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Abstract 

This thesis presents experimental studies of three different chemical reaction 
steps relevant for heterogeneous catalysis: dissociation, desorption, and 
oxidation. CO on single-crystal metal surfaces was chosen as the model 
systems.  

X-ray absorption spectroscopy (XAS) and x-ray emission spectroscopy 
(XES) provide information about the electronic structure, and were 
performed on CO/Fe to measure both a non-dissociative, and a pre-
dissociative state. The measurement on the pre-dissociative state showed a π 
→ π* excitation, which implies a partly broken internal π bond in the 
molecule. 

Ultrafast laser-induced reactions were used to examine the dynamic 
properties of desorption and oxidation. Here CO/Ru and CO/O/Ru were 
used as model systems. Desorption of CO from a Ru surface involve both 
hot electrons and phonons. In the case of CO oxidation from CO/O/Ru a 
pronounced wavelength dependence of the branching ratio between 
desorption and oxidation was observed. Excitation with 400 nm showed a 
factor of 3-4 higher selectivity towards oxidation than 800 nm. This was 
attributed to coupling to transiently excited, non-thermalized electrons. 

Finally, by performing optical pump/x-ray probe XAS and XES changes 
in the electronic structure during the reaction could be followed, both for 
desorption and oxidation. In the CO/Ru experiment, two different transient 
excitation paths were observed, one leading to a precursor state, and one 
where CO moves into a more highly coordinated site. Using selective 
excitation in XES, these were shown to coexist on the surface. In the 
oxidation experiment, probing the reacting species located near the transition 
state region in an associative catalytic surface reaction was demonstrated for 
the very first time.  
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1 Introduction 

In our everyday life we are surrounded by chemical reactions, e.g. 
something as fundamental as breathing, where the exchange of oxygen and 
carbon dioxide happens at the surface of the alveoli in the lungs†. There are 
also many chemical reactions that affect our environment, both good and 
bad, such as water purification, the production of artificial fertilizers, 
reduction of car pollution, the corrosion of metals, and so on. 

Chemical reactions can either occur spontaneously or non-spontaneously. 
To get a non-spontaneous reaction to take place, the addition of some form 
of energy is required. This is called the activation energy. The activation 
energy is the energy needed for the reactants to modify their outer electron 
orbitals (valence band) to be ready to form new bonds with each other.  

In the process of forming new bonds between the two reactants, one can 
accelerate the process or reduce the amount of energy needed for the 
reaction to occur. This can be done with a lowering of the energy barrier by 
using a catalyst. Catalysts occur naturally, and are extensively used in the 
chemical industry; moreover, a catalyst is not consumed in the reaction. The 
chemical industry depends on good catalysts to reduce the energy 
consumption of the production process, which can be costly both for the 
business and for the environment. 

In the present thesis, the microscopic processes that govern 
heterogeneous catalysis will be explored from a physical point of view. A 
catalyst is called heterogeneous when the reagents are in a different phase 
than the catalyst, e.g. the reagents are in gas phase, and the catalyst is a solid 
surface. A successful example of heterogeneous catalysis is the Haber-Bosch 
process, where ammonia is generated from molecular nitrogen and 
hydrogen, which greatly impacted the agriculture in the early 20th century 
because suddenly artificial fertilizer could be produced. This is still today 
one of the most important catalytic processes for humanity [1].  

Another important catalytic process takes place in the catalytic converter 
in cars, where, amongst other reactions, the reaction of poisonous CO to less 
dangerous CO2 occurs. This oxidation of CO is important for us and our 

                                                        
† This example, however is not the scope of this thesis, but it is a beautiful example of how 
important the understanding of surface reactions is. 
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environment, since cars are one of the biggest sources of pollution, but also 
for domestic heating, working machines and manufacturing industry, which 
also have to take there responsibility for the quantities of CO that they 
discharge [2, 3]. 

  

Figure 1.1: Energy is deposited into the system, here via an optical laser 
pulse. The energy is distributed to the adsorbate via the surface electrons 
directly or by electron phonon coupling. The high amount of energy 
released at such a short time makes the surface atoms vibrate, as well as 
the adsorbate, which in turn loosens up the bond between them (for 
desorption). If the energy is sufficient the adsorbate will desorb, otherwise 
it will readsorb on to the surface again. 

CO is also used as an intermediate in many other catalytic chemical 
reactions such as e.g. the Fischer-Tropsch process, which is of considerable 
importance for the chemical industry, because this process is used to 
produce different types of hydrocarbons. By using catalysis to convert CO 
and hydrogen into liquid hydrocarbons, one can produce synthetic oil, fuels, 
and lubricants etc. [4, 5]. 

Although catalysis is very common and important, the understanding of 
the microscopic processes is still limited, especially concerning the 
intermediate states and the transition state‡. 

The microscopic steps of a catalytic reactions are so diverse, i.e. 
branching ratio between oxidation and desorption, and spread out in time 
which means that there are only a few reactions at a given time, and 
therefore difficult to study with conventional techniques. In the early 80s a 
completely new science field was developed due to the invention of ultrafast 
lasers, femtochemistry [6, 7]. New measurement techniques using ultrashort 
                                                        
‡ A chemical reaction goes through different kinds of states, from reactants to the final 
product.  

Electrons T Phonons T
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laser pulses came from the idea to be able to follow the chemical process 
from the start of one molecule to the transition to a new molecule. 
Femtochemistry was first developed in gas phase science, where Ahmed 
Zewail was one of the pioneers and received the Nobel Prize in chemistry 
for his groundbreaking work in 1999 [8]. Femtochemistry has also been used 
in other fields than gas-phase, e.g. surface science (see Figure 1.1). 

Surface femtochemistry as a scientific field is only a couple of decades 
old [9-13]. In comparison to the gas phase, surface reactions become more 
complex. This is because the substrate opens up a diversity of different 
mechanisms for excitations or relaxations for the reactants, especially on 
metals. Surface femtochemistry can also open up new channels for chemical 
reactions which are not available by ordinary thermal heating of a substrate 
[11]. In the case of CO oxidation on an oxygen covered ruthenium surface in 
ultrahigh vacuum, when heated thermally all CO will desorb long before any 
oxidation can take place. However, if the surface is excited with ultrashort 
high-energy laser pulses (see Figure 1.1) the channel for oxidation opens up 
due to very fast excitation of the strongly bonded oxygen atoms [14].  

Figure 1.2: The figure shows adsorption, dissociation, oxidation, and 
desorption. On the left side, an O2 molecule is adsorbed onto the surface, 
and thereafter dissociates. On the right side in the middle of the figure, the 
CO molecule adsorbs onto the surface and may thereafter either desorb or 
be oxidized. This can happen with or without an external energy source, 
depending on the properties of the metal. The desorption pathway shows 
that the molecule can diffuse on the surface or desorb directly or via a 
precursor state. 

Experiments to probe the reacting molecules at the surface have been a 
challenge, but the introduction of ultrafast optical lasers provided a tool to 
make pump-probe measurements to follow the process by taking snapshots 
in the ultrafast regime. Pump-probe experiments on surfaces have detected 
the motions of molecules, such as frustrated rotations, under desorption 
conditions and during reversible transient phenomena [15]. 

Ru(0001)

COOxidation Desorption

CO2

Dissociation
O2
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The goal of the present thesis is to present further information concerning 
the dynamics and information on the various microscopic steps of catalytic 
reactions, including desorption, dissociation, and oxidation (see Figure 1.2). 
By using small model systems in a controlled and well-defined environment, 
the parameters extracted from the experiment will be easier to interpret than 
if reactions in a real catalytic environment were studied. Therefore, all 
experiments were performed in ultrahigh vacuum (UHV). While many 
complications are eliminated in UHV experiments, which simplifies the 
interpretation, the results may not be directly comparable with industrial 
catalysis. However, it will provide us with critical bits and pieces of the 
puzzle in the buildup of our fundamental knowledge. 

The model systems used in the present studies were CO on different 
transition metals, especially CO on ruthenium and iron. 

1.1 CO/Fe(100) 
In Fischer-Tropsch synthesis, dissociation of CO is one of the steps in the 
making of hydrocarbons [5, 16, 17]. For this process, iron is a good and 
frequently used catalyst.  

Previous studies have been performed by using different measurement 
techniques, such as temperature-programmed desorption (TPD), x-ray 
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy 
(UPS), high-resolution electron energy loss spectroscopy (HREEL), and low 
energy electron diffraction (LEED), to learn and understand how CO 
behaves on the iron surface [18-21]. 

In the CO/Fe(100) system three different desorption states have been 
observed from TPD measurements [18, 19, 22]. How the CO sits on the 
surface depends on the coverage [19]. Furthermore, it was confirmed that at 
low coverage, the CO molecules adsorb in a four-fold hollow-coordinated 
site between the surface atoms. These molecules dissociate upon heating. At 
higher coverage, some CO molecules also adsorb on-top of the surface 
atoms. These molecules desorb upon heating.  

In Paper [I], samples were prepared with molecules at these two different 
sites and measured using core level spectroscopy in the respective 
equilibrium condition to compare the electronic structure in the non-
dissociative vs. the pre-dissociative states.  

1.2 CO/Ru(0001) 
CO on ruthenium is one of the most used model systems in surface science. 
Numerous papers have been published on this system e.g. [23-35]. The 
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benefit of this is that we can both compare our results against those in the 
literature as well as conduct new experiments where we make use of the 
available data [II–V] [36, 37].  

The desorption of CO from ruthenium can be investigated by using 
different approaches. Thermal heating has been the common way to heat up 
the substrate. This is used especially during TPD experiments, where a 
certain thermal ramping speed is set to heat up the sample and then probe the 
macroscopic desorption kinetics, probed as a function of temperature [25, 
38]. Another way to induce a desorption process is to use a femtosecond 
laser (see Figure 1.1) and let the optical laser pulse start the reaction process, 
after which one can study the microscopic dynamics. In this case, due to the 
large amount of energy deposited into the electron system on a very short 
time-scale, the system will not react in the same manner as during thermal 
heating conditions. This is due to a large deviation in thermal equilibrium 
between degrees of freedom. Still, one temperature can after a few 
picoseconds describe the desorption via the two-temperature model and the 
friction model [39-41]. Moreover, these pulse-driven processes are primarily 
driven via the substrate, and only a small amount via a direct excitation of 
the adsorbate. There has been a discussion in the literature about how the 
energy is distributed during laser-induced processes, as well as a debate over 
the existence of a transient precursor state on transition metals [9, 10, 42-
46].  

In Paper [II] we studied laser-induced desorption to determine whether 
the driving force for desorption was electron- or phonon-mediated. Figure 
1.1 shows how the energy that is deposited into the substrate can flow via 
the electron-system by coupling directly to the adsorbate on a sub-
picosecond time-scale or via phonons on a time-scale of a few picoseconds 
[12, 47, 48].  

We also probed laser-induced desorption with core level spectroscopy. 
The x-ray free-electron laser at the LCLS facility produces a pulsed x-ray 
beam with pulse duration of <100 femtoseconds (fs). This allowed us to 
design pump-probe experiments with femtosecond time resolution using 
core level spectroscopy measurements. In Paper [III], we describe the 
equipment and the measuring techniques for core level spectroscopy at 
LCLS. In Paper [IV] we probe a transient precursor state in the desorption 
process, and in Paper [V] we use the ability to selectively probe different 
subsets of molecules to demonstrate two different transient processes that 
take place in parallel on the surface.   
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1.3 CO/O/Ru(0001) 
One of the “Holy Grails” in chemical physics is to really be able to measure 
the formation of new bonds in the transition state, a state that not occurs as 
frequently as e.g. desorption and is unstable, in real-time. Understanding the 
transition state is one of the keys to the understanding of chemical reactivity. 
In order to approach this problem we chose laser-induced CO oxidation on 
an oxygen-covered ruthenium surface as a model system.  

A substantial knowledge of the adsorbate kinetics is important to get a 
good picture of the reaction pathway, and where this also includes 
knowledge of the adsorbate structure on the surface [26]. One of the most 
common tools to determine the kinetics in surface reactions is TPD [24, 25, 
38, 49]. However, TPD has a limiting property in that it only measures 
desorbing particles. In order to obtain a better understanding of the adsorbate 
system, and as a compliment to the TPD measurements, we used 
temperature programmed vibrational sum-frequency generation (TP-SFG) 
spectroscopy (Paper [VI]) to probe structural transitions in the 
CO/O/Ru(0001) overlayer.  

