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Abstract
A core level spectroscopy study of ice and water is presented in this thesis. Combining a number
of experiments and spectrum calculations based on density functional theory, changes in the
local valence electronic structure are shown to be sensitive to the local H-bonding conﬁgurations.
Exploiting this sensitivity, we are able to approach important scientiﬁc problems for a number of
aggregation states; liquid water, the water-metal interface, bulk and surface of hexagonal ice.
For the H-bonded model system hexagonal ice, we have probed the occupied valence electronic
structure by x-ray emission and x-ray photoelectron spectroscopy. Stepwise inclusion of diﬀerent
types of interactions within density functional theory, together with a local valence electron
population analysis, show that it is essential to include intermolecular charge transfer together
with internal s-p rehybridizations in order to describe the changes in electronic structure seen
in the experiment. The attractive electrostatic interaction between water molecules is enhanced
by a decrease in Pauli repulsion. A simple electrostatic model due to charge induction from the
surrounding water is unable to explain the electronic structure changes.
By varying the probing depth in x-ray absorption the structure of the bulk, subsurface and
surface regions is probed in a thin ice ﬁlm. A pronounced continuum for fully coordinated species
in the bulk is in sharp contrast to the spectrum associated with a broken symmetry at the surface.
In particular molecular arrangements of water with one uncoordinated OH group have unoccupied
electronic states below the conduction band that are responsible for a strong anisotropic pre-edge
intensity in the x-ray absorption spectrum. The topmost layer is dominated by an almost isotropic
distribution of these species, which is inconsistent with an unrelaxed surface structure.
For liquid water the x-ray absorption spectrum resembles that of the ice surface, indicating a
domination of species with broken hydrogen bond conﬁgurations. The sensitivity to the local hydrogen bond conﬁguration, in particular the sensitivity to broken bonds on the donor side, allows
for a detailed analysis of the liquid water spectrum. Most molecules in liquid water are found
in two-hydrogen-bonded conﬁgurations with one strong donor and one strong acceptor hydrogen
bond. The results, consistent with diﬀraction data, imply that most molecules are arranged in
strongly H-bonded chains or rings embedded in a disordered cluster network. Molecular dynamics
simulations are unable to describe the experimental data.
The water overlayer on the close-packed platinum surface is studied using a combination
of core-level spectroscopy and density functional theory. A new structure for water adsorption
on close-packed transition metal surfaces is found, where a weakly corrugated non-dissociated
overlayer interacts via alternating oxygen-metal and hydrogen-metal bonds. The latter results
from a balance between metal-hydrogen bond formation and OH bond weakening.
The ultrashort core-hole lifetime of oxygen provides a powerful probe of excited state dynamics
via studies of the non-radiative or radiative decay following x-ray absorption. Electrons excited
into the pre-edge state for single donor species at the ice surface remain localized long enough
for early time solvation dynamics to occur and these species are suggested as strong pre-existing
traps to the hydrated electron. Fully coordinated molecules in the bulk contribute to a strong
conduction band with electron transfer times below 0.5 femtoseconds. Upon core-ionization, both
protons are found to migrate substantial distances on a femtosecond timescale. This unusually
fast proton dynamics for non-resonant excitation is captured both by theory and experiment with
a measurable isotope eﬀect.
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Chapter 1

Introduction
Water is the most abundant compound on the Earth and the principal constituent of all
living organisms. It plays a crucial role in uncountable biological, geological and chemical
processes. With the theoretical and technological tools at hand today, one could anticipate
that the structure of water and its chemistry is well understood on a molecular level.
Instead, many properties of water remain elusive to date. In fact, it turns out that the
structure, bonding and dynamics of water in many diﬀerent chemical situations is poorly
understood, if understood at all.
The problem lies in the nature of the hydrogen bond that connects water molecules
to other chemical substances (e.g. biomolecules) and to each other (i.e. in ice and water).
The hydrogen bond, intermediate in strength between strong (covalent) and weak (van der
Waals) bonds, creates a puzzle of diﬀerent chemical pathways depending on the hydrogen
bond situation and processes concerned. For liquid water the reader might be familiar
with several abnormal properties such as the maximum density at 4◦ C (which causes lakes
to freeze from above) and the “liquid” premelted surface of ice (which causes low friction).
A number of scientiﬁc challenges must be solved for a better understanding of the
physics of water. Despite the numerous qualitative and quantitative models that are constantly improved to better describe the interactions in water chemistry, all models fail to
explain one or many of the established experimental ﬁndings. This in itself shows that
there are fundamental aspects of the forces involved in the hydrogen bond that are disregarded or poorly described. It can also be argued that experiments have not provided the
“tools” needed for a better description. Furthermore, the dynamics of aqueous systems in
various processes like solvation involves a rich and complex chemistry, where the timescale
spans from femtosecond to microsecods. Probing dynamics on an intermediate timescale
is diﬃcult due to the complexity of all the chemical pathways. Ultrafast processes in the
order of femtoseconds or faster (e.g. , electron relaxation and excited state dynamics) are
extremely hard to capture experimentally. Yet there is hope as novel experimental and
theoretical techniques that can be used to explore the structure, energetics, and dynamics
of water are developed. In particular, recent advances in computational chemistry, model
systems (e.g. clusters), and ultrafast lasers are promising.
In this thesis studies of the local valence electronic structure are presented for a number of well-known local H-bond situations involving water: the water-metal interface, the
bulk and surface of ice, and liquid water. Experimentally, this is realized with core-level
spectroscopy, a well-suited technique that allows direct (attoseconds) and local (in the
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proximity of the oxygen atom) probing of the occupied and unoccupied valence electronic
structure, as well as excited state dynamics (via the core-hole decay processes). The experimental ﬁndings are combined with density functional theory to verify the experimental
observations and to provide a more detailed picture of the local H-bond conﬁgurations.
Despite the weak bond energies involved in hydrogen bonding, it is shown that the
valence electronic structure is sensitive to its local H-bond situations. Exploiting this, we
are able to approach important scientiﬁc aspects such as:
• Local structure of liquid water
• Nature of the hydrogen bond
• Bonding mechanism of water to metal surfaces
• Radiation induced ultrafast dissociation of water
• Electron delocalization and trapping processes in water
Besides the fundamental interest of revealing the local structure of liquid water and the
nature of the hydrogen bond, many scientiﬁcal challenges depend on the understanding of
the above listed aspects. The development of hydrogen technology as future energy source
(photocatalytic splitting of water) and the role of water in living organisms (protein folding,
radiation induced DNA damage) are two exciting examples.
The results are presented in chapter 4 as a summary of the most important ﬁndings
in Papers I-VI. Chapter 2 gives a brief background of the basics in electronic structure,
radiation interaction with matter, the water molecule and some diﬀerent aggregation states
as well as radiation chemistry in aqueous systems. The experimental and theoretical
methods applied are covered in Chapter 3, where one section is devoted to the concepts of
core-level spectroscopy processes and what they can tell us. Following the results section,
some concluding remarks and an outlook is given.

Chapter 2

Background Physics
Research focusing on the microscopical picture of water in diﬀerent chemical situations
crosses almost all ﬁelds of science. No experimental and theoretical approach alone seems
capable of describing even the most simple chemical properties of water. Even if we restrict
ourselves to the results presented in this work, it is diﬃcult to give an unbiased view on
the background physics.
In section 2.4, an introduction to the water molecule and some important aggregation
states is presented with focus on a few geometrical and electronic structure properties
found in experimental and theoretical studies. To understand the electronic structure
discussion in the following chapters, we also need to introduce some basic concepts in
quantum chemistry and electromagnetic interaction with matter (section 2.2 & 2.3), but
let’s start by recalling the diﬀerent types of chemical bonds between atoms and molecules.

2.1

Chemical Bonding

If the total energy of an aggregate is lower than the sum of the individual components,
a chemical bond can be formed. In the most strict deﬁnition, chemical bonds can be
classiﬁed by this energy diﬀerence. However, as total energy is hard to visualize and
makes it diﬃcult to guess chemical trends, deﬁnitions of diﬀerent bonding types and
characterization of these are needed. Traditionally, chemical bonds are separated into a
number of diﬀerent classes which oﬀers great predictive power based on empirical trends
over the periodic table∗
• Covalent bonding involves a charge overlap (electron pairing) between the species,
in general associated with short bond lengths and high bond strengths (e.g. N2 ).
• Electrostatic bonding for which ionic bonding is the most simple type where two
charged species form a pure electrostatic interaction (e.g. NaCl). Electrostatic interaction between species with an internal polarization forms electric dipole interactions
that are common between polar molecules in their liquid and solid phases.
• Metallic bonding, where the valence orbitals are eﬀectively delocalized and the electrons move “freely” in the potential given by the lattice of positive ions. This results
∗ See

any textbook in chemical physics.
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in an attractive force that is strong enough to give most metals melting points well
above room temperature.
• Dispersion forces (van der Waals) is the weakest form of bonding (in the order of
0.1 eV), which can be thought of as a dynamically induced dipole interation between
neutral species that do not have any internal dipole moment.
In a more detailed description of a chemical bond, a mixture of the listed bonding types is
needed. The bonding between water molecules is an excellent example of how complicated
it can be to make a generalization of a bond. Due to its speciﬁc properties and immense
importance in nature, the hydrogen bond is classiﬁed as a separate type of chemical
interaction. We pay special attention to the hydrogen bond as it is the key to understand
the electronic structure of water and ice. The hydrogen bond is formed between H and
N,O, and F atoms. It is intermediate in strength between covalent or ionic and van der
Waals bonding, making it strong enough to create stable structures but also weak enough
to be broken at ambient temperature. The hydrogen bond is discussed in more detail in
the water section 2.4.

2.2

Quantum Chemistry

In general, the chemical and physical properties of molecules can, to a large extent, be explained in a qualitative way using simple mathematical formulas and experimental trends.
Molecular electronic structure is no exception and we could in principle build most of our
chemical concepts based on spectroscopical evidence and intuition.
In ab initio quantum chemistry, on the other hand, one tries to solve the quantum
mechanical problem for a collection of nuclei and electrons without prior knowledge of
chemical properties. The full Hamiltonian of a quantum mechanical electron-nuclear system with Nn nuclei and Ne electrons can be written as a sum of terms†
Htot = Tn (R) + Wnn (R) + Wen (r, R) + Te (r) + Wee (r)

(2.1)

This Hamiltonian describes the Coulombic electron-electron, nuclei-nuclei, and electronnuclei interaction terms (W ), as well as the kinetic energy terms (T ) for the nuclei and
electrons. The corresponding full Schrödinger equation is not solvable for other but simple
model problems and a number of approximations must be introduced to make practical
use of the quantum mechanical formulation. These approximations can be translated
to physical concepts which are useful in interpreting chemical behavior in both theory
and experiments. A combination of spectroscopy and ab initio techniques is the route
taken in this thesis. It is illuminating to introduce some of the central approximations in
quantum chemistry that are common to the experimental interpretation and the theoretical
approaches in this thesis.

2.2.1

Born-Oppenheimer Approximation

In a many-body system such as the water molecule, both the electronic and nuclear degrees
of freedom are involved in the Hamiltonian. One central approximation that facilitates
† Any

book in quantum chemistry introduces the full Hamiltonian, e.g. Ref 1
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the quantum mechanical description of a many-body system in a certain state a, is where
the electronic motion and the nuclear motion can be treated independently. This is the
Born-Oppenheimer (BO) approximation which allows for a separation of the state ket into
a product
| {rn }, {RN }a = | {rn (RN )}a | {RN }a

(2.2)

where rn and RN denote the sets of coordinates of all electrons and nuclei, respectively.
When the Born-Oppenheimer (BO) approximation is applicable, one might consider the
nuclei stationary on the time-scale of the electronic motion. Thus, for the electronic
structure in state a, one might solve the Schrödinger equation for the constant nuclei
positions RN . The nuclei, in turn, move in the potential given by the sum of all electrons.
That is, integrating the expectation value for the Hamiltonian at the ﬁxed RN nuclear
positions for a certain state gives an electronic energy E(RN ). Given that the electronic
energy part E(RN ) for all nuclei positions RN is known, we can map out a potential
energy surface We (R) to be included in the nuclear Hamiltonian HN .
HN = Tn (R) + Wnn (R) + We (R)

(2.3)

With a potential, initial coordinates and momenta for all nuclei one can follow the motion
of the many-body system in steps, which is the route taken in molecular dynamics (MD)
simulations. When the forces are calculated from ﬁrst principles, the approach is denoted
ab initio molecular dynamics. Note that at this stage, besides the Born-Oppenheimer
approximation, the above description is exact. If we are only interested in the mean
positions (velocities) in space and omit the quantum mechanical behavior of the nuclei
(e.g. tunneling), the dynamical problem can be treated in a classical way by solving a set
of Newton equations for the nuclei. For most problems a classical treatment of the nuclear
motion is enough and is dominating the molecular dynamics research ﬁeld.
In classical MD, an estimation of the forces −δE/δR is quantiﬁed with a method of
choice which is appropriate as long as they describe the “true” forces accurately enough.
The forces are parameterized to either a set of experimental data, a set of ab initio calculations, or both. The accuracy is thus dependent on the quality of the experiments and/or
the ab initio calculations. For water models, e.g. , it has turned out to be very diﬃcult to
describe the many-body (cooperative) nature of the hydrogen bond as we will see later.
Few experimental data sets unambiguously provide the precision for calibration of the
theoretical models. The ab initio techniques that are based on density functional theory
(DFT, described in section 3.2) do not include the dispersion forces (van der Waals), a
problem shared for both ab initio MD and classical MD derived from DFT. Dispersion
forces are therefore often explicitly included.
In the following, we will concentrate on the purely electronic problem which is solved
for ﬁxed nuclear coordinates RN . The corresponding electronic Hamiltonian
He = Te + Wen + Wee

(2.4)

consists of the sum of the kinetic energy terms Te , the electron-nuclear terms Wen , and the
electron-electron coulombic terms Wee . The corresponding electronic Schrödinger equation
is a complicated many-body problem itself, where the diﬃculty lies in the correlated
electron-electron repulsion term Wee . Diﬀerent approximations to this interaction leads
to diﬀerent classes of quantum mechanics.
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Orbital Picture

The various ab initio quantum chemistry approaches diﬀer in their approximations of the
coulombic and exchange interaction term Wee . In the Hartree-Fock approximation the
electrons are thought to move in the averaged electrostatic ﬁeld arising from the N − 1
remaining electrons, built from the coulomb and exchange operators.
One can think of this as the coulombic term being separable into one-electron additive
potentials, leading to a set of coupled one-electron equations (Hartree-Fock equations).
The state ket for an N electron system can be formed in terms of anti-symmetrized products of wave functions φn , which are solutions to the one-electron Schrödinger equations.
Because electrons are fermions, the total wave function of all electrons must be antisymmetric under the exchange of any two electrons (i.e. the Pauli principle). In the simplest
approach, a single-determinant wave function is constructed from all occupied one-electron
orbitals, i.e. in a Slater-determinant. This is the basis for the Hartree-Fock techniques.
Knowledge of the wavefunctions oﬀers a great deal of predictive power as wave functions
contain information needed to compute dipole moments, polarizability, transition properties. It also provides a “bridge” between the experimentalists and theoreticians points of
view.
By expressing the interaction of an electron at r with the mean ﬁeld of the N − 1 other
electrons (independent of the electron at r), one ignores spatial correlations among the
electrons, i.e. instantaneous electron-electron interactions. For most mean-ﬁeld potentials
this correlation energy is quite large. Thus to achieve an accurate description of the chemical electronic structure it is essential to go beyond the single-conﬁguration approximation.
The correlation energy can be introduced by forming a set of conﬁgurations that can be
written as a linear combination of mean-ﬁeld wave functions

(2.5)
Ψ=
Cn Φn
where Φn consists of determinants of one-electron orbitals. This theoretical approach is
closely related to the intuitive picture of chemical bonding, in which atomic or molecular
states are thought to mix to form the chemical bond.
The set of conﬁgurations is then used to achieve a more accurate and dynamically
correct description of the electronic structure of that state. The various methods (MCSCF, CI, MBPT, CC, . . . ) diﬀer mainly in how they determine the expansion of the wave
function in diﬀerent conﬁgurations, i.e. the number of conﬁgurations n, corresponding
coeﬃcients Cn , and whether the orbitals are also optimized (MCSF). The conﬁguration
interaction (CI) and coupled cluster (CC) wave functions include a large number of conﬁgurations and can be rather accurate, but require large computer resources.
An alternative to these conventional approaches is density functional theory (DFT),
which oﬀers the possibility to include dynamical correlations with less computational eﬀort.
The basic concepts of DFT are discussed in the methods section 3.2. See also section 3.2.1
for how this is implemented in the computational scheme of the StoBe code to calculate
the electronic structure and in particular the core-level dipole transitions.
In practice, it is only for atoms and linear molecules for which the angular and radial
part of the one-electron orbitals φi can be exactly separated. The most common approach
applied to non-linear molecules is to expand the φi in a basis of functions χ according
to the linear combinations of atomic orbitals to form molecular orbitals (LCAO-MO)
procedure. Due to computational advantages, Cartesian Gaussian-type orbitals (GTO)
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are often employed‡ . In GTOs,
χa,b,c (r, θ, φ) = N xa y b z c e−αr

2

(2.6)

the numbers {a,b,c} detail the angular shape and direction of the orbital, and the exponent
α governs the radial “size”. To reduce the computational cost, a combination of GTOs with
ﬁxed parameters can be formed into so-called contracted Gaussian-type orbitals (CGTO).
Standard basis sets exist for the main-group elements and the lighter transition metals,
from minimal basis sets (number of CGTOs equals the number of orbitals in the atoms)
to more ﬂexible sets oﬀering higher chemical accuracy (e.g. electronegativity). The latter
have, in addition to the minimal basis set, functions of one higher angular momentum than
the atom’s valence orbital space (in the case of water, d-functions for O and p functions
for H). Whereas this takes care of most polarization eﬀects, more diﬀuse sets are needed
to describe Rydberg orbitals in e.g. core-excited states.

2.3

Electromagnetic Interaction

The interaction of a system with an electromagnetic ﬁeld is the basis of all spectroscopic techniques in chemistry, so also in this thesis. Consider a non-relativistic electron
moving in a classical plane-wave monochromatic ﬁeld described by its vector potential
A = A(r, t) = A0 e cos{i(k · r − wt)}, where e is the polarization vector. The interaction is introduced in the canonical momenta in analogy with classical mechanics (i.e.
p → p − eA) 2 . From the square in the kinetic energy term in the total electronic Hamiltonian H tot we get the sum of an unperturbed Hamiltonian H 0 and a perturbation term
H int describing the electromagnetic interaction
H int ∝



(pn · A + A · pn + eA · A)

(2.7)

n

where n runs over all electrons in the system. Already at this early stage we might classify
the diﬀerent spectroscopic processes in the soft x-ray region that are dealt with in this
work. We assume that the initial (ground) state | i, intermediate states | m and ﬁnal
states | f  as well as the unperturbed Hamiltonian H 0 are known. We also recall that the
vector potential A changes the number of photons by one. 3 The quadratic term changes
the total number of photons by 0 (or ±2) and contributes in ﬁrst order only to the elastic
scattering event (Thomson scattering) not dealt with here.
The linear terms (p·A+A·p) are responsible for photoabsorption transitions describing
e.g. the x-ray absorption spectroscopy (XAS) and the x-ray photoelectron spectroscopy
(XPS) processes, as well as photoemission transitions like in (non-resonant) x-ray emission
spectroscopy (XES). From a ﬁrst-order treatment using standard perturbation theory, we
‡ For

non-linear molecules, multi-center integrals arise that cannot eﬃciently be calculated for Slatertype orbitals. For Gaussian-type orbitals, the Gaussian Product Theorem makes such integrals computationally cheap.
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ﬁnd
IXAS (ω) ∝



f | e · p eik·r | i2 δ(Ei + h̄ω − Ef )

(2.8)

f

IXP S (Ek ) ∝



f | e · p eik·r | i2 δ(Ei + h̄ω − Ef − Ek )

(2.9)

f

IXES (ω  ) ∝

2
 


f | e · p eik ·r | i δ(Ei − Ef − h̄ω  )

(2.10)

f

Here | f  and | i represent the initial and ﬁnal states in the transitions. XAS describes
the absorption of a photon with energy h̄ω into a core-excited ﬁnal state (core-hole plus
an electron excited into the unoccupied orbitals). If the photon energy is high enough, a
free electron with kinetic energy Ek and a core-ionized state are created (XPS). In XES,
an electron ﬁlls the core-hole of a core-ionized or core-excited state, and a photon with
energy h̄ω  is created. If the initial and ﬁnal state conﬁgurations are represented by a
sum of terms (i.e. orbitals), a matrix formulation is possible. The terms f | . . . | i in the
matrix formulation are called transition matrix elements or oscillator strengths§ .
Photon-excited x-ray emission should in the general case be treated as a one-step
process in which the intermediate core-excited or core-ionized state in the absorptionemission process is essentially virtual. Treating the radiation interaction in second order
brings out the resonant inelastic x-ray scattering (RIXS) process, given by the KramersHeisenberg scattering formula 4

2
  f | e · p eik ·r | m m| p · e eik·r | i 
IRIXS (ω  , ω) ∝

 δ(Ei +h̄ω−Ef −h̄ω  ) (2.11)


h̄ω − (Em − Ef ) + iΓm /2
f

m

where the sum over intermediate states | m are subject to an energy conservation law
including the lifetime broadening of that state Γm . Note that the elastic scattering term
and the non-resonant excitation terms reaching the same ﬁnal states have been omitted,
although they should be included in an exact description.

