalline ice on Ru(0001)

The largest part of this Chapter was devoted to the electron localization in the crystalline
ice. To the best of our knowledge, the experiment presented here is the first that describes a
possibility to control the switching from the disordered to the ordered ice structure (and to a
large extent also back) without using water contaminating molecules. Moreover, it could serve
as a basis for the future IR or Raman spectroscopy studies of the vibrational signatures of pure
and perfect crystalline ice.

Based on the rather small work function change upon ordering, one has to state that not all
water molecules in the ice structure investigated here are aligned. For a ferroelectric ice/Pt(111),
showing a slightly lower work function change, it was estimated that only about 0.2% of
molecules contribute to the overall net dipole moment [led98|. On the other hand, it still
remains an open question whether the crystalline ice layers on metal surfaces are homogeneous,
or composed of a mixture of several different phases of water [Nil10]|. If the latter is the case,

15For the approximate thickness threshold refer to the coverage dependence of the SFG buildup in the crystalline
ice (Figure 5.13).
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5. Vibrational response of ice to excess charge confinement

it is possible that charges confined in such media can be responsible for a reorientation of a
particular phase only (with a structure that already contains a preexisting electron trap). Then
the small work function change could mean that upon UV illumination, only small ferroelectric
domains are formed, which would explain the saturation of the SFG signal at such low total
number of reoriented D,O molecules. Such domains are then also spectroscopically accessible
much better, which favors this picture more than a model containing isolated, preferentially
oriented oscillators randomly distributed across the D,O layer.

Resolving the electron confinement site in the crystalline ice

The work function increase discussed above could bear interesting consequences in resolving
the actual electron confinement site. The sign of the work function change is indeed surprising:
an increase usually indicates a creation of a dipole moment pointing preferentially towards the
surface and not towards the ice/vacuum interface, where the excess electrons are believed to
reside. Is the electron really localized at this interface also in our experiment?

To answer this question, we can block most of the available surface trapping sites with the Xe
gas, adsorbed on top of the crystalline ice and inhibit the SFG buildup process if it, of course, is
caused by the species localized at the ice/vacuum interface. Unfortunately, the lowest temper-
ature achievable in our setup is not lower than 50 K and therefore Xe layers are desorbing very
fast under the local heating induced by the intense UV illumination. One way to circumvent
this is to let a large (1 x 107® mbar) amount of Xe in the UHV chamber background, as this
increases the Xe desorption temperature and acts as a continuously opened gas doser in front
of the sample. The result of such a measurement is depicted in the Figure 5.12. Probably due

Xe gas |UV beam Xe desorbed Cooling |Xe gas
in on (100 K) in

2300
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Figure 5.12.: The SFG buildup process in crystalline ice with the surface blocked by Xe adlay-
ers. The spectrum shows the raw SFG spectrum in the region of both enhanced resonances and
is not corrected for the incident IR intensity, as the (optical) conditions with Xe in the chamber
are different.

to the different refractive index of the solid Xe adlayers (as compared to vacuum), the SFG
signal from the D,O surface vanishes upon the rare-gas adsorption. After no D,O signature is
visible in the spectrum anymore, the UV beam is allowed to reach the sample for a time that
would be sufficient for the beam of this intensity to induce the SFG signal buildup up to the
photostationary state. Then the temperature of the sample is increased above the Xe desorption
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temperature at the elevated pressure (to 100K in this case). The characteristic signal of the
un-irradiated D,O surface is observed!'® and the spectral intensity starts to increase rapidly as
if the layer was not illuminated before and the buildup has just started.

Clearly, this means that the net dipole ordering in the ice layer can be very effectively suppressed
by blocking the surface sites and thus the ice/vacuum interface plays a key role in the excess
charge stabilization.

If the electrons are localized at the ice surface and the work function of the D,O/Ru(0001)

system is increased when these charges are screened, what is the actual confinement site ot
those species? It has been mentioned earlier that the ice on Ru(0001) grows by the Stranski—
Krastanov mechanism in form of towers (clusters) on top of the first bilayer. An electron,
stabilized at the ice surface can therefore either occupy a flat, horizontal ice terrace, or the
vertical side of a cluster. The first case is not compatible with neither of our observations, but
the second could explain them:
The ice towers, formed on top of the first D,O bilayer, possess a thickness that does not cor-
respond to the nominal thickness of the ice layer derived from a TDS spectrum, but are most
probably much higher. The tunneling of an electron to the terrace of such a tower is therefore
improbable. At the cluster sides, again, the confinement sites closer to the metal surface are
populated with a higher probability (due to the better wave function overlap). This induces
an ordering effect in the (thicker) layers ‘above’ the confined electron, so that they align their
dipoles to the metal surface to screen it. As their amount is with a high probability larger than
the amount of molecules ‘below’ the excess charge, the overall dipole moment change is positive.
A further observation that confirms this scenario is the more precise measurement of the
coverage—dependent work function change in the same system upon UV illumination performed
by Gahl [Gah04]. There, the work function increases with increasing coverage and is almost zero
to slightly negative for very small coverages. This is in a perfect agreement with the mechanism
proposed here: the smaller the ice clusters bearing an electron are, the higher is the probability
for an excess charge to be either confined at the ice terrace, or to be confined at the cluster side,
but with an nearly equal amount of ice layers in either direction (up and down).

Spatial range of the confined—charge influence

The common ground of the previous discussions was the idea that D,O molecules in ice stabilize
an excess charge by a highly effective screening that is accomplished by their reorientation. As
it is obvious from the magnitude of the SFG intensity increase (and other indications in the
spectrum as discussed earlier), the alignment should involve more than one complete D,O
bilayer. But how large is the ‘solvation shell’ of an confined electron?

Unfortunately, this question we can not fully answer. Our measurements, however, can at least
offer some indications to the spatial range of the confined—charge influence. To this end, the SFG
intensity increase was observed and compared for ice layers on Ru(0001) of various thicknesses.
A graph, showing the dependence of the signal intensity in the photostationary state on the
nominal D,0O coverage is shown in the Figure 5.13. Two things are obvious from that picture:
first, it confirms the conclusion made in the previous paragraph about the electron localization
site. The SFG signal namely grows with the increasing coverage and at about 10 BL it reaches
a maximum level, but does not decay anymore — even not for coverages larger than 25BL. If
the electrons were confined only at the flat terraces on top of the water clusters as discussed

16 Although with a slightly larger intensity, which is difficult to explain due to the numerous factors that are
changed after the initial spectrum was taken.
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Figure 5.13.: Integrated SF intensity from ferroelectric ice sample after electron induced order-
ing vs. its nominal thickness. The frequency window around partially coordinated OD vibration
is taken. The gray line is a guide to the eye.

earlier, those should become more and more inaccessible with increasing spatial distance from
the surfce and thus a signal decrease would be expected.

The second aspect is the actual average height of an ice tower that is influenced by the presence
of the excess electron. Due to the specific growth behavior of D,O on Ru(0001), at the nominal
coverage of 10 BL the actual average cluster thickness amounts to ~30 BL [Haq07|, which is
approximately 11nm. This is a surprisingly high value and the image forces, contributing to
the origin of an image potential state from where the electron can stabilize, are expected to be
rather negligible at such a distance. Nevertheless, as this situation is very complex, one can
only state that with a high probability the influence of an excess charge will extend beyond the
first screening water layer, which is different e.g. from small ice clusters containing only several
D, O molecules. Simultaneously, a further-reaching dipole reordering in the subsurface layers is
favored by the ice rules and minimizes the numbers of defects (and thus not saturated hydrogen
bonds and strain) that would be considerable, if only the topmost layer would be dipole-aligned.
A reasonable, but a very speculative guess from the most probable electron tunneling distance in
the amorphous ice (~20-25 BL) would be still consistent with an ordering depth of up to ~5 BL.

