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ABSTRACT 
 
 
This thesis deals with the influence of the structure and chemical composition of 
platinum surfaces on the adsorption of some molecules. Three main lines can be 
distinguished : 1) the characterisation of clean-modified surfaces, 2) the 
adsorption of some simple atoms and molecules on these surfaces and finally 3) 
the adsorption of 2-butenal, a bi-functional molecule containing a C=C group 
conjugated with a C=O group. The main tools used in this work are scanning 
tunnelling microscopy, photoelectron spectroscopy and high-resolution electron 
energy loss spectroscopy, in combination with quantum chemical calculations. 
 
The platinum (111)(1×1) and (110)(1×2) surfaces are chosen as substrates. 
Pt(111) is a non-reconstructed close-packed surface, while the Pt(110) surface is 
open, due to its missing row (MR) reconstruction, which results in the 
alternation of ridges, {111} microfacets and valleys. Titanium grows on Pt(111) 
in a Volmer-Weber mode. Pronounced reactions between Pt and Ti are detected 
already at room temperature as the Ti2p and Pt4f7/2 core-level shifts are 
characteristic of the Pt3Ti alloy. Carbon segregated on the (110) surface appears 
as extended graphitic regions, which smoothen the substrate. Sn deposition at 
room temperature on Pt(110) results in the appearance of small islands, 
randomly spread over the surface. The presence of mobile Sn ad-atoms and Pt-
Sn-Pt alloyed chains in the valley of the MR reconstruction is also evidenced. 
Annealing the surface results in the rearrangement of the tin in the surface layer, 
together with a global shortening of the terraces in the [ 011 ] direction and an 
increased density of (1×n) (n>2) defects. 
 
The adsorption of atomic hydrogen and oxygen has been performed on the 
Pt(111)(√3×√3)R30° surface alloy and on Pt(110)(1×2) respectively. The 
adsorption site of these atoms is changed as compared to the one determined on 
the clean Pt(111) surface (i.e. fcc hollow site) : H is adsorbed on-top site on the 
(√3×√3) surface alloy, and O sits on the ridge of the missing row reconstruction 
in bridge site. Carbon monoxide adsorption was performed on Pt(111) and 
Pt(110)(1×2) surfaces, modified or not by tin. On the unmodified (111) surface, 
CO adsorbs first in top site, then in bridge. Changing the geometry of the 
surface to the (110) results in the vanishing of the bridge site population. 
Modifying these surfaces by Sn does not change the CO adsorption site.  
 
Finally, 2-butenal (CH3-CH=CH-CH=O) has been adsorbed at 100 K on the 
Pt(111) surface and the Sn/Pt(111) surface alloys. On the unmodified Pt 
surface, comparison with results obtained for propene (CH2=CH-CH3) 



 vi 

adsorption evidences the involvement of the C=C group of the 2-butenal 
molecule in the bonding to the Pt surface. The carbonyl group is also suggested 
to take part in the bonding, through a di-σcc + η1(O) configuration. This 
carbonyl group bonding disappears when Sn is alloyed to the surface, and the 
formation of a new physisorbed phase is detected. 
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CHAPTER 1 : INTRODUCTION 
 
1.1 Selectivity : the hydrogenation of double  
unsaturated molecules…………………………… 3 

1.2 In brief………………………………………. 8 

References………………………………………. 10 

 
In a catalytic process, the reaction occurs in 
a sequence of elementary steps. As 
illustrated in Fig. 1.1, this sequence includes 
adsorption (1), surface diffusion (2) 1, 
chemical rearrangement (bond-breaking (3), 
bond-forming (4), molecular rearran-
gement) of the adsorbed intermediates and 
products’ desorption (5). Therefore, the 
process of heterogeneous catalysis is 
governed by a multitude of surface 
parameters, among which crystallographic 
structure, surface composition and 
electronic structure are among the more 
important [1, 2]. These parameters 
influence the activity and the selectivity of a 
given catalyst for a certain reaction. Until 
the early 60’s, catalysts were often viewed 
as “black boxes” that converted entering 
reactant molecules to desirable products [3]. 
The improvement of the activity and 
selectivity was mainly based on trial and 
error [4]. The initial composition of the 
complex catalyst was known, but little 
knowledge about the active sites, the 
reaction pathway or the rate determining 
factors was available. 
This approach of catalysis has its limits, and 
it became obvious that a better 
understanding of the phenomena occurring 
during the catalytic process was required. 
The “black box” had to be opened in order 