2.3.1

The Dipole Approximation

When the wavelength of the interacting electromagnetic ﬁeld is large compared to the
molecular dimensions, the ﬁeld strength at a given moment of time t can be regarded as
constant within the molecule. The ﬁeld experienced by the molecule vary as a function
of time only and can be approximated by an oscillating dipole A  A0 e exp{iwt}. The
dipole approximation is valid for all the spectroscopies used in this thesis. To see this,
consider the Taylor expansion 1 + ik · r + . . . of the phase term exp{ik · r}. The wavelength
of soft x-rays are in the order of 50 Å(∼ 600 eV) or lower and the molecular dimension is
in the order of 1 Å. Thus, the scalar product in the expansion is typically small (k · r  1)
and the Taylor series can be truncated to unity, neglecting higher order interactions such
as electric quadrupole and magnetic dipole interactions.
We might replace all the interaction terms (inside the brackets) in the transitions above
with the much simpler scalar product e · p. For linearly polarized light (e.g. synchrotron
§ The transition probability is proportional to the square of the overlap integrals. Other denotations
are also found in the literature.
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radiation, see section 3.3.1), the dipole approximation imposes further simpliﬁcation. The
vector product e · p between the electric ﬁeld vector e and the electron position operator
p can be represented by p, taken along an axis deﬁned by the polarization direction. The
dipole transition elements are reduced to the simple form¶ |φf | p | φi |2 , describing the
overlap integral between the initial orbital φi and ﬁnal orbital φf subject to the dipole
operator p. This imposes a strict set of atomic-like selection rules , especially useful in
the XAS and XES processes, where symmetry-resolved information of the unoccupied and
occupied valence electronic structures is attainable (see section 3.1). The overlap integral
can also be represented by use of operator equivalents of the total linear momentum p. In
the”length” form, the electron position operator r is often used.
The Born-Oppenheimer approximation, the orbital picture and the dipole approximation are common to both the theoretical approaches and the experimental interpretation in
this thesis. More method speciﬁc concepts are described in sections 3.1 & 3.2, summarizing
the diﬀerent core level spectroscopies.

2.4

H2 O

In the following we will brieﬂy get acquainted with a few properties of water and some
aggregation states with increasing complexity. What is known about this remarkable
molecule which has challenged our conception of chemical bonding for such a long time?
The answer to this question is not given here, but nevertheless a short introduction is at
hand. We start with the monomer and an introduction to hydrogen bonding.

2.4.1

The Water Molecule and Hydrogen Bonding

The free water molecule has a simple geometric structure where two hydrogen atoms are
covalently bonded to the oxygen. In Figure 2.1, a LCAO molecular orbital energy level
diagram of H2 O is shown together with plots of the valence orbitals∗∗ . The water molecular
orbitals are denoted according to the C2v point group symmetry, with the following ground
state conﬁguration
(1a1 )2 (2a1 )2 (1b2 )2 (3a1 )2 (1b1 )2
1a1 is the localized O1s core orbital, and the 2a1 is the inner valence orbital with mainly
O2s character. The outer valence consists of the strongly bonding 1b1 orbital, the nonbonding lone-pair orbital 1b2 , and the 3a1 which has both bonding and lone-pair character.
The orbital mixing is indicated in the Figure by the dashed lines. In the unoccupied valence
region, the mixing of O2p and H1s gives the two OH anti-bonding combinations
The population of mainly bonding orbitals gives rise to the rather strong covalent intramolecular bond. The cost to break one OH bond is about 5.2 eV. Most of the electron
density is centered on the oxygen atom, and in particular the lone-pair orbital gives rise to
a rather strong intra-molecular dipole moment (µ ∼ 1.86 D). Save for the exact interaction
picture discussed below, this dipole is responsible for water being the most important polar
solvent in nature (e.g. the strong ionic bond in salt, NaCl, is completely dissolved in water).
Geometry-wise, the covalent bond gives rise to a short OH bond length (∼ 0.95 Å) and a
¶ Assuming

a single-determinant wave function and that relaxation eﬀects are small
j = 0, ±1 (with the exception that mj 0 ← 0 is not allowed when j = 0
∗∗ The orbital plots are generated in the StoBe code, see section 3.2.1. A molecular orbital picture of
the electronic structure of extended systems provides a qualitatively simple description, used throughout
this work.
 ∆l = ±1, ∆s = 0, ∆j = 0, ±1, ∆m
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Figure 2.1: (left) Molecular orbital energy level diagram of H2 O , shown on a gas-phase binding
energy scale. (right) Orbital plots for the gas-phas valence states

near tetrahedral bond angle (104◦ ).
The intermolecular interaction between water molecules represents an H-bond. As was
brieﬂy mentioned in the ﬁrst section, the hydrogen bond (H-bond) strength is intermediate
between covalent or ionic and van der Waals bonding 5 . For water the intermolecular bond
strength is in the order of 10 % of the intramolecular OH bond strength. The free OH
group of one molecule is bonded to the lone pair side of the oxygen in another in a linear
bond where the hydrogen is located along the O-O direction. The H-bond is traditionally
ascribed to electrostatic interaction.
The properties of the hydrogen bond are diﬃcult to describe in a simple manner. We
illustrate this by the evolution of intermolecular O-O distances as representative of H-bond
strengths, given by extensive IR spectroscopy studies of water clusters 6 . The archetype
of hydrogen bonding, the water dimer, has an O-O distance of ∼ 2.95 Å. For the water
trimer, this distance is signiﬁcantly shorter (∼ 2.85 Å). Via the tetramer (2.79 Å) an O-O
distance close to the ice value is reached for the pentamer (2.76 Å). Clearly, the hydrogen
bond strength is changed, which illustrates one of the diﬃculties to give a simple H-bond
picture, namely the cooperativity. Another approach is to calculate the bonding energies
per water molecule in hydrogen bonded chains at constant O-O distances (2.84 Å) 7 . In
this ab initio study, the non-additive part of the H-bond increased by up to 16 % of the
total energy, clearly demonstrating the cooperative nature of hydrogen bonded water.
The exact chemical bonding picture of the hydrogen bond is not known. It is clear,
however, that the valence electrons are subject to signiﬁcant changes when hydrogen bonds
form. For example, in liquid water and ice, the dipole moment increases (from 1.86 to
about 2.6−3.1 D) 8 which obviously means electronic structure changes. However, whether
the electronic structure changes upon hydrogen bonding are due to internal polarization
from the surrounding molecules or from a charge transfer mechanism is still a matter of
debate. In most studies, the H-bond has been considered as either a pure electrostatic
interaction, including internal polarization from the ﬁeld of the neighboring molecules 9,10 ,
or as involving charge transfer between the molecules 11 , sometimes interpreted as covalent
bonding 12,13 . The controversy between the pure electrostatic and charge transfer pictures
has been particularly strong 13–15 . The diﬃculty rests in the fact that the diﬀerent theoret-

2.4 H2 O

21

ical approaches applied give varying results 11,16–18 and the situation is further complicated
by the lack of direct experimental evidence supporting either picture.
Consider for example two theoretical studies on the water dimer 11,16 . Sing and Kollman 16 used a Morokuma analysis; the dimer interaction was broken down into four components: electrostatic, polarization, charge transfer, and dispersion. In that study 16 , roughly
half of the interaction energy was attributed to electrostatic interaction at the equilibrium
distance (2.98Å). In another study of the dimer 11 , a natural bond orbital (NBO) analysis
was used to eliminate the charge-transfer component from the Hamiltonian. They reported that for many H-bonded systems this component constituted the major energetic
contribution, whereas electrostatic attraction was largely cancelled by exchange repulsion.
The electrostatic component can then be considered a consequence of the charge-transfer
interaction. In Paper I, we use a constrained space orbital variation (CSOV) method to
break down the interaction in ice. By a close connection to experiment, we ﬁnd that it
is essential to include charge-transfer in the interaction to reproduce the experimental
results, leading to similar (but now supported by experiment) conclusions as for the above
mentioned dimer studies.

2.4.2

Ice

The versatility of hydrogen bonds between water molecules is illustrated by the extraordinarily complex phase diagram of water. In particular, the low and high-density amorphous
ice and supercooled water attracts a high scientiﬁc interest 19,20 . In crystalline ice, each
water is fully coordinated to 4 other molecules in near tetrahedral structures. Small deviations in bond angles allow for a large number of crystalline phases†† , depicted in Figure
2.2 (left), where the diﬀerent regions of temperature and pressure for a number of phases
are indicated.
Among the diﬀerent phases, only the crystalline structure called hexagonal ice (ice
Ih , see middle and right in Figure) is found in nature under normal conditions. Here,
each water molecule is bound to four other molecules in an almost pefect tetrahedral
structure, with intra-molecular bond angles of ∼ 109.5◦ and intermolecular O-O distances
of about 2.74 − 2.76 Å depending on temperature. The bulk structure of hexagonal ice is
often referred to as a hydrogen-bonded model system, a well characterized and understood
phase. If we take a closer look at the hexagonal geometry (see Figure), we see that the
structure can be described by a stacking of ∼ 0.95 Å thick bilayers separated by 3.7 Å.
Cubic ice has the same bilayer structure but diﬀers in the stacking sequence. Within
the so-called Bernal-Fowler “ice-rules” 22 , we are free to place the two internal hydrogen
bonds in any of the four given directions. Due to entropy reasons, hexagonal ice settles
into a random arrangement of hydrogens, which is referred to as proton disorder. An
inspection of the probability of any given arrangement in an entire crystal led Pauling
to the conclusion that at the absolute zero temperature, ice Ih should have a zero-point
entropy of 3.4 Jmol−1 deg−1 23 , in excellent agreement with experiment.
Due to the close matching with many single-crystal surfaces, ice ﬁlms can be epitaxially grown in vacuum. This allows for careful characterization of thin ﬁlms of ice using
surface science techniques. One could thus anticipate that also the structure of the surface
is well known. However, it turns out that it is diﬃcult to unambiguously determine the
surface structure even for crystalline ice studied under controlled ultra-high vacuum conditions. Commonly used topological methods, such as He atomic scattering (HAS) 24,25
†† 13

crystalline phases are reported in the literature, see Ref 21 and references therein
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Figure 2.2: (left) The phase diagram of ice. (middle) Crystal structure of hexagonal ice Ih (right)
The ﬁrst coordination shell of water in ice.

and low-energy electron diﬀraction (LEED) 26,27 are not well suited to detect the hydrogen
positions. Even the oxygen atoms in the topmost layer were undetectable in recent I-V
LEED measurements 26 . Therefore, total energy and molecular dynamics calculations were
performed, considering the two possible unreconstructed (0001) surfaces, favoring a full
bilayer termination 26 . A (1 × 1) hexagonal surface structure was observed with HAS 24,25
supporting the LEED results. In addition, large vibrational amplitudes of the molecules
in the topmost layer and in a subsurface region extending a few layers into the bulk were
assumed 25,26 .
Studies of ice nanoparticles by Fourier transform infrared (FT-IR) spectroscopy have
led to somewhat diﬀerent conclusions. A disordered surface with ring-like structures of
diﬀerent sizes has been found 28,29 and a subsurface region of 1-2 bilayers with a distorted
ice-like structure marks the transition to the crystalline core. These results are not consistent with an ordered surface with large mean square vibrational amplitudes indicated
by the LEED and HAS studies described above 28,29 .
Whereas the exact structure of the ice surface remains elusive to date, the presence of
uncoordinated (free) water OH groups at the surface is manifested through many diﬀerent
techniques. In vibrational spectroscopy a sharp absorption peak at ∼ 3690 cm−1 is associated with the free OH stretch 30,31 . The signal from this free OH group is quenched upon
adsorption of hydrogen acceptor species such as NH3 32 . In photon stimulated desorption
(PSD) 33–35 , the large cross-section for H+ desorption at the x-ray absorption pre-edge
peak has been attributed to the free OH group. Unambiguous quantiﬁcation of the relative amount of such species at the ice surface was, however, not possible to date. In Paper
II we provide an estimation of the abundance and angular orientation of these species at
the surface of hexagonal ice. The large amount and almost isotropic character is not consistent with an unreconstructed surface as reported before (e.g. the topological methods
mentioned above).

2.4.3

Water-Metal Interaction

Water is the most abundant compound in the biosphere and covers most real solid surfaces.
In general, water adsorbs on metal surfaces in a rather weak interaction. The bond
strengths are in the order of 0.5 eV 36 per water molecule, only ∼10% of the internal
OH bond strength. However, some metal surfaces might catalyze the splitting of water,
causing dissociative adsorption of hydroxyl groups and atomic hydrogen (Fig. 2.3C). This
catalytic reaction is of immense scientiﬁc importance, given that an eﬃcient splitting of
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bilayer (A)

new structure (B)

dissociated (C)

Figure 2.3: Structures of three diﬀerent water overlayers on close-packed metal close-packed surfaces. (A) Traditional “ice-like” bilayer structure (B) the new weakly corrugated
overlayer with mixed M-O and M-HO bonding (C) dissociated layer (H atom positions are only illustrative, and are more likely to adsorb at high coordination sites)

water using sunlight, allows for a sustainable energy source based on hydrogen as an energy
carrier. We note also that the water-metal interaction plays a crucial role in corrosion and
a number of other geological, biological and chemical processes. It is important to get
a detailed picture of the water-metal interaction, and consequently this interaction has
been one of the most studied adsorption cases since the establishment of modern surface
science some 25 years ago 36,37 . We focus in the following on the adsorption on close-packed
transition metals and in particular, H2 O /Pt(111).
In the bilayer structure model (Fig 2.3A), proposed by Doering and Madey 38 , water
is thought to bind to metal surfaces via an oxygen lone pair orbital; only half of the
molecules bind directly to the metal substrate through the oxygen and the other half are
displaced towards vacuum. In addition to this ice Ih like structure, where the layer is
buckled, water can form a two-dimensional hexagonal hydrogen bond network. However,
a low-energy electron diﬀraction (LEED) study of water on Ru(0001) by Held and Menzel 39 found only a small vertical displacement (0.15Å) between the two diﬀerent water
molecules, contradicting the bilayer structure that estimates a much larger value of 0.96
Å. Feibelman, using density functional theory (DFT) calculations, interpreted this as a
partial dissociation of water leading to a near-planar, hexagonal mixed network of water
and hydroxyls 40 . It was argued that in order to achieve a favorable interaction the proton
pointing towards the substrate needed to be removed. The suggested co-existence of water
and hydroxyl is strongly supported by the appearance of two diﬀerent O1s photoemission
peaks at 531.3 and 533.3 eV for water on Ru(0001) 37 . However, on most hexagonally closepacked surfaces water does not dissociate. The compilation in Ref 36 of O1s photoemission
data supports non-dissociative adsorption of water on e.g. Ni(111), Cu(111), Rh(111) and
Pt(111) ( 38 ). A partially dissociated model can thus not be applied as a general model
of water on metal surfaces. The question is what is the structure of a non-dissociated
overlayer on a metal surface is.
In the case of Pt(111), the formation of an ordered 2D layer in a hexagonal arrangement has been demonstrated by LEED, helium atom diﬀraction and scanning tunneling
microscopy (STM) with 2/3 of monolayer saturation coverage 27,41–43 . In either case these
measurements have not determined the positions of the O and H atoms, which are central to the understanding of the nature of the contact layer. In Paper IV, we have used
XPS to address the coordination of atoms to the surface, x-ray absorption spectroscopy
(XAS) to determine the orientation of the OH bonds in the water molecule with respect
to the surface, and x-ray emission spectroscopy (XES) together with DFT calculations to
explain the detailed bonding mechanism. We ﬁnd that water is adsorbed on Pt(111) in a
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Figure 2.4: The search for the structure of liquid water

weakly corrugated layer (2.3) with both metal-oxygen (M-O) and metal-hydrogen (M-HO)
bonding species.

2.4.4

Liquid Water

Water and its anomalies remains one of the most fundamental yet unresolved issues in
chemistry and attracts an outstanding scientiﬁc interest 44–47 . We recall that the hydrogen
bond between water molecules is about a tenth of the strength of an average OH covalent
bond. In general, liquid water is thought to have a statistical distribution of diﬀerent
coordinations. The dynamical motion of the atoms causes the H-bonds to break and reform
on a picosecond time-scale. A description of the local structure of water is impossible
simply because it is not known or is thought to be non-existent. The quest to achieve a
description of liquid water has challenged the scientiﬁc community for a long time.
Thermodynamical properties provide a ﬁrm experimental data set to which any accurate model of liquid water should be checked. The density maximum at 4◦ C is only one
among the numerous anomalies of water 21 when compared to that expected of a simple
liquid. The heat capacity Cp for example, has a minimum value around 56◦ C, right in
the middle of the liquid-water temperature range. Also the isothermal compressibility, the
viscosity, the diﬀusion coeﬃcient and many other properties are anomalous.
X-ray and neutron diﬀraction 48,49 are well-established techniques to provide structural
information on crystalline materials. For liquid water, they provide radial distribution
functions (RDFs) of the intermolecular distances O-O and the hydrogen positions, averaged over all conﬁgurations in the liquid. Whereas the measured RDFs are considered
reliable, care should be taken when deriving structural information from these data. In
particular, the lack of angular dependence is clear. However, the RDFs are the main
experimental information on which information on the local structure of water relies‡‡
Much experimental eﬀort has focused on model systems (gas-phase water, ice, water
clusters). Ice can be used to approach important scientiﬁc aspects of water and hydrogen
bonding (e.g. this thesis) due to the well deﬁned geometry. To get a closer connection to
‡‡ Structural information from IR spectroscopy 50 generally relies on the correlation between OH stretching frequency and H-bond length, which has been shown to be ambiguous for water 6
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the liquid structure, recent advantages in cluster spectroscopy is most promising. Given
that already for small cluster sizes many liquid-like properties are reached (e.g. vibrational
modes, O-O distances and bond strengths), detailed studies of clusters of diﬀerent sizes
and conformations can be compared with theoretical models to give a detailed description
of the H-bond properties in water 6,21 .
A more detailed atomistic picture can be derived theoretically by molecular dynamics
(MD) simulations 49,51 . Since RDFs are easily exctracted from the simulations a simple
connection to structural data is obtained. Classical force MD relies on accurate experimental data sets, and we note in particular the diﬃculty to describe the cooperative nature
of the H-bond. Ab initio methods based on DFT have similar problems. Although MD
are indispensible techniques to understand the dynamics of water on a microscopic scale,
they fail to reproduce even the most elementary properties over a large temperature range.
Over the last century, a large number of conceptual models have been proposed to
explain some of the properties of water. The thermodynamical anomalies listed above
have especially inspired scientists in their choice. We can divide the models into mixture
models and continuum models. Whereas continuum models retain most of the hydrogen
bonds in ice and explain the properties mainly by distortions to these bonds, mixture
models are made up of a distribution of H-bonded clusters that may have a larger number
of broken H-bonds.
In this context, structural information on the local structure in the ﬁrst coordination
shell is important. In Paper III we add a new experimental method, x-ray absorption
spectroscopy, against which structural models can be evaluated. The results show that
most molecules in liquid water are in two-hydrogen-bonded conﬁgurations with one strong
donor and one strong acceptor hydrogen bond. There is consistency with diﬀraction data,
but molecular dynamics are unable to describe the experimental data. The results favours
the mixture models above, with H-bonded chains or rings embedded in a disordered cluster
network. More about these new and exciting results in section 4.1.3.