Summary

Our experimental results show that the reason for the extraordinary long lifetime of electrons
confined in crystalline ice on Ru(001) is the reorientation of water molecules resulting in a net
dipole moment of the ice layer, that effectively screens trapped charges. In this stabilized state,
the electrons can neither tunnel back into the metal, because after the confinement, additional
activation energy is required for this process, nor can they decay into an state below the Ep,
because no available unoccupied states between the Fermi level and the conduction band of ice
are present in the crystalline phase. The new, ferroelectric alignment of D,O molecules is very
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stable with respect to time and to temperatures even above the phase transition and exhibits
an dependence on the water isotopologue used. The net dipole reorientation leads to a rather
small change in work function, which suggests the existence of ferroelectric domains created
in ice upon illumination, offering exceptionally stable trapping sites. The different localization
mechanism in amorphous ice does not allow an uniform ordering, therefore a similar confinement
does not occur there. Nevertheless, long lived, stable species (anions like Cl ™) are able to cause
similar structural changes, which suggests a net dipole ordering to be more general response of
water to the charge localization.
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6. Ultrafast energy transfer between
Ru(0001) and D,O — a desorption study

If the D,O covered Ru(0001) substrate is excited by a sufficiently intense femtosecond laser pulse,
the adsorbed molecules will leave the sample. The unresolved question remains on the surface:
how was the energy from the laser pulse transferred into the adsorbate degrees of freedom? The
following Chapter offers this insight into the mechanism of energy transfer between the Ru(0001)
and the water adlayer. Presented are data for the desorption of the first, wetting D,O layer that is
most influenced by the vicinity of the metal. The interaction channels between the substrate and
adsorbate are investigated and complement the presented work by showing how the energy — now
in form of hot substrate electrons — can be transported in a different way than introduced in the
Chapter before. The two—temperature model and frictional approach discussed earlier are used to
model the data and their predictions qualitatively agree with the measured values. Implications for
D,0/Ru(0001) interaction obtained from this combined study are then discussed in the end.

6.1. Energetics of the laser—induced desorption

There is a lot of information about the Ru(0001)-D,0O system contained already in the TDS
spectrum shown in Figure 4.6. Particularly interesting is the rough estimate of the activation
energy for desorption (or the binding strength of a D,O molecule to the metal surface) of about
0.49eV that can be made using the Redhead formula. In the experiment introduced in this
Chapter, we exploit femtosecond, 800 nm (1.5€V) light pulses to induce the water desorption.
As water does not absorb in the near IR, the energy is only deposited in the metal. This process
that — in contrast to the TDS measurement — brings the different heat baths of the solid out
of equilibrium is sketched in the Figure 6.1. As the photon energy used is larger than needed
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Figure 6.1.: A scheme of the laser—induced desorption measurement.

to desorb an individual water molecule, one could think of the simplest mechanism as being a
single excitation of an electron into an antibonding orbital of D,O, which would consequently
lead to a desorption. If this applied, a process like DIMET could be automatically excluded
and the interaction between the metal and adsorbed molecule would be reduced to an electron
donor and acceptor, respectively.
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6.1.1. Fluence dependence and desorption cross—section

To investigate whether more than one photon is involved in the desorption of one water molecule,
the fluence dependence is probably the most suitable method: increasing the number of photons
absorbed by the surface should lead to the same relative enhancement in the desorption yield
in an one—photon process.

For this purpose, a sequence of pulses with the same fluence is sent onto the sample and the
desorption yield measured as a function of photon dose (cf. Section 3.2.2). The measured yield
decays with the increasing number of laser shots (and thus photons) reaching the sample, as
the coverage is continuously depleted. For some representative fluences, such a decay curve is
shown in Figure 6.2. In fact, the photoinduced desorption process closely resembles the first
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Figure 6.2.: Decay of the laser-induced D,O desorption yield from Ru(0001) upon its illumi-
nation with various fluences.

order reaction type in chemical kinetics. Here, the species A (adsorbed molecule) transforms to
another (B; free molecule) without an interaction with further reactants present in its vicinity.
The rate is therefore only a function of the actual concentration of A: r = —d[A]/dt = k[A],
where r, k and [A] denote the rate, rate constant and concentration of A, respectively. For the
investigated surface process, in which the adsorbed molecules are intact and their interaction
is limited, one can write a similar rate equation with the actual coverage (6) instead of the
concentration and a discretization not in the time, but in the absorbed photons count, N:

o
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6.1. Energetics of the laser—-induced desorption

with 0dN obviously determining the fraction of desorbed molecules after dIN photons have
excited the sample, i.e. the desorption probability Pyes
db

dPyes = 0dN = —— (6.2)

In this expression, the proportionality constant ¢ is defined as the reaction cross—section. The
decay curve is consequently obtained by integrating the Equation 6.1:

0 =0pe N (6.3)

For the given photon energy per area Ej, in the pulse, one can express 6.3 in terms of absorbed
fluence (F' = NE,) after j pulses
) J
0; = 6oe °FU)/Er with F(j)= Y F, (6.4)
n=1

As the fluence does not vary within the measurement yielding one decay—curve, the obtained
data can be fitted by a single exponential function that immediately reveals the desorption
probability as its exponent. Similarly straightforward is the estimation of the reaction cross—
section — for various absorbed fluences its value is plotted in Figure 6.3
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Figure 6.3.: Cross—section of the photoinduced D,O desorption from the Ru(0001) surface as
a function of the absorbed fluence.

It is important to note that even the non—associative desorption may resemble a second order
process. This is the case, if the interaction between the adsorbed molecules is large, which
might e.g. lead to coverage-dependent binding energies to the substrate, as it is observed in the
CO/Ru(0001) system [Fun99|. In such a case the decay of the desorption yield is described by
a function borrowed again from the chemical kinetics:

1 1

—=—+40N 6.5

5= 9 (6.5)
Tt could be surprising that the cross—section is obviously changing with fluence, but as will be shown later, the

desorption probability is not a linear function of absorbed fluence (or photon count) either, as the Equation 6.1

could suggest. This behavior is characteristic for nonlinear processes where, in general, a collective effect leads
to a higher yield.
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6. Ultrafast energy transfer between Ru(0001) and D2 O — a desorption study

However, this model does not describe the decay data in our case and is introduced only for the
sake of completeness.