We used mass spectrometry to probe the yield and dynamics in the laser-
induced CO oxidation (Paper [VII]) to determine the reaction excitation 
mechanisms. Finally we performed optical pump/x-ray probe experiments to 
probe the formation of a new O–CO chemical bond and the region around 
the transition state in the CO oxidation reaction at LCLS (Paper [VIII]). This 
demonstrates that probing transition states in catalytic reactions is possible 
and opens up for exciting future studies.  
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2 The underlying physics 

In this chapter the applied theories that have been used to support and to 
analyze our experimental data will be presented. Due to the extent of the 
various theories that have been utilized in this thesis, only a more general 
overview of the different concepts will be given here, and references are 
given to more detailed discussions.  

2.1 Surface chemical bonding 
Chemical bonding to surfaces can be divided into two main categories, 
physisorption and chemisorption. Physisorption is the weaker bonding 
formation, with a bond strength around 10 – 100 meV [50], and the 
interactions between two bodies are mainly via van der Waals bonds or 
dipole interactions.  

Chemisorption is normally the stronger of the two bonding mechanisms. 
This is due to electron sharing, which also involves an energy cost for the 
molecules because intramolecular chemical bonds have to be partially 
broken before any new bond can be created. This results in a net lowering of 
the free energy [51]. Van der Waals interactions are sometimes disregarded 
in calculations concerning bond formation in chemisorption chemical 
reactions. This does not necessarily imply that van der Waals involvement in 
the chemical reaction does not have any effect. Van der Waals forces may be 
weak, they have long-range effects, which should not be ignored. It has 
turned out that incorporating van der Waals forces in theoretical calculations 
does give a better description of events concerning chemisorption [52]. 
Chemisorption is in a sense the most interesting bonding configuration 
because of the rearrangements in the bonding between reactants. How these 
new bonding configurations are formed in the molecule will in turn affect 
how the molecule will react in the presence of a surface. These aspects are 
discussed in section 2.1.2. 

CO is a diatomic molecule, and the bond configuration onto surfaces has 
successfully been described using the Blyholder and the Nilsson-Pettersson 
model (BNP), as well as with the Dewar-Chatt-Duncanson model (DCD) in 
special cases, which will be discussed later in section 2.1.2. These models 
have been used to analyze how the molecules bond to the surface. 
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2.1.1 The d-band model 
The d-band model [53] was developed from the density functional theory 
(DFT), and describes how the d-band position can be used as descriptor for 
the bonding properties of atomic adsorbates on a transition metal. The d-
band model can be used to predict trends for transition metals in 
heterogeneous catalysis and predict how good a specific metal is as a 
catalyst for a specific reaction. This is an important tool in the pursuit to 
create new alloys for specific catalytic purposes. 

How the d-band shifts towards the Fermi level and splits up into bonding 
and antibonding states and how these are occupied will determine the bond 
strength between the metal and the adsorbate (see Figure 2.1). 

When an adsorbate closes in on a metal surface the adsorbate energy 
level starts to interact with the electronic states of the metal. The energy 
levels will broaden through coupling with the broad and featureless metal s 
band. Then the adsorbate levels will couple to the more localized d states 
which will give rise to a splitting into bonding and anti-bonding parts (see 
Figure 2.1). 

 

 

Figure 2.1: The d-band model can be shown as this schematic illustration 
of the coupling between a metal and an adsorbate. The first part is the free 
particle/molecule in gas phase, which due to interactions with the metals s 
state broadens and is shifted down. These renormalized states can then 
interact with the metal d-band in the transition of forming the covalent 
bonding and antibonding states between the metal and the 
particle/molecule. 

The broad s-band and the narrower d-band energies can be divided into 
two parts. The first part contains the contribution from the interaction of the 
s-band with the adsorbate level and the second part contains the interaction 
with the d-band, this gives us: 

𝐸!"# = 𝐸!" + 𝐸!. (2.1) 
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Assuming that the term Esp is more or less the same for all of the metals, the 
contribution from the term Ed plays a crucial role in the adsorption energy. 

From the work done by Nørskov et. al. by using the Newns-Anderson 
model [54-56] we know that Ed becomes more negative as the d-band moves 
up in energy, which means that the bond strength shift with the d-band as the 
d-band shifts relative the Fermi level. 

The bond strength between the adsorbate and metal partly depends on the 
position of the anti-bonding states relative to the Fermi level, see Figure 2.1. 
This means the filling of the d-band is the main contributor to the bond 
strength between the adsorbate and the metal [53, 57], and by shifting the 
energy position of the d-band the bond strength can be tuned.  

If we want to follow the trend of the d-band down in a column of the 
periodic table, the change of the d-band center will presumably not give a 
true indication of the bonding strength. This has to do with the Pauli 
repulsion between the adsorbate and the metal, where the changes can be 
considerable, for example between the 4d and 3d [53, 58]. 

In simple terms this means that the further to the right and down you go 
in the periodic table, the weaker the adsorbate-metal interaction becomes, 
which gives weaker bonding between adsorbates and metal [53].  

2.1.2 Bonding models for CO on metal surfaces 
After the previous section discussing the d-band model, we will look at the 
interaction from the adsorbate side and the adsorbates bonding properties 
and models. In the case of the CO molecule core-level spectroscopy has had 
a tremendous impact on the knowledge in this area, revealing the electronic 
structure of the bonding of CO to transition metals [59]. These data in 
combination with theoretical modeling and DFT calculations, has given a 
better understanding and a more complete picture of how chemical bonds 
occur and develop. 

The traditional explanation of the CO bonding on metal surfaces is the σ-
donation/π*-backdonation [60]. This model explains the bond formation in 
terms of a dative bonding from the σ channel via the 5σ orbital, a donation 
into the metal to create the bond between the molecule and the metal (see the 
left side in Figure 2.3). In order to minimize and to stabilize the CO-metal 
bond, a back-donation from the metal d-band into the CO anti-bonding 2π* 
orbital will take place.  

Normally CO bonds to a metal surface in an upright position, with the 
carbon towards the surface. Measurements performed with XES, XAS, and 
DFT calculations in combination with the d-band model, showed that the 
frontier orbital picture wasn’t sufficient [59]. 

This lead to a modification of the model, as here will be denoted as the 
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Blyholder-Nilsson-Pettersson (BNP) model, shown on the right side in 
Figure 2.3. What the BNP model states is that the σ orbital gives rise to a 
repulsive contribution, and that the creation of the bond happens instead via 
the π and the 2π* orbitals. By partially breaking one of the internally π-
bonding electron pairs a new bond with the metal 𝑑! states in the d-band is 
formed and an allylic lone pair is formed on the oxygen atom, see Figure 
2.3. The new bonding states are denoted as, 1𝜋, 2𝜋*, 𝑑!  and polarize 
differently compared to the free CO molecule and metal. 

A bonding model that was introduced to describe hydrocarbon bonding 
onto a surface is the Dewar-Chatt-Duncanson (DCD) model [61, 62]. This 
model states that the bonding occurs via a π → π* excitation when electrons 
are donated from the π orbital (see Figure 2.2) and from the metal a back-
donation into the π* orbital compensates the electron loss in the π orbital. 
The excitation of the π → π* also means that the internal π bond partly 

Figure 2.2 : In the DCD model the π orbital donates electrons to the 
surface, and from the surface a back-donation to the π* to form the bond. 
 

Metal Metal

π donation π   back-donation∗

Dewar-Chatt-Duncanson Model

Figure 2.3: The traditional frontier orbital model for CO bonding is 
based on the assumption that the σ orbital will donate electrons to the 
metal surface, while the metal back-donates into the 2π* orbital. In the 
BNP model the σ orbital creates a repulsive contribution and the 
bonding occurs via a π bonding. This creates also a partial lone pair on 
the oxygen, in this case, which is the characteristic of this bonding 
model. 
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C
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breaks up because of the electron donation to the metal, and, as a 
consequence, an elongation of the C–C bond will occur.  

2.2 Surface and adsorbate structures 
By understanding surface structures, differences in the behavior of electronic 
structure and chemical properties can be predicted [56]. Surface structures 
depend on the crystal lattice and on along which plane the crystal is cut. 
Because the surface is the interface, the periodicity is broken and some kind 
of relaxation will occur. The surface relaxation will, on the other hand, not 
affect the periodicity of the crystal structure. Surfaces are unfortunately not 
perfect and can have different kinds of defects, such as e.g. point defects or 
grain boundaries [63, 64].  

Depending on the cut, the surface can either be stepped or flat, and in the 
case of Ru(0001) the surface is flat. This means that the electron properties 
are the same over the whole surface, as compared to a stepped surface where 
the bonding energy can differ quite substantially between a terrace or the 
step [63-67]. When a molecule adsorbs onto a surface and forms new bonds, 
a new surface structure forms. How the structure develops depends both on 
the surface electronic properties and the electronic properties of the 
molecule. The ratio between surface area and adsorbate is also a factor 
determining how the surface structure will develop [23, 38, 68]. 

Depending on the coverage, the molecule can move to other surface sites. 
The different structural configurations have different binding energy, 
something that has been measured with e.g. TPD, and with TP-SFG.   

2.3 The ultrafast dynamics 
In the last decades laser-induced desorption has been a hot topic in surface 
science, and it still is. The crucial difference with laser-induced desorption, 
compared to thermal heating, is the huge non-equilibrium in temperature 
between the energy carriers in the system, i.e. between electrons and 
phonons. Figure 2.4, illustrates the models that, in turn, explain the different 
pathways the energy can take before a reaction can occur. 

The two models used to describe the chain of events are the two-
temperature model (2TM), section 2.3.1, and the friction model (FM), 
section 2.3.2. The two-temperature model determines how the energy is 
distributed in all degrees of freedom in the system, and in turn how the 
temperatures will evolve for electrons and phonons over time. 
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Figure 2.4: The lower left figure shows a laser pulse that just hits the 
surface (time zero =  t0). After (t > t0) we have three possible pathways; (a)
desorption mainly dependent on the electron heat bath (electron-mediated, 
the pathway up to the upper left), (b) coupling to the phonons and the 
desorption mainly dependent on the phonon heat bath (phonon-mediated, 
the pathway to the right and thereafter up to the upper right), (c) 
desorption depending on both the phonon and electron heat baths (the 
diagonal pathway). Moreover, in the figure we can see in what state and
time the different models are valid. Note that the laser pulse do penetrate 
deeper into the surface than shown in the figure, the figure just illustrate 
the process. 

The friction model describes how the adsorbate temperature will evolve, 
depending on the temperatures from the 2TM. Finally, the desorption rate 
can be described by an Arrhenius type of equation (section 2.3.3). 

2.3.1 The two-temperature model 
In order to understand how CO desorption or oxidation can be activated 
using laser light, we need to determine how the energy flows within the 
system and what governs it [39, 40]. The two-temperature model was first
presented in 1957 by M. I. Kaganov et al. [39] and was further developed by 
S. I. Anisimov et al. [40] into the form that has been used in our 
calculations. 

Shown in Figure 2.5, the two-temperature model deals with the 
temperature distribution between electrons and phonons over time. Figure 
2.5 also shows the large deviation within the first picosecond, between 
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electrons and phonons, before the electrons and phonons end up in 
equilibrium. 

Figure 2.5: The graph shows the electron and phonon temperatures as a
function of time. As can be seen, the temperature response is quite 
immediate for electrons whilst the phonon temperature increases more 
slowly. The two temperatures are coupled to each other as shown in
equations 2.2 and 2.3. 

The two temperatures are coupled to each other as shown in equations 
2.2 and 2.3. In these equations Tel and Tph are the temperatures for electrons 
and phonons, respectively, and are given by, 

𝐶!"
!
!"
𝑇!" = ∇ 𝜅∇𝑇!" − 𝑔 𝑇!" − 𝑇!! + 𝑆 𝑧, 𝑡 , (2.2) 

𝐶!!
!
!"
𝑇!! = 𝑔 𝑇!" − 𝑇!! , (2.3) 

where Cel = γTel  is the heat capacity for the electron bath, and γ is the 
specific heat of the electron. Cph is the heat capacity for the phonon heat 
bath, which is given by the Debye model [64]. The thermal conductivity is 
given by κ = κ0(Tel/Tph), and g is the phonon-electron coupling constant. The
last term in equation 2.2, S(z,t), is the source term for the laser light, and can 
be expressed as in equation 2.4. 

𝑆 𝑧, 𝑡 = (1 − 𝑅!"#$%)I(t)𝜆!!𝑒!!/! (2.4) 

Here Rmetal is the reflectance for the metal (see Figure 3.9 in chapter 3), λ 
is the wavelength of the laser light, and z is the penetration depth into the 
metal, which depends on the particular wavelength of the light. The term I(t) 
is the time-dependent laser intensity. 