2.5

Radiation Chemistry in Aqueous Systems

Understanding the processes initiated by ionizing radiation in aqueous systems is essential
for many diverse ﬁelds such as radiation processing, waste remediation, environmental
cleanup, medical diagnosis and radiation therapy 52 . The initial ionization event produces a
molecular water cation and secondary electrons that subsequently cause spurs of excitation,
ionization, recombination and attachment processes, depicted in Figure 2.5. In water,
this rich chemistry span over a large temporal range (femtoseconds to microseconds or
longer) leading to dissociated water species and hydrated electrons as ﬁnal outcomes.
Electron-driven processes and radical chemistry of aqueous systems are recognized as very
important research topics in chemistry. Several recent DOE sponsored workshops and
conferences have focused on this topic alone 52 . In biochemistry for example, one of the
challenges for the scientiﬁc community is to understand the biological eﬀects of radiation.
The importance of such information is illustrated in Ref 53 , in which it is shown that lowenergy secondary electrons, produced in a primary ionization event, can induce substantial
single and double-DNA strand breaks. As water is the ambient medium in most biological
systems, knowledge of the production mechanism for low-energy secondary electrons from
a primary ionization event in a water molecule is of particular importance.
Although radiolysis of water has been an active ﬁeld for over 50 years 54 , there are
almost no techniques that directly probe the dynamical processes that occur with highly
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excited states. Given the unknown structure of liquid water discussed in previous sections
and the fact that each core-hole ionization creates about 20 secondary electrons 55 within
the ﬁrst 100 fs, one can understand that the microscopic description of the early time
dynamics is extremely hard to capture, both experimentally and theoretically. In addition
to the primary steps in water radiolysis (ionization and the production of highly excited
states) it is clear that complex relaxation takes place. In water radiolysis, molecular
fragments (H− , H2 , OH, . . . ) and solvated electrons are produced on a very short timescale. We will brieﬂy discuss two of the most fundamental processes in water radiolysis:
femtosecond dynamics of electronically excited water molecules and electron solvation.

2.5.1

Excited State Dynamics

The primary event in radiolysis of aqueous systems - ionization or excitation of a water
molecule - governs all the subsequent steps in the radiolytic process. The dynamics of this
fundamental electronically excited state has yet to be resolved. The complexities of water
and the ultrafast time-scales (∼ 1 fs) needed to probe the excited state dynamics are two
major diﬃculties to overcome: such short time-scales are diﬃcult to access directly with
pump-probe measurements 56 , and the local environment of water molecules is still not
resolved (see section 2.4.4 and Paper III). Speciﬁcally, proton migration from the ionized
water molecule H2 O+ to hydrogen-bonded water molecules is anticipated to occur on the
time-scale of an OH bond vibration (a few femtoseconds).
Core-excitation in ice and gas-phase oﬀers possibilities to approach these problems by
investigating the decay of the core-excited or ionized state. This decay will occur through
a number of ﬂuorescent and Auger decay cascades and will lead to valence-ionized ﬁnal
states that are strongly dissociative. By investigating the fragmentation products following
photon or electron excitation, indirect information on the dissociation pathways of these
valence-ionized states can be obtained; this has been extensively reported earlier in the
gas-phase and the condensed phase 33,35,57–65 .
In the simplest and probably most extensively studied case, photolysis of gas-phase
water in the ﬁrst ultraviolet absorption band, a direct and adiabatic dissociation into neutral H and OH takes place on a single excited state potential energy surface 66,67 . For
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this speciﬁc system and excitation, both theory and experiment have provided an almost
complete picture of the process. For higher energies, the picture 66,67 is emerging but is
complicated by the various dissociation pathways (see e.g. the dynamical interference at
the Lyman-wavelength, 121.6 nm) 68 . Overall, the branching into neutral H and OH is
favorable. In the neighborhood of other water molecules, i.e. liquid and condensed water,
the number of diﬀerent excited state potentials is rapidly increasing. The interpretation
of the ultraviolet electronic spectrum is diﬃcult even for a simpliﬁed model such as a
pentamer 69 . Instead, information on the early time evolution relies on experimental work
identifying the fragmentation products. The investigation is especially suitable in the condensed phase where UHV techniques such as REMPI and ZEKE are applicable 57,61,63,70,71 .
However, to (indirectly) deduce the fundamental mechanisms of the electronically excited
state, information from the isolated molecule, other techniques, or speciﬁc experiments
are needed (see, e.g. 64 ). The development of ultrafast lasers in the UV and IR regime 56
(reaching sub-5fs time-resolution) has the last decade opened up direct probing of femtochemistry 72 , but for water, the achievements are restricted to ever better understanding
of secondary processes in radiolysis, e.g. electron solvation (see next subsection). Direct
probing of the extremely fast excited state dynamics in this energy regime is still out of
grasp.
Also for core-hole excitations, dynamical information about the initially excited or ionized state is gained indirectly from photo-fragmentation measurements in the gas-phase 65
and the condensed phase 33,35,73–75 . It is understood that the main pathway to fragmentation follows after the electronic relaxation into a positively charged dissociative ﬁnal state.
The dissociation might, however, be important already within the lifetime of the created
core-hole, i.e. ultra-fast dissociation. The fact that the initial (instant) event involves
excitation or ionization of an inner-shell electron, e.g. O1s in H2 O, opens up an intrinsic
femtosecond probe of the excited state. In this case, the decay process itself can be used
to monitor the dissociation dynamics in the core-excited state on a femtosecond time-scale
(∼ 3.6 fs for O1s) 76 . Ultra-fast dissociation of water has been reported in the gas phase,
but only after selective excitation into the strongly anti-bonding 4a1 state 77,78 , not for
the non-resonant core-ionization case. This is explored in Paper V (see section 4.2.1),
where the excited state dynamics following ionizing radiation is followed on a femtosecond
time-scale, and ultrafast molecular dissociation of water in ice is evidenced experimentally
and simulated using ab initio molecular dynamics.

2.5.2

Electron Solvation

The dynamics of excess electrons in water leading to the hydrated electron, discovered
more than 40 years ago 79 , has received intense theoretical and experimental interest over
the past decades 80–88 . Although ﬁnal structures of the hydrated electron have been proposed 89 , there is still debate over the structure 80–83 and the ultrafast solvation dynamics 84–88 . Elucidating the dynamics of excess electrons in water leading to the hydrated
electron is a fundamental problem, essential for understanding many chemical reactions
involving solvation and charge-transfer processes. Early ultrafast observations of solvated
electrons in pre-equilibrium states 90–93 and a number of quantum-molecular dynamics
simulations 94–97 laid the foundations of the solvated electron dynamics. The generation
of hydrated electrons involves rich dynamics over a large temporal range; ultrafast librational dynamics (in the order of ∼ 10 fs) 86–88 , localization of the electron in pre-existing
traps (∼ 100fs) 82,91,92 , solvation dynamics involving translational motion of surrounding molecules (< 300 fs) 87 and relaxation from excited states (”wet” electron) 83 to the
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hydrated electron (∼ 500 fs).
The localization and trapping of the electron is of fundamental importance to the subsequent dynamics. In order to investigate electron transport in the conduction band it is
essential to develop techniques that allow electron dynamics to be probed on a time-scale
below 1 fs 98 . As the local structure of water is still debated, 99 , important contributions
to water-related phenomena can with advantage be studied in ice, a hydrogen-bonded
model system. Not only do measurements of ice allow for extensions to the liquid phase,
they are also of interest for understanding radiation assisted processes at the ice surface,
e.g. ozone depletion 100 . The dynamics of localization and trapping of substrate photoinjected electrons in thin ice layers on Cu(111) was recently studied using two-photonphotoemission 101 . The electron transfer between the substrate and the conduction band
of ice is fast, the decay time well within the width of the initial pump pulse (65 fs). Within
the ﬁrst 100 fs the excess electron localizes in pre-existing traps located below the conduction band. Pre-existing traps in ice have also been found in other studies 102,103 . In
Paper VI, we use the core-hole decay as an ultrafast probe of the electron dynamics. Most
notably, the surface water molecules associated with one free OH group, have a pre-edge
state below the continuum in which the electron is localized for more than 20 fs, long
enough for early time solvation dynamics to occur. These states are largely abundant in
the liquid and are suggested as strong pre-existing traps for the hydrated electron.

Chapter 3

Methods
This thesis is based on a combination of soft x-ray core level spectroscopy using synchrotron
radiation and theoretical simulations within the density functional framework. We devote
the ﬁrst section to describe the core level spectroscopy processes, followed by sections
covering the theoretical techniques (section 3.2) and the experimental details (section
3.3).

3.1

Core Level Spectroscopy

We can divide the electronic structure into the inner shell (core) orbitals and the outer shell
(valence) orbitals. The valence electrons are responsible for the diﬀerent chemical bonds
listed in section 2.1. It is the mixing of valence orbitals that forms covalent bonds between
atoms and molecules. The valence electron structure is responsible for the internal charge
(ionic bonding) and internal polarization (electrostatic dipole interactions). Delocalized
valence orbitals form the valence and conduction bands in metals (metallic bonding). It is
clear that the study of the valence electronic structure provides information on the nature
of the chemical bond. The core-electrons, on the other hand, have a much smaller radial
distribution, localized around the atomic center (nucleus). They do not take part in the
formation of a chemical bond and can be considered inert to the chemical state of an atom
or a molecule.
However, core electrons provide a method to locally study the electronic and geometric
properties centered around one atomic site, which is one of the unique properties of core
level spectroscopy methods. The diﬀerent methods are both complementary and related
to each other. The core-level binding energy measured in XPS is aﬀected by the valence
electron response to the ionization, where the ﬁnal state shift gives information about the
structure and chemical state. Excitations into unoccupied (bound) valence states in XAS
gives atom-speciﬁc and symmetry-resolved (via the dipole selection rule) information on
the unoccupied valence structure. The same rules apply in the radiative core-hole decay
(XES) from the occupied valence orbitals. In non-radiative decay (e.g. Auger Electron
Spectroscopy, AES), an electron is emitted leaving the atom or molecule in a two-hole
ﬁnal state. The ﬁnal state and consequently the emitted electron is, e.g. , sensitive to
charge transfer mechanisms in the core-excited state.
The interaction of electromagnetic waves with matter was introduced in section 2.3,
and the diﬀerent core-level spectroscopy processes were classiﬁed (except AES). In the
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Figure 3.1: Schematic illustration of core-hole creation processes

following, we will discuss in more detail what we can learn from these spectroscopies. We
divide the core level spectroscopies into two classes; core-hole creation (XPS, XAS) and
core-hole decay (XES, AES). A one-electron orbital picture is often adopted in line with
section 2.2.2, and both the Born-Oppenheimer (section 2.2.1) and dipole approximation
(section 2.3.1) are applied throughout this section. The photon source is considered 100%
linearly polarized which is a good approximation for undulator radiation (section 3.3.1).
Results from the present work (if not otherwise stated) serve as examples for the introduced
concepts, and some aspects that are not directly related to this thesis have been omitted.

3.1.1

Core-Hole Creation

The absorption of a photon can result in ionization (XPS) or excitation (XAS) of a core
electron depending on the energy h̄ω of the photon. For a detailed description of these
processes consider the textbooks by Hüﬀner 104 and Stöhr 105 . Schematic diagrams of
XPS and XAS are shown in Figure 3.1, where the orbitals of the free water molecule
are used to represent an arbitrary N electron system. In the x-ray absorption process the
incoming X-ray photon is absorbed and an electron from an inner shell is transferred into an
unoccupied state in the valence band. The energy distribution of the excitation probability
into unoccupied orbitals forms the XA spectrum. If the energy of the photon h̄ω is
larger than the core electron ionization potential (IP), the electron is removed completely
from the molecule (transferred to a continuum of states given by a free electron in the
presence of a core-hole potential). Here, the distribution of ionized core electrons forms the
photoelectron spectrum. Obviously, the valence electrons can also be emitted, normally
denoted UPS (UV photoelectron spectroscopy) or just PES (photoemission spectroscopy).
The energy conservation law implies that the transition energy h̄ω is given as a diﬀerence
in total energy before and after the spectroscopic event
h̄ω = Ef − Ei

(3.1)

where Ei,f is the total energy before and after the core excitation (ionization). In the
creation of the core-hole an attractive coulombic potential at the ionized site is created.
The system will of course respond to this potential to ﬁnd the lowest energy conﬁguration
in the presence of the core hole. For free molecules this generally means contraction of
orbitals at the core-hole site, whereas neighboring molecules are polarized. Charge-transfer
screening is also possible, for metallic systems this is denoted metallic screening.
In the ionization event, the ionized electron leaves a system on a time-scale dependent
on the kinetic energy. For photon energies well above the ionization potential (∼ 10 eV
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above IP), the ionization event can be considered to be an instant (sudden) process, taking
place in the order of 10−17 s. In the sudden approximation the electrons do not have time
to change their distribution according to the new ﬁnal states. Thus, the ﬁnal states are
thought to be populated according to the “overlap” with the initial state distribution.
Since the overlap between the unrelaxed and relaxed orbitals is not perfect; part of the
energy is deposited into low-energy excitations, giving rise to satellite (shake-up) structures in the photoelectron spectrum, in addition to the highest kinetic energy “main” line
corresponding to the relaxed case.
The excited electron on the other hand is either trapped in a bound state or leaves
the molecule slowly (if close to the IP). Here, the process is suﬃciently slow that the
system adjust to the eﬀective potential in an instantaneous, self-consistent way, the socalled adiabatic limit 105 . Whereas the sudden approximation can be well understood, the
adiabatic limit is a theoretical construct based on the experimental fact that no satellites
are found for energies below or close to IP, and the IP is the same as the “main” line
measured in the sudden limit of XPS.
To understand the energetics of the relaxed electronic states in the presence of a corehole, one often makes use of the equivalent core approximation. Since the radius of a
core orbital is much smaller than that of a valence orbital, the core electrons are located
almost entirely inside the valence electrons. The eﬀect on the valence electrons of a coreionization event will therefore be nearly the same as if a positive unit charge were added
to the nucleus. Consequently, many properties are the same as for the next element in
the periodic table. This approximation, also called the Z+1 approximation, is useful in
interpreting XPS and XAS spectra and gives accurate estimations for the total energy of
the core-hole state.
The fast electronic excitation in XPS and XAS can be accompanied by the population
of vibrationally excited states. This is due to the Franck-Condon principle which states
that the inter-nuclear distance can be assumed to be constant during the fast electronic
excitation process (normal case for XAS and XPS). During each absorption event the
atoms can thus be assumed to be structurally frozen. In a full treatment of the absorption
interaction, the nuclear wave functions are also included. Within the BO approximation
(see section 2.2.1) this gives the additional transition element, also called the FranckCondon overlap
(3.2)
f | iR = Φf (R)| Φi (R)
If the ground and the core excited state electronic potentials diﬀer, the overlap of the
vibrational wave functions are non-zero for not only the lowest vibrational state. In
addition to the main line there are vibrational satellites created, with amplitudes related
to the corresponding FC factors. Both discrete vibrational excitations (free molecules)
and quasi-continuous phonon bands must be considered (e.g. larger molecules and solids).
The vibrational splitting can conceptually be captured in the Z+1 approximation.

3.1.2

X-ray Photoemission Spectroscopy

In XPS, we measure the energy of the outgoing photoelectron Ek . A reformulation of the
energy conservation law leads to
Ek − Φ = h̄ω − (EfN −1 − EiN ) = h̄ω − Eb

(3.3)

where Eb is the (exact) deﬁnition of the binding energy for the (N-1) electron total ﬁnal
state energy EfN −1 and the N-electron total initial state energy EiN . The work function
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Figure 3.2: Simpliﬁed compilation of the contribution to the O1sXPS spectrum of water adsorbed
on Pt (see text and Paper IV).

Φ is used for metal systems where the binding energy is measured relative to the Fermi
level. The work function is deﬁned as the smallest energy required to take an electron
from the Fermi level to the vacuum level, thus subtracted from the ﬁnal kinetic energy
(for gas-phase the binding energy is related to the vacuum level, thus Φ = 0). Inspired
by the arguments in the previous section, we write the dipole transition element in the
sudden approximation as a product of overlap integrals




(3.4)
f | r | i ∝ ΦfN −1  ΦiN −1 φc | r | φe (Ek ) Φf (R)| Φi (R)
where ΦfN −1 represents the electron conﬁguration of the (N-1) electron system in the
presence of the core-hole, ΦiN −1 the (N-1) electron system in the frozen ground state conﬁguration, φc the core-electron orbital and φe (Ek ) the free electron wave function. The
last term is the Franck-Condon overlap. The distribution of the core-excited electrons is
proportional to the square of this total transition element subject to the energy conservation law. To exemplify this, consider the diﬀerent contributions to the O1s photoemission
spectrum of water adsorbed on Pt (see Paper IV), visualized in Figure 3.2.
1. The simplest way to describe XPS is to consider the ﬁnal orbital conﬁguration as
unaﬀected by the core-hole. In this (hypothetical) picture, the binding energy is
called the Koopman energy (the negative orbital energy in a single conﬁguration
Hartree-Fock description, see section 2.2.2). The large orbital relaxation to the corehole potential is illustrated for the free water molecule, where orbital contraction
brings the core-level binding energy down about 20 eV∗ . If the overlap integral
between the relaxed orbitals and the initial electron conﬁguration is unity, only the
∗ The

Koopman energy for water is taken from Ref 106
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main line is seen. In general, 10 − 30% is lost to higher energy states in the relaxed
orbital conﬁguration.
2. The O1s ionization in water leads to vibrational population in the core-excited state,
seen as higher binding energy peaks in the spectrum. For gas-phase water, the
FC overlap leads to signiﬁcant intensity in three vibrational levels† . When these
vibrational states are separable, the Z+1 approximation can be used to estimate the
vibrational splitting of the ground state for the next element.
3. The lifetime of the core-hole leads to a Lorentzian broadening according to the
Heisenberg uncertainty principle. Here, a value of 160 meV has been used to illustrate the eﬀect. See section 3.1.4 for a discussion of the core-hole lifetime. The
inset shows the ﬁnal result of these steps, i.e. the spectral proﬁle for gas-phase O1s
XPS 107 .
4. For a metallic system, the spectrum is measured relative to the Fermi level instead
of the vacuum level. The work function for clean Pt(111) is about 6 eV, decreased
by about 1 eV upon water adsorption. Thus, we shift the spectral features on a
binding energy scale by ∼ 5.4 eV. Note that this is a convention of reference energy,
not a physical eﬀect.
5. Diﬀerent broadenings apply to this “perfect” gas-phase spectrum for the water network on Pt; quasi-continuous vibrational bands are possible for this extended
system,

N −1  N −1
and low energy electron-hole pair excitations in the Pt metal in the Φf  Φi
overlap leading to an asymmetric tail. The experimental (Gaussian) broadening is
≤ 0.1 eV.
6. For an extended system such as the water/Pt adsorbate system, new ﬁnal state relaxation channels open which are not present in the free molecule. Metallic screening involves charge redistribution of the conducting electrons in order to neutralize
the core-hole potential. Metallic screening can lower the ﬁnal state energy by several eVand is dependent on the chemical adsorption site. The screening is more eﬃcient for the oxygen down species, inducing a core-level shift between water molecules
of about ∼ 0.8 eV (see Paper IV for details).
Even though the ﬁnal XPS proﬁles in extended systems are rather broad and featureless,
we might extract important information with the knowledge of the underlying mechanism.
As mentioned before, many aspects of the core-ionized ﬁnal state can be understood
by the Z+1 approximation. This is especially true for molecules chemisorbed on metals,
where ground state properties of the Z+1 element are in good agreement with the fully
screened core-ionized state‡ . For XPS on metals, the interpretation of core-level binding
energy shifts can be obtained from thermodynamical quantities of the Z+1 and the Z
species 108,109 . This is illustrated in Figure 3.3 for Pt 4f XPS. The core-ionized ﬁnal state
can be represented by an Au impurity in the Pt metal, and the surface core level shift can
be approximated with the surface segregation energy for this Au impurity. With the proper
thermodynamical parameters 110 , a value of −0.37 eV is found in excellent agreement with
the observed shift. This ﬁnal example of XPS also illustrates another important property
† Values for the O1s binding energy and Franck-Condon factors in step 1 and 2 are experimentally
determined in Ref 107
‡ See for example the agreement between the C1s core-ionized vibrational splitting in CO with the
ground state vibrational splitting of NO. 11
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Figure 3.3: (Left) PES spectra for a clean Pt(111) surface, showing a core level shift of about
0.4 eV between the bulk (B) and surface (S) binding energies. The components are
obtained from a curve ﬁtting analysis using asymmetric Voigt proﬁles. (Right) We
can understand the surface core level shift using the Z+1 approximation as described
in the text.

of XPS, namely the surface sensitivity. Electrons that travel through a solid are subject to
inelastic scattering events (i.e. low energy excitations). The information depth is given by
the universal curve for the electron mean free path 111 , which is ∼ 10 Å for 50 eV electrons
and increases slowly to about 20 Å for 500 eV electrons.