A further information that can be extracted from the fit as a parameter is the desorption
yield after one single (first) pulse. As this is calculated taking into account also the consequent
pulses, its value is less prone to vary with the laser intensity fluctuations (cf. Section 3.2.2). It
can be therefore used to characterize the amount of desorbing molecules from the sample with
the best defined coverage (1BL) and thus represents the observable that is most convenient to
graph in the fluence-dependence evaluation. In the Figure 6.4, such a plot is shown, with z—
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Figure 6.4.: Fluence dependence of the laser-induced D,O desorption yield. The curve is a
power law (Y oc (F)") fit to the data. At higher photon doses per pulse the fluence dependence
saturates, as most of the surface is already depleted in the first shot. For this reason data at
fluences where the first shot yield exceeds 60 % are not taken into account and are not described
by the fit function.

axis being the yield—weighted fluence (F') (introduced in Section 3.2.2). The strongly nonlinear
exponent is consistent with a desorption mechanism induced by multiple transitions. However,
this curve cannot be interpreted as an indicator of a purely electron mediated mechanism.
If the desorption were phonon induced, the absorbed energy would indeed lead to a linearly
proportional increase of metal substrate’s temperature, if the dependence of the phonon heat
capacity on the temperature is neglected. This approximation is valid especially for larger
temperatures after the optical excitation, where the Dulong—Petit law is valid. Nevertheless,
considering an Arrhenius—like desorption behavior, this clearly does not produce a linear increase
of the reaction yield. As a consequence, both — a vibrationally assisted electronic desorption
mechanism and a phonon mediated process are still consistent with the data presented up to
now and further measurements are necessary to resolve the desorption mechanism.
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6.1. Energetics of the laser—induced desorption

6.1.2. Time—of—flight spectra and desorption energetics

The total desorption yield estimated in the preceding part represents the temporally integrated
number of all D,O molecules that have reached the mass spectrometer analyzer after the laser
pulse excitation. Within the limited temporal resolution (and spatial restrictions) in the em-
ployed UHV chamber, we can measure the translational (kinetic) energy of the desorbing species
from the time—-of-flight spectra introduced in Section 3.2.2. A series of these data, again for
various representative yield-weighted fluences is presented in the Figure 6.5. The best fit of the
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Figure 6.5.: A series of time-of-flight spectra of D,O desorbing from Ru(0001) surface after
a femtosecond laser excitation taken for different fluences. The data are described by a single
Maxwell-Boltzmann distribution yielding one translational energy value (black fit curves). The
vertical line placed at the maximum of the hottest distribution guides the eye and shows the
shift in the velocities of particles desorbing at lower fluences.

data to the Maxwell-Boltzmann distribution (cf. Equation 3.21) yields then the translational
energy that is commonly expressed as the mean translational temperature of the desorbing
species and for this type of distribution can be obtained from the expression T' = (Eians)/2kB.
It is important to stress some aspects regarding the measurement conditions: Due to the spatial
arrangement of the sample and the ionization volume of the QMS, only the desorption within a
narrow angle close to the surface normal is measured. This geometrical factor is responsible for
the artificially larger measured translational energy. The large fraction of the monolayer that
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desorbs in almost each first shot makes namely the collision rate significant and the collision
dynamics within the molecular cloud consequently leads to rejection of the slow particles from
the flight direction parallel to the surface normal [CowT8].

Further, the D,O molecules do not necessarily ‘start’ from the surface of a same temperature.
After the excitation, some species might desorb before the thermal equilibrium in the system is
reached and some even tens of picoseconds later, when the temperature of the sample is signifi-
cantly lower, which would mean that the average temperatures obtained from the time—of-flight
spectra are most probably underestimated. Although these effects might partially cancel each
other, the resulting translational temperature has to be treated with care and cross—checked in
every specific case, as it is done later in the present Chapter.

The values obtained for the translational temperatures range from ~1000 to 1700 K. Con-
sidering the Gaussian shape of the spatial energy distribution in the exciting beam, the energy
deposited in the beam center is much larger than the average, so that such extreme tempera-
tures — if describing the pure lattice energy distribution — would probably lead to a local sample
melting. As the electronic subsystem possess a much lower heat capacity, such temperatures
can be easily achieved here. The large translational energies of desorbing D,O molecules (cf.
Figure 6.5) are thus the first indication that the laser-induced desorption process is influenced
by the interaction between the hot metal electrons and the adsorbate.
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6.2. Mechanism of the laser—induced desorption

Despite of the rather clear indication for the participation of the electronic subsystem in the
laser—induced desorption process, a definitive answer to the question whether it plays a major
role here, can be given only after a two—pulse correlation measurement that is reasonable to
perform after the nonlinear fluence dependence has been observed?. Its experimental scheme
(sketched in Figure 6.6) resembles the measurement of fluence dependence. However, in the

Figure 6.6.: A scheme of the two pulse correlation aimed to resolve the desorption mechanism.
In contrast to the fluence dependence, the original pulse is divided into two parts that are
delayed with respect to each other. Their intensities differ slightly (45:55) to facilitate the
modeling of the data as will be discussed later.

fluence dependence one pulse is sent to the sample and the desorption yield is observed as a
function of the varying fluence and in the two—pulse correlation a pulse of a certain constant
fluence is divided into two parts and the reaction yield is recorded as a function of their delay.
The main idea and details of the experiment, including the treatment of its limits, are described
thoroughly in Section 1.3.3. The outcome of this measurement alone, however, might not give
an explicit answer to our initial question about the energy transfer mechanism, therefore a
modeling of the measured data based on the two—temperature model and frictional coupling
is presented after the experimental results to finally offer a better insight into the desorption
process.

6.2.1. Two—pulse correlation

If we employ two equally short pulses of slightly different intensity (45:55), delayed by a short
time to induce desorption from the Ru(0001) surface covered with 1 BL D, O, the obtained yield
as a function of the time delay is shown in the graph in Figure 6.7. What does this result
mean and what are its indications for the desorption process? It is important to emphasize
that this measurement does not provide a direct insight into the desorption mechanism, it is
rather probing the dynamics of the energy transfer and exploits the (reasonable) assumption

2If the fluence dependence were linear ((F)™ with n = 1), the ratio between the yield obtained from two
temporally widely separated and two overlapping pulses would be equal to unity, because
Y(F) _ )" _ 2"

((F) ~ 2R 2

The correct ratio between the ‘wings’ and the maximum of the two—pulse correlation curve is an important
indicator of common imperfections in the beam path like a not perfect spatial overlap or a beam self-focusing
in the entrance window.
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Figure 6.7.: Result of the two—pulse correlation measurement. Strong increase in reaction yield
(and thus probability) is observed if the two pulses temporally overlap, however the width of
the peak exceeds the electron—phonon equilibration time constant. The dashed line represents
the desorption probability in a situation where the pulses are infinitely separated. The line
simulating the yield evolution serves to guide the eye. The delay convention is chosen such that
at negative delays the pulse with the lower intensity arrives first.

that electron dynamics are much faster than that of the lattice. If we focus on the peak width,
we find
FWHM = 30 ps

which is much larger than the electron—phonon equilibration time. In other words, the second
pulse in the simple sequence used in this investigation benefits from the elevated temperature
of the system left after the first excitation even on a time scale where the temperatures of the
electron and phonon subsystem are equal. The time is apparently too long for a purely electron
mediated process.

One of the intrinsic problems in the D,O/Ru(0001) system is the very low activation energy
of the desorption process — the binding strength is only negligibly larger than the strength
of the hydrogen bonds as discussed earlier (Section 4.2). As a consequence (shown later in a
more detail), even 300ps after the excitation the surface temperature is about 100 K higher
than the desorption temperature estimated from a TDS spectrum. This greatly widens the
two—pulse correlation curve. Even in the case of a strong coupling of the adsorbate to the
substrate’s electron heat bath, a simple ‘rule of thumb’ stating that processes with a two—
pulse correlation wider than 5ps cannot be (only) electron mediated definitely does not apply?.
The only appropriate way to examine the underlying process is thus to model the surface

3This typical value has been derived considering the electron—phonon equilibration time that is about 1.6 ps in
Ru(0001) [Fun99, Wag06].
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temperatures via the two—temperature model and extract the coupling strengths between the
different heat baths using the frictional approach and finding the model parameters that show
the best correspondence to the measured data.