This model shows how the energy transfers throughout these two 
subsystems and how they thermalize upon laser excitation. However, this
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model does not include non-thermalized electrons, see Figure 2.6 [12]. The 
initial excitation causes a non-thermal electron distribution that thermalizes 
on a timescale ~ 100 fs. The non-thermal electrons can couple to the 
adsorbate more efficient by because of a higher energy density at the 
unoccupied adsorbate resonances [33], see Figure 2.6b. 

 

 
        (a)            (b)                (c) 

Figure 2.6: The first graph (a) shows the electron distribution in a system 
before excitation. Moreover, the electron temperature is the same internal 
temperature in the system. In (b) an optical excitation has moved a part of 
the electron density to above the Fermi level. These electrons are non-
thermalized the first 50 – 100 fs, and will thereafter thermalize as shown 
in graph (c).  

The non-thermal electrons are one piece of a puzzle needed to understand 
the starting process of laser-induced reactions, and in turn model the 
experimental data for the fluence dependence. To get a good correlation 
between theory and data in the course of events non-thermal electrons have 
to be included [69, 70].  

2.3.2 The friction model 
The friction model is an empirical model [71-73]. In Figure 2.7 we can see 
how the different temperatures develop over time, i.e. the electron- and 
phonon temperatures, as described in section 2.3.1, and the adsorbate 
temperature, which the friction model describes. 

The frictional model is one of the approaches to describe the energy 
transfer between the different subsystems [74, 75]. The friction model has its 
origin from the Newns-Anderson model [54, 55, 72]. The idea lies in the 
damping of the adsorbate, motion over the substrate through electron-hole 
pair excitations causing friction [75]. 

The middle curves (solid lines) plotted in Figure 2.7 represent the friction 
model, and tell us not only how the adsorbate temperature will evolve but 
also how it depends on the electron and phonon temperature.  

The expression for the adsorbate temperature, Tabs, is derived from the 
Langevin equation and is a first-order differential equation which depends 
on the electron and phonon temperatures:    
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𝑇!" − 𝑇!"# + !
!!!

𝑇!! − 𝑇!"# , (2.5) 

where τel and τph are the frictional coupling constants for the respective 
systems. The frictional coupling constant determines how the energy flow 
evolves between the metal and the adsorbate.  

Figure 2.7 shows the adsorbate temperature for the two different laser 
wavelengths used in the experiments, 800 nm and 400 nm, and the electron 
and phonon temperatures calculated from equations 2.2 and 2.3. 

 
Figure 2.7: In the graph the y-axis is temperature, and x-axis time. The 
friction model predicts the adsorbate temperature from the 2TM, and is 
here shown as solid lines, both for 800 and 400 nm. From the adsorbate 
temperature the desorption rate can be calculated, as shown in the bottom 
of the graph, Ref. [II] Fig. 3. 

2.3.3 Kinetics  
The reactions on a surface can be described in terms of kinetic rates. As an 
example, the desorption rate can be written as an Arrhenius type equation as 
shown in equation 2.6; 

𝑅 = 𝜈!Θ𝑒
!!!

!!!!"#   (2.6) 

where ν0 is the prefactor, Θ is the coverage, Ea is the activation energy, kB is 
the Boltzmann constant, and Tads is the temperature from the friction model. 

The prefactor ν0, has been shown to change due to coverage [25], and  
can be high even for simple adsorbates in a desorption process [46]. 
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According to literature, one of the factors causing the prefactor to be high in 
some reactions, as CO desorbing from ruthenium is because of the precursor 
state [42, 44, 45]. 
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3 Instrumentation and experimental 
methods 

In this chapter the experimental methods and the experimental equipment 
will be described. The experiments were conducted at Stockholm University 
(SU) and at SLAC National Accelerator Center USA, with two different 
light sources, the Stanford Synchrotron Radiation Light source (SSRL) and 
the Linac Coherent Light Source (LCLS). The optical laser experiments 
were performed at Stockholm University. The x-ray absorption and x-ray 
emission spectroscopy were performed using the 13-2 beam-line at SSRL. 
The optical pump – x-ray probe experiments were performed on the Soft X-
ray Materials Science (SXR) beamline at LCLS.   

3.1 The vacuum chambers 
The UHV system at Stockholm University consists of one chamber equipped 
with the standard surface science tools, such as; low-energy electron 
diffraction (LEED), a quadrupole mass-spectrometer (QMS), an ion (sputter) 
gun, and a gas-dosing system. The windows at the view-ports were selected 
to transmit the wavelengths generated from the SFG and the input beams. 

The UHV system used at the end station at SSRL beamline 13-2 consists 
of two chambers. In the analysis chamber the spectrometers were placed 
together with a gas inlet system for dosing [76]. The second chamber, the 
preparation chamber, had the standard surface science equipment such as 
QMS, an ion sputter gun, and a gas-dosing system. 

The UHV system for the LCLS experiments works in a similar manner 
and is fully described in Paper [III]. 

The sample holder had a liquid nitrogen cooled cryostat, and both 
resistive and e-beam heating for temperature control. The temperature was 
then measured with a type K thermocouple, spot-welded onto the side of the 
sample. This allows experiments in the temperature range 100 – 1500 K. A 
manipulator allows x, y and z translations plus 360˚ rotation, and all systems 
were pumped with combinations of turbo pumps and ion pumps. This gave a 
base pressure in the low 10-10 Torr range. 
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3.1.1 Sample cleaning and preparation 
The sample cleaning procedures depend on the metal. The general procedure 
is to bombard the surface with ionized atoms and knock out the impurities 
(sputtering). This procedure leaves a rough surface, because it is not only the 
impurities are removed from the surface but also substrate atoms. This can 
be addressed by annealing the sample afterward i.e. to transfer energy to the 
surface atoms so that they redistribute and the surface smoothens out. The 
two metal crystals used in this thesis are an iron crystal cut in the (100) plane 
and a ruthenium crystal cut in the (0001) plane. 

Iron crystals are known to be notoriously hard to clean due to a variety of 
impurities such as; carbon, oxygen, sulfur, and nitrogen, which diffuse to the 
surface from the bulk at different temperatures. The initial cleaning 
procedure for a new iron crystal was high temperature sputtering with argon 
ions at a background pressure of 1×10-6 Torr. The sputter current was set to 
10 µA at 1 kV for 5 min at 800 K, followed by annealing to 1200 K. This 
procedure was performed repeatedly over several weeks [77]. 

The daily cleaning procedure was to remove carbon and oxygen from the 
surface, and the crystal was sputtered with neon ions at 400 K, followed by 
annealing to 620 K. This cleaning procedure resulted in a surface with less 
than 5% contamination and good structural quality, as determined by x-ray 
photoelectron spectroscopy (XPS) and LEED [77].  

On the iron crystal two different states, had to be prepared, two states that 
are coverage dependent and as in previous literatures [19] been denoted as 
the α1 and α3. The preparation of the experiment was by background dosing 
CO onto the surface at a pressure of 1×10-7 Torr for 250 s to get 25 L§ to 
saturate the surface which produced the α1 species. To prepare the low 
coverage α3 surface the dose still was 25 L but the surface was heated to 340 
K in order to remove the α1 and α2 species [19]. 

The ruthenium crystal was cleaned initially with cycles of argon 
sputtering at a temperature of 900 K for 5 minutes, followed by 10 minutes 
of annealing at 1200 K in an oxygen atmosphere at 2×10-7 Torr. 
Subsequently, the sample was flashed up to 1500 K two to three times to 
remove the oxygen. 

The daily cleaning was a 5 minute sputter at room temperature, annealing 
at 1200 K in oxygen atmosphere at 2×10-7 Torr [77], and thereafter the 
crystal was flashed three to four times up to 1500 K during cooling. The 
cleanness was determined by LEED and TPD. 

For the CO on ruthenium surface the saturated surface has coverage θsat = 
0.68 for a full monolayer. This surface can be confirmed by LEED, and has 
                                                        
§ L = Langmuir, 1L = 1×10-6 Torr ⋅ 1 s. 
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a 2√3×2√3R 30° structure. The first structure that appears is the √3×√3R 30° 
with strong signal up to a coverage of θ = 0.33, and thereafter disappears for 
higher coverage [23]. Only a diffuse LEED pattern will appear until near full 
coverage when the 2√3×2√3 R 30° pattern turns up. 

The preparation of the CO/O/Ru(0001) surfaces is carried out in the 
following order; first the oxygen layer was prepared and thereafter CO. 
There have been reports in the literature [49] that there are two systems that 
can arise depending on the procedure of the preparation, an ordered and a 
disordered system. The ordered structure appears after the O/Ru(0001) 
surface is annealed to ~ 150 K. 

3.2 Light sources 
The different experiments were conducted by using three different light 
sources, in combination or separate. The three light sources were optical 
laser light at 5 µm, 800 and 400 nm, x-ray free electron laser (XFEL) light, 
around 533 eV to probe the Oxygen K-shell, and synchrotron radiation (SR), 
around 533, and 290 eV, where the 290 eV is for the Carbon K-shell 
probing. The optical laser used in the pump-probe XES (ppXES) and pump-
probe XAS (ppXAS) experiment was produced from a similar laser system 
as that used at Stockholm University. In this section, we will take a closer 
look at these three light sources. 

3.2.1 Optical laser 
The optical lasers used in all experiments are based on a solid-state 
femtosecond lasers consisting of an oscillator and a regenerative amplifier 
[77].  

The two main parts in our laser system, the oscillator and the 
regenerative amplifier work as follows; the oscillator is a Ti:sapphire laser, 
which produces a wavelength of 800 nm with a repetition rate of 78 MHz, 
and is based on a Kerr lens mode-locking system [78, 79]. The oscillator is 
in turn pumped with an Nd:YVO4 laser which produces continuous wave 
(CW) laser light with a wavelength of 532 nm. The process is also self-
focusing in the Ti:sapphire crystal, and cavity prisms are used to compensate 
the group velocity dispersion caused by the crystal and to tune the central 
wavelength of the laser [78], with a spectral width of 45 nm (FWHM), and a 
pulse energy of ~ 10 nJ.  

A stretcher broadens the incoming pulses in time, after which the pulses 
are sent into the regenerative amplifier where a first Pockels cell admits 
pulses at a repetition rate of 1 kHz. A second Pockels cell then releases the 
amplified pulse into the compressor after a set delay time [80]. The 
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compressor will compress the pulses to the outgoing light of 800 nm with a 
spectral width of 25 nm (FWHM), and a pulse duration around ~ 37 fs**, 
with a repetition rate of 1 kHz and an average power of 2 W [77]. 

In order to generate the 400 nm light from the 800 nm output, a β-Barium 
Borate Oxide (BBO) crystal was used, placed in the laser path between the 
amplifier and the experiment (see Figure 3.2). The 400 nm beam had a pulse 
character as seen in Figure 3.1, with a pulse width of 6 nm.  

The beam path, as illustrated in Figure 3.2, was also used in the first shot 
yield experiments (see chapter 3.3.2.2), but without the beam splitter and 
delay stage. Each fluence was confirmed by measuring the energy with an 
energy meter and the spatial pulse profile with a CCD camera, and with 
these two parameters, the laser fluence could be determined. 

                                                        
** Note that this is a calculated value with the assumption that the pulse is transform limited. 

Figure 3.1: A typical 400 nm optical laser pulse with a pulse width of ~ 6 
nm, FWHM, produced by the BBO crystal by 800 nm light. Graph taken 
from Ref. [77], Fig. 14. 

Figure 3.2: The setups for the 2PC experiments using the 800 and 400 nm 
are the same, except form the BBO crystal, see the green circle, which is 
used to generate the 400 nm light of the 800 nm laser output. The 
abbreviation BS, FM,  and WP stand for Beam Splitter, Flip-Mirror, and 
Wave-Plate, respectively. 
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For the 2PC measurements the beam was split into two, where one of the 
beams traveled via a variable time-delay stage, see Figure 3.2. The delay 
stage had a range of ~ 1 ns, and both the spatial overlap and the pulse profile 
were monitored by a CCD camera outside of the chamber, which was 
located at the same distance to the flip mirror as the sample. Again, together 
with energy meter and the spatial pulse profile, the laser fluence could be 
determined. Moreover, the beam size was kept as large as possible at the 
viewport to avoid self-focusing and self-phase modulation. The focal point 
of the lens was set immediately behind the sample so the whole energy range 
of the laser could be used without damaging the sample surface. The time 
zero was set using the interference effects on the CCD-chip. 