3.1.3

X-ray Absorption Spectroscopy

The physics of X-ray absorption is essentially described by the same interaction as for XPS,
with the diﬀerence that the core-electron is excited into previously unoccupied bound or
quasi-free states close to the IP (see Figure 3.1). In XAS the photon energy h̄ω is scanned
across the ionization threshold. The absorption cross section is proportional to the square
of the dipole transition element§
f | r | i ∝ φf | r | φc  Φf (R)| Φi (R)

(3.5)

subject to the energy conservation law (h̄ω = Ef − Ei ). φc is the initial core-electron
orbital, and φf is the ﬁnal state orbital in the presence of the core-hole. If we want to use
XAS for studying the empty electronic states in terms of chemical bonding, it is important
to consider the inﬂuence of the core-hole on the ﬁnal state orbitals, as discussed in previous
sections. The ﬁnal state orbitals are relaxed not only due to the presence of the core-hole
(see XPS), but also to the excited electron in a previously unoccupied orbital. In general,
the eﬀect of the core-hole dominates, and may be very diﬀerent for diﬀerent chemical
states. One way to estimate the static inﬂuence of the core-hole, i.e. the shift in energy
and change of shape of the spectral features, is to use the Z+1 approximation.
The transition element φf | r | φc  is subject to a strict set of “atom-like” selection
rules ∆l = ±1, ∆s± = ∆j = 0, ±1, ∆mj = 0, ±1 (not mj 0 ← 0 when j = 0). For Kshell excitations (we will consider O1s), only transitions to p orbitals is allowed. More
speciﬁcally, due to the spatial localization of the O1s orbital, only ﬁnal state orbitals
with a local p-character on the excited atom will have non-zero probability. Clearly,
the spectrum will thus be dominated by (2p) orbitals residing on the excited atom. This
atom-speciﬁcity is one of the most important characteristics of XAS. For linearly polarized
photons (e.g. synchrotron radiation), we have a polarization dependent angular anisotropy,
§ As was introduced in section 3.1.1, the adiabatic limit is associated with an electron distribution
populating the fully relaxed ﬁnal orbital conﬁguration. We use it here for simplicity.
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which makes XAS a valuable tool to determine average molecular orientations in ordered
systems.
Another central feature of the x-ray absorption process is that the excitation of a core
electron takes place on an extremely fast time-scale, corresponding to the time that it takes
the photon to travel the diameter of the inner shell. For the K-shells of lighter elements,
the 1s orbital in the initial state is contained within a radius on the order of 0.1 Å. Knowing
that the photons have the speed of light, we can estimate that the excitation takes place
in about 10−18 s. This means that XAS can be used to probe instantaneous conﬁgurations
in dynamical systems, e.g. a liquid. For water, this has provided new, exciting results
concerning the number of broken H-bonds in the ﬁrst coordination shell (see Paper III).
From temporal arguments, we can also understand the Heisenberg broadening of excitations into typical bound and continuum states. The lifetime of the excited state in XAS
can be separated into contributions from the “lifetime” of the excited electron τe and the
lifetime of the core hole state τh (see next section), according to
1
1
1
=
+
τ
τh
τe

(3.6)

Consider the case of water. The core-hole lifetime for oxygen is in the order of 4 fs
(see next section). In a bound state the excited electron is trapped for a long time,
characterized by τe ∼ ∞. The lifetime of the transition is then governed by τh , resulting
in a Lorentzian broadening of ∼ 150 fs. In accordance with steps 1-3 for the XPS process
(see ﬁgure 3.2), a bound state in XAS has a single peak at the transition energy h̄ω =
Ei −Ef (Ef is the fully relaxed ﬁnal state) with a Lorentzian core-hole lifetime broadening.
Depending on the FC overlap  Φf (R)| Φi (R)  vibrational excitations eﬀectively reduces
the measured transition energy h̄ω when higher vibrational states are populated. When
the diﬀerence in nuclear potentials is small, a single lifetime-broadened sharp peak is seen
in the spectra. On the other extreme, excitations into ﬁnal states of dissociative character
(e.g. into the strongly anti-bonding 4a1 orbital in gas-phase water) are associated with
broader peaks. For continuum states, the excited electrons are quasi-free and delocalize
on a fast time-scale, τe < τh . Here, the excited electron “lifetime” governs the total
lifetime of the process, associated with broad spectral features (∼ 10 eV). In this rather
structureless region above the IP, post-edge structures might appear in semi-bound “shaperesonances”. Qualitative geometric information on molecular bond length can be extracted
from an analysis of the energetic position of shape resonances with respect to the ionization
potential. However, this region also approaches the sudden approximation limit discussed
in the previous section, and thus multiple excitations occur that are diﬃcult to separate
from other spectral features 112 .
In practice, the absorption cross-section is measured by detection of the emitted photons or the ejected (Auger) electrons in the following core-hole decay process (see next
section). The radiative yield has a low intensity but a large probing depth (∼ 10 µm).
The non-radiative yield dominates the decay and is inherently surface sensitive due to the
short electron mean escape depths. This is the most common approach in surface science.
We can either collect the total electron yield (TEY), which includes the large low energy
electron intensity due to inelastic scattering events in the sample. In partial electron yield
(PEY), low kinetic energy electrons are rejected by applying a negative potential in front
of the detector. Further on, by collecting electrons in an electron kinetic energy “window”
using an electron spectrometer (see section 3.3.4), we can select speciﬁc Auger channels
(Auger electron yield, AEY). In the other extreme we have the secondary electron yield
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Figure 3.4: (left) Topmost layer (ice surface) and inner bulk (ice bulk) of a thin ice ﬁlm, generated
by subtracting the appropriately scaled normal XA spectrum (AEY) from the surface
(grazing AEY) and bulk sensitive spectrum (SEY). (right) The respective probing
depths as well as contributions from the ﬁrst bilayer, second bilayer and the bulk
region are shown. The decomposed surface spectrum is dominated by water molecules
with one free OH, which is reﬂected in the pronounced pre-edge peak. The pronounced
continuum peak in the bulk spectrum arises from near-tetrahedral coordination in the
bulk.

(SEY) where only electrons in the low energy inelastic region are collected. Although all
electron yields are surface sensitive, they might have diﬀerent probing depth. For water, low energy electrons have a mean free path of about 50 Å 113 . This is signiﬁcantly
longer than ∼ 20 Å which is the value for electrons with a kinetic energy around 500 eV
(AEY) 114 . Moreover, the signal to background ratio is diﬀerent, and thus better statistics
can be reached with, e.g. , AEY. Other advantages of AEY are better control of competing
processes and more reliable normalization. Whereas the ﬁnal states in the presence of a
core-excitation are responsible for the shape and energy position of the XA spectrum, it
can be shown that the integrated x-ray absorption intensity is determined by the number
of valence states in the initial (ground) state. This initial state rule allows for decomposition of x-ray spectra from the same element. In Figure 3.4, this is used together with
diﬀerent detection schemes described above to isolate the top-most water molecules in an
ice ﬁlm as well as fully coordinated species in the bulk.
A remark should be made for metallic systems where there is a direct relation between
the photon energy scale in XAS, and the corresponding XPS binding energy. In the case of
perfect metallic screening, the ﬁnal state in the XPS process can be considered a core-hole
with an additional charge at the Fermi level. The same ﬁnal state is reached in the XAS
process when the core-electron is excited to the lowest unoccupied state, i.e. at the Fermi
level. This allows the XAS excitation energy to be put on a binding energy scale relative
to the Fermi level, by subtracting the XPS core level “main” line.

3.1.4

Core-Hole Decay

The core-hole creation processes generate a highly excited ﬁnal state that is unstable to
electronic and nuclear relaxation. The spontaneous electronic transitions that ﬁll the corehole, the core-hole decay processes, can be divided into radiant decay and non-radiant
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Figure 3.5: Schematic illustration of non-resonant core-hole decay processes

decay, schematically described in Figure 3.5 for an initial state prepared by core-hole
ionization. In the radiant decay, an electron in the occupied valence band ﬁlls the core
hole, and a photon is emitted, forming the basis for x-ray emission spectroscopy (XES). The
non-radiant decay mechanism is very diﬀerent. In this transition, no photon is involved
and it is therefore not subject to the electric dipole interaction picture. The ﬁnal state
typically consists of two holes in the valence shell and an ejected electron, the Auger
electron. Measurements of the ejected electron energy distribution forms the basis for
Auger Electron Spectroscopy (AES).
The cross-sections for radiative and non-radiative decay of a core-hole state are strongly
element dependent. For the low Z elements carbon, nitrogen and oxygen, the Auger rate
τa is much faster than the ﬂuorescence rate τf ; the probability of radiative decay is 0.52%,
0.83% and 1.3%, respectively 115 . The total lifetime of the core-hole τh , given by the
diﬀerent decay rates according to τ1 = τ1h + τ1e , can be determined by measuring the
lifetime broadening in the core creation processes (see previous sections). It can be shown
that τh is rather insensitive to the chemical state of the atom and thus considered an
inherent element property. The lifetime of the core-hole is not known exactly, and in the
case of oxygen, experimental determination of the lifetime broadening varies in the energy
range 0.165 ± 0.2 eV (corresponding to ∼ 4 fs ) 76,107 . In this study, the value 3.6 fs for
the core-hole lifetime is used 76 .
In the normal treatment of AES and XES one usually uses a two-step language, i.e.
the core-hole creation (Fig. 3.1) and the core-hole decay (Fig. 3.5) processes are consecutive and independent events. However, a number of high-resolution studies have clearly
demonstrated that for resonant excitations, the two-step picture is not generally valid
(see 116 and references therein). Rather a one-step treatment is required.
Consider the radiative decay following core-hole excitation. In the one-step formalism
the excitation and decay of the core-excited state are treated as one inseparable scattering
event. The intermediate ﬁnal states | m are considered (virtual) resonances with a lifetime
broadening Γm . This is captured theoretically in second-order perturbation theory of the
photon-electron interaction, leading to the Kramers-Heisenberg scattering formula that
was introduced in section 2.3. In particular, this description contains the sum of matrix
cross terms proportional to
(3.7)
f | e · p | m m| p · e | i
These unsquared terms cannot be easily visualized as probabilities, and it is not correct to
assume that a speciﬁc intermediate state is excited with a certain probability in the scattering process. This is the crucial diﬀerence between the one- and the two-step pictures.
In the one step formalism described above, the sum over intermediate states | m leads to
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channel interference if their energetic separation is comparable to the life time broadening
Γm of the intermediate states¶ .
The two-step description is thus considered as an approximation to the one-step formalism. Its validity depends on the system and processes concerned. If the same ﬁnal
state is reached independent of the excitation energy, the two-step description if valid.
This is obviously the case for decays following core-ionization. For certain systems, the
resonant case can also be approximated by the two-step formalism. In metallic systems,
independent of excitation energy, the same fully screened core-hole intermediate state is
reached locally, and the sum reduces to a single intermediate state | m. The corresponding squaring of amplitudes is exactly the same as the one reached in a two-step formalism.
All XES spectra presented in this thesis can be described by the two-step approximation.

3.1.5

X-ray Emission Spectroscopy

XES oﬀers unique possibilities to study the occupied electronic structure, with several
advantages compared to other techniques. To understand this, consider the XES process
within the two-step formalism as depicted in Figure 3.5. The cross-section is proportional
to the square of the dipole transition element
f | r | m ∝ φf | r | φc 

(3.8)

with the corresponding energy conservation law h̄ω = Em − Ef . Here the initial state is
the intermediate state reached in the core-ionization process | m and φc the (passive) corehole orbital. The XES process is the inverse to the XAS transition, but with the important
diﬀerence that the ﬁnal state does not contain any core-hole. The electron distribution
before the decay corresponds to the relaxed orbital conﬁguration in the presence of a corehole. Thus, in analogy with the core-hole creation process, we could anticipate that the
equivalent of the sudden approximation would apply also here, giving rise to an “overlap”
distribution of relaxed core-hole states onto the ﬁnal valence hole distribution, as discussed
in the XPS section. However, in almost all reported cases 117 , it has been shown that the
use of a passive core-hole and the ground state distribution of the valence electrons gives
a better agreement with experiment. It seem as the relaxation eﬀects in the ﬁnal valence
hole state cancel the core hole relaxation eﬀects in the inial state. Thus the one-electron
frozen orbital picture of the transition stated above is a good approximation.
We can relate many properties to the “inverse” XAS case. The dipole transition gives
the same selection rules as for the XAS process, namely only orbitals of p-character are
probed. Due to the small spatial extent of the core-hole and its localization to one atomic
center, only orbitals with a local p-node at the atomic center of the core-hole give non-zero
contributions. The one-center approximation 118 is even more justiﬁed in XES than for the
similar case in XAS, due to the somewhat larger extent of unoccupied orbitals in general.
Due to the well separated core-levels along the periodic table, we can selectively prepare
the core-hole at diﬀerent atoms. Thus we are equipped with a tool that can project out the
local valence electron distribution around atoms of diﬀerent elements. Moreover, the same
element might have chemically shifted core-hole states as we have seen in previous sections
¶ To relate to the two-step formalism, think of an experiment: In the two step formalism, the summing
over intermediate steps leading to one ﬁnal state is determined by the squaring the transition elements
for the excitation f | e · p | m and intermediate-ﬁnal state transitions m| p · e | i independently. The
total probability is the product of these. See also related section on AES (3.1.6).
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Figure 3.6: Illustration of site-speciﬁcity and angular anisotropy for XES in the case of water on
Pt(111) (see Paper IV). (left) The shift in the XAS proﬁle between the two water
molecules is used to select a core-hole state on either the oxygen down species (532 eV)
or both (538 eV). Within the two-step approximation, the valence electronic structure
around each water molecule can be extracted from a simple subtraction procedure.
(right) Within the dipole approximation, only the valence electrons with p-character
perpendicular to the emission direction are probed. (middle) From this procedure
the pz (out-of-plane) components of the valence orbitals in the proximity of the two
diﬀerent water species in the water/Pt overlayer can be extracted (see Paper IV).

(e.g. Figure 3.2). Together with the angular anisotropy of XAS, we can thus selectively
prepare a core-hole on atoms of the same element in diﬀerent chemical states. This is often
the case for molecules adsorbed on well deﬁned metal surfaces, as is illustrated in section 3.6
for the water overlayer on Pt(111). The inner (oxygen down) water species is responsible
for the XA intensity at 532 eV, whereas the cross section of the two diﬀerent species at the
non-resonant excitation (538) can be considered to be approximately the same. For each
water molecule, independent of excitation energy, we reach the same screened intermediate
core-hole state, where the excited electron has been delocalized to the metal states. This
allows for a two-step formalism, where the core-level decay at the two excitations for the
oxygen-down species generates the same spectra, but contributes with 100% or 50% to the
total spectral intensity, respectively. The dipole operator in the XE transition eﬀectively
selects the local valence structure perpendicular to the direction of the outgoing photon.
Probing at two diﬀerent geometries, the out-of-plane (pz ) projected valence electronic
structure around each water molecule can be extracted in similar subtraction procedure.
Information on the valence electronic structure can be deduced and further reﬁned with
theoretical calculations (see Paper IV.
Figure 3.7 illustrate how we can relate the energy scale of XES to the UPS binding
energies. The same ﬁnal states, with a vacancy in the valence electron shell, are reached
in the two spectroscopies. UPS and XES both measures the binding energy of the occupied valence orbitals, but relative to diﬀerent initial states. The initial state of the XES
transition is typically a core ionized state, similar to the ﬁnal state of the XPS process.
Thus, in a one-electron picture, the measured binding energies are directly related via the
simple relation
(3.9)
EXES = EXP S − EU P S
The diﬀerence between the two spectroscopies is mainly due to the dipole selection rule.
In the illustrated case, O1s XES of water in ice, transitions from 2s orbitals are strictly
forbidden. We also see a shift and lowering of the 1b1 orbital for XES due to ultrafast
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Figure 3.7: Schematic illustration of the relation between XES and UPS binding energy scales,
exampliﬁed with XES and UPS on ice, see text and Paper V.

nuclear dynamics in the core-ionized state (see Paper V). This should be seen as an
exception to the general case, where the nuclei do not have time to adjust to the coreexcited potential energy surface within the core-hole lifetime.

3.1.6

Auger Electron Spectroscopy

At ﬁrst sight, the non-radiant and radiant decay processes in ﬁg 3.1 appear to be rather
similar. After all, they start from the same initial state. However, a closer look at the
diﬀerence between XES and AES shows that the relatively simple interpretation of XES
is not valid for AES. First, the transition element in AES contains a coulombic interaction
instead of the dipole operator associated with radiant processes. Secondly, the two hole
ﬁnal state in the case of AES oﬀers no direct relation to the ground state valence structure.
In fact, it turns out that correlation eﬀects in the two-hole ﬁnal state can be rather large 119 .
The AES spectrum has many diﬀerent components and broad features.
Thus, if we want to obtain a simple one-electron picture of the local valence electronic
structure, XES is the spectroscopy of choice. This is reﬂected not only in the diﬃculty to
interpret the spectral shape of the ejected electron distribution. Computationally, there are
severe diﬃculties to evaluate the correlated two-hole ﬁnal state distribution for extended
system, adding to the complexity to evaluate the coulomb transition probabilities already
in the gas-phase 106 . However, resonant excitation can be used to study ultrafast charge
transfer processes as we will see in the following.
Upon resonant excitation we open up for new interaction channels. In analogy with
the Kramers-Heisenberg scattering formula for radiative decay, a full treatment involves a
resonant part with a sum over intermediate states
f | res | i =


m

f | Vc | m m| r | i
h̄ω − (Em − Ef ) + iΓm /2

(3.10)

where we recognize the dipole transition term from the initial state | i to the intermediate
core-excited states | m, and a coulombic operator Vc involved in the core-hole decay to
the ﬁnal states | f . Diﬀerent ﬁnal states can be reached in the non-radiant decay. In
particular, we make a division between participator decay (when the excited electron is
involved in the decay) and spectator decay (when the excited electron is localized but
participating in the decay). The two decay mechanisms are illustrated in Figure 3.8
(right).
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Figure 3.8: Schematic illustration of one-hole ﬁnal states (top) and two-hole ﬁnal states (bottom) upon resonant excitation. The resonant channels (right) are compared to the
direct photoemission and normal Auger ﬁnal channel (left). Examples of the diﬀerent
channels are illustrated with spectra measured on a thin ice ﬁlm (see Paper VI)

The participator decay results in a ﬁnal state with one hole in the valence orbitals and
an ejected electron. If we consider the initial state (photon plus ground state) and ﬁnal
state, we see that this process is indistinguishable to the direct photoemission of a valence
electron (see Figure). Thus, in the cross section of the ejected electron distribution as
a function of excitation energy we need to include the transition element of the direct
photoemission process f | direct | i
I ∝ | f | direct | i + f | res | i |2 = |f | direct | i|2 + |f | res | i|2 + cross-terms

(3.11)

The cross-terms are due to interference between the two diﬀerent channels. The evidence of
indistinguishable ﬁnal states is clearly demonstrated by the presence of the cross-terms 116 .
This is seen in the spectrum as intensity variations of the ejected electron as a function of
energy that cannot be explained by summing the square of the individual terms (i.e. the
ﬁrst two squares above). To see the existence of the participator channel, we can measure
the outgoing electron perpendicular to the electric ﬁeld vector, eﬀectively supressing the
normal photoemission channel which is subject to the dipole operator. As the coulombic
interaction of the participator decay is isotropic, the participator is detectable. This is
shown in the Figure (top), where participator decay in ice arises upon excitation into the
pre-edge state associated with SD species. The direct photoemission channel is negligible
in this geometry (here shown for non-resonant excitation). The participator channel has
in general a small cross section compared to the spectator decay.
The spectator decay has a two-hole ﬁnal state with a localized electron. The direct
transition from the ground state to this (two-hole, one-electron) ﬁnal state is very weak
 Note

that in a full treatment of the interaction this is implicitly included
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and can be neglected. Instead we compare this ﬁnal state to the normal Auger ﬁnal state
following non-resonant excitation. It is clear that if the electron delocalizes before the
core-hole decay, the same ﬁnal state as in the non-resonant Auger process is reached.
The ﬁnal state of the spectator decay is screened by the localized electron, and the ejected
electron correspondingly has a higher kinetic energy (in general). If the delocalization rate
of the core-excited electron is on the same order as the core-hole lifetime, these two (nonresonant, resonant) channels compete, and the measured electron distribution consists of
both non-resonant intensity as well as spectator intensity (shifted to higher energy). It
can easily be shown that there is a direct relationship between delocalisation rate and the
relative intensity of the two spectral features 120
τCT = τh ∆Iaug −1 − 1

(3.12)

where τCT is the charge transfer rate to the surrounding media, τh the core-hole lifetime,
and ∆Iaug the fraction of non-resonant Auger intensity∗∗ . We can thus selectively prepare
an electron in a core-excited state, and by measuring the following decay obtain information on the delocalisation rate on a timescale given by the core-hole lifetime. In the
case of water (τh ∼ 3.6 fs) we can probe delocalization rates on a subfemtosecond timescale, a powerful equivalent to pump-probe laser spectroscopy with a time-scale resolution
unattainable by conventional lasers 56 . Note that the simple relation above applies to excitations with a well-deﬁned photon energy (bandwidth smaller than the core-hole lifetime)
reaching one intermediate ﬁnal state. For oﬀ-resonance excitations (or larger photon bandwidths) detuning eﬀects are important 4 . More details of this “core-hole clock” method
can be found in recent reviews 121–123 .