6.2.2. Modeling the laser induced D,0O desorption

The model aimed to describe the measured the data is described in detail in Sections 1.3.2 and
1.3.3. Using the material properties of ruthenium one can calculate the temperature (energy)
evolution in the electron and phonon subsystem in this solid and consider their coupling to
the adsorbate, which is expressed by the friction coefficients 1oy = 1/7¢ and npn = 1/7ph.
The temperature of the adsorbate heat bath is then calculated from the equation dT,gs/dt =
Nel(Te1—Tads) +7ph (Tph —Tads)- The desorption rate is expressed by an Arrhenius-like expression
with the exponential prefactor in the Kramer’s low—friction limit

V= (7761 + nph)Eads/kBTads (66)

Integrating the rate over time we obtain the absolute yield, i.e. the desorption probability for a
given fluence and pulse sequence as discussed above. It is important to note that this approach
is a rather crude approximation: the rate of the process was originally made independent of the
actual presence of the desorbing species and therefore the time integral over the Arrhenius—like
expression 1.38 is in fact divergent for higher temperatures kept over long times. One has to
be aware of this fact especially when modeling desorption with a high first shot yield, where
this behavior, leading to an apparent desorption from a depleted surface has to be taken into
account. The easiest way to introduce a parametrization of the rate, so that its integral will
correspond to the actually measured yield is to include a further fit parameter into our model
that effectively acts as a scaling of the exponential prefactor defined in the Equation 6.6. Such
a modified theory can be than compared to the situation where this modification is not con-
sidered and the match to the data can be evaluated. As the value of v obtained in this way
must be consistent with our TDS data, we do have a further independent check of the obtained
parameters.

In the following, four possible desorption scenarios are modeled and their agreement with
experimental results is discussed.

A purely electron mediated desorption scenario A desorption mediated only by a coupling
of the adsorbate to the electronic subsystem of the solid could be possible considering the
high translational energies of desorbing D,O molecules, however, it seems to be unlikely due
to the broad two—pulse correlation (2PC). Modeling this situation yields a series of graphs
and parameters shown in Figure 6.8. The model is very sensitive to coupling strengths and
adsorption energies, so both parameters can be determined with an excellent precision. In this
scenario, the F, 45 is with 0.55 €V slightly higher than the value obtained from the TDS analysis,
which is the consequence of the rather large transient temperatures reached by coupling to the
electronic subsystem that enhance the yield considerably, if the binding strength is low. On the
other hand, the large coupling constant (small coupling time; 7 = 0.45 ps) accounts for the
appropriate height of the two—pulse correlation curve, measured from the base level where the
desorption takes place even if the pulses are widely (more than 100 ps) separated.

It is apparent that in this scenario the 2PC is not described well and the modelled curve is
too narrow. From the knowledge of the temperature and rate evolution, we can extract a mean
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Figure 6.8.: Modeling results for purely electron mediated desorption scenario. Solid lines rep-
resent the model curves obtained by optimization of the frictional coupling parameters (here
Tel and E,gs) to achieve the best possible overlap with the measured data. The top right panel
displays the temperature evolution of either subsystem after excitation with a single pulse of
the same intensity that is used (and divided) in the two—pulse correlation.

translational temperature of the desorbing molecules by weighting the transient temperatures
with desorption rate (rate-weighted adsorbate temperature):

TRW _ fR(t) Tads(t)dt
ads = [R(t)dt

(6.7)

For lower fluences its value is strongly overestimated, as will be discussed later in a more detail.

If the exponential prefactor is parametrized, the width of the 2PC curve can be increased,
however, the electron—adsorbate coupling time has to be increased considerably and the cor-
rection essentially leads to an adsorbate temperature evolution that closely follows the phonon
temperatures and thus offers no improvement to the model. The translational temperatures are
in this case way too low to describe the time—of-flight distributions correctly.
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6.2. Mechanism of the laser—induced desorption

A purely phonon mediated desorption scenario To look at the problem from the other side,
we investigate the situation where only phonons play the role in the laser-induced desorption.
The corresponding data fits are depicted in Figure 6.9. The adsorption energy in this case must
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Figure 6.9.: Modeling results for purely phonon mediated desorption scenario. The graphs
show the same data as in the graphics before, but now the solid lines are determined by the
adsorbate-phonon coupling strength (1/7,) and a different adsorption energy.

be set to a very low value, 0.36 €V, and the reason is analogous to the one named before: the
coupling to the phonons leads to a much lower transient adsorbate temperature and hence to
a low rate, which can be only increased to describe the data if the activation energy in the
Arrhenius—like expression 1.38 is lowered. In fact, such a low value is far from consistent with
the TDS estimate using realistic values for v (see also discussion at the end of this Section). The
coupling to the phononic heat bath is also quite large and is necessary to explain the amplitude
of the relative desorption—yield increase around At = 0.

Despite of the very efficient coupling to the phononic subsystem, the predicted 2PC curve is
too wide and not fully consistent with the data. Our measurement shows a slight asymmetry
in the 2PC curve, caused by the different light intensity contained in the employed pulses. In
a phonon mediated process, however, this curve is nearly perfectly symmetric, as the phonons
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react only slowly on the excitation and also due to their higher heat capacity (and inefficient
transport mechanisms) store the energy for a much longer time than electrons.

On the other hand, the fluence dependence can be descirbed much better in this scenario than
if purely electron mediation is assumed. The adsorbate temperature after excitation remains
rather low, it does not significantly exceed the phonon temperature at any stage, which leads to
a slow desorption rate spread over an exceptionally long time. Translational energies obtained
here are strongly underestimated if compared to the experimental time—of—flight results.

The main problem of this scenario — the low adsorption energy predicted — can not be removed
if the reaction rate is parametrized by a constant factor. The only achievable improvement is the
narrowing of the 2PC curve that requires an unphysically fast coupling between the adsorbate
and the phononic heat bath.

A desorption scenario including coupling to both heat baths As neither of the ‘pure’ models
can offer a satisfactory result that would match the experimental data, one has to conclude that
a process involving both heat baths at Ru(0001) surface must be active. Figure 6.10 displays this
situation from the viewpoint of the parameter optimization. The best overlap is achieved for a
configuration that resembles the electron mediated process, although the two—pulse correlation
is predicted wider due to the opened phononic energy transfer channel, which is a significant
improvement. Both, high adsorption energy and adsorbate temperature are ‘inherited’ from the
electron mediated process and indeed, the coupling to this subsystem is almost five times larger
than to phonons. Translational energies are very similar to that case as well.

Although the data are reproduced to a reasonable degree, much better consistency can be
achieved, if the rate constant is modified by a constant factor of k& = 0.5 (i.e. the modeled
yield reduced to 1/2) as it is shown in Figure 6.11. The adsorption energy matches the value
expected based on the simple analysis of the TDS data. The stronger coupling of the adsor-
bate to phonons and a slightly weaker friction coefficient corresponding to the interaction with
the electronic heat bath allows to reproduce the width of the 2PC as well as the shape of
the fluence dependence with physically reasonable coupling times. The adsorbate temperature
reaches an intermediate value between the phononic and electronic limit and hence describes
the translational energy distribution best, as can be seen in Figure 6.12. It important to note
that the data points presented there are plotted with error bars corresponding to the statistical
deviations from the corresponding average values and might be systematically lower either due
to the difficulty to estimate the exact place where the ionization of the molecules takes place
in the ionization volume?, or due to the error in estimating the flight time in the quadrupole
system. A further interesting observation is connected to the height of the 2PC ‘wings’ and to
the low adsorption energy of D,O on Ru(0001): the obtained yield in fact desorbs as in two
steps, including a fast and intense one that lasts up to ~2ps after the optical excitation and
a slow component of low rate active several hundred picoseconds until the surface temperature
below 175K is reached. The fraction of desorbed molecules in either of these steps is nearly
equal.