                                                      
1 Note that diffusion is not an obliged step. 

 
 
Figure 1.1 : Schematic representation of 
the catalytic process. The 5 elementary 
steps of the catalytic cycle are emphasised: 
(1) adsorption of the reactants, (2) 
diffusion 1, (3) dissociation, (4) reaction, 
i.e. formation of new chemical bonds, (5) 
desorption of the products. Note that two 
main mechanisms are illustrated : the 
Eley-Rideal one (upper part) and the 
Langmuir-Hinshelwood one (lower part). 
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to get any significant improvement of the 
catalyst performance in the long term. 
The development of modern surface 
science provided an opportunity to 
investigate catalysts on the atomic scale and 
to understand the molecular ingredients 
that make them function. Through a 
simplification of the reactions and a 
modelisation of the catalyst, it has been 
possible to identify different reaction steps. 
Single crystals with a controlled density of 
steps and/or kinks, modified or not by 
deposition of a metallic additive, are used to 
model a site or a set of sites expected to 
exist on practical high surface-area catalysts. 
The reactant gas mixture is generally 
considerably simplified, and large efforts 
are devoted to mimic aspects of 
heterogeneous catalysis by generating, 
isolating and reacting proposed surface 
intermediates on single crystal surfaces in 
vacuum [5]. 
One of the main differences between 
surface science and catalysis is the pressure 
gap, i.e. the need in the former case of an 
ultra high vacuum (UHV) working 
environment. To bridge this gap, systems 
are developed, that combine high-pressure 
catalytic reactions on single crystals with 
UHV surface characterisation, before and 
after the reaction [3]. Moreover, during the 
past few years, new surface science 
techniques have appeared that can bridge 
the pressure gap that is, they can be used to 
obtain molecular level surface information 
at both low and high ambient pressures. 
The two main techniques entering this later 
group are sum frequency generation (SFG) 
surface vibrational spectroscopy and (high 
pressure) scanning tunnelling microscopy 
[6]. In-situ surface characterisation, during 
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Figure 1.2 : General formula of an α-β 
unsaturated aldehyde.  

the catalytic reaction it-self, is thus made 
possible. 
In parallel to the development of new 
surface instrumentation and numerous 
experiments, there has been also 
considerable progresses made in the 
theoretical description of surface processes 
[7]. Density functional theory plays 
nowadays a major role on the surface 
chemistry scene. 
 
In this context, the 90’s have seen the 
appearance of catalysts elaborated and 
improved thanks to the surface science 
studies performed on model surfaces. 
Synthesis of ammonia on iron based 
catalysts and hydrocarbon conversion by 
platinum systems [8] are two such 
examples. 
 

1.1 Selectivity : the hydrogenation of double unsaturated 
molecules 

 
Hydrogenation reactions can be met in the 
large-scale chemical and petrochemical 
industries (removal of benzene from fuels 
and oils, hydrogenation of olefins…), the 
food processing industry (fat hardening), 
fine chemicals, pharmaceutical industries [9] 
etc. An interesting subject from both a 
scientific and practical point of view is the 
hydrogenation of polyfunctional molecules. 
These are molecules containing several 
unsaturated bonds such as C=O, C=C or 
C≡N bonds. A main task to be achieved is 
to understand and control the chemical and 
stereo-selectivity of their hydrogenation : 
under which conditions one unsaturated 
bond will be hydrogenated and not the 
other ?  
I will focus below on molecules containing 
a vinyl group (C=C) and a carbonyl group 
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(C=O) at the beginning of the carbon 
chain. Among them, most attention will be 
given to those in which the unsaturated 
bonds are conjugated, namely the α-β 
unsaturated aldehydes. Their general 
formula is given in Fig. 1.2. R1 and R2 
represent the substituents. 
 
The hydrogenation reaction leads to two 
primary reaction products (see Fig. 1.3) : 
the saturated aldehyde and the unsaturated 
alcohol, which is the desired product for 
application purposes. Further hydroge-
nation leads to the formation of the 
saturated alcohol. The problem lies in the 
fact that the hydrogenation of the vinyl 
group is thermodynamically 2 and 
sometimes kinetically favoured [10]. The 
nature of each substituent R1 and R2 (allyl, 
phenyl groups…) plays also an important 
role, as these decrease the accessibility to 
the C=C bond and thus its reactivity. This 
is essentially a steric effect, due to the 
repulsion between electrons in the metal 
surface and in the fully occupied (σ-) 
orbitals of the substituents. General 
conclusions concerning the hydrogenation 
of α-β unsaturated aldehydes are therefore 
difficult to assess but some general trends 
are worth mentioning. 
 