∗∗ Note that the total Auger intensity includes the non-resonant, spectator, and the participator Auger
intensities. However, the total participator decay cross section is often negligible.
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Density Functional Theory

The results presented in this thesis rely on a combination of core-level spectroscopy and
spectral calculations based on density functional theory (DFT). Before we introduce the
computational schemes, we will have a brief look at the basis of DFT.
DFT was introduced in section 2.2.2 as an alternative approach to the wavefunction
based technique in order to include the correlation energy. The fundamental theory that
underlies DFT methods is that the ground state energy E0 of an N -electron system can
be expressed as a functional of the electron density ρ(r) of the system 124 . For a uniform
electron gas, the electron exchange and correlation energy can be written exactly as a
function of the electron density ρ of the system. This inspired an orbital formalism in
analogy with conventional techniques (see section 2.2.2). The one-electron Kohn-Sham
(KS) orbital equation takes the form
(T (ρ) + U (ρ) + Wc (ρ) + WXC (ρ))φi (r) =

i φi (r)

(3.13)

where T , Wc and WXC are the kinetic, Coulomb and the exchange-correlation energy
operators, respectively, and φi are the Kohn-Sham orbitals. U (ρ) is the external potential (given by the atomic nuclei). DFT depends on an adequate knowledge of the
exchange-correlation potential. In analogy with the discussion in section 2.2.2, no analytical representation of the exchange-correlation potential is known, and much eﬀort has
been focused to improve the quality of this term. The simplest functional is the local density approximation (LDA), in which the expression for the exchange energy of a uniform
electron gas is used.

LDA
= ρ(r) LDA
(3.14)
EXC
XC [ρ(r)] dr
This approximation often underestimates the exchange energy and overestimates the correlation energy. An improved electronic description can be reached by including the density
gradient in a so called Generalized Gradient Approximation (GGA)

LDA
EXC
= ρ(r) GGA
(3.15)
XC [ρ(r), ∇ρ(r)] dr
We can classify the functionals into those that give gradient corrections to the exchange
energy and those that give gradient corrections to the correlation energy (including the
corrections to the kinetic energy). In most cases, a combination of these functionals
provides the best description. In hybrid functionals, the Hartree-Fock exhange is mixed
with the DFT functionals. Central to the DFT approach is that given the exact electron
density ρ, the total Hamiltonian is uniquely determined (i.e. the exchange-correlation
energy which is the diﬃcult term). The advantage of DFT in the present context is that
the correlation energy is included while still retaining a single conﬁguration description of
the problem in terms of the one-electron orbitals. For a set of orthonormal one-electron
orbitals found by solving the above equation, there is a simple relation to the electron
density expressed as

(3.16)
ρ(r) =
|φi (r)|2
and consequently to the total energy of the system. The orbitals can be expanded in planewaves (periodic approaches) or by contracted Gaussian-type orbitals (CGTO), described
in section 2.2.2). The second central theorem of DFT is that there is a variational principle
for the energy as a function of the density ρ. The relation between the orbitals and the
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density means that we can vary our orbitals {φi } to minimize the energy as a function
of density. For each step, we solve the new KS equations, within a number of constraints
(orthogonality, Pauli principle), generating a new density ρ, i.e. a self-consistent solution.
Given a “large enough” basis set description and the improved exchange-correlation potentials, we have a powerful method to obtain in principle all the properties of a system in
a computationally cheap manner and with a simple orbital formalism. This short introduction illustrates why the use of DFT methods has rapidly increased over the years and
can nowadays be considered a conventional technique in quantum chemistry. For more
details, consider any textbook on DFT applied to atoms and molecules, e.g. Ref 1 .

3.2.1

DFT Calculations

Most of the simulations in this work have been performed using the StoBe code 125 , which
solves the KS equations using CGTOs for molecules or clusters. Besides the molecular
orbital ground state solution to the problem, there is a computational scheme to compute
XA spectra as described below∗ . To calculate the transition matrix elements† in the
spectroscopies, it is essential to obtain information both on the ﬁnal and initial state.
The cross sections can then be generated with the simple dipole operator for the given
transition matrix elements. As for the exchange-correlation potential, gradient-corrected
functionals were used throughout this work (see papers).
For XES, both the initial and ﬁnal states of the process are captured by the transitions
within a ground state conﬁguration. The oscillator strengths are given by the valence
projection onto the (passive) core-hole using the dipole operator. The experimental peaks
are broadened by several factors, but instrumental broadening and vibrational broadening
dominate. In the case of XES, the oscillator strengths are therefore convoluted with
Gaussian functions of appropriate width to generate the ﬁnal spectra. In order to obtain
the s-projected states in Paper I a simple r2 operator was used. This does not correspond
to a physical operator, but gives a convenient representation of the density of s-states in the
O1s transition region. Vibrational information is not included in this static approach to
XES. In Paper V, we show that there is substantial proton migration in the core-excited
state. The excited state nuclear dynamics is captured in ab initio molecular dynamics
calculations (described below). For each step in the simulation, the frozen conﬁgurations
were used to generate the XE spectrum in the simple ground state picture described above.
In this way, we are able to include the excited state nuclear dynamics in the calculations,
in excellent agreement with experiment. Note that in Paper I, no nuclear dynamics are
included in the calculations. This is the correct approach, since we use the XES process
as a tool to project the ground state valence orbital distribution onto the oxygen atom.
The analysis in Paper I for spectra and energetics was performed in a step-wise procedure. Starting from the fully relaxed ground state calculation orbitals could be assigned
as belonging to the central or surrounding waters. One feature of StoBe is that the KS
equation can be solved while allowing for orthogonalization in blocks in the KS matrix
(i.e. a Slater-like determinant). This translates to the possibility to turn on and oﬀ orbital mixing, and a constrained space orbital variation analysis (CSOV) is possible. The
molecules were brought into the pentamer conformation only allowing for mutual orthogonalization (step 1: ”frozen”). Polarization was included when orbital mixing between
occupied and unoccupied orbitals belonging to the same molecule was allowed. Charge
∗ The
† we

basics of the approach to calculate XA spectra using transition state is described in Ref 126 .
will mix the terms oscillator strength and transition elements
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transfer was included through orbital mixing between orbitals on diﬀerent centers. At
each step the partially relaxed orbital wave functions were used to calculate total energy
and XES spectra as described above
XA spectra are conceptually more diﬃcult to compute than XES. We have seen that
in order to understand the XA process, we need to take into account the ﬁnal state
orbital relaxation due to the presence of the core-hole (section 3.1.3). It can be shown
that the ionization potential (IP) (i.e. the diﬀerence between the ground state energy and
the fully relaxed core-ionized state) can be approximated to second order by the energy
corresponding to the fractional occupation 0.5 in the excited core-level orbital. This forms
the basis of the transition methods, where the dipole transition elements are evaluated for
the half occupied core-hole and the half occupied excited orbital. Here one calculates the
transition state for all the (half) occupied excited orbitals in order to produce the full XA
spectrum. In StoBe, even the excited (half) electron is removed, allowing for a full XA
spectrum to be generated by only one optimized conﬁguration. By dropping the excited
(half) electron, we neglect relaxation due to the presence of the core-excited electron, a
small eﬀect in general. In this approach, the XA cross section is proportional to the square
of the dipole transition element


(3.17)
i| r | f  ≈ t| r | t ∝ 1s0.5  r | θv 
where the unoccupied orbitals θv and the half core hole are optimized in the same state
(transition state). The core-excited oxygen was described using the IGLO-III all electron
basis set 127 , allowing for a full relaxation of the core orbitals. When there are several atoms
of the same kind in the system, there is a problem to localize the core-electron. Therefore,
eﬀective core potentials (ECP) have been used throughout the calculations, replacing
all other core electrons (they are assumed chemically inert). As described in previous
sections, Gaussian-type orbital basis sets for each atom are often augmented to improve
the ﬂexibility of the orbitals, e.g. polarization in a water molecule. To achieve a better
description of the unoccupied states in the XA case, a large (19s, 19p, 19d) uncontracted
diﬀuse basis set centered on the core excited oxygen is added (double basis set). This is
necessary for a correct description of the more diﬀuse states close to or above IP.
The computed oscillator strengths are ﬁnally convoluted using Gaussians of increasing
full-width-at-half-maximum to represent the experimental spectra. Although the correct
broadening is not known, knowledge about the spectroscopies gives a hint (see section
3.1.1). Bound states below the ionization threshold are dominated by vibrational and
lifetime broadening, typically in the order of 1 eV. Above the IP, the excited electron
has a very short lifetime and dominates the excited state broadening. A linear increase
of the broadening function up to 8 eV above the continuum peak (550 eV) gives a good
representation.
Due to the local character of the spectroscopic techniques (see core level spectroscopy),
a rather small cluster model is able to reproduce the essential features of the experimental
spectra. Figure 3.9 shows calculated spectra for three experimental model systems: bulk
ice, ice surface, and NH3 terminated ice surface. The 11 water molecule cluster used in
the analysis of the liquid spectra captures the central features of the experimental model
systems (Paper IV), and the diﬀerence for extended clusters is very small. Also in the
water-metal system, a rather small cluster is enough to describe the central features in the
XES and XAS spectra. A critical point of the adsorbate-metal clusters is the description
of the metal-valence band interaction. Whereas the description of sp-bands can be highly
dependant on cluster size, the description of the localized d-bands are good. In Paper
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Figure 3.9: Cluster calculations using the transition method in the StoBe DeMon code for three
experimental model XA spectra: bulk ice (tetrahedral coordination), ice surface (free
OH), and ammonia-terminated ice surface (free OH termination). Clearly, there is
an overall good agreement and increasing the cluster size from the 11-molecule model
has little eﬀect on the spectral shape.

IV, water adsorption on Pt(111) is investigated, and since the d-band in e.g. Pt(111) is
rather localized, a good description of the experimental spectra is reached even for a small
Pt7 cluster. Whereas this holds in general for the spectroscopic processes, total energy
geometry optimization in the ground state is diﬀerent. In the case of water adsorbed
on platinum, the ordered hexagonal network should be optimized together with the Pt
surface. In these cases, a plane wave based approach is superior, since it allows the
problem to be treated using periodic boundary conditions. This approach was taken in
Paper IV using the plane-wave based Dacapo program 128 . Dacapo uses norm-conserving
pseudo-potentials to describe the valence electronic states. The optimized structures from
Dacapo might then be used for a selected number of atoms to calculate the XA and XE
spectra.
Vibrational excitation is not included in the theoretical simulation. As we have seen in
section 3.1.3, for fast processes under the Born-Oppenheimer approximation the additional
FC overlap Φf (R)| Φi (R) should be included in the transition. For gas-phase molecules
this generates discrete peaks corresponding to population of ﬁnal vibrational states. By
sampling a number of inter- and intra-molecular conﬁgurations, the non-discrete (classical) vibrational distribution can be estimated, and the eﬀect of possible ground state
structures can be included. For the case of water in ice, an estimation of the eﬀect of the
intra-molecular geometry is especially important, since the theoretical spectra are used
to classify diﬀerent local coordinations in liquid water (Paper III). Changes in the intramolecular H-O-H angle and OH distances within a few percent do not change the spectra
signiﬁcantly. Furthermore, the average of the vibrational distribution gives a similar spectrum as obtained for the average position. This shows that intra-molecular oscillations
do not need to be accounted for explicitly. Similar studies are done for intermolecular
oscillations (see Paper III).
In order to simulate the ionization-induced core-hole dynamics in ice, ab initio Car-
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Parrinello Molecular Dynamics (CPMD) 129 simulations were performed. These simulations used the B-LYP 130,131 functional for a periodic box consisting of 16 water molecules
in an ice Ih conﬁguration with zero net dipole moment. Due to the fast excitation process (see section on core-level spectroscopy), snapshots from the ground state simulations,
equilibrated for 2 ps at the experimental temperature 100 K, were used as starting point
for the core-ionized simulations. To represent the core-ionized water molecule, a speciﬁcally developed pseudo-potential was used. As mentioned in the XES paragraph above, for
each step in the dynamics, the frozen geometry was used to generate the XES transition
elements within the ground state picture.

3.3

Experimental Details

In order to perform the core level spectroscopy techniques that are used in this thesis,
there are a number of experimental prerequisites to be met; tunable light source in the
soft x-ray regime, ultra-high vacuum conditions for the sample and high-resolution detection of electrons and photons. In the following section, we will discuss how these and many
other conditions are met using synchrotron radiation, modern beamline optics and a UVH
experimental end-station equipped with high-resolution spectrometers. More speciﬁcally,
the surface branch of beam line I511 132 at the MAX-lab synchrotron radiation laboratory in Lund (Sweden) has been used for all experiments other than the liquid water
measurements in Paper III.

3.3.1

Light Source: Synchrotron Radiation

It is well known in classical electrodynamics that an electron will emit electromagnetic radiation when submitted to acceleration (Lienard’s law)∗ . At relativistic speeds (i.e. close
to the speed of light c) the electron becomes an eﬃcient light source even in the x-ray
regime as we will see below. In connection to the development of cyclic electron accelerators during the 1940’s, high enough energies were reached to make this phenomenon
observable, and 1947 the intense light was observed for the ﬁrst time at General Electric’s
70 MeV synchrotron 133 . Since then the out-coming light has been named Synchrotron Radiation(SR). From the high energy accelerator physicist’s point of view, this loss of energy
was considered as a problem to reach higher energies in circular accelerators. However,
as shown in the formulation of synchrotron radiation by Ivanenko and Schwinger 134,135 ,
this radiation is a powerful light source with unique properties, which has led to dedicated
storage rings (2nd and 3rd generation light sources) that provide a premier research tool in
many ﬁelds of science today. What are the central features of synchrotron radiation? For
a recent and rather complete review of the central features of synchrotron radiation see
chapter 5 in Ref 136 (a condensed review is given in Ref 137 ). Here we give some intuitive
arguments to understand the central features of synchrotron radiation from an undulator
source.
Consider one single electron passing through a magnetic section with an energy of 511
MeV (γ = 1000, where γ is the relativistic factor). An electron passing through an array
of magnets with alternating poles will be deﬂected in a sinusoidal motion with a typical
period of λu ∼ 10 mm as pictured in ﬁgure 3.10. In the electron rest frame (given by the
Lorentz boost for the electron mean velocity), this period will be Lorentz contracted by γ ∗
∗ Think

of an antenna!
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Figure 3.10: (top) Illustration of the emitted radiation from an electron in a bending magnet
and an undulator. (bottom) The photon ﬂux vs energy measured behind the monochromator for the ﬁrst, third and ﬁfth harmonic is shown for BL I511 at MAX II.

to about 10 µm† . In the electron rest frame, the problem reduces to a classical radiating
dipole, with the known “doughnut”(sin2 ) power distribution. For an inﬁnite number of
periods, only the principal frequency f  = c/γ ∗ is allowed.
For an observer in the lab system looking at the central axis, the wavelength will be
Doppler shifted another 2γ ∗ to about 5 nm(∼ 600 eV, i.e. soft x-rays). Oﬀ axis radiation
φ is Lorentz folded into a typical angle that deﬁne the central cone φc = φ/γ ∗ . The simple
argumentation has lead us to the undulator equation which can be written as (including
oﬀ-axis radiation and Taylor expanding γ ∗ in the proximity of γ)
λ=


λu
λu 
∗2 2
1
+
γ
= 2
φ
2γ
2γ ∗ 2

1+

K2
+ γ 2 φ2
2

(3.18)

this equation describes the generation of short (x-ray) wavelength through the relativistic
factor 1/2γ ∗ 2 , red-shifted oﬀ axis radiation through γ ∗ 2 φ2 , and magnetic detuning through
the deflection parameter K,
eBλu
(3.19)
K≡
2πmc
The spectral bandwidth is directly related to the number of periods through λ/∆λ = N
(think of a Fourier transform in the rest frame). The red-shift for oﬀ-axis radiation and
the bandwidth ∆λ, naturally leads to the conﬁnement of the radiation into a central cone
Θc = 1/(γ ∗ N ). Furthermore, the radiation is linearly polarized in the plane of the electron
† γ ∗ is the eﬀective forward direction relativistic factor, slightly lower than γ due to the sinusoidal
motion.
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orbit. With a little bit of paperwork, one can see that K is related to the sinusoidal motion
(and γ ∗ ) such that K/γ is the biggest angle the electrons make with the central axis. Given
that the central cone for a single turn (as for the bending magnet) is conﬁned within a
typical angle φc ∼ φ/γ, K-values larger than unity will decouple the electron motion to a
number of independent wiggles that will destroy the constructive interference. In fact, this
is the diﬀerence between a wiggler and an undulator. Furthermore, a larger K introduces
non-sinusoidal motion where velocities become relativistic perpendicular to the forward
direction. Serious deviations from the radiating dipole approximation allows for higher
harmonics to appear. In particular, odd harmonics (3,5,. . . ) have the same properties as
the fundamental wavelength, e.g. a conﬁned cone on-axis‡ . A typical power spectrum for
on-axis radiation is schematically drawn in Figure 3.10 with sharp harmonics, compared to
the broad bending magnet distribution. For perfect interference in a one-electron picture,
the peak power is a factor of N 2 higher than bending magnet radiation.
In a modern storage ring for generation of soft x-ray synchrotron radiation, bunches
of electrons are ﬁlled and accelerated by a rf ﬁeld in a microwave cavity to a ﬁnal energy
of 1.5 − 3 GeV. The magnetic ﬁeld structure (bending, focusing) is optimized for low
emittance, with a number of straight sections housing inserting devices (undulators and
wigglers), designed with the experimental application in consideration 138 . At MAX-lab 139 ,
a 90 m circumference storage ring is operated at 500 Hz to generate 1.5 GeV electron
bunches with a bunch length of 20 ps. The source for beamline I511 132 is an undulator
with 49 periods (the undulator period is 52 mm). The magnetic ﬁeld is tuned by varying
the undulator gap from a minimum of 23 mm (corresponding to a maximum deﬂection
strength of Kmax ∼ 2.7), the usable energy range extends from about 100 eV to 1 keV§ . In
Figure 3.10, we show the photon ﬂux within a 0.1 % bandwidth for a typical ring current
(100 mA), measured behind the monochromator using the ﬁrst, third and ﬁfth harmonic
from the undulator. The photon ﬂux is measured using the maximum acceptance angle
of the beamline (about 0.5 mrad).
We have seen that undulator radiation from 3rd generation light sources produces
powerful radiation in the soft x-ray regime with unique characteristics such as
• High photon ﬂux: The γ 4 scaling of the radiation power and the constructive interference for odd harmonics in an undulator provides a photon ﬂux which exceeds
that of other radiation sources by several orders of magnitudes.
• Low emittance: The low electron emittance in a third-generation storage ring (as
MAXII) together with the intrinsic low emittance radiation from an undulator source
gives a high brilliance radiation that can be focused onto a small spot, required for
x-ray emission spectroscopy of adsorbates and desirable for other spectroscopies.
• Polarized radiation: One of the unique characteristics of synchrotron radiation is the
polarization of the light and the radiation on axis is nearly 100 % linearly polarized
from an undulator device. Together with a rotatable chamber and sample this allows
for an eﬀective use of the dipole approximation in e.g. angular resolved XES or XAS
measurements.
• Tunable wavelength: The high intensity harmonics from an undulator can be tuned
remotely by changing the undulator gap and hence the magnetic ﬁeld strength. In the
‡ Even

harmonics are weak on axis and radiate into a hollow cone
given by the undulator equation, the K-value oﬀers a convenient way to vary the wavelength via the
magnetic ﬁeld strength B. In reality, this done by varying the gap between the magnetic poles, remotely
by the users.
§ As
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Figure 3.11: Schematic overview of beamline I511 at MAX-lab (surface end-station). See text for
details.

case of BLI511, this provides high photon ﬂux over a continuous energy range from
100 to 1000 eV (see ﬁgure). This is a prerequisite for x-ray absorption spectroscopy.
Synchrotron radiation laboratories are in this context state-of-the-art facilities, providing photons with properties that are highly appreciated - if not required - for core level
spectroscopy in the soft x-ray regime. The light is further reﬁned in the beamline, where
the light is monochromatized and focused to onto the sample.