The optimized parameters obtained for each model are summarized in Table 6.1. The mod-

eled attempt frequencies V&X\é are calculated from the data shown before (assuming the Kramers

low—friction limit and thus Equation 6.6 applies) and can be checked for consistency with the

4This has to be determined very exactly, as the total flight distance between the sample surface and the QMS
is only about 55mm and enters the Maxwell-Boltzmann fit equation quadratically. An error of 1mm in the
measured distance yields a difference in translational temperatures of about 80 K in the fast velocity distributions
(i.e. at large fluences).
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Figure 6.10.: Modeling results for a desorption scenario including electron and phonon media-
tion. The coupling constants to both heat baths and adsorption energy are optimized to achieve
the closest possible match between the model and the measurement.

values obtained from the TDS spectrum using the Redhead formula (Equation 3.16). The cor-
rectness of the adsorption energy predicted by the corresponding model is supposed as well.
Such a comparison is a very useful cross—check based only on the known temperature at which
the desorption rate measured in the TDS reaches its maximum and independent on the friction
model. The results are listed in the Table 6.2. Again, the phonon mediated scenario shows the
worst consistency, predicting a value for the attempt frequency three orders of magnitude dif-
ferent from the semi—experimentally determined one. Values for purely electron and unmodified
combined mechanism differ also a lot from their corresponding cross-references. Interestingly
the agreement in the situation where the reaction rate is parametrized and both energy transfer
channels opened simultaneously, the agreement is excellent (identical within the error bars), if
one considers the parameter factor 2. One can state that the last modeled situation exhibits
the best self-consistency and considering the further indications as well represents the most
probable reaction mechanism.
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Figure 6.11.: Modeling results for a desorption scenario including electron and phonon media-
tion and modified rate expression. The coupling constants to both heat baths, the adsorption
energy and the rate parameter are optimized to achieve the closest possible match between the
model and the measurement.

modeled scenario Eoas [eV] Ta bS] Ton [PS] Yexp/Ymod vy [s7Y
purely electron mediated 0.55 0.45 o0 1 1 x 103
purely phonon mediated 0.36 00 2.25 1 3 x 10'2
electron and phonon mediated 0.56 0.42 2.00 1 2 x 1012
modified theory 0.47 0.5 1.8 2 1 x 102

Table 6.1.: Optimized coupling parameters in the examined laser—induced desorption
scenarios.
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Figure 6.12.: Translational temperatures obtained from the rate—weighted modeled transient
adsorbate temperature in different discussed models and from the time—of-flight distribution.
The trend clearly shows especially the inability of the purely phonon—mediated scenario to
describe the experimental observables.

modeled scenario yﬁ\(’)‘é [sfl] VTDS

purely electron mediated 1 x 1013 7.5 x 101
purely phonon mediated 3x 102 2.,5x10°
electron and phonon mediated 2 x 10'2 1.4 x 1015
modified theory 1 x102  3.7x10'

Table 6.2.: Comparison between the attempt frequencies
calculated from the friction model and calculated using the
same parameters from the Redhead formula.
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6.3. Discussion

An important conclusion regarding the mechanism of the laser—induced desorption has been
made based on the modeling of the experimental data by the two—temperature and friction
model discussed earlier. Details about its reliability and limits have been also mentioned before,
here only some points should be briefly noted that are relevant for its outcome and the results
interpreted in more detail.

It is known that the simple two—temperature model tends to overestimate the temperatures
of both, electronic and phononic heat bath, the former one being much stronger affected |Lis04].
As already mentioned, this systematic error will rapidly decrease with fluence (and be rather
negligible at the fluences leading to desorption), nevertheless, one could expect the electron heat
bath is in reality slightly colder than calculated. If this applies, the model would artificially
favor the adsorbate—phonon coupling more than the other evaluated energy transfer channel in
our case. The already high friction coefficient 7, would be increased (and/or analogously 7y
decreased) and support the non—adiabatic desorption dynamics even more.

Together with the highly nonlinear fluence dependence, this means that a DIMET mechanism
most probably leads to the D,O desorption from the Ru(0001) surface. Taking the typical
vibrational period of the Ru-ODy bond that amounts to ~85fs [Thi87], the electron bath—
adsorbate coupling time corresponds to slightly more than 5 periods of the vibrational mode,
whose excitation is most probably responsible for the desorption. Such a consideration confirms
the obtained coupling constant as a reasonable value, compatible with the physical process it
should represent.

It is interesting to observe that apparently all energy transferred to the adsorbate is stored
exclusively in the translational degree of freedom, as the translational energies of the desorbing
species are equal to the predictions of the one-dimensional two temperature model. This could
mean that the barriers for vibrational® or rotational excitations of water on the surface are
much higher and/or those motions do not (significantly) facilitate the desorption process.

To corroborate our findings, theoretical input would be very welcome, as the friction coeffi-
cients can be also calculated theoretically from first principles [Lun05]. Further experimental
evidence for a DIMET mechanism could be obtained from a laser—induced desorption dynamics
measurement on the isotope substituted D2180 /Ru(0001) system, where the heavier mass of the
molecule should change the behavior of the system, if the energy transfer from electronic heat
bath to the adsorbate prevails. The reason for the expected isotope effect is the short energy
transfer time that determines the temporal length of a single energy transfer step. As could be
shown in the Figure 1.25, the vibrational excitation of a molecule is crucially dependent on the
movement of the molecular coordinates on the excited PES within a short time period. Heav-
ier species will be accelerated less, which leads to a less efficient vibrational excitation of the
electronic ground state and thus lower desorption probabilities in the same amount of DIMET
cycles.

A further question that might arise concerns the applicability of the proposed mechanism of
the laser—induced desorption to the desorption in thermal equilibrium. Could the mechanism
in reality depend on the temperature of the system and can only one scenario explain the des-
orption under all experimental conditions? One argument has already been given before (see
page 63): although the temperature of the electronic heat bath in equilibrium is much lower
than if the bath is excited with an intense light pulse, its energy distribution still contains

50f course, with the exception of the abovementioned vibration along the surface normal that leads directly to
the desorption with no energy stored in the internal degrees of freedom.
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species with comparably high temperatures that can drive a process similar to that investigated
here. Considering the typical time-scale ratio for laser induced desorption (1 ps) and desorption
in equilibrium (1s) and the ratio in number of species with a given high energy (e.g. 3000 K),
one can conclude that the desorption prerequisites are indeed comparable.

Another factor that enhances the applicability of our desorption mechanism is the observed pro-
portion between the desorption yield during the ultrashort time when the electron temperature
is large and the yield obtained during the long time in equilibrium at temperatures still high
enough for phonons to drive a desorption. Apparently, in the almost 1ns available to phonons
possessing enough energy to induce the desorption of the whole D,O layer, this does not take
place and the desorption rate is very low. This indicates that even at temperatures much lower
than transiently induced by the laser pulses the electronically induced desorption channel is at
least comparable to its phonon induced counterpart.

The results presented here can serve as a starting point for further investigations of water
desorption. As an example, experiments have been performed utilizing the time-resolved SFG
spectroscopy to investigate the vibrational changes in the desorbing water molecules at the time
delay corresponding to the predicted maximal desorption rate. As the water shows no free OD
signal at a coverage below 1BL, its appearance was expected in the fraction of molecules leav-
ing the surface. Unfortunately, due to the low signal produced by a small fraction of reoriented
molecules we were not able observe this phenomena within the whole reasonable time—delay
window. A further difficulties were the rather high desorption yield and the repetition rate of
the laser system (needed to record the SFG spectra with an acceptable signal-to—noise ratio).
To force at least 5% of the molecules to desorb in every shot (still leading to a rather poor
signal), a fluence is needed that depletes the surface completely after less than 0.05s. In the
employed setup the possibility do re-dose the water molecules with this speed in a defined way
was not implemented and a drastic increase of the D,O background pressure could influence
the desorption behavior (and the measured signal) considerably.