The most common hydrogenation catalysts 
are based on (supported) transition metals, 
namely Pt, Ru, Rh, Os, Ir, Ni, Co, and Pd. 
Different theories have been developed to 
explain the catalytic properties of the 
transition metal based catalysts. 
Chemisorption model studies emphasise 
the contribution of d-electrons to the 
bonding of atoms and molecules on the 

                                                      
2 The hydrogenation of the C=C bond is thermodynamically more favourable by 35 kJ.mol-1  

 
 
Figure 1.3 : Overview of the hydroge-
nation reaction of the α-β unsaturated 
aldehydes.  
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surface [11]. The d-electron metals also 
often have low-energy electronic states and 
electron vacancy states due to the 
hybridisation between d and s,p-electrons 
[1]. The manifold of degenerated electronic 
states can readily donate or accept electrons 
to and from adsorbed species. The higher 
the concentration of degenerated electronic 
states of a transition metal surface, the 
more reactive is the surface in breaking and 
forming new chemical bonds. 
For the reaction of interest here, the metals 
from the platinum-group are the most 
active. Their selectivity can be ranked as 
follow : Ir > Pt > Ru > Rh [12]. However, 
the selectivity of the unpromoted metals is 
generally low and the order given above can 
probably be modified by changes in the 
support, metal particle sizes, etc. Promoters 
are therefore systematically used. 
Promoters of metal catalysts can be defined 
as non-metallic additives 3, which, although 
being inactive, influence the catalysts’ 
activity and selectivity. For this particular 
reaction it should activate the carbonyl 
group but not bind the vinyl group. The 
beneficial effect of promoters is known for 
a long time [13], but there are many 
particular cases were the mechanism of 
promotion is still obscure. Several possible 
scenarios have been put forward [9] : 
- The non-metallic additive is converted to 

a metallic one during the catalyst 
preparation or upon the reaction itself. 
The beneficial effect is then that of 
alloying, which can be classified as : a) 
ensemble-size effect, b) ensemble-
composition effect, and c) ligand or 

                                                      
3 The additives are introduced in the catalyst preparation almost exclusively as salts, therefore as 

ionic compounds.  
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electronic effects. a) and b) are usually 
much more pronounced than c) [14]. 

- The promoter remains in an oxidised 
state. This clearly positively charged 
centre would then interact preferentially 
with the polar carbonyl group of the 
molecule, through the oxygen electron 
lone pair. 

- The sizes and shapes of the particles on a 
support can play a role in the selectivity. 
A promoter can also influence these 
parameters.  

- The potential promoters can change the 
surface composition of the support. If the 
hydrogenation reaction network 
comprises any step occurring on the 
support, an effect on the selectivity is 
then possible. 

- In the same spirit, theoretical analysis 
predicted that some of the reactive 
intermediates should be more easily 
formed on edges or on other low-
coordinated metallic atoms. Promoters 
can affect the accessibility of such special 
sites. 

The most common promoters used for this 
hydrogenation reaction are s,p-elements 
such as Sn or Ge. Tin on a Pt/nylon 
catalyst raises the selectivity from 0 to 75% 
when the fraction of Sn exceeds about 0.15 
[15]. Germanium is even more efficient, 
with a reported selectivity of 90-95% [16]. 
However, the valence of the promoter is 
somewhat unclear 4. It is believed that these 
additives are in a positive oxidation state 
when they act, and that they do so by 
engaging the carbonyl group (C=O) in a 
way that activates it [17]. Thus, the second 
scenario listed above is favoured. 

                                                      
4 Up to date, there is no study with a direct investigation of the chemical state of the catalyst 

components during the catalytic reaction.  
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Figure 1.4 : Schematic representation of 
the 2-butenal (or crotonaldehyde) and the 
3-methyl 2-butenal (or prenal) molecules. 
The substituents are emphasised. 

 
The support can also act in some cases as a 
promoter when the so-called strong metal-
support interaction (SMSI) is encountered. 
This is observed for example for noble 
metals (Pt, Pd) on TiO2. Upon catalyst 
preparation, a small part of the support gets 
on the surface of the metallic particles 
where it is further spread by a high 
temperature reduction. The increased 
interface thus created displays specific 
properties that result in an improvement of 
the reactivity and selectivity of the 
supported catalyst. Again, opinions differ 
about the origin of this SMSI, and several 
interpretations have been proposed, 
involving e.g. a charge transfer between the 
transition metals or the formation of 
intermetallic compounds. The increased 
electronic density on the metal would 
enhance the interaction with the highly 
electrophilic carbonyl centre, and thus 
favours its reaction. 
 