3.3.2

Beamline I511

The aim of the beamline is to provide a monochromatized and small photon spot on the
sample with as little loss of intensity as possible. In particular, x-ray emission spectroscopy
requires high photon ﬂux and a small spot size (∼ 10 µm) onto the sample (recall the low
x-ray emission cross section of light elements).
Beamline I511 at Maxlab is outlined in ﬁgure 3.11. The beamline consists of a number of optical elements and is rather long (33 m) to allow for a good imaging ratio and
consequently a small spot on the sample. The whole beamline is operated in a UHV environment due to several reasons, and in particular to reduce the photon absorption due
to contaminants on the mirror surface. We introduce the diﬀerent parts by following the
optical path of the photon beam.
As described in the previous section, the undulator generates a collimated, linearly
polarized beam with high photon ﬂux in the energy range 100-1000 eV. In front of the
ﬁrst optical element, the photon beam is cut at the maximum acceptance angle of the
beamline, in the order of 0.5 mrad. At this stage (10 m from the source) the beam has
diverged to a size of about 5 mm. The ﬁrst cylindrical mirror focuses in the horizontal
plane onto a focal point after the monochromator. As for all other optical elements in the
beam line (besides the monochromator), 2◦ incidence is used, which together with the Au
coating generates a rather high and smooth reﬂection for all energies 137 . The total power
on this mirror surface is high (all the photon power on-axis generated by the undulator)
and must be cooled.
The main component of the beamline is the monochromator. For BLI511, a modiﬁed
SX-700 monochromator 140–143 is used, consisting of three elements: a movable plane mirror, a movable plane grating, and a ﬁxed spherical mirror that focuses the beam onto an
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exit slit ∼ 6 m behind the monochromator. The plane grating is of course subject to the
grating equation λ = d(sin α − sin β). The angles α and β are both arbitrary, so it is
possible to impose various conditions relating them. The SX-700 has an advanced mechanism to rotate both the plane mirror and the grating such that a ﬁxed focal condition
cosβ/ cos α = cf f is fulﬁlled for all energies, without changing the outgoing direction of
the beam. The spherical mirror will see a ﬁxed virtual monochromatic source situated at a
distance c2f f × 15 m. The spherical refocusing mirror in the monochromator design focuses
the beam onto a ﬁxed exit slit¶ . The resolving power of the monochromator is adjustable
through the exit slit width. Since the imaging errors of the optical elements is in the
order of 10um at the exit slit, reducing the slit width to smaller values mainly reduces the
ﬂux. The maximum resolving power is about 20000, but the main advantage is the high
resolution obtained over a large energy range that can be reached without changing the
grating. The monochromator houses two interchangeable gratings, one Au coated with
1221 l mm−1 and one Ni coated with 250 lmm−1 . In normal operation the ﬁrst is used
as the resolution scales with the spacing. The Ni grating can be used to give higher ﬂux
in the energy range 200 to 600 eV at moderate resolution, suitable for non-resonant XES
measurements.
The exit slit deﬁnes the source for the vertical refocusing mirror, and the horizontal
focal point from the ﬁrst mirror deﬁnes the horizontal source. Via a vertical ﬂip mirror
that can direct the beam onto two diﬀerent end-stations, the light is imaged onto a small
sample spot. The refocusing optics consist of a pair of bendable plane-elliptical mirrors in
a Kirkpatrick-Beaz conﬁguration. A ﬁnal spot size on the sample of typically 20 × 50 µm
is reached by ﬁne-tuning the elliptical radius. The electron spectrometer images a larger
source, and is preferably used with larger spot sizes to reduce non-linearity problems and
beam damage.

3.3.3

Experimental End-Station

The experimental system at BLI511 is optimized for surface studies in ultra high vacuum
(UHV), where all core-level spectroscopies described in section 3.1 can be applied to the
same surface preparation∗ . Figure 3.11 illustrates the UHV surface end-station, consisting
of a preparation chamber, an analyzer chamber and a motorized long travel manipulator
that allows for motion of the sample between the two chambers. The preparation chamber
contains equipment for sample preparation and characterization (see section 3.3.5). The
analyzer chamber houses an electron analyzer, a soft x-ray emission spectrometer and an
electron yield detector. These are individually described in the next section.
The chamber has standard UHV equipment consisting of roughing pumps (covering
atmospheric pressures down to 10−3 torr), turbo pumps (10−2 − 10−10 torr), and ion
pumps (10−8 − 10−11 torr)† . In addition to these pumps, both chambers have titanium
sublimation pumps‡ located under the bottom of the ion pumps. The chamber is vented
¶ The monochromator can operate with diﬀerent constant c
f f which results in diﬀerent focal points.
Therefore the slit is transferable
∗ The need for UHV is manifold. For example, most surface science studies rely on the measurements
on well deﬁned samples without contaminants. From kinetic gas theory it can easily be shown that a
surface is covered by a monolayer of contaminants in less than a second at a pressure of 10−6 torr. Since
many surface science techniques are sensitive for less than 1 % of a monolayer coverage of contaminants,
a pressure of 10−10 is needed for a set of measurements on the same preparation.
† The values in parenthesis are the regions used at this end-station
‡ TSPs are basically extremely large surface areas that reduce the pressure by adsorbing molecules. A
fresh surface is activated by resistive heating to about 400◦ .
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Figure 3.12: (left) Side-view of the surface science experimental end-station consisting of a sample manipulator, a preparation chamber and analyzer chamber. (right) Front view
drawing of the rotatable analyzer chamber looking into the synchrotron light, illustrating with the main detectors (electron analyzer and x-ray emission spectrometer).
The chamber is rotatable around the axis of the incoming beam.

with nitrogen gas to reduce the exposure to air contaminants during maintenance and
sample changes. To achieve the desirable UHV pressure (10−10 torr), it is necessary to
reduce the partial pressure that arises from contaminants leaving the chamber walls. The
chamber is heated at 100 − 150◦ C for approximately 24 hours to desorb the contaminants
in the surface region of the inner walls (called “bake-out”). When cooled down again, the
inner walls have a low desorption rate and base pressures below 10−11 torr are attainable.
To make full use of the linearly polarized synchrotron radiation in the spectroscopies
that are subject to the dipole operator (XAS, XAS, XPS), we want to have the E-vector at
diﬀerent angles with respect to the surface plane. For one particular E-vector orientation
we want to be able to measure the emitted electrons or photons in any angle relative to the
surface. Since the linearly polarized undulator radiation is ﬁxed in the horizontal direction
we have to rotate both the sample and the spectrometers. Moreover, in order to reach
high symmetry orientations§ we need to have grazing incidence of the light to the sample
surface. In the work presented here, we used an incidence angle of ∼ 5◦ . The grazing
incidence also increases the adsorption cross-section of the adsorbate layer with respect to
the substrate¶ . Grazing incidence also reduces the beam damage.
The right part of Figure 3.12 shows a projection of the analysis chamber of the experimental end-station along the incident beam direction containing an electron spectrometer,
X-ray spectrometer and a partial yield electron detector. The whole vacuum chamber
is rotatable around the axis of the incoming beam. This is achieved using diﬀerentially
pumped rotatable seals. In order to allow rotation of the chamber without too much stress
on the vacuum chamber the electron and x-ray spectrometer are supported via wires to a
crane located above the instrument. The wires are connected to a spring block that has a
counter weight force matching the weight of each spectrometer. The wires are attached at
the center of mass on the spectrometers and can glide on the crane during rotation. This
means that the spectrometers put no force on the vacuum chamber and the rotation can
be made very easily. The angle of the chamber can be set within 1◦ .
§ An example of this is out-of-plane emission in XES with the E-vector either in plane or out of plane,
used in Paper IV.
¶ Soft x-rays have a penetration depth of the order of 1000 Å and by using grazing incidence the
radiation is adsorbed more in the surface region where the adsorbate is located.
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Figure 3.13: Detection schemes for the two main detectors used in this thesis: Grazing incidence
soft x-ray emission spectrometer used for XES, and Hemispherical Electron Analyzer
used for XPS, XAS and AES (see text).

3.3.4

Detectors

As mentioned in the previous section, the analyzer chamber houses three detectors. A
schematic view of the two main detectors used in this work is shown in Figure 3.13.
The electron spectra (XPS, XAS and AES) where recorded using a Scienta SES 200
electron spectrometer that consists of a 200 mm radius hemispherical analyzer incorporating a multichannel detection system and a retarding electron lens 144 . For core-level studies
of water and ice, typically a resolution in the order of 100 meV is enough to match the
lifetime broadening in case vibrational information is to be resolved. The analyzer can be
operated in high transmission mode with a rather direct relationship between resolution
and intensity. More speciﬁcally, the lens system (see ﬁgure) uses high voltage electrodes to
both accelerate/retard the incoming electrons to a constant kinetic energy (pass energy)
and focus the electron beam onto a slit before the hemisphere. The hemispherical analyser
disperses the electrons onto the detector. The combination of slit openings (i.e. from 0.2
mm to 8 mm) and pass energies (2 eV to 500 eV) deﬁnes the resolution and intensity at
the detector. Typically, the desired resolution (∼ 100 meV) in this work is reached at 75
or 150 eV pass energies with moderate slit openings (0.8 mm). Larger slits and higher pass
energies give lower resolution. This is especially important for XAS measurements where
a high pass energy (500 eV) gives a rather large kinetic energy “window” onto the MCP
detector (area 40 mm×40 mm), which can be used to collect the broad Auger electron
yield without sweeping over diﬀerent kinetic energies . One the other end, resolution as
high as 2.7 meV can be obtained using 2 eV pass energy and a small slit (0.2 mm) 144 .
The detector consists of two channel plates in tandem and a phosphorus screen. A CCD
camera registers the light pulses. In this so-called grey-scale mode, where more than one
electron can be counted for each pixel, it is important to consider the non-linear response
of the detector system due to multiple counting and saturation eﬀects 145 .
The XES spectra are measured with a grazing incidence spectrometer 146–148 . The
spectrometer consists of three gratings with diﬀerent line densities (300, 400, and 1200
l mm−1 ) and optimized blaze angles to cover a spectral range between 50 and 1000 eV.
 The Auger electron yield and the Secondary electron yield relies on deﬁning a kinetic energy “window”,
as described in 3.1.3, which cannot be achieved with simple TEY and PEY detectors.
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The spherically shaped gratings are situated in a Rowland mounting with a 1:1 imaging
ratio. The resolution is limited by a number of factors: the limited channel width (40 µm),
the entrance slit width, spherical abberations, misalignments, etc. The energy resolution
can be controlled by changing the entrance slit width. For small slits the eﬀect of nonperfect imaging (spherical aberration) is important, which can be reduced by reducing
the illuminated area on the grating. However, reducing the illuminated grating area also
increases the diﬀraction limited resolution. Overall, for small slit widths the resolving
power is around 1000, and in this work the O1s XES spectra have been measured at
0.7 eV resolution. The detector-system consists of a stack of ﬁve MCPs of 40 mm creating
a multiplied electron cascade that is accelerated by high voltage diﬀerence to a resistive
anode with xy-coordinate readout. The dispersive direction has 1024 channels and has
been divided into 32 “slices” perpendicular to the dispersive direction. As depicted in
Figure 3.13, astigmatic aberrations produce a curved line shape on the detector. This is
eﬀectively taken care of by 2-dimensional readout, by summing aligned (energy shifted)
slices. To increase the eﬃciency of the detector the ﬁrst MCP is covered by a few thousand
Å thick layer of CsI.
The partial yield XAS detector has a more simple design, collecting the total signal
of all electrons impinging on the MCP. A grid in front of the MCP is used to block
slow photoelectrons and secondary electrons by applying an electrostatic bias. In this
Partial Electron Yield mode (PEY), Auger-electrons from the corresponding core-hole
decay give the dominant signal. As was mentioned before, the AEY mode using the
electron spectrometer has been used for most XAS studies in this work.

3.3.5

Sample preparation

A number of established surface science tools are attached to the UHV preparation chamber, and the sample holder ﬁxed on a manipulator rod which allows for xyz translation
as well as rotation around the axis deﬁned by the light source direction. The preparation
chamber contains standard surface science equipment for sample characterization (an ionsputter gun, a gas inlet system, evaporators, a mass spectrometer and a LEED system).
Details about LEED temperature desorption spectroscopy can be found in any introductory text in surface science 149 . Instead, we will have a closer look at the sample setup and
surface preparation.
In Figure 3.14, we show a schematic picture of the sample setup used in this work,
where the Pt(111) single crystal is mounted onto a Cu block via a pair of Ta (W) wires.
The Cu plate is electrically isolated from the sample holder by a sapphire spacer, and thus
a voltage can be applied. Temperatures between 30 and 1500 K can be achieved through
cooling with liquid N2 (He) and heating performed by electron bombardment. The liquid
N2 boils oﬀ at the manipulator side of the sample holder (right in ﬁgure). At this point
the temperature is basically at the boiling point (72 K). Heat losses deﬁnes the sample
temperature and a low temperature relies in particular on a high thermal conductivity
of the sapphire plate that isolates the sample electronically. The losses are minimized
by a thin Au foils in the joints (Cu-sapphire, Cu-Cu), allowing for a minimum sample
temperature of about 90K (30 K for He). Heating by electron bombardment of the sample
is obtained by resistive heating of Ta (or W) ﬁlaments. A moderate (a few hundred Volts)
positive bias accelerates the electrons onto the crystal. Temperature is measured by Type
K thermocouples, consisting of a Chromel wire and an Alumel wire jointly spot welded
onto the sample. The voltage readout is tabulated and oﬀers a wide measurement range
with good temperature precision (a few K for low temperatures).
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Figure 3.14: Illustration of the sample setup at the surface end-station at BLI511 (see text for
details).

The sample preparation involves a number of steps to obtain a well deﬁned surface
under reproducible conditions. The Pt(111) single crystal was cleaned by argon-ion sputtering, ﬁlling the chamber with 10−6 torr of Ar, ionized in the sputter gun and accelerated
with about 1 keV onto the sample surface. This procedure removes the ﬁrst few layers
of the substrate. An ordered and smooth surface is then obtained by heating the sample
up to about 1000 K, allowing for the metal atoms to rearrange into the well deﬁned (lowest energy) Pt(111) surface. This is done in repeated sputter-anneal cycles, until a clear
hexagonal LEED pattern is seen (verifying the roughness) and a contaminant free surface
is obtained (veriﬁed by XPS, in general less than 1 % of a monolayer).
A pulsed gas delivery system allows an accurate deposition of gases in a reproducible
manner. The gas-inlet system is back-ﬁlled with about 1 torr of e.g. gas-phase water, and
a fast valve allows slow deposition of the gas-phase molecules with a small partial pressure
inside the chamber. In this way, the water overlayers and ice ﬁlms are epitaxially grown
at the Pt(111) surface, deposited at 125 K at a speed of approximately one BL per minute
to produce crystalline ice Ih in a layer-by-layer mode. This was used for the preparation
of the 10 and 100 Å thick ice ﬁlms with the precision ±5 %. The single layer of water
was obtained by annealing a water multi-layer to 140 K. NH3 termination was achieved
by dosing on top of the ice ﬁlm a saturated layer of NH3 above its multi-layer desorption
temperature. The thickness of the ﬁlms was calibrated with TDS and XPS.
Due to the high photon ﬂux from the synchrotron light source, the sample is subject to
beam damage during acquisition. For ice, the beam damage is mainly due to photo-induced
and electron induced desorption of H+ and H at the surface of the ice ﬁlm 61,73 . The OH
species produced in this process has a clear signature in the x-ray absorption spectrum of
ice at around 532 eV. By illuminating the ice ﬁlm with a known ﬂux for a deﬁned time,
followed by XAS measurements at extremely low ﬂux, an upper limit of photons per unit
area could be calibrated. The photon ﬂux is then set (by using smaller exit slits) so to have
negligible beam damage. The motorized control of the manipulator oﬀers a possibility to
scan the sample during measurements, which eﬀectively reduces the beam damage, and
is a prerequisite for the XES measurements of the water/Pt(111) system. D2 O has less
beam damage and therefore oﬀers an advantage over H2 O for measurements when isotope
eﬀects are negligible.
Another problem with the high photon ﬂux is that, even though the sample is grounded,
we can run into problems of charge-up. Charge-up is a consequence of the large number
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of generated electrons 55 following core-hole excitation as described in section 2.5. As ice
is a poor electronic conductor, the ground cannot eﬃciently “draw the current” needed
to neutralize the sample, hence charge-up follows. An electron leaving from inside the ice
sample will experience a local positive potential, eﬀectively lowering the kinetic energy.
On a binding energy scale, this can be observed as a shift and broadening of the PES peak
to higher binding energies. However, since the Pt Fermi level is detectable for a thin ice
ﬁlm, we might control this shift, and if reliable, shift the corresponding spectra relative to
the Fermi level. This is one of several reasons to keep the ﬁlm thin.

Chapter 4

Results
In this chapter we will brieﬂy discuss the ﬁndings in Papers I-VI. Results on the structure
and chemical bonding are summarized in the ﬁrst section (Papers I-IV), followed by a
dynamical part dealing with excited state dynamics as probed via the core hole decay
(Papers V,VI).

4.1

Structure and Chemical Bonding

4.1.1

Nature of the Hydrogen Bond in Ice

In Paper I, we combine PES and XES with DFT to derive an experimentally based molecular orbital picture of the hydrogen bond in ice. An electrostatic model based on only
charge induction from the surrounding medium fails to properly describe the internal
charge redistributions upon hydrogen bonding. We ﬁnd that the hydrogen bond involves
charge transfer from the oxygen lone pair to the OH anti-bonding orbitals on neighboring
molecules. Together with internal s-p rehybridizations this minimizes the repulsive charge
overlap of the connecting oxygen and hydrogen atoms, which is essential for a strong
attractive electrostatic interaction.
In Figure 4.1, the occupied valence structure as probed by XES and PES for ice compared with gas-phase water is shown. We note the trends in the XES spectra that have
been observed also in previous studies of ice 151 and water 150 . Upon ice formation, the
1b1 orbital is broadened in energy and the 3a1 intensity has almost disappeared∗ . Using
PES, we can exploit the diﬀerent photon energy dependence of the atomic photoionization
cross-section 152 between O2s and O2p to enhance the local O2s features. The enhanced
3a1 intensity is clearly seen in the bottom spectra (532 eV), splitted in two peaks.
The calculated XES spectrum is shown in the right part of the ﬁgure with the individual
pi components resolved† and the local O2s character (dashed spectrum) provided by the
r2 operator‡ . We have derived the charge occupation of the water MOs integrating the
calculated components and compared them with the integrated intensities for the gasphase water molecule (diﬀerence from the gas-phase occupancy is given in parenthesis).
∗ Recall

the dipole selection rule causing only O2p contributions to the MO.
symmetry axis is the same as in Figure 2.1 at page 20.
‡ This does not correspond to a physical operator in the XES process, but is a convenient way to deduce
the s character.
† The
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Figure 4.1: (left) XE and PE spectra of ice. The XE spectrum is compared to gas-phase water from Ref 150 (right) Calculated XE spectra of a 44 molecules ice cluster. Each
component is separately displayed together with the integrated XES population.