In summary, we have found that non-adiabatic coupling of the electronic subsystem of the
metal into the adsorbate degrees of freedom is responsible for laser-induced desorption of D,O
from a Ru(0001) surface. The energy is coupled primarily into the translational degree of free-
dom of the desorbing molecule and the coupling most probably follows the DIMET mechanism.
The combination of the two—temperature and the friction model can describe the observed data
well and reveals the coupling strengths between the adsorbate and either of the subsystems of
the metal. The electron—adsorbate coupling time is consistent with the DIMET mechanism as
it is comparable to several vibrational periods of the metal-adsorbate vibration that is most
probably responsible for the desorption process.
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A metallic catalyst used in water splitting, an important chemical process utilizing the hetero-
geneous charge transfer and the charge stabilization at the supported ice surface, an ice particle
in the atmosphere that mediates reactions we can understand and from which we can benefit.
There is still a long way to go to reach these goals. But three important steps towards this
dream have been made in this thesis, providing an insight into the charge and energy transfer
processes in the model system D,0O/Ru(0001).

The stabilization mechanism of the extraordinary long—lived excess electron at the ice/vac-
uum interface was found: The heterogeneous charge transfer between the Ru(0001) metal
surface and a D,O overlayer was studied previously in our group [Bov09|. In this pioneering
work, the exceptionally long lifetime of excess charges excited from the metal into the ice layer
was discovered and the stabilization of the corresponding electronic state was described. The
processes taking place in the ice layer and leading to this confinement were, however, unknown.
The present work contributes to our knowledge by investigating the vibrational response of wa-
ter layer to the electron localization and shows the importance of the local environment created
by the D,O molecules in the excess charge stabilization process.
The electrons are injected into the ice layer from the Ru(0001) substrate that is photoexcited
by the UV (4.66¢V) laser beam. Crystalline ice supported on the Ru(0001) surface exhibits
dramatic changes in its SFG vibrational spectrum after the electron localization. A tremendous
intensity enhancement, mainly of the resonant frequencies belonging to the fully coordinated,
bulk D,O species, is observed, whereas the surface-related vibrational signatures are over-
whelmed by these intense spectral features and are not recognizable anymore. Nonetheless, not
only the type of oscillators appearing in the SFG spectrum is indicative of an effect, in which the
ice interior plays a role. If crystalline ice samples of different thickness are prepared, the total
intensity enhancement upon illumination dramatically increases up to a coverage of ~10 BL and
this increase is much larger than expected from the slightly higher surface area exposed in the
ice films of this size.
The changes in the SFG spectrum are not instantaneous. Depending on the laser fluence used,
the original SFG spectrum of the crystalline ice surface is altered until a stationary state is
reached. This happens on a minute timescale, typically 5-15 minutes for the laser fluences used
in the present work. This behavior is not affected by the sample temperature, if kept below
100K and the same, extraordinarily large SFG intensity can be detected even hours after the
initial UV excitation. Excess charges that were initially confined at the ice/vacuum interface
must have decayed during this time, but most probably the long-lived state is depopulated
much earlier by the probing visible pulse (1.5€V; in absence of the UV pulse), which excites the
localized electrons either above the vacuum level or into the conduction band of the ice, from
where they can decay back into the metal easily.

The excess charge is localized predominantly at the crystalline ice/vacuum interface, as can
be shown by an experiment, where Xe gas is co—adsorbed on top of the crystalline ice layer
and nearly completely blocks the signal growth. Our results show that to screen the excess
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electrons from the metal surface, the D,O molecules undergo a partial ferroelectric ordering.
Such a process is comparable with the phase transition between the ices I, and XI, although the
amplitude of the work function change along this process indicates that a rather small fraction of
D, O species reorients. This is, however, in agreement with the theoretical models that assume a
limited number of surface sites that are preformed in a way to facilitate the molecular alignment
and that are supportive of electron localization [Bov09|. Only in the consequent step — after the
excitation of the excess charges — those electron traps become increasingly stable via molecular
realignment under the influence of the free charge field, which explains the significant energy
shift of the corresponding electronic state. Once the energy of the localized electron is below
that of the ice conduction band, the tunneling into the metal is hindered by the absence of states
in the bandgap of a crystalline solid, so that a radiative decay is the prevalent depopulation
channel and the lifetime of such a species is significantly enhanced.

In a way to exclude water dissociation or another chemical process taking place in the water
layer, one can investigate amorphous ice layers at the same surface. As no signal increase in
layers of comparable thickness as in the crystalline ice discussed above is observed, chemical
changes have to be discarded. Even for thicker amorphous layers, where a comparably small
amount of long-lived electrons was detected by the photoemission experiments, only a weak
intensity increase can be recorded.

Due to the relatively large number of structural defects in the volume of the amorphous D,0O
modification, the electron localization occurs in its bulk. Here, the screening possibilities are
limited (and mutually canceled), resulting in a much shorter excess electron lifetime and no
effect on the SFG spectrum. The short lifetime is also a consequence of the not—negligible
density of states in the bandgap of the amorphous solid. The defects further away from the
surface are, however, populated with lower probability, which might lead to a charge gradient
across a thicker layer of amorphous ice after the electrons are photoexcited. This in turn could
explain the molecular reorientation observed in the corresponding SFG spectrum.

The ferroelectric alignment of ice appears to be a more general response of D,O molecules
to charge confinement: if a small amount of an electron scavenger (CFCly) is adsorbed on top
of the amorphous ice layer, the SFG spectrum immediately after the photoexcitation resembles
the response of crystalline ice after electron stabilization. In the reaction of CFCl; with the
excess charge, C1~ anion radicals are formed and could be responsible for the D,O reorientation.
Since Cl™ ions are not further recreated in the course of the irradiation, at low temperatures
the initially large bulk SFG signal decays, probably due to a consequent reaction with water
or neighboring ions. Such a stabilization of fluorochlorocarbons and their dissociation products
might be of great importance for atmospheric processes leading to ozone depletion.

The mechanism of the D,O reorientation in ice at temperatures below 60 K can be elucidated
based on the fact that a vibrational excitation with the probing pulse apparently supports the
molecular realignment. The total SFG signal increase is much larger if the pump UV light
temporally overlaps with the probing IR beam. However, due to the strong coupling between
the hydrogen bonded D,O molecules in ice, the transient polarization induced by the latter
pulse decays on timescales shorter than our experimental resolution (the length of the IR pulse
is about ~150fs). Such a fast process can hardly involve a center—of-mass movement. This
was proven by observing the SFG signal increase in thick, crystalline H,O and D,O layers.
The discovered large isotope effect is not explicable by the mass difference between the whole
molecules, it is rather indicative of a reorientation pathway via an OD (OH) flip, which is a
very common event in the defect-rich, Ru(0001)-supported ice structure. Its activation energy
can be found by evaluating the slow decay of the enhanced SFG signal taking place above 110 K
and amounts to (25 & 7) meV /molecule.
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Surprisingly large is the range of influence of the localized charge. Up to a nominal coverage
of 10BL the total (integrated) signal in saturation increases. From this coverage on, it stays
nearly constant. Due to the specific growth of D, O layers of Ru(0001), this corresponds to water
clusters on average 30 BL (11nm) high that are still experiencing a rather strong excess charge
field. Together with other observations, this allows us to make conclusions about the electron
confinement site: at least for thicker clusters (>3 BL nominal coverage) the excess charges are
confined predominantly at the vertical sides of the water clusters.