In order to link catalytic measurements and 
surface science characterisation, a few 
hydrogenation studies have been performed 
on single crystal surfaces. The 
hydrogenation of 2-butenal and 3-methyl 2-
butenal (or prenal see Fig. 1.4) has been 
studied over Pt(111) and Pt80Fe20(111) [18]. 
The selectivity in favour of the unsaturated 
alcohol increases when the C=C bond is 
substituted with a second methyl group, 
and when the catalyst changes from Pt(111) 
to the alloy, although the selectivity remains 
weak. 
The hydrogenation of 3-methyl 2-butenal 
has also been studied on Pt(100) [19], 
Pt(111) [20], Pt(110) [21], and stepped 
Pt(111), namely the (553) face [22]. The 
influence of pre-deposited tin was also 
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studied for the Pt(111) and Pt(553) surfaces 
[22]. The structure sensitivity of this 
particular reaction is clearly demonstrated 
in these articles. The different Pt surfaces 
can be ranked with respect to the selectivity 
toward the unsaturated alcohol : (111) > 
(553) > (100) > (110). The effect of tin 
depends on its local concentration and 
arrangement. It modifies drastically the 
selectivity of the Pt(553) surface. At low 
coverages, Sn changes the selectivity to the 
benefit of the saturated alcohol. At higher 
coverage (>0.3 ML), the expected 
improvement in selectivity toward the 
unsaturated alcohol is observed [22].  
To summarise the results described above, 
the selectivity to the unsaturated alcohol is 
highly dependent on the crystal face. The 
presence of a modifier such as Fe or Sn, the 
nature of the substituents on the β carbon 
and the partial pressure of the reactants also 
play a significant role. The structure 
dependency is in good agreement with 
results obtained on some “real” catalysts, 
where the metal particle size influences the 
selectivity [23]. 
 
The selectivity in the hydrogenation of α-β 
unsaturated aldehydes seems therefore to 
be mainly dictated by the degree of 
activation on the C=O group, i.e. by its 
involvement in the chemisorption process 
on the catalyst surface.  
 

1.2 In brief… 
 
The aim of this thesis was to study how 
surface composition and structure of 
platinum single crystals influence the 
adsorption of an unsaturated aldehyde, 
namely 2-butenal.  
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Tin was chosen as an additive due to its 
well-known promoting effect for selective 
hydrogenation on Pt. As mentioned earlier, 
titanium oxide is a promising support due 
to its positive effect on the selectivity. In an 
attempt to model its interaction with the 
metal particles, titanium and titanium oxide 
island growth on the Pt(111) surface were 
also considered. 
The geometrical structure was changed 
simply by using different single crystal 
faces, namely the (111) and the (110).  
The modified surfaces were first 
characterised by adsorbing some “simple” 
atom (hydrogen) or molecules (O2, CO), 
whose behaviours are well known on the 
bare substrates. Finally, the adsorption of 
propene and 2-butenal was performed on 
Pt(111) and Pt(111)-Sn surfaces. 
The main experimental techniques used 
were high-resolution synchrotron radiation 
core-level spectroscopy, scanning tunnelling 
microscopy and high-resolution electron 
energy loss spectroscopy. The two first 
techniques are particularly well adapted to 
study electronic and structural 
modifications of the surface. The third one 
is especially suited to characterise the 
adsorption mode of molecules. 
After this general presentation, a short 
introduction to surface restructuring and 
adsorption is given in chapter 2. The 
experimental techniques employed here are 
presented in chapter 3, followed by a brief 
description of the theories used (Z + 1 
approximation and density functional 
theory, chapter 4). A summary of the 
papers attached concludes the first part of 
this thesis (chapter 5). 
In the second part, the papers included are 
presented. 
 