The SFG setup consisted of a TOPAS††, nDFG‡‡, a pulse shaper, and a 
delay stage for the temporal overlap between the 800 nm and the IR, and is 
shown in Figure 3.3. The two beams were sent into the chamber via an IR 
transparent BaF2 window and the SFG signal leaving the chamber via a 
fused silica window. The TOPAS was used in combination with the nDFG 
to convert a part of the 800 nm light to mid-IR, here around 5 µm, and both 
are standard commercial systems. The pulse shaper makes the 800 nm light 
spectrally narrow by using slits and a grating. A LiNbO3 crystal was used in 
front of the chamber (see Figure 3.3) to line up the 800 nm and the IR in 
order to generate the SFG signal. The signal was thereafter optimized on the 
sample. 

                                                        
†† Travelling-wave optical parametric amplifier of super-fluorescence 
‡‡ Non-collinear difference-frequency generator 
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Figure 3.3: A schematic picture of the SFG setup. The 800 nm 
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part will be converted to mid-IR via the nDFG, and the other part will 
be spectrally shaped. After the pulse shaper the 800 nm is sent via a 
delay stage used for phase matching. Both beams are focused onto the 
sample, and the generated SFG signal will be recorded via the 
spectrograph and the ICCD camera, described in sec. 3.3.1.1 
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3.2.2 SSRL 
For the core level spectroscopy measurements in Paper [I], synchrotron 
radiation (SR) was utilized. SR is produced by electrons that are accelerated 
close to relativistic velocities. By bending the trajectory of a relativistic 
electron, the electrons will emit light. The light used in our experiments was 
produced in the SPEAR3 ring at SSRL. The produced synchrotron radiation 
light at SSRL has beam energy of 3 GeV and current of 100 – 500 mA, 
which has a lifetime of 50 h at 100 mA and ~ 14 h at 500 mA [77, 81]. 

An undulator generated the x-ray beam in our experiment. It is 
constructed in such a way that several magnets with alternating polarity bend 
the electron’s trajectory into a sinusoidal wave. This is an efficient process 
and, by changing the distance between the magnets, one can tune the photon 
energy [82, 83]. The synchrotron  measurements were executed at the 
Beamline 13-2 (see Figure 3.4). The beamline has an elliptically polarized 
undulator that produces the source light. Thereafter, the light passes through 
several slits, mirrors, and a grating to select the energy and spot sizes needed 
for the experiment. Horizontal or vertical polarization was used in the 
experiments. 

The mirrors used are a pair of Kirkpatrick-Baez refocusing mirrors, that 
image the source horizontally and the exit slit vertically onto the sample. 
They produce a beam size smaller than 5 µm in the vertical direction and 60 
µm in the horizontal direction at the sample [77]. 

The monochromator is a spherical grating monochromator (SGM) and 
has a total energy range of 150 – 1200 eV. This energy range is obtained 
using three gratings. Two energy ranges was used in our experiment i) 150 – 
400 eV using a 300 l/mm grating, and for ii) 250 – 700 eV using a 600 l/mm 
grating [77]. 

Immediately before the end station, a gold mesh is placed to measure the 
photon flux, I0, of the x-ray light, as is illustrated in Figure 3.4 [77].  

Figure 3.4: Schematic layout of beamline 13-2 plus the beam path at the 
end station. What is shown is the beam path from the undulator via slits, 
mirrors and gratings, which sets the x-ray energy and beam size. The 
figure is from Ref. [84]. 
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3.2.3 LCLS 
In Papers [III–V, VIII], ultrafast time-resolved pump–probe core-level 
measurements were undertaken. To be able to follow the evolvement of a 
molecular bonding in time during a reaction using core-level spectroscopy, 
x-ray lasers are required. The light source used was the LCLS, and is shown 
schematically in Figure 3.5. 

In 2009 the first x-ray free-electron laser, LCLS [85], was taken into 
operation. For these experiments LCLS was run in self-amplified 
spontaneous emission (SASE) mode. The SASE technique can be explained 
as follows; in the first part of the undulator electrons will produce 
spontaneous radiation, which serves as a seed, which thereafter will be 
amplified in the rest of the undulator, i.e. the main part [86-89]. 

 The electron bunches are ordered on a length scale that is comparable to 
the desired wavelength. This will give an enormous increase in the intensity 
and the radiated power, which is here proportional to N2 photons compared 
to only N photons in a synchrotron. Because of the long undulator the 
emitted radiation and the electrons start to interact with each other, via a 
phenomenon called microbunching [92], which arises from the fact that the 
electric field has small components in the forward direction which will 
accelerates and de-accelerates electrons in such a way that they will radiate 
in phase [93].  

The intense ultra-short soft x-ray pulses generated in the LCLS facility 

Figure 3.5:  A schematic layout of the LCLS machine. The essential parts 
are the electron gun, which is a photocathode RF gun, which is followed 
by a linac section, L0. Thereafter the beam is deflected (DL1) in to the 
main line and there accelerated in the L1S linac section, before the first 
bunch compressor chicane (BC1), which will stretch out the beam in the 
longitudinal phase space, and will give a more linear bunch compression 
[90]. After BC1, the beam will again be accelerated (L2) before the next 
bunch compressor (BC2), and then in to the last accelerating linac (L3) 
The DL2, containing magnetic deflection (the blue rectangles at DL2) and 
a collimator (the green triangle at DL2), which are there for protection 
against radiation damages to the undulator magnets. Last, the 138 m long 
undulator divided into 33 segments, and where the λu is 3 cm. Of the 33 
segments only 14 segments are needed to reach the saturation limit [91], 
which produce the x-ray laser beam. Reprinted with permission from Ref. 
[88]. 
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are sent into the Soft X-Ray materials science (SXR) beamline via the Front 
End Enclosure (FEE) [94]. The beamline passes through hutch 1, (see Figure 
3.6) to the Atomic, Molecular, and Optical (AMO) science instrument [94]. 

In the first hutch, a shutter, a gas cell, and the monochromator are 
located. The gas cells are used for energy calibration of the monochromator. 
The first position where the optical laser beam can be inserted into the 
beamline is at the transmission sample system. The second laser in-coupling 
location is at the end of the beamline in front of the experimental station. 
The SXR beamline has two major optical systems, a monochromator with 
varied line spacing grating and focusing mirrors. 

The monochromator has an energy range of 480 – 2000 eV. For our 
experiments the energy was set to measure the oxygen K-edge at 537 eV. 
The second optical system is a Kirkpatrick-Baez focusing mirror pair, which 
can focus the beam from about 1 mm2 to 2 µm ×  2 µm [95, 96]. 

3.3 Laser methods 
In this thesis the optical laser spectroscopic method used was SFG. In the 
other studies, the optical laser was used as a pump (reaction starter), while 
the measurements were performed with the quadrupole mass spectrometer 
(QMS). These methods were first-shot yield, and two-pulse correlation 
measurements, which give dynamic information.  

3.3.1 Sum-frequency generation  
Sum-frequency generation (SFG) spectroscopy is a very powerful and useful 
tool in surface science [97]. Sum-frequency generation is a second-order 

Figure 3.6: Schematic layout of the SXR beamline and our end station. 
There are two stoppers marked S2 and S2b, Single Pulse Shutter (SPS), 
Gas Cell (GC), Transmission Sample System (TSS), Monochromator 
(MON), Exit Slit (EXS), Flux Monitor (FLX), KB Mirror Pair (KBO), 
Differential Pump (DFP), and the Laser In-coupling (LIN) [95]. 
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nonlinear optical effect [98] and was first observed by Bass et al. [99]. 
The sum-frequency generation spectroscopy used for the surface 

measurements is a three-wave mixing process where two incoming waves 
produce a third wave: 

𝜔! + 𝜔! = 𝜔! (3.1) 
where ωi=1,2 are the frequencies of the input waves and the sum of them 
gives us ω3, see Figure 3.7. In the example of using 800 nm and mid-IR (~5 
µm), the IR induces a polarization that will be up-converted by the 800 nm 
to a final virtual state, which in turn produces the required SFG signal. 

 The SFG is surface sensitive [100] because of the polarization and the 
second-order susceptibility χ(2), which will vanish for any medium that 
possesses inversion symmetry [101]. The polarization and the second-order 
susceptibility χ(2) are defined as follows:  

𝚸(!) 𝜔! =   2𝜖!𝜒(!) 𝜔! 𝑬 𝜔! 𝑬 𝜔! , (3.2) 

𝜒(!) = 𝜒!
(!) + 𝜒!"

(!) , (3.3) 

where ω3 is the mixed frequency, 𝜖! is the permittivity of free space, E(ω1) 
and E(ω2) are the energy of respective frequency [102], 𝜒!

!  and 𝜒!"
(!) are the

resonant, and the non-resonant susceptibility, respectively [101], where the 
𝜒!
!  can be decomposed into,

𝜒!
(!) = !  !!"

!!"!! !!!
 , (3.4) 

where A is the amplitude, φ is the phase, ωIR is the IR frequency, ω is the 
vibrational frequency of the system, and Γ  is the life time width [101]. 

As seen in equation 3.3 the surface background has to be taken into 
account, but this can be worked around by recording a clean surface, i.e. 
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Figure 3.7: The left hand illustrates using a potential well how the two-wave 
mixing generates the SFG signal from a virtual level. The right hand side gives a 
spatial  representation of the SFG in practice. 
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setting 𝜒!
(!) to zero. Moreover, to generate the SFG signal both momentum 

and energy have to be conserved [97]. The conservation of the momentum, 
requires that the k-vectors also have to follow, 

𝐤!" + 𝐤!"# = 𝐤!"# . (3.5) 

In our case the IR was tuned to 5 µm or 2000 cm-1, with a bandwidth of 
250 cm-1 which covers the  C–O frequency range [103].  

The SFG performed in our measurements had the two components of 
mid-infrared (IR) and near-infrared light, the mid-IR at wavelength at 5 µm 
and the near-infrared at 800 nm.  

3.3.1.1 Imaging spectrograph 
The sum-frequency generation measurements were performed via an 
imaging spectrograph, using an intensified charge-coupled device (ICCD) 
camera. The spectrograph has a Czerny-Turner arrangement, and imaging 
with toroidal optics. Our imaging spectrograph has a focal length of 303 
mm, and two different gratings, where in many of our measurements a 1200 
l/mm grating was used. The slit is motorized and has a span of 10 µm to 
2500 µm. The ICCD camera is the key component in this arrangement, and 
has its most sensitive region at the wavelengths around 14000 – 15000 cm-1 
and with the up-conversion of the 800 nm light, lies the vibrational 
frequency for the CO molecule, with a resolution of 8 cm-1 in the SFG 
measurements. 

3.3.2 Laser-induced reaction and mass spectrometry  
The first-shot yield (FSY) and two-pulse correlation (2PC) measurements 
were performed to determine the reaction mechanism that governs the 
desorption of CO from ruthenium [61] and the desorption of the CO2 which 
results from a reaction of CO on an oxygen covered ruthenium surface [90].  

3.3.2.1 Quadrupole mass spectrometer 
The quadrupole mass spectrometer (QMS) has become a standard surface 
science tool, and to measure a specific molecule one can e.g. use the QMS to 
measure time of flight (TOF). 

The QMS is basically designed with an ionizer, four rods for the mass 
filtration and a detector [104]. By ionizing the molecule it can be shot into 
the quadrupole mass filter. The four rods in the mass filter are placed in a 
square and have pairs of alternating voltage of opposite parity. The 
alternating voltage forces the molecules into a helical trajectory through the 
rods and into the detector. By setting the frequency of the voltage only the 
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desired mass will pass through into the detector. 

A Feulner cup [105] was used to enhance the signal by increasing signal 
to background ratio. By shielding the ionization part of the QMS and only
having the spectrometer opening close to the sample, less of the surrounding 
particles can interfere and the desorbing molecules will be more directed 
towards the instrument (see Figure 3.8). The Feulner cup was useful in the 
2PC measurements because it allowed us to get better data at low yields. 

A multichannel scaler (MCS) card was used to record the signal from the 
QMS. The MCS card made it possible to integrate the TOF pulses.

Next to the actual experiments the QMS measurements were used on a 
daily basis to perform temperature programmed desorption (TPD), to 
confirm surface cleanness.  

Sample

Feulner cup

QMS Ion Source

Figure 3.8:  The figure shows a principle sketch of where a Feulner 
cup is located on the QMS. 
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3.3.2.2 First-shot yield measurements 
The polarization of the laser light is crucial to know because the reflectivity 
is quite different, depending on the angle, see Figure 3.9. Depending on 
whether the polarization is transverse electric (TE) or transverse magnetic 
(TM), we can calculate the reflectivity as shown in Figure 3.9. To control
the polarization a half-wave plate was inserted in to the beam line, see 
Figure 3.2 and Figure 3.3.  