An important difference between the surface of crystalline and amorphous ice was dis-
covered: The periodicity, characteristic for the structure of ice bulk, is interrupted at the
ice/vacuum interface. The large number of undercoordinated D,O molecules naturally at-
tempts to increase the number of hydrogen bonds they engage [Wit99, Buc98|, which leads to
a significant disorder in the upper layers that seems to be frozen below 200 K [Wei02]. Of large
interest is the question, whether such a disordered surface structure reflects the order or disorder
of the underlying layers and if the ice film is very thin, how is its structure influenced by the
interaction with the metal.
The D, O bond to the Ru(0001) surface is very strong and exceeds the strength of the hydrogen
bonding in ice, as can be best seen from the corresponding TDS spectrum, showing a separate
desorption peak for the first, wetting D,O layer at temperatures above the sublimation point
of a water multilayer. For a long time though, the structure of this adlayer was considered to
be ice-like, although with nearly planar geometry of the hexagonal ice sheets [Thi81, Men02b|.
Only recently, the D,O wetting layer on Ru(0001) was found to be hydrophobic and the for-
mation of clusters with a relatively large height (to avoid the contact with the first layer) was
proposed to be the preferred way of crystalline D,O layers to grow [Haq07]. A model consisting
of flat, hexagonal ice chains has been suggested to theoretically explain the spectroscopic data
available for this system [Haq06|. In the present work, experimental evidence for its validity is
be offered. For the traditional, ice-like wetting layer, OD oscillators should be observed pointing
either freely towards the vacuum or towards the metal. Although both are recorded in the spec-
tra of crystalline (and amorphous) ice above 1BL (the latter vibrating towards the underlying
ice sheet), both disappear below this limit. Even though a specific case, in which both kinds of
OD vibrations (towards vacuum and towards the metal) possess the same vibrational frequency
and are present in a nearly equal amount could explain the signal vanishing due to their mutual
cancellation [Men05|, H,O coadsorption experiments, selectively quenching the OD vibration
towards the vacuum do not find any similarly pronounced opposite vibration.
Of equal significance are the two other surface-related vibrations. The large number of partially
coordinated species and the absence of the fully coordinated species at coverages below 1BL
demonstrates the excellent agreement with the abovementioned model even for submonolayer
coverages. Additionally, the evolution of the fully coordinated resonance with increasing layer
thickness substantiates the meaning of the hydrophobicity of the water layer: at coverages up
to 2 BL the hydrogen bonding between the wetting layer and the consequently grown ice sheets
is significantly limited. The signature for the fully coordinated resonance in the SFG spectra
arises only above ~2BL, where first clusters, forming extensive internal hydrogen bonds are
formed. The growth of the amplitude of this resonance for thicker amorphous layers is, together
with other arguments, indicative of a considerable roughness of the amorphous ice surface.
The surfaces of thicker crystalline and amorphous ice films are influenced by the underlying
water layers and show signatures characteristic for the corresponding modification. The largest
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7. Summary

difference is in the amount of partially coordinated D,O species that is larger in the amorphous
case and appears at higher vibrational frequency than their crystalline counterpart, which is a
sign of a lower overall coordination. In any chemical or physical process e.g. in the atmosphere,
in the interstellar space, where the ice surface at low temperatures might play a role, these
distinct differences might be of significant importance.

Energy transfer mechanism between the Ru(0001) surface and the water adlayer has been
resolved The simple chemical reaction, in which the bond between the metal and the adsorbed
D,0O molecule is broken was studied. To be able to investigate the electron and phonon heat
bath influence separately, the system was brought out of equilibrium with an intense, ultrashort
laser pulse. Upon excitation, the Fermi-Dirac population distribution of the excited electrons
can be transiently characterized by a temperature close to 4000 K (far above the melting point
of the substrate) for a pulse of fluence typically used in the present work. In contrast, the
temperature of the lattice increases on a longer timescale and does not exceed 1000 K at any
instant of time. The reaction yield is found to depend nonlinearly on the absorbed laser fluence
and the translational energy of the desorbing species reaches values above 1000 K, which is
significantly higher than the equilibrium D,O desorption temperature (175 K). Simultaneously,
it is higher than the temperature of the phonon heat bath, both indicative of an energy transfer
mechanism different from the coupling of the lattice vibrations to the adsorbate’s degrees of
freedom.

The role of phonons and hot electrons in the energy transfer between the Ru(0001) surface and
the adsorbed water layer can be derived from a two—pulse correlation measurement. Modeling
the correlation between the desorption yield and the transient temperatures achieved upon
irradiation with a pulse sequence consisting of two, variably delayed pulses reveals a significant
participation of the hot substrate electrons in the energy transfer process, even though the width
of this correlation exceeds the typical electron—phonon equilibration time. The reason for the
latter lies probably in the fact that the lattice vibrations are excited above the water desorption
temperature for a considerably long time. The best fit to our data offers a model with following
parameters:

Fa.4s =0.47eV
Tel = 0.5 ps
Tph = 1.8 ps

showing that the coupling of the adsorbate to the hot electrons is a much more effective energy
transfer channel. The time constants 7, and 7, namely reflect the timescales of the energy
transfer and the activation energy F,4s the desorption barrier, assuming the desorption is a
simple, first order process. The proposed scenario is self—consistent and agrees also with other
available experimental indications, particularly with the results of the TDS spectra analysis.
The underlying non—adiabatic coupling is best described by the DIMET (desorption induced
by multiple electronic transitions) picture, whereas the coupling time 7 corresponds to slightly
more than 5 vibrational periods of the water molecule along the reaction coordinate. A higher—
lying, unoccupied antibonding orbital could in principle provide an effective, repulsive potential
energy surface that would lead to the molecular desorption, however, a further theoretical in-
vestigation of this process is required and would be welcome to clarify this point.

In the present work, the microscopic understanding of the energy and charge transfer be-
tween the supporting metal surface (Ru(0001)) and the thin adsorbed D,O film was obtained
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and important contributions to our knowledge regarding the interfacial structure of ice was
made. Non-adiabatic energy transfer mechanisms and the actual structure of ice — considerably
influenced by the metal surface — play a decisive role in these processes and are a key to the
understanding of more complex phenomena in nature or technology.
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A. Determining molecular orientation using
SFG spectroscopy

To emphasize the versatility, uniqueness and power of the SFG method, the possibility to
exploit it to determine the molecular orientation on the surface is presented. Although not
possible on metal surfaces (due to the ‘metal surface selection rule’ and vanishing IR intensity
for an s—polarized beam as discussed in the Section 3.1.3), this direct insight into the average
arrangement of molecular axes is particularly interesting property of SFG spectroscopy.

The Figure 3.3 in Section 3.1.2 already introduced the geometry of the SFG setup, here its
part is again offered as Figure A.1: The full solution of Maxwell equations for the SFG process

Az nl
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ﬁ WSFG
2
w9 61
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—_—
X

Figure A.1.: A typical geometry of an SFG setup. The three media in contact are characterized
by refractive indices ny,n’, ns.

yields (cf. Equation 3.9) [Zhu99|
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where n(w) = y/€(w) is the refractive index in medium 1 at frequency w, ¢ is the speed of light in
vacuum. As can be seen, the prefactor does not contain any information related to microscopic
properties of the layer, they are only included in the susceptibility tensor ng)' What does
this value mean? It was shown before that it is in a close relation to the angular average
of the second-order nonlinear polarizability of individual molecules adsorbed on a surface (cf.
Equation 3.11):

xr = —(B) (A.2)

The principle of adsorbate geometry estimation therefore essentially relies on the reconstruction
of the important parts of the original, not averaged x(? tensor.