For the p contribution, we note that the lone pair 1b2 orbital (which is fully occupied in
the free molecule) has lost charge in ice. Part of the lone-pair charge is transferred to the
unoccupied space upon ice formation 153 , and we observe some px and pz contributions in
the 1b1 energy range (see enhanced parts of the spectra), partly responsible for the gain of
charge occupancy in 3a1 and 1b2 . The local s-contribution closely matches the enhanced
spectral features in the PE spectrum measured at 532 eV. There is a slight decrease of
s-character in the 3a1 orbital, consistent with the s-p rehybridizations as we will see below.
To investigate the diﬀerent orbital interactions, we have performed a step-wise relaxation of the molecular orbitals (MO) upon ice formation in a constrained space orbital
variation (CSOV) analysis. The spectral changes and bonding energetics are shown in
Figure 4.2 for the consecutive steps: gas-phase water (A, gas-phase), frozen gas-phase
MO structure allowing exchange (repulsion) and Coulomb (electrostatic) interactions for
all electrons but no orbital relaxation (B, frozen), intra-molecular orbital interaction, i.e.
internal polarization due to the ﬁeld of the surrounding molecules (C, polarized), and
ﬁnally the fully relaxed orbital conﬁguration allowing intermolecular charge transfer (D,
relaxed).
The last two steps (C,D) are accompanied by charge density diﬀerence (CDD) plots
with respect to the frozen (B) conﬁguration (Note that the CDD plots are shown for an
8 water molecule cluster to access both the px and pz planes). In connection with the
information in previous section and Figure 4.1, we list the most important information in
the CSOV steps.
B. In the ﬁrst (frozen) step there is a positive interaction energy (+0.11 eV) implying
that the Pauli repulsion from fully occupied orbitals at the short H-bond distance
(2.75 Å) is larger than the attractive electrostatic interactions. No spectral changes
compared to the gas-phase are seen.
C. When we turn on intra-molecular polarization, the interaction energy is lowered by
0.09 eV but no net bonding is obtained. In the CDD plot, we observe an expected
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Figure 4.2: CSOV analysis of tetrahedral H2 O pentamer. XE spectra and interaction energy are
shown for each step. CDD plots are shown for the last two steps compared to the
frozen conﬁguration for an 8 molecule cluster.

polarization of charge in the lone pair orbital towards the H-bonded hydrogen atom.
However, no signiﬁcant spectral changes compared with the free molecule are seen,
and the agreement with the experimental high-energy PES and the fully relaxed theoretical XES spectra is poor. The disagreement in energetics and electronic structure
suggests that a simple electrostatic picture is not suﬃcient to describe the H-bond
formation in ice.
D. Allowing intermolecular charge transfer, the interaction energy −0.23 eV is considerably lowered and close to the zero-point corrected value for the H-bond energy
per bond in ice, 0.306 eV 154 . We observe a dramatic decrease of charge density on
the lone-pairs of the acceptor molecule, which is consistent with the loss of charge
occupancy in 1b2 (Fig. 4.1). The increase in the 1b1 orbital population is seen as
charge that builds up along the OH bond direction (px plane). Decrease of charge
on the hydrogen atoms and the total gain of charge on the oxygen atom (Fig. 4.1) is
responsible for the increased water dipole moment in ice (see section 2.4). The small
additional charge between the H-bonding units is important for the water dipole
moment, and could also indicate electron pairing. However, comparing the amount
of accumulated charge in H-bond “center” (see ﬁgure) to a similar CDD analysis
for H2 , we ﬁnd that the water electron pairing is only about 1% of the H2 ditto.
We therefore conclude that the electron pairing contribution is not responsible for
the main changes in the charge distribution due to H-bonding. If we turn to the
XES spectrum, we see that it is only in this last step the experimentally observed
splitting in the 3a1 region is reproduced (high-energy PES). Due to the spatial distributions, the lone pair 1b2 orbital will interact mainly with the OH 1b1 , whereas
the 3a1 will interact primarily with other 3a1 . This interaction leads to formation
of a band, split into a bonding and anti-bonding combination of 3a1 orbitals from
the two water molecules in the unit cell.
The observed loss of charge on the hydrogen atoms and the lone pair orbital, immediately indicates charge redistribution due to Pauli repulsion. Besides the observed splitting

60

Results

of the 3a1 orbital, an additional s-p rehybridization is observed as a decrease of the oxygen s and increase of p character in ﬁgure 4.1. The charge density is moved from outside
to inside the molecule along the OH bond; Stronger internal bonding character and less
Pauli repulsion follows (see Paper I for details). The interaction of the lone pair 1b2 orbital
with the 1b1 and 3a1 orbitals is described in terms of charge transfer between the water
molecules in analogy with Weinhold’s natural bond orbital analysis§ for the water dimer,
yielding similar results 11 .
In summary, the experimental XES and PES spectra and the derived charge occupancy cannot be described using a simple electrostatic model. It is essential to include
intermolecular charge transfer between the lone pair orbital and OH anti-bonding orbitals
together with internal s-p rehybridization in order to completely describe the changes in
the electronic structure and energetics upon H-bond formation. In particular, the charge
rearrangements reduce the Pauli repulsion in order to allow for a stronger electrostatic
interaction.

4.1.2

Surface Structure of Ice

The changes in the electronic structure upon ice formation are even more pronounced for
the unoccupied orbitals 19 . The s-p rehybridization eliminates most of the p-character of
the 4a1 state, and a complete mixing of the px and pz forms a conduction band delocalized
over many water molecules. We saw in the last section that the occupied valence orbitals
are polarized towards the oxygen atoms. The orthogonality condition of the orbitals correspondingly cause the anti-bonding OH orbitals 4a1 and 2b2 to be polarized towards
the hydrogen atoms, which provides a strong sensitivity of the unoccupied orbitals upon
local coordination on the donor side of the molecules. In particular, molecules with an
uncoordinated OH group (one intact and one broken donor H-bond, denoted single donor
species) have electronic states localized along the free OH group that are responsible for
a strong anisotropic pre-edge intensity in the XA spectrum.
We have explored this sensitivity in Paper II in a combined XAS and DFT study of
thin ice ﬁlms. Using diﬀerent probing depths together with spectral calculations based
on density functional theory, the spectra are interpreted in terms of the structure of
surface, subsurface and bulk regions. We ﬁnd a distorted subsurface region and a topmost
layer with a large abundance of almost isotropic free OH groups, inconsistent with an
unreconstructed (0001) surface.
In Figure 4.3, the experimental spectra measured in diﬀerent modes are presented (see
section 3.1.3), together with a number of theoretical model spectra. The most bulksensitive SEY mode spectrum shows a pronounced maximum at 540.5 eVand weaker
structures at the pre- (535 eV) and main-edges (537 eV). The strong maximum intensity indicates the conduction band for the bulk-ice molecules in tetrahedral symmetry 19 .
The most surface sensitive GAEY spectrum has a broader maximum and signiﬁcant preand main-edge, attributed to molecules with one free OH at the surface (SD species),
consistent with earlier studies 19,33,153 . Due to the intermediate probing depth, the normal
emission AEY mode represents the subsurface region with contributions from the surface
and the bulk. Some of the intensity close to 540.5 eV in the AEY spectrum is certainly
due to tetrahedrally coordinated molecules in the bulk but this maximum is much broader
§ Brieﬂy

mentioned in section 2.4
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Figure 4.3: (left) Experimental XA spectra of the ice surface measured in diﬀerent modes (bulk
sensitive SEY, intermediate probing depth AEY and surface sensitive GAEY, see
text) and diﬀerent geometries (solid line: out-of-plane, dashed line: in-plane). (right)
Model spectra from DFT calculations for single donor (SD), single acceptor (SA) and
4-coordinated (4-coord) species. Note that in the calculations an 11-water molecule
cluster was used.

than in the bulk-dominated SEY spectrum. The broadening indicates a distortion of the
hexagonal lattice in the ﬁrst few bilayers in the subsurface region as discussed in more
detail below.
The theoretical XA spectra are calculated using an 11-water molecule cluster (see section 3.2.1). Three local conﬁgurations are shown: fully coordinated molecules (4-coord),
SD species without H-bond on one H-side and water molecules without H-bond on one accepting (O) side (single acceptor, SA). The free OH of the SD species is assumed along the
out-of-plane direction in the model. Note the sharp pre-edge feature close to 535 eV with
strong directionality (large diﬀerence between in and out-of-plane excitation). The spectrum of fully coordinated molecules (Fig. 2b, 4-coord) exhibits a maximum at 540.5 eV
in agreement with experiment. Upon distortion of the distances to the nearest neighbor
molecules of the order ±0.25 Å, this maximum is broadened and shifts in energy (3 representative cases are shown in the ﬁgure, 4-coord distort.). Breaking an H-bond on the
acceptor side (SA conﬁguration) results in a spectrum similar to that for fully coordinated
molecules. In light of the strong angular anisotropy of the SD XAS spectra, the diﬀerence
in the pre-edge feature between the experimental GAEY spectra for in and out-of-plane
excitation of the bare ice surface (Fig. 1a) is surprisingly small.
In Figure 4.4 we show the expected spectrum for an unreconstructed full bilayer terminated (0001) surface with 50 % SD and 50 % SA in the top half BL (as suggested by
several groups, e.g. Refs 25,26 ) and the best ﬁt∗ to the experimental spectra. The calculated spectra for an unreconstructed ice surface do not agree with the measured spectra.
∗ The

observation that species with one free OH are almost isotropically oriented at the surface, leads
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Figure 4.4: Theoretical GAEY spectra for the unreconstructed ice model (upper spectra), generated according to the ideal full bilayer terminated (0001) with the expected 50% SD
and 50% SA species in the top half bilayer. The lower spectra are the best ﬁt to the
experimental spectra with contribution within the top half bilayer given to the right

In contrast to experiment we observe a strong directionality of the pre-edge for this model.
Furthermore, the total pre-edge intensity (sum of in and out-of-plane pre-edge intensities)
is too low and the maximum at 540.5 eV too sharp and pronounced. The ﬁtted amount
of SD species from the experiment in the top half BL (62 % + 15 % = 77 %, Tab. 1) is
substantially larger than the 50 % of SD species at the unreconstructed ice surface model.
We ﬁnd the best ﬁts for AEY (not shown) by using a large fraction of 4-coordinated
molecules with static distortions in H-bond lengths (O-O distances) of the order of ±0.25 Å
(see 4-coord distort. in Fig. 4.4). This explains the observed broadening of the maximum
peak at 540.5 eV for AEY (and GAEY) in contrast to SEY. Angular distortions give
similar eﬀects. Our estimation of a ∼ 2 BL thick subsurface region is consistent with
recent studies 25,26,28,29 and the suggested static H-bond length distortions are similar
to the ascribed rms vibrational amplitudes in Refs 25,26 . Note that summing a broad
vibrational distribution (rms ∼ 0.25 Å, see Refs 25,26 ) of O-O distances around the perfect
lattice positions does not provide the substantial broadening seen in the experiments.
Mean positions corresponding to a distorted subsurface are required.
The large measured total pre-edge intensity indicates that the top layer exposes more
molecules with one free OH than the 50 % given by a proton disordered full bilayer
termination. To account for this (see Paper II for details), an alternative surface structure
of thin ice Ih ﬁlms is needed. Given that the full bilayer termination maximizes the number
of hydrogen bonds per molecule, a reconstructed surface will in general have an increased
abundance of SD species as required by the experiments. An alternative termination with
more SD species can be anticipated to take many diﬀerent forms due to the low cost to
form and break hydrogen bonds. The presence of single water ad-molecules 155 , ring-like
structures 28,29 or other aggregates 156 must all be considered. It is clear, however, that
any structural model of the ice surface has to take into account both the abundance of SD
species and the near isotropic distribution of the free OH bonds at the surface.
In summary, the large intensity and the weak angular dependence of the XA pre-edge
peak, associated with molecules with one uncoordinated OH with no directional preference,
us to model the in-plane pre-edge intensity by the simulated total SD spectrum and to apply this for the
isotropic part of the out-of-plane spectrum. The extra intensity in the experimental out-of-plane spectrum
is modeled by the out-of-plane spectra of SD species in Fig. 4.4
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rule out an unreconstructed ice surface. Fitting the XA spectra with calculated model
spectra indicates more SD species (with an almost isotropic distribution of orientations)
than the 50 % expected for a proton disordered ideal bulk-terminated surface. To explain
this, an alternative termination of the ice surface with large abundance of free OH groups
is needed.

4.1.3

Local Structure of Liquid Water

The sensitivity of x-ray absorption to diﬀerent H-bonding conﬁgurations of water, exampliﬁed in the previous section, provides a tool to approach the more complex case of liquid
water. In Paper III, XAS and XRS∗ of liquid water is characterized by comparison with
experimental bulk and surface model spectra as derived in 3.1.3, together with a detailed
analysis based on DFT spectral calculations. We ﬁnd that most molecules in liquid water
are in two-hydrogen-bonded conﬁgurations with one strong donor and one strong acceptor hydrogen bond. Upon heating from room temperature to 90◦ C, only 5 − 10 % of
the molecules change from local tetrahedral-like conﬁgurations to two-hydrogen-bonded
conﬁgurations.
The main results of Paper III are presented in Figure 4.5 where (from left to right) the
experiment, spectral calculation and H-bond criteria are shown. The topmost ice surface
spectrum is dominated by molecules with one free OH ( 80% according to the previous
section)† . We recall that the pre-edge (535 eV) and main-edge (537 eV) intensities in
the ice surface spectrum are due to free OH groups, and the continuum centered around
540.5 eV arises from water molecules in a local tetrahedral conﬁguration.
From a direct comparison of the experimental spectra, it is clear that the liquid water
XA spectrum is very diﬀerent from that of tetrahedrally coordinated water molecules in
bulk ice. Instead, the liquid water spectrum closely resembles that for the ice surface.
In particular, the signiﬁcant pre-edge (535 eV) and main-edge (537 eV) intensities are
similar in magnitude, and the signature of tetrahedral coordination (continuum peak at
∼ 540.5 eV) is very weak. Within 20% error bars, we estimate that 80% of the the
water molecules at room temperature have a local conﬁguration exhibiting one free OH.
Although the changes between 25◦ C and 90◦ C (XRS spectra, solid and dashed line) are
very small, the sensitivity of x-ray absorption to broken conﬁgurations in water allows
for an experimental quantiﬁcation and interpretation of this diﬀerence. The diﬀerence
spectrum (90◦ C−25◦ C, top of experiment) of the XRS spectra is almost identical to the
diﬀerence between the ice bulk and room temperature spectra, if scaled by a factor 10.
Consequently, upon heating from room temperature to 25◦ C, an additional 5 to 10% of
the water molecules change from tetrahedral coordination to broken conﬁgurations with
one free OH.
A detailed analysis of spectral calculations for diﬀerent local conﬁgurations provides
a more detailed picture of this phenomenological ﬁnding. As was shown in section 3.2.1,
∗ X-ray

raman scattering can be used to obtain the same spectral information as XAS, see Paper III.
saw in the last section that the exact local conﬁguration at the ice surface raises questions. The
estimate of ∼ 80% SD species was reached using a combination of experiment and theory. However, this
value is consistent with a purely experimentally derived value. For a given assumption of SD abundance,
generation of model spectra for the topmost surface molecules with or without NH3 termination, subsurface, and bulk regions can be performed. It turns out that values other than 80% ±10% give unphysical
or contradictive spectra. If this is still questioned, one should recall that there is consensus that 50%
or more of the molecules at the surface have one free OH group. A perfect proton-disordered unreconstructed (0001) surface would exhibit 50 % molecules with one free OH (SD species). Any other surface
(reconstructed or disordered) assuming proton disorder will exhibit more SD species.
† We
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Figure 4.5: (left) Experimental spectra for ice bulk, ice surface and liquid water. At the top,
the diﬀerence spectrum between liquid water and ice bulk is compared to the difference spectrum between 90◦ Cand 25◦ C. (middle,right) Calculated spectra from an
11-molecule cluster where the positions of water groups on the two donor sides are
represented by a set (Xi ,Xj ) according to the H-bond criteria shown on the right. The
orbital plot corresponds to the pre-edge state for a cluster with one free OH (A1 ).
See text for details.

a small cluster of 11 molecules where the ﬁrst coordination shell plus part of the second
shell (saturating the dangling OH groups of the ﬁrst shell), gives an accurate description
of all salient features when compared to known experimental model spectra. As x-ray
absorption is sensitive to distortions of H-bonds on the donor side 19 , we performed a
systematic variation of O-O distances and angular deviations of water groups on each of
the two donor sides of the central water molecule in the cluster as depicted in the Figure
(H-bond critera, top). Each conﬁguration can thus be represented by two points in the
(r,Φ) space, where r is the distance between the central molecule and the H-bonded water
molecule, and Φ is the angular deviation from the tetrahedral coordination in bulk ice.
Spectral calculations for a few selected conﬁgurations are shown in the ﬁgure, where the
notation of the diﬀerent points ({Ai ,Aj }, {Ai ,Bj } and {Bi ,Bj }) are used to classify local
conﬁgurations given the listed observations and motivation below.
• No combination (Ai , Aj ) gives signiﬁcant pre-edge intensity. Conﬁguration (A1 ,A1 )
represent the tetrahedral coordination in ice and shows a maximum close to 540.5
eV similar to the experimental bulk ice spectra. Intermediate elongation on one
H-bond side (A1 ,A3 ) smears out the maximum.
• Crossing the boundary between zones A and B for one H-bond, marks the transition
between conﬁgurations with a well deﬁned pre-edge structure for which one completely free OH group is the extreme case (A1 ). A pre-edge peak at 535 eV emerges
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upon elongation (A1 , B1 ) or large angular deviations (A1 ,B4 ) of one of the H-bonds,
but the intensity of the pre-edge is rather insensitive to distortions of the water on
the other H-bond side as long as it stays within zone A, e.g. (A3 , B1 ). A rather
intense main edge is seen for all combinations within this group.
• For large elongations or angular deviations of both H-bonds, e.g. ({B2 ,B2 }, the
spectra show two distinct peaks similar to the spectrum of gas phase water.
The pre-edge intensities for a single donor conﬁguration are due to excitations to unoccupied antibonding orbitals that are localized along the internal OH bond (bottom of
ﬁgure, H-bond criteria). The presence of a water molecule in the proximity of this orbital
will remove the local p-character of this state and thus the pre-edge intensity. Changes to
this orbital and thereby the corresponding spectral feature explains the sensitivity of x-ray
absorption to H-bond distortions on the H-side, and forms the physical basis for a classiﬁcation of broken hydrogen bonds in terms of pre-edge intensity. Based on a large number
of conﬁgurations and our criteria of a distinct pre-edge as a broken H-bond conﬁguration,
we can map out the cut-oﬀ for H-bonding in terms of the boundary between zones A
and B.‡ Accordingly, we deﬁne three groups of conﬁgurations in the liquid: double-donor
(DD) conﬁgurations with two intact (strong) donor H-bonds ({Ai ,Aj }), single-donor (SD)
conﬁgurations with one intact (strong) and one broken (weak) H-bond ({Ai ,Bj }), and
non-donor (ND) conﬁgurations with two broken (weak) donor H-bonds ({Bi ,Bj }).
Only the calculated spectra for SD conﬁgurations exhibit the features observed in the
experimental liquid water spectrum (pre-edge close to 535 eV and strong main edge close
to 537). This results suggests that asymetric SD species with one strong and one broken
donor H-bond dominate the liquid water structure, an observation consistent with our
phenomenological ﬁnding. In a detailed analysis, where sums of calculated spectra within
DD, SD, and ND groups are ﬁtted to the experimental spectra, the relative amounts (in
percent) of local conﬁgurations in water are§ : 15 +25
−15 DD, 80 ± 20 SD, and 5 ± 5 ND species
+15
for room temperature liquid water and corresponding amounts 10 +25
−10 , 85 −20 , and 5 ± 5
for hot water. This is in line with the above observation and in close agreement with the
previously described analysis based on model experimental spectra. Symmetry arguments
imply that, with a dominant amount of molecules in SD conﬁgurations, most molecules
must in addition have a broken acceptor H-bond. This entails that within the H-bond
deﬁnition given here (see ﬁgure 4.5), each molecule has on average 2.2 ± 0.5 (2.1 ± 0.5)
H-bonds at 25◦ C (90◦ C).
Experimental results of the hydrogen-bonded network structure in water have in the
past mainly relied on neutron and x-ray diﬀraction data 21 . Figure 4.5 shows three model
conﬁgurations for which calculated XA and RDFs are compared to the experimental XA
spectrum and to experimental RDFs based on neutron diﬀraction data 48¶ . Models XAbend
and XAelong both use a balance of DD:SD:ND= 10 : 85 : 5, where the XAbend has a larger
portion of broken H-bonds due to bending, and XAelong has more elongated bonds. Model
MDSPC is the local distributions given by classical MD simulations using ﬂexible SPC 158
with the balance of species DD:SD:ND= 10 : 85 : 5. Whereas both XAbend and XAelong
reproduce the XA spectrum, the MD simulation gives very poor agreement: no pre-edge
intensity (due to the low abundance of SD species) and too much intensity around 540 eV
‡ This is similar to the conventional cut-oﬀ used in the analysis of MD simulations 157 , but with a
smaller cut-oﬀ radius for bent H-bonds.
§ For details see Paper III
¶ The neutron O-O RDF is very similar to the most recently derived O-O RDF from x-ray diﬀraction 49
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Figure 4.6: Three diﬀerent model conﬁgurations XAelong , XAbend and MDSPC compared to experimental (dotted lines) XA spectra and RDFs of liquid water (see text). The balance
of DD, SD and ND species is based on the H-bond criterium in Figure 4.5. The MD
simulations shows poor agreement with the experimental XA spetrum due to the low
abundance of SD species. Both XAelong and XAbond reproduces the XA spectrum,
but broken bonds due to bending gives a better agreement with the RDFs.

(due to DD species). The XAbend model provides better agreement with the RDF within
the ﬁrst coordination shell. For example, XAelong overemphasizes the contributions around
3.5 (gOO (r)) and 2.5 Å (gOH (r)). Combining XA and diﬀraction therefore suggests that
the H-bonds are predominately broken by bending rather than elongation. For the MD
simulation, the number of broken hydrogen bonds is incompatible with the XA spectrum.
This is true also for other classical potentials such as MCYL 159 , as well as for ab initio
Car-Parinello MD 17 (for details, see Paper III).
Thus, combining the new XA results with the O-O and OH RDFs gives a strong limit
for possible local structure distributions in liquid water, and serious discrepancies with
structures based on molecular dynamics are observed. The local conﬁguration of water
is found to consist mainly of structures with two strong H-bonds, one donating and one
accepting. It implies that most water molecules are arranged in strongly H-bonded chains
or rings connected by weak H-bonds.

4.1.4

Structure and Bonding of Water on Pt(111)

As was mentioned in section 2.4.3, the standard bilayer model of water adsorption on closepacked metal surfaces has been questioned in recent studies∗ . In Paper IV, we combined
PES, XAS, and XES and DFT calculations to address the structure and bonding of water
on Pt(111). All the water molecules are found to bind directly to the surface in a weakly
∗ For ruthenium, smaller vertical displacement between the water molecules (0.15 Å compared to 0.96
Å for the bilayer structure) was found using LEED 39 , interpreted as a partial dissociation using DFT 40 .