The first-shot yield (FSY) measurements were recorded using the QMS. 
The repetition rate for the laser was set to 100 Hz, and the desorption yield 
was recorded for 6 ms after laser irradiation [77]. This time covers the flight
time inside the Feulner cup (see Figure 3.8) [105] which was used to 
enhance the signal [77]. The MCS signal was then integrated to obtain the 
total desorption yield for individual laser shots. To improve the signal to 
noise ratio, the yield from 50 shots was recorded at each surface spot and 
this was repeated for several spots on the sample surface. 

From the resulting decay curves (see Figure 3.10), a FSY was determined 
by fitting to a double-exponential function. Such experiments were repeated 
for several different absorbed laser fluences and Figure 3.11 shows the 
fluence dependence of the FSY for 800 nm laser light.  
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Figure 3.10: The figure shows typical decay curves. The solid bars 
describe the desorption yield as a function of the number of 50 laser 
shots at a given spot. In the top the desorption yield is from the 800 nm 
light and the bottom from the 400 nm light. Reprinted with permission 
from Ref. [II]. Fig. 1. 
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The FSY measurements give us information about whether we have a 
non-linear behavior in the desorption yield for the fluence dependence or 
not. Moreover, the laser profile is not a flat-top, and the fluence will vary 
within the laser pulse and therewith the yield [29]. To get a better 
representation of the fluence, the measured values were weighted. The yield 
weighted fluence 𝐹  presented in Figure 3.11 is calculated from 𝐹 =
𝐹!!!!/ 𝐹!!  where n is experimentally determined by the power law fit,

and the summation is over the CCD image of the spatial pulse profile [29, 
77]. 

3.3.2.3 Two-pulse correlation measurements 
The two-pulse correlation measurement provides us with dynamic 
information by measuring the FSY at a fixed fluence and using a pump – 
pump time-delay between the two laser pulses. The time-scale of the energy 
transfer into the desorption coordinate is shown in the FWHM of the peak. 
This width will indicate whether the process is electron- or phonon mediated 
[106].  

There is a substantial difference in the heat capacity of electron and 
phonons. This can be used to distinguish between the two mechanisms as to 
whether it is electronically driven or phonon-mediated. The thermalized 
electrons will cool down ~ 1 ps, whilst the cooling times for the thermalized 
phonons are considerably longer. Moreover if the pulses have an unequal 
fluence and the weaker pulse precedes the stronger one, the desorption yield 
is higher than the other way around. If we consider Figure 3.12, then this 

Figure 3.11: In the graph the desorption yield is on the y-axis, and laser 
fluence on the x-axis. The experimental data from the fluence dependence
measurements. The dashed line is a guide for the eye, Ref. [75] Fig. 17. 
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higher yield is on the positive side. This does not affect the peak width [107, 
108] because the mechanisms and the coupling times are still the same. 

The 2PC measurements were performed by splitting the beam into two as 
shown in Figure 3.2 and measuring the desorption yield as a function of 
delay between the pulses, as seen in Figure 3.12. To avoid interference, the 
polarization of the laser beams were set perpendicular to each other [77, 
106].  

3.4 Core level spectroscopy 
Every element in the periodic table has a specific energy for the core 
electrons. This has to do with the fact that the different elements contain 
different numbers of protons, neutrons, and electrons. As such, to remove an 
electron from a core orbital in e.g. a C atom or an O atom requires different 
excitation energies. Moreover, since core electrons are not affected in the 
same manner as valance electrons by the chemical environment the core 
electron measurement is element-specific. By exciting the core electrons one 
can map out how the electronic structures have changed. 

There are different methods to carry out core electron spectroscopies 
such as x-ray absorption spectroscopy, x-ray emission spectroscopy, Auger 
electrons, x-ray photoelectron spectroscopy, and so on. In this thesis, we will 
focus on: x-ray absorption (XA), x-ray emission (XE), but also take a brief 
look on Auger electron (AE) spectroscopy (see Figure 3.13). The Auger 
electrons generated in x-ray absorption measurements can be used in a so-
called Auger electron yield mode [109], as shown in Paper [I]. 

XAS and XES measurements were performed using synchrotron 

Figure 3.12: In these graphs, desorption yield is plotted against delay time. 
The panel on the left hand side shows the data for 2PC measurements with 
400 nm laser light. For increased detail, the right hand side panel plots 
only positive delay times on a logarithmic scale. The dashed lines are only 
guides to the eye, Ref. [75] Fig. 18. 
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radiation in the soft x-ray regime, see section 3.2.2. In addition, time-
resolved XAS and XES measurements were performed using the x-ray free 
electron laser, see section 3.2.3. 

3.4.1 X-ray absorption spectroscopy  
X-ray absorption spectroscopy (XAS) is a technique used to probe the 
unoccupied density of states. This is done by exciting a core electron up to 
an unoccupied level (see Figure 3.13a), creating a core hole. 

The cross section of the absorption is proportional to the square of the 
dipole transition element [109] 

𝜎! = 𝒞 𝑓 𝒆 ∙ 𝐩 𝑖 !𝜚!(𝐸) (3.6) 

where 𝒞 is a constant containing mass, frequency, and speed of light, p is the 
sum of the linear momentum operators of the electrons, and 𝜚!(𝐸) is the 
energy density of the final states.  

As in many other spectroscopies, the dipole approximation is valid here 
as well. The dipole approximation tells us that if the incoming 
electromagnetic wavelength is larger than the atom or molecule distances, 
the electromagnetic field can be regarded as constant over the whole atom or 
molecule, and the approximation of the oscillating dipole can be done via a 
Taylor expansion by using only the first term [109]. So if the dipole 
approximation is satisfied, we can e.g. look at the C K-shell, which has an 
excitation energy !ω = 290 eV. This energy gives a wavelength of ~ 6.8 Å, 
and from an estimation for the diameter of the carbon shell, d = 2a0 / Z ≈ 
0.17 Å, we can see the dipole approximation will be well satisfied here. Here 
the a0 is the Bohr radius and Z is the atomic number [110].  
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Figure 3.13: The incoming photon energy excites an electron at the core 
level up to an unoccupied level, the XAS process. b) The XES process can 
occur if a core electron is removed, e.g. via an XAS process. Then, it is 
possible for an electron from an occupied state to decay and a photon is 
emitted. c) Instead of the XES process, the Auger process may take place. 
The Auger electron can be measured to get the XA spectra. 

(a)      (b)   (c) 
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In the case of CO molecule K-shell excitation allows only transitions are 
from s to the p-orbitals. The spectrum will be dominated by transitions into 
(2p) orbitals on the excited atom. The resonance intensity from a molecular 
orbital is at a maximum if the incoming E-vector (see Figure 3.14) is in the 
same direction as its p component and vanishes if it is perpendicular to this 
direction [111]. This gives the possibility to determine the orientation of the 
molecule.  

The orthogonal directions of σ and π orbitals make it possible to do 
angle-resolved measurements, and we then can separate the σ* and π* 
orbitals. 

XAS spectra can be obtained by measuring of Auger electrons. The 
Auger process, see Figure 3.13c, has a high probability to occur, especially 
for low Z-atoms [112], and this can be used to measure XAS spectra. 

The XA detector at the endstation at beamline 13-2 at SSRL is a VG 
Scienta SES-R3000 hemispherical electron spectrometer. 

The analyzer is operated in a so-called fixed KE mode. A mode used 
when the spectrometer recording the XAS by using the Auger yield [109].
By setting the analyzer at a fixed kinetic energy, where the Auger peaks of 
the species of interest are, and scanning the photon energy and measuring 
the electron intensity we can obtain a XA spectrum [109]. 

3.4.2 X-ray emission spectroscopy 
X-ray emission spectroscopy (XES) is a technique used to probe the 
occupied density of states and is related to XAS (see Figure 3.13b). In order 
for the XES process to occur, a core hole first has to be created in an X-ray 
absorption process. An electron from the occupied states will decay down to
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Figure 3.14: The orbital being probed is given by the orientation of the E
vector. In (a), the E-vector is in-plane with the surface, probing the π* 
orbitals. In (b), the E-vector is out-of-plane with the surface, probing σ* 
orbitals assuming excitation from C or O 1s, Ref. [75] Fig. 6. 
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a core hole where there is a finite probability for relaxation via emitted 
radiation that can be recorded and energy-resolved. The XES is a bulk 
sensitive technique. However, due to the localization of the of the core hole 
and by using grazing incidence angle to reduce the penetration depth of the 
x-ray beam it can be made surface sensitive [113]. 

The dipole selection rule applies as well to XES as it does for the XAS 
process. This means that only orbitals of p-character will be probed [59, 111, 
114, 115] when using s-symmetry core-levels. Moreover, the XES allows 
projection of the molecular orbitals on the individual elements similar to the 
case of XAS. Furthermore, by using angle-resolved XES measurements (see 
Figure 3.15), a separation between orbitals with different symmetries is 
possible [111]. 

This means that the orthogonal properties also apply here. The radiated 
fluorescence for the different orbitals can be detected depending on whether 
you measure in- or out-of-plane. 

The Nilsson group at SLAC National Accelerator Laboratory designed 
the XE spectrometer. The detector is a double-stacked Micro Channel Plate 
(MCP) and has a CsI coating. The spectrometer has two gratings, which 
were machined by HORIBA Jobin Yvon on SiO2 substrates SESO. The 
entrance slit sets the energy resolution. A wide entrance slit gives a low 
energy resolution, whereas a narrow entrance slit gives high-energy 
resolution. The spectrometer mounted on the end station for the LCLS 
experiments was slit-less. 

The grating is spherical in Rowland geometry, which has self-focusing 
properties. The imaging properties of the Rowland grating are based on the 
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Figure 3.15: The orbital being probed is given by the orientation of the E 
vector. In (a), the E-vector is in-plane with the surface, probing the π* 
orbitals. In (b), the E-vector is out-of-plane with the surface, probing σ* 
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so-called Rowland circle [116]. The circle has a diameter that is equal to the 
tangential radius of the concave grating [79]. Lining up the MCP-CDD 
camera tangential against the circle surface gives a good focus and 
resolution of the spectral lines [79]. 

3.5 Measuring with constant background pressure 
During the pump-probe experiment with core level spectroscopy, the need to 
measure for longer periods was essential to get a sufficient amount of data. 
However, the sample surface is limited and has to be re-prepared during the 
measurements. This is because, after each laser shot, a large part of the 
reactants are gone and this area has to be re-prepared before the next shot. 

This was done by setting a background pressure of CO at 1×10-8 Torr and 
by scanning the sample during the entire measurements for the desorption 
experiment (Paper [IV]).  

The experimental parameters in terms of background pressure, repetition 
rate and scan rate were determined as follows; the surface was prepared in 
the same fashion as described in section 3.1.1, thereafter a background 
pressure was set for one of the reactants and then the signal was optimized 
as a function of the various parameters e.g. pressure, temperature and cycle 
times, see Figure 3.16. The CO was then repeatedly shot off with the optical 
laser light on the same spots, at a repetition rate close to that to be used at 
LCLS.  

Here we have to take into account several factor; how close the 
measuring spots can be without influence on the desorption yield, for how 
long we can measure before the sample gets too contaminated, and how fast. 
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By measuring the desorption signal of reactively formed CO2 we could 
determine if the surface was fully covered again. 

Based on these investigations, at the experiments done at LCLS the 
background pressure for the O2 was set to 3×10-8 and the CO pressure at 
2×10-8 Torr. This provided a high and stable reaction yield. 

3.6 Optical pump – x-ray probe measurements 
The new technique that LCLS has given us is the possibility to do pump – 
probe XES and XAS measurements. Time-resolved core level spectroscopy 
allows us to see the process of making and breaking of bonds. 

To do the experiment, synchronization between the XFEL and the optical 
laser is a crucial part. When performing pump – probe with only the optical 
laser, one and the same beam is used. This doesn’t mean that the 
synchronization is of lesser importance. Nevertheless, it is the same beam 
and when timings are set, the experiment is quite stable. This is not the case 
when the two beams are generated from two different sources. 

This means that the synchronization has to be monitored throughout the 
whole experiment so that corrections can be made directly if the 
synchronization of the beams starts to drift apart. 

The XAS measurements were recorded in partial fluorescence yield 
mode. The photon energy was scanned over the O K-edge between 522.7 – 
542.0 eV or 531 – 535 eV for the desorption experiment. The x-ray pulses 
were generated with a pulse length less than 80 fs and the 
monochromatization was done with a 100 line/mm grating with an exit slit at 
115 µm. This provides a power resolution of ΔE/E = 2000 and a photon flux 
of 1.3×1010 photons/pulse onto the sample. 