In general, every surface geometry is first defined by the three laboratory axes (z,y, z), con-
ventionally chosen in a way that z is parallel to the surface normal (see Figure A.1). For a
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A. Determining molecular orientation using SFG spectroscopy

generic molecule one can expect a different polarizability along either axis, whereas the axes x
and y are interchangeable as the molecular layer is usually isotropic in this plane. This reduces
the number of independent (third rank) tensor components X%)z. If the particular case of ice
with hexagonal symmetry is considered, most of the 27 tensor elements Vanish identically. Re-
maining four elements are' ng)z, XQ(CQZ);,; = Xﬁ)y, ch%r)z Xg(/Zy)z and Xg%;)x Xzyy [Boy03, Rok04].

We investigate the surface with laser pulses that are either s or p polarized, the former prob-
ing the axis = (or y) in the laboratory frame, the latter probing axis z. The actual electric
field experienced by the molecules in the layer can be calculated using diagonal elements of the
Fresnel matrix so that the effective X<(12) component for the resonance ¢ and for a polarization
combination expressed in the parentheses in the order of decreasing frequency (SFG, VIS, IR)

is [Wei02]:

X it (SSP) = Ly (w5r) Ly (wv1s) Lz (wir) sin(Bir) X2 - (A.3)
Xé,gﬂf(sps) = Lyy(wsrG) Lzz (wvis) Lyy (wir) sin(Bvis)x .y (A4)
Xt (PSS) = Lz (wsra) Lyy (vis) Lyy (wir) sin(Bsea)xi 2y, (A-5)
Xfie)g(PPP) = — Lyo(wsra) Las (wvis) Lz (wir) cos(Bsra) cos(Byis) sin(Bir) x (2,

— Lo (wspG) Lz (wvis) Lae (wir) cos(Bsra) sin(Byis) cos(Bir) X -,

+ L..(wspc) Lao (wvis) Loz (wir) sin(Bsra ) cos(Bvis) cos(Bir) x\Zyy

+ L..(wsp) Lzz (wvis) Lz (wir) sin(Bsra) sin(Byis) sin(Bir) X 2s. (A.6)

2n1 (w) cosy

Loa(w) = n1(w) cosy + na(w) cos Bsra (A7)
Lyy(w) = ni(w) 02(7;1;:13;28-%;3) Cos 7y (A.8)
2
Lez(w) = ni(w) 02(12'§/w—3 jlzs(fjl:cis Bsra <Z}((:)))> (A.9)
Here the refracted angle «y is obtained from
ni(w) sin fsrpg = na(w) sin~y (A.10)

and usually the refractive index n’ of the thin layer is approximated with the macroscopic
refractive index of the bulk adsorbate.

So far we have shown that the microscopic observable, hyperpolarizability, can be accessed
in the SFG experiment and its different components are probed in the laboratory frame by
changing the polarization of the incident light and detecting a selected polarization of the
SF output. However, we are more interested in molecular orientation than to the projection of
different components of molecular polarizability into the axes of the laboratory frame. Therefore
one has to transform the laboratory coordinates (z, y, z) into the molecular coordinates (a, 3, 7).

As an example for this procedure, we take a simplistic model for D,O (taking into account
especially the free OD vibration), where its symmetry is reduced to cylindrical with polarization
change along the bond axis, as indicated by the Equation 3.12 (see Figure A.2). The molecular

!The same is valid for all isotropic surfaces
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Figure A.2.: Molecular orientation in the laboratory frame.

axis v can be chosen to follow the O—D direction at angle 8 with respect to the laboratory z axis.
The transformation between the two axial systems can be, in general, expressed as a product
of rotation matrices

Xih = RiR;Rix ), (A.11)
for Euler angles ¢, 7,0 they have the form [Hir92]
cos¢p sing 0

R;=|—sin¢g cos¢ 0 (A.12)
0 0 1

cosn 0 —sinn

R; = 0 1 0 (A.13)
sinnp 0 cosn
cos sinf O

R; = | —sinf cosf 0 (A.14)

0 0 1

From these transformations follows for our simple case obviously possessing only a component
parallel and perpendicular to the OD bond [Du93, She89|

e :210 sl [(sin® @ cos B) (1 — 7) + 2r(cos 6)] (A.15)
Xé?;zy :2; Sa%%[(sing 0 cos0)(1 —r)] (A.16)
X((]gyy 7N oz%%[(sin2 6 cos 6)] (A.17)
Xolen = N sai?). [(cos® 6)] (A.18)

with 042/27)'7 being the hyperpolarizability along the OD axis and r being the hyperpolarizability

ratio (r = a1 /o) that can be either obtained from fitting the SFG spectra [Wei02] or is known
e.g. from Raman spectra of water in this particular case case [Du93].

In the analysis, the amplitude A, of the free OD resonance for all polarizations (if possible and
not vanishing) would be extracted and its value could be set to the X((fgﬁ@. Using Equations A.3
to A.6 the left side of A.15 to A.18 is determined. The ratio of e.g. the first two (measured in
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A. Determining molecular orientation using SFG spectroscopy

SSP and SSP polarization configuration) yields then an explicit formula to calculate the angle
0 between the surface normal and the (angularly averaged) OD bond axis direction.
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B. Abbreviations

2PC
2PPE
AES
ASW
BBO
BL
BOA
CB
CEM
DFG
DFT
DIET
DIMET

EFISH
ESH

er

FWHM

Two—pulse correlation

Two—photon photoemission

Auger electron spectroscopy

Amorphous solid water

B-BaB,0,

Bilayer

Born—Oppenheimer approximation
Conduction band

Channel electron multiplier

Difference frequency generation

Density functional theory

Desorption induced by electronic transition
Desorption induced by multiple electronic transitions
Fermi level

Electricfield induced second harmonic generation
Electron bombardment heating

Trapped electron (spectral signature)

Full width at half maximum

hexagonal close—packed

Highest occupied molecular orbital

Cubic structure of ice I

Hexagonal structure of ice I

Intensified charge—coupled device

Infrared

Image potential state
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B. Abbreviations

LCAO Linear combination of atomic orbitals
LEED Low energy electron diffraction
LUMO Lowest unoccupied molecular orbital
ML Monolayer

NLO Nonlinear optics

NRB Non-resonant background

OPA Optical parametric amplification
OPG Optical parametric generation

OPO Optical parametric oscillator

PES Potential energy surface

PS Photoelectron spectroscopy

QMS Quadrupol mass spectrometer

RFA Retarding—field analyzer

SF Sum—frequency

SFG Sum—frequency generation

SHG Second harmonic generation

T des Desorption temperature

TDS Thermal desorption spectroscopy

Ti:sapphire Titanium (Ti; ) doped sapphire (Al,O5) crystal

TOPAS Travelling-wave optical parametric amplifier of superfluorescence
UHV Ultrahigh vacuum

uv Ultraviolet

VB Valence band

VDE Vertical detachment energy

VIS Visible

Nd:YAG Solid—state laser with neodymium—doped yttrium aluminium garnet

(Nd:Y3Al;O,) as the lasing medium

Nd:YLF Solid-state laser with neodymium-doped lithium yttrium fluoride (Nd:YLiF,) as
the lasing medium
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