4.1 Structure and Chemical Bonding

dissociation

Buckled Bilayer

67

Flat Bilayer

M-O, M-H-O

0

PES

Pt 4f7/2

-5

-10

-15

XAS

S

Int. [arb. units]

E
clean Pt(111)

B
H-up

O 1s

H-down

B
S

water / Pt(111)
534

532

530

72

Binding Energy (BE) /eV

71

70

exp
530

535

540

545

550

Photon Energy /eV

Figure 4.7: XPS and XAS of water on Pt(111). The O1s peak, recorded using 640 eV photon
energy, consists of two equally intense components (water species) split by about
0.4 eV, as deduced by a curve ﬁtting analysis using asymetric Voigt functions. 2/3 of
the surface core level shifted component of the Pt 4f spectrum for the clean surface (see
section 3.1.2), is shifted towards higher binding energies upon water adsorption. To
the right, computed XA spectra (pz component) of the weakly corrugated ice structure
with uncoordinated OH toward the vacuum (H-up) and toward the substrate (Hdown). The H-down spectrum is in agreement with the experimental XAS spectrum
(bottom, right). From these data, a weakly corrugated ice structure with alternating
oxygen and hydrogen bonding water molecules is deduced (see text).

corrugated overlayer network of non-dissociated water molecules. The water molecules are
adsorbed through alternating metal-oxygen and metal-hydrogen bonds.
In the following, we will see how XPS and XAS were used as structural tools to deduce
the coordination of water molecules to the Pt(111) surface and determine the orientation
of the OH bonds. Figure 4.7 presents core-level XPS spectra for clean and water covered
Pt(111) (left) and XAS spetrum taken with the E-vector out-of-plane with respect to the
Pt(111) surface. We ﬁnd that
• The O1s XPS measurement of water on Pt(111) shows one broad peak, indicating two
chemically shifted O1s components. The absolute energy and small chemical shift
(upper limit 0.8 eV) are indicative of non-dissociative water adsorption (compare
the compilation of non-dissociative XPS binding energies 36 (page 16) to typical OH
binding energies).
• The core-level shifted Pt 4f surface component for clean Pt(111) (see section 3.1.2),
is shifted back towards the bulk value upon coordination to water molecules. From
the change in intensity of the surface component, we estimate that 2/3 (±10%) of
the surface Pt(111) atoms are coordinated to water molecules, which corresponds to
the saturation coverage of the hexagonal overlayer. This indicates a weakly corrugated ice layer, supported by noncompatible computed O1s binding energies for the
bilayer structure. Furthermore, a theoretical geometry optimization (see Paper IV
for details) leads to a weakly corrugated layer where each water molecule has three
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hydrogen bonds. Consequently, every second water will have an OH group that is
coordinated either to the metal (H-up) or towards the surface (H-down).
• Computed and experimental XA spectra for out-of-plane excitations are shown in the
Figure (XAS, right). Two diﬀerent overlayer structures are considered: The H-up
structure has free OH directed towards the vacuum and consequently a low-energy
feature (536.5 eV) assignable to orbitals localized along the free OH group (In last
two sections, the sensitivity of x-ray adsorption to broken hydrogen bonds on the
donor side has been demonstrated). For the H-down conﬁguration, the peaks are
broadened and lose intensity due to interactions with the Pt surface. A comparison
with the experimental spectrum shows that the pronounced feature at 536.5 eV in
the calculation is missing. Supported by a good agreement of computed O1s binding
energies, an H-down model where every second water binds to the water metal via
its hydrogen is demonstrated.
To see how water bonds to the metal surface via its hydrogen, we consider the local
valence electronic structure projected along the out-of-plane direction for the two diﬀerent
water molecules in Figure 4.8. The ﬁgure shows (from left to right): the experimental pz
projected XES spectra, Charge Density Diﬀerence (CDD) plots, and schematic bonding
picture for the Pt-O (upper) and Pt-HO (lower) bonded water molecules. The interaction
of the oxygen lone pair (1b1 ) orbital of the Pt-O bonding species with the Pt d band,
results in bonding and antibonding combinations. The bonding combination is found as
the strong asymmetric peak between 6-15 eV in the XES spectrum. In order to minimize
the Pauli repulsion the charge density is decreased along the bond (CDD plot). The
antibonding combination is partly occupied (weak 4 eV feature in the XES spectrum),
but is mainly observed in the XAS spectrum as the peak at 532 eV. In order to eﬃciently
bond to both the metal and another water molecule in the overlayer network, localized OH
orbitals are formed in a substantial rehybridization of the molecular orbitals. The bonding
to the metal involves three atoms in the interaction and results in three molecular orbitals
that are diﬀerent in the number of nodes (see schematic picture). The middle orbital (nonbonding) is essentially of pure pz character with a node between the O and Pt, resulting
in a rather sharp peak at 5 eV in the spectrum. The other two orbitals reside above
and below this state with rather weak intensities in the O1s XE and XA spectra (mainly
hydrogen character). In the CDD plot, we observe the increase of density between the
H and Pt atoms (electron pairing) and a decrease on the H atom along the OH bond,
resulting in a bonding Pt-HO formation and a weakening of the water internal OH bond.
Our studies thus show that water is adsorbed intact in a weakly corrugated layer on
Pt(111), forming both oxygen bonding and hydrogen bonding to the surface. The unique
non-tetrahedral arrangement of weakly corrugated ice to allow both M-O and the unusual
M-HO bonding is the key to understanding the reactions of water on surfaces. The M-HO
bonding results from the balance between M-H bond formation and OH bond weakening.
On a metal surface that has a suﬃciently high hydrogen aﬃnity OH bond cleavage of H2 O
may occur.
Setting aside the standard model used in some 25 years of research, the results are
controversial. There are, however, supporting observations using other surface science
tools. In the reported vibrational spectra 27,160–162 , the intensity of the uncoordinated OH
group peak is extremely weak (∼ 3-5 % of the ice surface) and red-shifted in accordance
with the Pt-HO bond formation. The results are attracting large scientiﬁc interest† , and
† PRL

focus, dec 31, 2002; editors’ choice, Science vol 299, 2003;Angewandte Chemie Highlight 163
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Figure 4.8: (left) XES spectra from Pt-O and Pt-HO bonding water corresponding to the pz
component. (middle) Calculated CDD plots for the two species. (right) Schematic
diagram of the orbital bonding picture. See text for details.

recent literature corroborates the new water-metal bonding model (Ref 164 and references
therein).

4.2
4.2.1

Femtosecond Dynamics
Ultrafast Molecular Dissociation of Water in Ice

The rich chemistry of radiation induced processes in aqueous systems was introduced
in section 2.5. In particular, it was mentioned that for core-hole excitations of gas-phase
water into the strongly anti-bonding 4a1 orbital, ultrafast dissociation within the core-hole
lifetime (∼ 3.6 fs) can be observed in the subsequent decay process 77 . The crucial question
we ask is whether hydrogen bonds between the water molecules could allow for dissociation
also in the core-ionized state. Since the eﬀect of a core-hole can be described within
the Z+1 approximation (see section 3.1.2), a core-ionized H2 O corresponds to an H2 F+
impurity in a H-bonded network. This is higher in energy than HF+ H3 O+ and proton
transfer to neighboring water molecules can be anticipated. In Paper I, experimental
evidence for ultrafast dissocation in ice is presented for the non-resonant case from a
comparison between XES and PES. The detailed picture of the core-ionized dynamics is
obtained using ab initio molecular dynamics in excellent agreement with theory.
Both the XE and PE processes lead to a valence ionized ﬁnal state but on diﬀerent
timescales, where the XES process includes the dynamics of the intermediate core-ionized
state. As shown in the experimental inset of Figure 4.9, the 1b1 peak in the XE spectrum
is broadened and shifted to lower binding energy relative to the PE spectrum. Recalling
the internally bonding OH character of the 1b1 orbital (section 2.4), this indicates that the
1b1 has become less bonding, i.e. that the OH bond has been elongated on the time-scale
of the core-hole lifetime. We interpret this as proton migration in the core-ionized state,
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Figure 4.9: (top, left) Experimental valence PE and XE spectra of hexagonal H2 O (D2 O ) ice.
An expansion of the XE spectra for the 1b1 region is shown in the inset. (bottom)
CPMD simulations of O1s core-ionized state proton dynamics for a water molecule
in a hexagonal ice lattice, averaged for 64 sampled initial conditions. (bottom, left)
Averaged H position relative to the core-ionized oxygen in 1 fs steps. (bottom, right)
Computed and averaged XE spectra for each step. (top, right) The theoretical XE
spectrum is averaged using an exponential decay function with lifetime 3.6 fs (see
text).

supported by the isotope eﬀect between H2 O and D2 O (the electronic structure changes
of the 1b1 orbital for D2 O are smaller, as expected from the heavier deuterium if due
to core-hole induced dynamics). Implementing a description of the core-ionized state in
ab initio molecular dynamics (see section 3.2.1), allows for a detailed description of the
core-hole induced dynamics.
The dissociation and electronic structure evolution, followed at femtosecond intervals
within the CPMD computational scheme, is shown in the bottom of the ﬁgure. To the
left, the average (over 64 diﬀerent trajectories) position of the H atoms relative to the
core-ionized oxygen is shown. The initial positions (t = 0 fs) are given by the simulated
ground state conﬁguration with the intra-molecular H atoms centered around 1 Å. In
the core-ionized state, both of the intra-molecular H atoms are found to migrate substantial distances on a femtosecond time-scale. The corresponding electronic structure
changes are represented on the right in the ﬁgure (computed and averaged XE spectra for
each timestep). We note the progressive evolution of the 1b1 peak, which loses intensity
and moves to lower energy in agreement with the experimental observation. For longer
timescales (∼ 6 fs), all the trajectories leads to dissociation of both interal OH bonds.
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Consequently, the bonding OH orbital (1b1 ) disappears and the lone-pair state (1b2 ) is
the only feature left as expected for atomic oxygen (see section 2.4).
In order to do a full comparison with the experimental XE spectrum, we weight together
the XE spetral contributions in each core-excited step according to the exponential decay
associated with the core-hole lifetime. The theoretical spectra presented in the Figure (top,
right) are generated using a lifetime of 3.6 fs, whereas the PE spectrum is represented with
the computed XE spectrum at time t = 0 fs. For all steps presented here, the D2 O coreionized dynamics and spectral calculations have been performed (see Paper V), shown
here only as the generated total XE spectrum. All salient features in the experimental
spectrum are reproduced. We note in particular the isotope eﬀect agreement for the 1b1
orbital, expanded in the insets for both the theoretical and experimental spectra.
The excellent representation of the experimental spectra lends credibility to the approach taken and conﬁrms the interpretation of the radiation-induced dissociation in the
H-bonded network. Speciﬁcally, both protons are found to migrate substantial distances
to nearest neighbors along the O-H-O direction in the core-excited state on a femtosecond
time-scale. This unexpected behavior for non-resonant excitations in general, is attributed
to the connectivity in the hydrogen bonded network of water creating a steep potential
directed towards neighboring water molecules in the core-ionized state. The devised computation scheme oﬀers a promising approach to understand core-excited state dynamics
in more complex systems, e.g. liquid water.

4.2.2

Electron Delocalisation in Ice

In the ice surface and liquid water studies (sections 4.1.2 and 4.1.3), XAS was used to
study the unoccupied valence structure and draw conclusions on the local conﬁgurations.
The sensitivity of the XA process to diﬀerent H-bonding environment was demonstrated.
In particular, the diﬀerence between fully coordinated water (bulk ice) and local conﬁgurations with broken hydrogen bonds on the donor side (ice surface, liquid water) is
pronounced. This sensitivity and the instantaneous and local (in the proximity of the corehole) character of the XA process, can be used as an instantaneous pump to selectively
prepare a core-excited electron on water molecules with SD conﬁguration at the surface
and fully coordinated water in the bulk. The following non-radiant decay, described in
section 3.1.6, is an ultrafast probe that provides information on the delocalization rate of
the core-excited electron.
In Paper VI, this method has been applied to determine the electron delocalization
processes in a thin hexagonal ice ﬁlm grown on Pt(111), summarized in Figure 4.10.
From previous sections‡ , it should be clear that the pre-edge structure at 535 eV can be
related to SD species at the surface of ice, whereas the postedge region is dominated by
4-coordinated species in the bulk (4coord). We now concentrate on the O1s decay spectra
(Figure 4.10, right) and the wavefunctions of the excited states (Figure 4.10, right).
The O1s decay spectra for the selected excitation energies are displayed in the Figure
(middle), where the non-resonant excitation at 548 eV is used to obtain an ionized intermediate state resulting in a normal Auger decay, centered at 507 eV. For resonant excitations,
as was described in section 3.1.6, the ﬁnal state depends on whether the core-excited electron is delocalized or not. If the excited electron remains localized in the following decay
process, the ﬁnal state will have a lower energy due to screening, and the ejected electron
‡ see

e.g. 4.1.2, 4.1.3, 3.1.3
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Figure 4.10: (left) Selective O1s excitation (XAS); Resonant excitation at the pre-edge (535 eV,
associated with SD species at the surface), resonant excitation at the postedge peak
(541 eV, corresponding to 4-coordinated water molecules in the bulk), and nonresonant excitation at 548 eV. (middle) O1s decay spectra Auger decay from 4coordinated sites and SD sites are decomposed into normal Auger decay (dotted)
and spectator Auger decay (dashed). (right) Orbital plots of unoccupied state from
DFT for 4-coordinated water (at 541 eV) and for SD water (at 535 eV). Shown is
also the HOMO orbital for a solvated electron cluster.

a correspondingly higher kinetic energy. If the excited electron is delocalized before the
decay we ﬁnd the same ﬁnal state as for the non-resonant case. Thus, we might use the
non-resonant Auger (denoted nonres) to quantify the relative intensities between the two
competing channels.
Clearly, the excitation of SD species at the pre-edge is associated with a very small
intensity at 507 eV. This indicates that a very small fraction of the core-excited electrons
have delocalized during the core-hole lifetime. This is in contrast to excitations at the
conduction band of ice (541 eV), associated with 4-coordinated water in a tetrahedral
network (4coord). Here, almost all electrons are delocalized during the core-hole lifetime.
More speciﬁcally, the non-resonant fraction in the conduction band is larger than 0.9,
whereas the corresponding fraction at the pre-edge is less then 0.15. In accordance with
Björneholm et al 120 , the corresponding charge transfer time τCT is less than 0.5 fs at the
continuum, and more than 20 fs for the SD pre-edge excitation.
These results are consistent with observations using time resolved two photon photoemission measurements of thin ice ﬁlms that have indicated that the electron transfer is
rapid in the bulk and that there exist traps at interfaces with bound electron states below
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the vacuum level 101§¶ . The conﬁnement of the wave function has elucidated a large difference in localization character of the pre-edge excited state at the ice surface compared
to the bulk ice conduction band.
In the Figure we also show orbital plots for the 4coord and SD excitation (see Figure
4.10). The conduction band is an entirely delocalized state with a d-wave free electron
character which extends over many atomic centers (for larger cluster sizes the DFT simulations give even larger extension). This is consistent with the large non-resonant fraction
at this excitation energy, showing that the excited electron is propagated into the crystal
at the time of the core-hole decay process. In contrast to this, the orbital corresponding
to the SD excitation is localized along the internal non-hydrogen bonded OH bond (see
4.1.2 and Ref 19 ).
The dynamics of excess electrons in water leading to the hydrated electron was introduced in section 2.5.1. Electrons are thought to get localized in pre-existing traps on a
time-scale within 100 fs, but the information on this process is vague due to experimental
limitations and diﬃculties in simulating aqueous processes. It is interesting to address the
present results in context of the electron transport in the liquid phase.
Solvated electrons are thought to be trapped in a cavity space consisting of approximately six water molecules 83,89 . We compare the orbital plot of the pre-edge state (SD) in
the ﬁgure with a plot of the HOMO orbital for a solvated electron structure. The pre-edge
orbital extends far out from the hydrogen atom with strong OH antibonding character
and we can generate a wave function similar to the hydrated electron in the case that
the water molecules would orient the OH groups towards the center cavity. Whereas the
exact geometry of the hydrated structure is debated, the connection to free OH groups is
suggested both by theory and experiments (see 80,81 and references therein). We postulate
that broken hydrogen bond conﬁgurations in the liquid state act as a precursor to form
hydrated electrons. We assume a subfemtosecond time scale for the electron transfer rate
in the liquid over the hydrogen bond network similar to that in the ice. Then, the electron
hopping rate is extremely fast compared to the molecular motion in the liquid 165 and the
structural rearrangement of water to form the cavity would not be favored. The trapped
electron at the broken hydrogen bond, however, provides a time that is long enough for
librational response of the water molecules 85,86,88 , and early-time dynamics can be transformed into the hydrated electron.
In conclusion, we have used XAS as an instantaneous (10−17 s) and local (around one
atomic site) pump to selectively excite diﬀerent water conﬁgurations in a thin ice layer.
Analyzing the electron decay, information about the lifetime of the excited electrons is
gained. Fully coordinated water molecules (as in bulk ice) are found to have a strong
conduction band extending over a large number of atomic centers and with an electron
§ In the present study the trapping states are populated with electrons through a core excitation process.
We saw in section 3.1.3 that there are relaxation eﬀects upon core-excitation. We argue that the electron
states we observe are similar to states populated through electron scattering for the following reason. We
observe that the pre-edge peak is located below or at the onset of the conduction band of ice. We can
anticipate that broken hydrogen bond conﬁgurations results in electronic states that reside in the band
gap of ice. A similar state below the conduction band is also observed through a previous two-photon
photoemission study 101 . The pre-edge peak energy position is located at a binding energy of 2.8 eV
above the Fermi level similar to the value from the two photon photoemission study (2.9 eV). Although
the presence of the core-hole changes the electron wave functions, the relative shift with respect to the
conduction band is still the same.
¶ Using a thin ice ﬁlm grown on Pt(111), the fermi level is measurable. We can put the O1s XA
spectrum of ice on a binding energy scale relative to the fermi level of Pt(111) (see section 3.1.5). The
measured O1s binding energy of ice is 532.2 eV.
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transfer rate of less than 0.5 fs. In contrast, states at the pre-edge associated with water
molecules in a single donor conﬁguration (present at the ice surface) have a lifetime of more
than 20 fs, enough for early time dynamics of electron solvation to occur. Single donor
species, having a large abundance in liquid water, are suggested as strong pre-existing
traps to the hydrated electron. In the context of recent literature, our experiments add to
previous studies a probe of early time dynamics of electron trapping and localization that
has not yet been achieved by traditional optical pump-probe measurements.

Chapter 5

Conclusions and Outlook
The local electronic structure of water in diﬀerent aggregation states, probed experimentally by core level spectroscopy, shows sensitivity to diﬀerent local H-bond conﬁgurations.
Combining experiments with spectral calculations based on density functional theory provides information about local orbital bonding picture, local molecular arrangement, excited state nuclear dynamics and electron delocalization rates. As a consequence we cross
over many disciplines of science in this thesis and demonstrate the usefulness of core level
spectroscopy studies of hydrogen bonded species. In this context, we can foresee a number
of interesting problems in hydrogen-bonded systems that can be approached. Moreover,
there are several aspects concerning the experimental techniques, new light sources and
theoretical simulations that can be improved.
Specially designed high-pressure cells with eﬃcient pumping will allow surface sensitive techniques to be applied at near-ambient pressures. The full power of core-level
spectroscopy where a number of techniques are combined can then be applied to a number of interesting systems. We can look forward to approach several important aspects
of surface reactions in catalysis, liquid interfaces, molecular environmental science and
biomaterials.
Molecular dynamics simulations is normally compared with the available experimental
information. In Paper III we provide a new set of data which complements previous
information and gives new aspects. This result and other new results provide a challenge
and a drive for the MD community to reﬁne the simulation techniques. For classical
MD this translates to improvement of force-ﬁelds, and in ab initio molecular dynamics
interaction terms (van der Waals?) and functionals.
The advent of X-ray free electron lasers (FEL) will enable a whole range of new experiments in physics, chemistry and biology within a few years. The ultimate goal of chemical
physics is to understand chemical reactions on a microscopical scale. For the combination core-level spectroscopy and FEL, we can imagine several detection schemes that will
provide electronic structure changes in an atom-speciﬁc and femtosecond-resolved way. In
other words, a bright future for chemistry.
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Comments on Contribution
This work is a result of a teamwork involving a lot of people. My contribution is mainly
on the experimental side where I have played an active role in instrumentation, preparation, and measurements used in all papers, except for the liquid water part of Paper III.
I’m also responsible for the theoretical analysis in Paper VI, Paper II, and have minor
theoretical contributions to Paper III. My position in the author lists somewhat reﬂects
my contribution to analysis and manuscript preparation.
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