The optical laser pulses were set to a wavelength of 400 nm and a pulse 
length below 170 fs, and the laser fluence was set below the damage 
threshold of the sample crystal, and was estimated to be 140 J/m2.  

The optical laser light was collinear with respect to the x-ray beam and 
both had a grazing incidence of 2° with respect to the sample surface. The 
spot size of the x-rays was set to 50 µm, whilst the 400 nm light was set to 
65 µm. This was to ensure that the x-ray beam always was overlapped. 

The repetition rate was set to 30 Hz for the x-ray laser, and to 10 Hz for 
the 400 nm optical laser light. This arrangement was made to provide 
unpumped reference spectra between each pumped laser shot.  
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4  Paper summaries 

In this chapter, a brief summary of the results is presented. The papers are 
divided according to the three different systems that have been studied, i.e. 
section 4.1, CO/Fe(100), section 4.2, CO/Ru(0001), and section 4.3, 
CO/O/Ru (0001), which also is the chronological order of the papers. 

4.1 Pre-dissociation in heterogeneous catalysis 
For the dissociation project, an iron crystal was used as the substrate sample, 
which is also a known catalyst for CO dissociation [21, 117-119]. We used 
the 100 surface, on which different measurements have been performed [18, 
19, 120]. There are three known states at the surface depending on the CO 
coverage. In the literature [121] these states have been denoted as α1, α2, and 
α3. In our experiments, the states of interest were the α1 and α3 states, which 
are an on-top adsorbed species (non-dissociative state) and a hollow 
adsorbed species (pre-dissociative state), respectively. 

In Paper [I] we reported how one can describe the bonding properties for 
a CO molecule in this pre-dissociative α3 state compared to the non-
dissociative α1 state. Here we performed XAS and XES measurements as 
well as DFT calculations to analyze the data and to define the bonding 
mechanisms involved.  

For the α1, on-top, species, the bonding mechanisms can be described by 
the BNP model (see sec. 2.1.2), where the π-system interacts with the metal 
d-states to form the bond between the CO and the metal in an allylic 
configuration. This gives the CO a perpendicular bonding against the 
surface, and was expected as from other measurements e.g. CO on nickel or 
copper [122, 123]. The σ-system will balance the bond in repulsive way 
between the CO 5σ and the 𝑑!-band on the metal. 

For the α3, hollow, species the interaction between the CO and the metal 
looks completely different. Here the BNP model is not applicable, and we 
have to describe the bond configuration in other terms. Because of the lying-
down configuration, also the oxygen atom can interact with the metal. We 
can compare this to the unsaturated hydrocarbons, which are known to have 
a lying-down configuration when bonding to a surface [121]. For those, the 
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π → π* excitation energy is much lower which allows a weakening of the π-
bond between the C–C atoms and will result in an elongation of the bond 
(DCD model).  

 This is similar to what we see for the lying-down CO species (α3). The 
elongation of the C–O bond is seen in the XAS spectra (see Figure 4.1), and 
in the XAS one can also see a huge quenching of the 2π* for the α3 species. 
Even the quench of the π* is in line with the DCD model (see sec. 2.1.2). 

This shows that both the BNP and DCD model can be applied for one 
and the same system, depending on the situation, which in turn will tell us 
the reaction outcome upon heating. 

4.2 Energy distribution and CO desorption process 
CO/Ru(0001) is a well-known model system [23-35], and therefore the 
system of choice used in our desorption projects [II–V]. These projects 
utilized several techniques, such as 2PC, XES, XAS, and optical laser pump 
– x-ray probe spectroscopies.  

4.2.1 Electron or phonon-mediated process 
In Paper [II], laser-induced desorption was performed and analyzed. Using 
400 and 800 nm laser light we could see a substantial difference in the 
desorption yield, about 3-4 times larger for the 400 nm light. The analysis 
was performed by using the two-temperature model (see sec. 2.3.1) and the 

Figure 4.1: The XAS spectra confirm drastic changes for the pre-
dissociative species, compared to the non-dissociative species. The σ* 
state has shifted down in energy and by using the “bond length with a 
ruler” model [109, 124, 125] the bond length was estimated to be 1.29 –
1.37 Å, which is a large elongation of the C–O bond. The π* peak is 
quenched considerably between the α1 and α3 species, Ref. [I] Fig. 2. 
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friction model (see sec. 2.3.2), and under the assumption that the desorption 
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Figure 4.2: Fluence dependence for 400 and 800 nm. The experimental 
data were modeled in four different ways: as an electron-phonon mediated, 
or purely electron, or purely phonon-mediated process using an 
experimentally determined Arrhenius pre-factor and finally using the 
Kramers method to predict the Arrhenius pre-factor, Ref. [II] Fig. 2. 

Figure 4.3: The 2PC data, shown in the top panels plotted against a linear 
pump-pump delay time scale, and the bottom panels the positive delays on 
a logarithmic time scale to see more details. Here we see the data and the 
modeled curves using the electron plus phonon (solid), only electrons 
(dotted), only phonons (dashed), and Kramers (dot dashed), Fig. 4 and 5 in 
Ref. [II]. 
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friction model (see sec. 2.3.2), and under the assumption that the rate is of 
Arrhenius type, first-order (see sec. 2.3.3). The difference in desorption yield 
could be modeled within the two-temperature model and the friction model 
by taking into account the different penetration depths, 16.2 nm and 6.9 nm 
for the 800 nm and 400 nm light, respectively. 

By measuring the fluence dependence, and the 2PC (see sec. 3.3.2.2), we 
found a fluence dependence for the 800 nm light with a power-law exponent 
of n = 4.3 ± 0.7, and n = 3.4 ± 0.4 for the 400 nm light, where the power 
coefficient for the 800 nm is in good agreement with earlier experiments 
[106]. The two-pulse time-correlation measurements gave very similar 
results with a FWHM of 22 ps and 20 ps for the 800 and 400 nm light, 
respectively. These values clearly indicate similar processes, independent of 
the wavelength of the laser light, and which are not purely electron-
mediated, see Figure 4.2 and Figure 4.3 

The shape of the data in the short time-delay range is flat. This rules out a 
purely phonon-mediated process, where a dip otherwise would be expected 
(see Figure 4.3). Because of the flat shape of the data, the short time-delay 
range suggests coupling to both electrons and phonons, see Figure 4.3. 

4.2.2 Ultrafast time-resolved XES using LCLS 
This paper resulted from the test runs with the new end-station constructed 
for the optical pump – soft x-ray probe experiments at LCLS (see sec. 3.2.3). 
In this instrument paper the goal was to demonstrate that pump-probe XES 
(ppXES) is doable. The results were compared with  similar measurements 
performed with a synchrotron radiation light source. 

We showed that, by using a grazing incidence angle of ~ 1° the surface 
damage of the XFEL beam could be avoided despite the high peak 
intensities that the FEL pulses can produce. By measuring the O K-edge of 
the CO/Ru(0001) surface (see Figure 4.4) and comparing to a spectrum 
recorded at a synchrotron radiation source we could rule out any major 
effects due to the high peak intensities. The spectral resolution is not as good 
as for the synchrotron measurements which can be explained by the larger 
footprint on the sample that the incident angle of 1° gives compared to the 
angle of 3° used for the synchrotron recorded spectra. 

To obtain more photons on the sample, the monochromator in the XFEL 
beam line was set to a non-monochromator mode, which in turn led to an 
increase of the background, see Figure 4.4. This increase of the background 
is because of Bremsstrahlung radiation but, by significantly attenuating of 
the beam this contribution could be avoided. For the following experiments 
we concluded that there was no advantage with this running mode, but 
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decided to use first-order monochromatic light that provided the advantage 
that we could also record XAS spectra in the same measurements. 

After confirming that it is possible to record good data with the XFEL 
and not damage the surface, CO/Ru(0001) was prepared. A Ti:sapphire laser 
was synchronized with the XFEL with a repetition rate of 30 Hz. The lower 
repetition rate of the laser (compared to the 60 Hz of the XFEL) gave us the 
possibility to record un-pumped background spectra. 
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Figure 4.5: The time-resolved XES during the first 20 ps of a laser-
induced desorption experiment with a wavelength of 400 nm, 50 fs pulses. 
The laser fluence was set right under the ruthenium damage threshold, to 
maximize the CO desorption, Ref. [III] Fig 5. 
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Figure 4.4: The XES spectra recorded on the left panel is from oxygen on 
Ru (0001) surface. The upper left spectrum marked a) is the XES 
measured at the synchrotron at SSRL beamline BL13-2, with a 
accumulation time of 5 min. the lower left spectrum marked b) is the XES 
spectrum recorded with the XFEL beam, with a accumulation time of  7 
min. Both spectra were recorded with an excitation energy of 531.3 eV 
and the incoming phonon energy bandwidth plus the XES spectrometer 
resolution was estimated to 0.3 and 0.8 eV respectively. The same system 
measured, at the right panel, using a) the so-called pink beam, and b) 
recorded with the pink beam attenuation by orders of magnitude, Fig 3, 
and 4 in Ref. [III]. 
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The time-resolved 2D spectra, shown in Figure 4.5, do show changes for 
the known features around 521.2 eV, 523.5 eV, and 524.9 eV, which 
corresponds to transitions from the adsorbed CO 4𝜎, 5𝜎, and 1𝜋 resonances. 

4.2.3 CO desorption 
Desorption of CO was studied in Paper [II], and to get more information 
about the desorption process we used the time-resolved ppXAS and ppXES 
technique, measured at LCLS. By using the optical laser, at a wavelength of 
400 nm, to start the desorption process and probe it with the XFEL we could 
perform ultrafast time-resolved ppXAS and ppXES and observe how the 
adsorbed molecules evolve on the surface after laser excitation and prior to 
desorption. This is still a new way to measure the core level spectroscopy 
and the measurements were presented in Paper [IV]. 

In Paper [V], we used the possibility to selectively probe transient species 
of CO on Ru(0001) after optical laser excitation. 

4.2.3.1 Precursor state 

The x-ray free-electron laser has made it possible to measure core-level 
spectroscopy in real-time on an ultrafast timescale, which was utilized in this 
paper. Theory has predicted possible scenarios, like the precursor state 
where the adsorbed CO gets trapped before desorption or re-adsorption onto 
the metal surface [15, 126-128]. This has never been directly observed.  

The measurements of CO desorption on the Ru(0001) surface were 
performed by scanning the O K-edge with ppXAS and ppXES. In Figure 
4.6, on the left-hand side, two spectra are shown, 1 ps before the laser 
excitation, and 12 ps after the laser excitation. As seen in both XAS and 
XES the changes are substantial. In the XAS, the depopulation of the 2𝜋* 
gets more pronounced and the resonance shifts up in energy, towards the 
position of 2π* for the free CO molecule. The XES data also show a 
decrease in the 𝑑! and an energy shift for the 5𝜎 closer to the 1𝜋 after the 
laser exitation. This and the shift of 2𝜋* all indicate a distinct weakening of 
the metal – CO bond. Moreover, the increase of the intensity in the 
participator peak in the 12 ps XES spectra is not as big as it is in the spectra 
for the free CO molecule, which indicates that the CO has not fully desorbed 
from the surface.  

In Figure 4.6, on the right hand-side, weighted spectra of a free CO 
molecule and the -1 ps are summed, and by adjusting the peaks of the free 
CO molecule, a good match with transient species that we see in the 12 ps 
spectra is obtained. 



 43 

Our DFT calculations show a precursor state with the weakly bonded CO 
~ 4 Å out from the surface, and that a free-energy barrier arises with 
increasing temperature which creates the precursor state. 

4.2.3.2 Probing different subsets of adsorbate 

By measuring with ppXES and ppXAS in Paper [V] as in Paper [IV] we 
could selectively probe subsets of transient CO just by shifting the excitation 
energy, either on the high-energy or the low-energy side of the 2𝜋* 
resonance. 

The data show coexistence of two transient CO species, in the low-
fluence regime where we observe the two different pathways depending on 
whether the excitation energy is on the low- or high-energy side of the CO 
2𝜋* resonance, see Figure 4.7, left hand side. The spectral changes we see in 
Figure 4.7, left hand side, after laser excitation depend on if the laser fluence 
is high or low. In the low-fluence regime the spectral features show an 
enhancement of the 𝑑!, and a shift to lower energy for the 1𝜋, and the 2𝜋*, 
with the excitation energy set on the low-energy side of the 2𝜋*. However, 
if we excite on the high-energy side we instead see a decrease of the 𝑑!, in 
an otherwise unchanged spectrum. 
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Figure 4.6: On the left side panel, the O K-edge experimental data of 
the XES and XAS are presented together with the fitted peaks. On the 
top of the left panel, the energy positions for the respective orbitals of 
a CO molecule in gas phase are marked. In this panel, we see two 
recorded spectra, one at a pump-probe delay of -1 ps, and one at 12 ps, 
i.e. probed before and after the laser pump. The spectrum at 12 ps 
clearly shows that the orbital positions move towards the gas phase 
positions. The right side panel, shows also the O K-edge recorded for 
XES and XAS spectra for the 12 ps, plus the gas phase CO. The 
spectral features in the gas phase spectra have been shifted in energy to 
resemble the recorded spectra. By a weighted sum between the shifted 
gas phase spectra and the -1 ps spectra the 12 ps spectra can be 
obtained. Reprinted with permission from AAAS, Fig 1, and 4 in Ref. 
[IV]. 
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If we follow the 2𝜋* and 𝑑! peaks in the low-fluence regime in time as 
show in Figure 4.7, on the right hand side, we can see that the 𝑑! follows the 
same path as in the high fluence in the XES when we excite on the high-
energy side. Nevertheless, if the excitation is on the low-energy side the 
intensity of the 𝑑! increases instead and then returns to its primary value. 

Therefore, excitation on the low-energy side gives a displacement into 
higher coordination on the surface while the high-energy side follows the 
pathway into the precursor state.  

As we can see in Figure 4.7, right hand side, within the first picosecond 
the CO is excited into external vibrational states after laser excitation, whilst 
the population of the precursor state appears on a longer time scale, which 
also is consistent with the finding in Paper [IV]. 

In Paper [II] we suggest that hot electrons and phonons both strongly 
couple in the laser-induced desorption. In combination with what we see in 
these measurements, we can picture the following scenario. During the first 
picosecond, the adsorbates will be vibrationally excited, by coupling to hot 
electrons, and, consequently, a weakening of the bond with the surface 
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Figure 4.7: In the left panel, the XES and XAS measurements are shown. 
The spectra shown in (a) are the unpumped spectra before the laser pump 
has arrived. In (b) and (c) the spectra are time-averaged from 2 to 15 ps. 
The (b) spectra show the low fluence from the optical laser, whereas (c) is 
the high optical laser fluence. On the right side panel, the shifts of the 
major peaks are shown, followed in time for both XES and XAS. The 
black curves show the lower laser fluence, and the red shows the high 
laser fluence, both in (a) and (b). The bottom panel (c) shows the 
calculated electron and phonons temperatures, and the precursor 
population. In the XES spectra (b) on the right hand panel, we can clearly 
see a difference in the 𝑑!! peak in the low fluence, depending on excitation 
energy. The trace marked 1 is the excitation energy at the low side of the 
2𝜋!* and the trace marked 2 on the high-energy side, Fig. 1 and 2 in Ref. 
[V]. 
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occurs. After a few picoseconds, substrate phonons will get the surface in 
motion and drive a small amount of the adsorbates into the precursor state, 
which in turn may lead to desorption, and the rest of the adsorbates will 
move to higher coordinated sites. 

4.3 CO transition and oxidation 
The oxidation process is one of the important processes in heterogeneous 
catalysis. The system CO/O/Ru(0001) is a well-known system, and is an 
interesting system because we can choose the reaction path depending on 
heating procedure (or how the energy is deposited into the system). By using 
a femtosecond laser to induce a reaction, the channel for CO oxidation can 
be opened, but if the energy is deposited by thermal heating, no CO 
oxidation will occur [14] in ultrahigh vacuum. 

Both these approaches were used in the experiments that resulted in 
Papers [VI–VIII], where thermal heating was used to probe movements of 
CO on the O(2×1)/Ru(0001) surface, and time-resolved measurement on 
laser-induced CO oxidation was probed with LCLS. 

4.3.1 Measuring CO transitions with SFG 
In Paper [VI], we obtained new insights into structural transitions by 
measuring with SFG during thermal heating (see sec. 3.3.1). This 
experiment was performed both to get a clearer picture of how the CO and 
oxygen arrange themselves on the surface depending on temperature, but 
also to show that TP-SFG is a powerful tool to obtain kinetic information on 
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Figure 4.8: On the left panel, the false color plot shows the experimental 
data, and how the spectra shift, with two pronounced dips at 145 and 215 
K. On the right panel, a false color plot based on parameters obtained from 
the fits of the three different species, shows that a relative simple model 
corresponds well with the experimental data, Fig. 1, and 4 in Ref. [VI]. 
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adsorbed molecules and a good complement to other types of surface 
characteristic tools, such as TPD. 

Vibrational SFG is a non-linear spectroscopy and the signal of the 
resonance is proportional to the number of species squared, N2, and the 
molecular cross section, which in turn depends on the adsorbate geometry. 
The frequency for the CO molecule is also depending on surface position 
and because of this it will shift for the different surface positions.  

As seen in Figure 4.8, the SFG signal shifts depending on how the CO is 
located on the surface sites. The dips in-between the shifts can be regarded 
as a disappearance of one species and evolution of another during two 
structural transitions on the surface.  

Figure 4.9, shows how the intensities for the three different resonances 
evolve and disappear. One can extract activation energies, and Arrhenius 
pre-factors from the decline and growth, as seen in Figure 4.9. Our findings 
agree well with the Arrhenius pre-factors extracted from TPD, where TPD is 
available; an advantage with SFG is that also structural changes that do not 
involve desorption can be recorded. 

By using infrared-infrared-visible SFG (IIV-SFG) we obtain sensitivity, 
by the third-order susceptibility 𝜒(!), to the coupling between the adsorbates. 
Based on these data and earlier studies [38, 49] we concluded that the CO 
structure changed during heating, from a disordered overlayer on the 
O(2×1)/Ru(0001) surface to an ordered overlayer on the same surface. In the 
second transition the O atoms form a honeycomb structure, in connection 
with the desorption of excess CO (Figure 4.10). 

Figure 4.9: The upper graph shows the integrated SFG signal intensities as 
a function of temperature. There are two strongly marked dips in the 
intensity at 149 and 214 K. The last dip is the final CO desorption and is 
finished at 340 K. In the lower graph a TPD trace of CO/O/Ru(0001), Ref. 
[VI] Fig. 2. 
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4.3.2 CO oxidation 
In Paper [VII] we studied laser-induced oxidation of CO on oxygen covered 
ruthenium with 400 and 800 nm light, and found a branching ratio between 
oxidation and desorption of 1:31 and 1:9, respectively, in favor of a higher 
selectivity towards the oxidation for 400 nm wavelength excitation. 
Moreover, by assuming influence of a transiently excited non-thermal 
electron contribution in the initial stages of the oxidation, we could model 
the experimental data, see Figure 4.11. 

The desorption and oxidation process for CO on an oxygen covered 
ruthenium surface was here studied by fluence dependence and 2PC 
measurements using the 400 nm wavelength.  

The surface was prepared by dosing 20 L of O2 at 600 K, which leads to a 
0.5 ML in an ordered p(2×1) phase. Thereafter 10 L of CO was dosed during 
cooling between 170 to 130 K, and the experiment was performed at 100 K. 

The fluence dependence was recorded both for the CO desorption and the 
desorption of CO2, resulting from CO oxidation. 

The DFT calculations that were performed to support and model the CO 
oxidation were done both from the p(2×1) and the honeycomb phase for the 
oxygen layer. The results produced from the DFT calculations agreed well 
with the constants extracted from the experiment.  
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Figure 4.10: The IIV-SFG shows differences in the signal for the three 
different temperatures. The signal decreases for each step, indicating that 
distances between the CO molecules increases, Ref. [VI] Fig. 3. 
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The data (see Figure 4.11) for the CO oxidation and the desorption (not 
shown in the figure) could all be reproduced by the kinetic model for the 
fluence dependency and the 2PC. 

Nevertheless, there is a discrepancy that the model cannot adjust for. By 
using reasonable values for the activation energy the yield ratios and the 
fluence dependence, cannot fit the data, so something is missing. 

Figure 4.11:  In the left panel the modeling of the fluence dependence 
(green), summed from both linear (red) and a power law (blue) terms for 
the thermal and non-thermal electrons, respectively. In the right panel, the 
corresponding corrected model with the non-terminal electrons gives a 
very good agreement with the data (red), Fig. 4, and 5 in Ref. [VII] 

Figure 4.12: The calculated spectra of p-projected density of states for CO 
and O and the d-projected density of states for the ruthenium show that a 
larger amount of non-thermal electrons at 400 nm can reach high enough 
in energy over the Fermi level, Ref. [VII] Fig 3. 
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We propose that non-thermal electrons have to be considered, because 
the non-thermal electron distribution in the high-energy regime of the 
surface electrons above the Fermi level is wavelength dependent (see last 
paragraph, sec. 2.3.1). The antibonding level of the O–Ru bond is around 2 
eV above the Fermi level (see Figure 4.12), and the non-thermalized 
electrons produced by the 800 nm light has an energy of 1.55 eV and are not 
high enough to reach the 2 eV level, whereas those produced by 400 nm 
light, are 3.1 eV. By modeling the fluence dependency with a nonlinear and 
a linear contribution (see Figure 4.11, left panel) for the non-thermal 
electrons, the data can be perfectly modeled (see  Figure 4.11 right panel).  

4.3.2.1 Real-time observation of bond formation during CO oxidation 
In Paper [VIII], we explored the oxidation process by measurements with 
ppXAS (see sec. 3.4). The goal here was to see the transition state of an 
oxidation reaction in real time. 

The surface preparation resulted in a (2O + CO)/Ru(0001) honeycomb 
structure. The optical laser light, 400 nm, was set to a fluence of ~ 140 J/m2. 
In this data, we also have to consider that we measure both the oxygen atom 
and the oxygen on the CO molecule. 

The measurement method was ppXAS by scanning the O K-edge. Figure 

Figure 4.13: The XAS spectra (A) show two different curves, -3 to 0 ps 
(black curve), and 1.5 to 3 ps (red curve), i.e. before and after pump. In 
(B), we see the difference in response time of the transient changes of the 
spectral features between the oxygen, CO, and the binding between the 
CO and oxygen, seen from the free atom and the oxygen in the CO 
molecule. Reprinted with permission from AAAS, Ref. [VIII] Fig 1. 
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4.13A shows two spectra: one before laser excitation (-3 to 0 ps) and one 
after laser excitation (1.5 to 3 ps). There is a substantial difference between 
the two spectra. In the initial spectrum (before laser excitation) we can see 
the 2𝜋* resonance for the CO molecule at 533.8 eV, and the resonance 
corresponding to the O 2p-Ru 4d antibonding level at 530.8 eV. The broad 
feature at 540 eV is due to the O 2p-Ru 5sp shape resonance of the adsorbed 
O. After the optical laser excitation, at 1 ps the CO 2𝜋* shifts to lower 
energies, as observed in Paper [IV]. Increased intensity on the low-energy 
side of the O 2p* resonance at 530.8 eV indicates that the oxygen atom is 
activated. 

Figure 4.14: In graph (A) we can see the reaction path vs. the free energy 
and how it shifts depending on temperature. The reaction coordinates are 
defined as following; dO-CO(IS)-dO-CO(X) where dO-CO is the distance 
between the reacting oxygen atom and the carbon atom in the CO 
molecule adsorbed on to the metal, and X is the position along the reaction 
path. (B) Computed O-K-edge spectra of the reacting CO at the IS, TS1, 
and TS2 positions. (C) Computed O-K-edge spectra of the oxygen atom, 
at same positions as in (B). (D) Computed energy of the shape resonance, 
which is pointed out in (C). The energy of the shape resonance arise from 
the OC–O bond and are plotted as a function of the OC–O distance at 
different states along the reaction path. (Initial state IS, transition state TS, 
and final state FS). Reprinted with permission from AAAS, Ref. [VIII] 
Fig 2. 
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In Figure 4.13B we can see the transient response time of the spectral 
features for the free oxygen, compared to the CO. The O 2p* feature is very 
fast, at time scale of 280 ± 100 fs. This is on a time scale similar to the 
thermalization of laser-excited electrons in ruthenium. The CO 2𝜋* feature 
shifts on a time scale of 550 ± 120 fs, and a new spectral feature appears 
between the O 2p* and CO 2𝜋* on the same time scale of 800 ± 250 fs 
which is accompanied by additional intensity in the region between 536 and 
539 eV. 

To get a better interpretation of the data, different DFT calculations were 
performed. In Figure 4.14, four different panels are shown, where Figure 
4.14A shows the reaction path from the initial state (IS), transition state 1 
(TS1), transition state 2 (TS2), and finally the final state (FS), based on 
known structures following the minimum energy reaction path. In Figure 
4.14B and Figure 4.14C, the O K-edge spectra of CO and O are calculated 
along the reaction path. In Figure 4.14D, the energy position computed for 
the shape resonance that arises from the OC–O bond distance is plotted, and 
here the values from gas-phase CO2 are also plotted. 

By comparing the DFT calculations with the experimental data the 
following picture appears; after the optical laser excitation the O atoms start 
to vibrate and move towards a bridge site. After ~ 500 fs the CO molecule 
becomes active via frustrated rotations, translations, and collisions which 
lead to formation of the first TS structure where the CO and O either 
dissociate back to the surface or continue to react to form CO2.  
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5 Conclusions and outlook 

In this thesis, the main attention and focus has been to get a better 
understanding of the fundamental physics in three of the catalytic processes 
of CO on transition metals. The main model systems that have been in focus, 
are CO on iron and ruthenium. For the ultrafast reaction studies of 
desorption and oxidation, CO/Ru(0001) and CO/O/Ru(0001) were chosen, 
respectively. The scientific approach has been via experiment, which has 
been backed up from theoretical calculations. Various techniques were 
combined to extract new data and get a better understanding of these 
catalytic reactions. Static techniques were used to probe adsorbate properties 
before reaction. Optical laser-induced mass spectroscopy was used to probe 
surface femtochemistry mechanisms and demonstrate the importance of 
adiabatic/non-adiabatic contributions to driving the reactions (phonons, hot 
electrons and non-thermal electrons). 

Optical/x-ray pump-probe experiments were used to probe the transient 
excitation of adsorbate motion (vibrational excitation, precursor state, and 
transition state region). Together these techniques provide a powerful 
combination that has allowed us to follow the reaction, as in Papers [III–V, 
VIII].  

We have verified how the DCD model could be used to describe the 
bonding configuration in a pre-dissociative state, and how the reaction 
outcome for CO on metals can be predicted from these insights shown in 
Paper [I].  

The excitation mechanisms are dependent on the energy carriers, 
electrons or phonons, and how they couple to each other. What we could see 
from the fluence dependency and the 2PC experiment on CO on bare 
ruthenium (Paper [II]) is that the frictional model was successfully used to 
describe the desorption, under the condition that both electrons and phonons 
contributed. Therefore, the fluence dependency and the 2PC cannot alone 
separate whether the mechanisms are electron- or phonon-mediated. 
Moreover the desorption yield was larger for the 400 nm than for the 800 
nm, by a factor of 3-4. 

On the CO on oxygen-covered ruthenium temperature-programmed SFG 
(TP-SFG) was performed in Paper [VI]. By using the surface sensitivity of 
SFG, new information on how an adsorbate overlayer on a surface 
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structurally transforms during heating. The TP-SFG was in turn 
complemented with infrared-infrared-visible SFG (IIV-SFG) to probe 
differences in the CO–CO distances during the structural transitions. 
Because of the non-linearity of SFG the structural changes on the surface 
give a spectral fingerprint, which allows us to determine kinetics in the 
spectral shifts even where no desorption appears.  

The energy dynamics was also studied on the CO/O/Ru(0001) system, by 
measuring the fluence dependency and the 2PC, with 400 and 800 nm light 
(Paper [VII]). Here we found that the 400 nm light had a larger selectivity 
towards desorption a 800 nm, by a factor of four, and that the branching 
ratio between oxidation/desorption was 1:9 and 1:31 for 400 and 800 nm, 
respectively. Moreover, to be able to fit the data with reasonable values for 
the activation energy within the thermal model, non-thermal electrons had to 
be included. 

The optical/x-ray pump-probe experiments on the CO/O/Ru system 
(Paper[VIII]) gave a first glimpse into the transition state. Here we could 
follow how the O and CO move on the surface and start to interact. 

Having gained this level of understanding, the next natural step is to 
improve the level of control, to control the reaction that takes place on the 
surface and steer it to a specific outcome. This could be in terms of the 
technical use or surface reconstruction. 

 Still there are a lot of challenges with the existing experimental 
approaches and techniques, specially regarding the optical/x-ray pump-
probe; we are only in the beginning of how to make use of these 
measurements. The extraordinary results gained in the CO/Ru(0001) 
desorption, and the CO/O/Ru(0001) oxidation experiment, Paper [IV] and 
[VIII], make the future exciting.  

The XFEL technique in it self is also an exciting field and with the new 
facilities, as e.g. the new LCLS II at Stanford, or MAX IV at Lund, exciting 
new possibilities open up.  

Finding new ways to combine different techniques e.g. the optical laser 
and XFEL technique (as done in Papers [III-VVI, VIII]) or like the TP-SFG 
is also a necessity, which can give us new insights and information where 
only one technique has failed. 
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Populärvetenskaplig sammanfattning 

Kemiska reaktioner existerar överallt i vår omgivning, såväl inom industrin 
som i dagliga livet och vår natur. En kemisk reaktion kan accelereras eller 
möjliggöras genom att använda en katalysator, då katalysatorn sänker den 
energibarriär§§ som måste övervinnas för att reaktionen skall kunna ske. 
Heterogen katalys är en vanligt förekommande katalys som används inom 
kemikalieindustrin, men är också vanligt förekommande i naturen. 
Heterogen katalys är när katalysatorn och reaktanterna är i olika 
aggregationstillstånd, som t.ex., i vårat fall då reaktanterna är i gasfas 
medans katalysatorn är i fast form. Detta kan illustreras genom att se på 
följande scenario, oxidation. Vi har två olika gaser, syrgas (O2), och 
kolmonoxid (CO), plus katalysatorn rutenium. De två gaserna adsorberas på 
ruteniumyta, där O2 dissocierar och möjliggör för en reaktion med CO som 
nu kan reagera med en O atom till produkten CO2 och därefter desorbera. 
Det bör dock noteras att en katalysator aldrig förbrukas i reaktionsprocessen.  

I den här avhandlingen är det framför allt två processer inom den 
heterogena katalysen, desorption och oxidation med avseende på CO på 
övergångsmetaller, som har undersökts. Dissociation kommer även att 
diskuteras men inte i den utsträckning som de två andra processerna. 
Forskningen har genomförts genom olika experiment. Data har analyserats 
och tolkats med hjälp av teoretiska beräkningar som först och främst har 
utförts av våra teoretiker. Mitt bidrag har framför allt varit på det 
experimentella planet, i utförande, datainsamling och analys. 

Fokus har legat på att kunna förstå mekanismerna som styr energiflödet 
för en reaktion. Men också hur elektronstrukturen förändras över tid i 
molekylen och i molekyl-substratbindningen under en reaktion.  

Alla experiment har utförts i ultrahögt vakuum, och mätningarna som har 
genomförts har varit laserbaserade, antingen med optiskt laserinducerade 
reaktioner, mätta med masspektroskopi eller med röntgenlaser, där den 
senare är en kombination av både optiskt och röntgenljus.  

Användning av pulsat laserljus, med andra ord ultrasnabb laser, gör att 
experimenten blir tidsupplösta. Undantaget är röntgenmätningarna för 
dissociation, vilket utfördes i jämviktstillstånd, även kallat för statiska 

                                                        
§§ Även kallad aktiveringsenergi. 
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mätningar som utfördes med ett kontinuerligt röntgen ljus producerat i en
synkrotron ring. 

Dessa mätningar har gett ny information och förståelse för de olika 
processerna. Det optiska laserljuset har använts först och främst för att starta 
de kemiska reaktionerna, men även för vibrationspektroskopi som summa-
frekvensgenerering, SFG. Genom att starta en kemisk reaktion med pulsat 
laserljus, gör man så kallad femtokemi, vilket också ger möjligheten för att 
öppna reaktionskanaler som under normala fall varit stängda i ultrahögt 
vakuum. Systemen som har använts för de olika experimenten har varit CO 
på rutenium (CO/Ru) och CO på syretäckt rutenium (CO/O/Ru). För 
dissociationsexperimentet var systemet CO på järn (CO/Fe). 

Vid dissociationsexperimentet utfördes två olika typer av 
röntgenspektroskopi, nämligen, adsorptions-spektroskopi (XAS) och 
emissions-spektroskopi (XES). I det här systemet, CO/Fe, kunde vi 
undersöka två olika tillstånd, nämligen ett pre-dissociativt och en icke-
dissociativt tillstånd och jämföra dessa emot varandra. Data och beräkningar 
visade att i det pre-dissociativa tillståndet, är bindningen mellan C och O 
delvist redan bruten på ett sådant vis att man kan använda DCD*** modellen 
för att beskriva händelseförloppet (se sektion 2.1.2). 

Vid desorptionsexperiment användes CO/Ru. Två olika laser experiment 
användes för att fastställa hur dynamiken i energiflödet fördelas i systemet 
och hur processen påverkas, beroende på energifördelningen mellan 
energibärarna elektroner och fononer. Från mätningar av fluensberoendet 
(FD) och tvåpulskorrelationen (2PC), kunde det fastställas att den framtagna 
datan väl kunde anpassas till den så kallade friktionsmodellen, men med 
förutsättning att både elektron- och fononsystemen beaktades i processen. 
Vidare visade det sig att fluens och tvåpulskorrelations experimenteten i sig 
inte är tillräckliga för att bestämma huruvida en reaktion är elektron- eller 
fononmedierad. 

I två experiment användes tidsupplöst röntgenspektroskopi (röntgenlaser) 
för att se hur de olika atomorbitalerna förändrades över tid i en reaktion.
Detta gjordes vid Linac Coherent Light Source (LCLS) vid Stanfords 
universitet, en av de första fri-elektron lasrarna (XFEL). De första 
mätningarna som utfördes var för att fastställa att, ultrasnabba mätningar 
med XFEL var möjliga att genomföra. Därefter utfördes de första 
mätningarna av CO desorption i realtid. Mätdatan kunde bekräfta att CO 
molekylerna som lämnar ytan först fastnar i ett löst bundet tillstånd, i ett
förstadium till desorption.  

För studierna av oxidationsprocessen användes systemet CO/O/Ru. Även 
här gjordes mätningar av FD och 2PC. En uppskattning av proportionerna 

*** Dewar-Chatt-Duncanson modellen är en modell utformad för kolväten på ytor. 
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mellan respektive process, oxidation och desorption, visade sig vara 1:9 för 
400 nm ljus och 1:31 för 800 nm. Då vi inte kunde använda oss av rimliga 
värden för t.ex. aktiveringsenergi för de två olika processerna inom den 
termiska modellen, kunde denna avvikelse elimineras genom att introducera 
icke-termiska elektorer. Även här gjordes tidsupplösta experiment med 
LCLS, och resultaten gav oss den första mätdatan gjorda runt 
övergångstillståndet i realtid. Vad vår data kunde bekräfta var följande 
scenario; syre atomen exciterades snabbast och började att röra sig ifrån sitt 
ursprungsläge, ”hollow site”†††, upp till en ny position, ”bridge site”‡‡‡, i 
närheten av CO molekylen som sitter ”on-top” på metall atomen. När även 
CO molekylen blivit exciterad och börjar röra sig kan en svag bindning 
mellan CO molekylen och syre atomen bildas med en förlängd 
bindningslängd på ~ 1.7 Å, att jämfört med ~ 1.2 Å för CO2 i gasfas. Efter 
att den nya bindningen förstärkts, desorberar CO2 molekylen. 

Övriga experiment på detta systemet var, förutom FD och 2PC, 
temperaturberoende SFG (TP-SFG). Den TP-SFG mätningen visade att 
strukturella förändringar sker på ytan, även då ingen desorption äger rum. 
Genom kompletterande mätningar med, infraröd-infraröd-synligt SFG (IIV-
SFG) och förut kända data utförda med t.ex. temperaturprogrammerad 
desorption (TPD), kunde vi visa att systemet går ifrån en oordnad struktur 
till ett så kallad p(2×1)-struktur (här emellan sker ingen desorption), sedan 
vidare till en ”honeycomb”-struktur före all CO desorberas. Hur strukturen 
ser ut är avgörande för vilken magnitud aktiveringsenergin har för 
molekylen på ytan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                        
††† Hollow site är när molekylen sitter i håligheten som finns mellan tre eller fyra ytatomer.  
‡‡‡ Bridge site är när molekylen sitter mellan två ytatomer. 
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