 

 10 

References
 
[1] G.A. Somorjai, ‘Introduction to Surface Chemistry and Catalysis’, Wiley-

Interscience, New York (1994). 
[2] A. Clark, ‘The Theory of Adsorption and Catalysis’, Academic Press, New 

York, 1970. 
[3] G.A. Somorjai, Surf. Sci. 299/300 (1994) 849. 
[4] H.P. Bonzel, Surf. Sci. 68 (1977) 237. 
[5] B.E. Bent, Chem. Rev. 96 (1996) 1361. 
[6] see e.g. G.A. Somorjai, J. Mol. Struct. (Theochem) 424 (1998) 101. 
[7] see e.g. Catherine Stampfl and Matthias Scheffler, http://www.fhi-

berlin.mpg.de/th/Highlights/january99.html, and references there-in. 
[8] F.M. Hoffman, D.J. Dwyer, ACS symposium, series 482 (1991) 1. 
[9] V. Ponec, Appl. Catal. A 149 (1997) 27. 
[10] P. Claus and H. Hofmeister, J. Phys. Chem. B 103 (1999) 2766. 
[11] J.K. Nørskov, Phys. Rev. B 26 (1982) 2875. 
[12] A. Giroin-Fendler, D. Richard and P. Gallezot, Stud. Surf. Sci. Catal. 41 

(1988) 171. 
[13] W.B. Innes, ‘Catalysis’, Vol. 1, Eds. P.H. Emmett, Reinhold, New York 

(1954) p. 245. 
[14] V. Ponec and G.C. Bond, ‘Catalysis by metals and alloys’ Studies in Surface 

Science and Catalysis, Vol. 95, Elsevier, Amsterdam (1995). 
[15] Z. Poltarzewski, S. Galvagno, R. Pietropaoli, P. Staiti, J. Catal. 102 (1986) 

190. 
[16] S. Galvagno, Z. Poltarzewski, A. Donato, G. Neri, R. Pietropaoli, J. Chem. 

Soc. Chem.-London (1986) 1729. 
[17] V. Ponec and G.C. Bond, ‘Catalysis by metals and alloys’ Studies in Surface 

Science and Catalysis, Vol. 95, Elsevier, Amsterdam (1995) p.517. 
[18] P. Beccat, J.C. Bertolini, Y. Gauthier, J. Massardier and P. Ruiz, J. Catal. 

126 (1990) 451. 
[19] C.M. Pradier, Y. Berthier, G. Cordier and J. Oudar, ‘Catalyst Deactivation 

1991’, Eds C.H. Bartholomew and J.B. Butt, Studies in Surface Science and 
Catalysis, Vol. 68, Elsevier, Amsterdam (1991) p. 505. 

[20] T. Birchem, C.M. Pradier, Y. Berthier, and G. Cordier, J. Catal. 146 (1994) 
503. 

[21] C.M. Pradier, T. Birchem, Y. Berthier and G. Cordier, Catal. Lett. 29 (1994) 
371.  

[22] T. Birchem, C.M. Pradier, Y. Berthier, and G. Cordier, J. of Catal. 161 
(1996) 68. 

[23] B. Coq and F. F. Figueras, Coordination Chem. Rev. 178-180 (1998) 1753. 



 

 11 

CHAPTER 2 : SURFACES AND ADSORBATES 
 
2.1 Should all clean surfaces be reconstructed ? .... 11 

2.1.1 Surface relaxation :..................................... 12 
The Pt(111) surface ......................................... 13 

2.1.2 Reconstruction at constant layer density 13 
2.1.3 Reconstruction with changes in the layer 
density. .................................................................. 14 

The missing row reconstruction. ................... 15 
2.2 Modification of the clean surfaces..................... 17 

The Sn modified Pt(111) surface................... 17 
2.3 Physisorption, chemisorption and desorption. 19 

2.3.1 Definition.................................................... 19 
Physisorption.................................................... 19 
Chemisorption.................................................. 20 
Desorption........................................................ 22 

2.3.2 Adsorbate-adsorbate / adsorbate- 
substrate interaction............................................ 22 

References.................................................................... 23 

 
As the title of this thesis points out, the 
main task of this work is to investigate the 
influence of the structure and chemical 
composition of a surface on the adsorption 
of a few key molecules, namely hydrogen, 
oxygen, carbon monoxide, propene and 2-
butenal. 
As always, setting the scene is crucial. In 
this chapter, a brief introduction to surface 
reconstruction and modification as well as 
to adsorption mechanisms will be given and 
illustrated. 
 

2.1 Should all clean surfaces be reconstructed ? 
 
By nature, the coordination and electronic 
structures of surface atoms are different 
from their bulk values. Consequently, the 
geometrical structure of the surface may 
differ from a simple bulk truncation. 
Drastic modifications of the surface might 
occur, leading to radical changes in the 
surface atom coordination number and the 
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Figure 2.1 : illustration of the different 
types of surface modification, exemplified 
on a fcc 110-like surface (side view). The 
bulk-truncated surface is given for 
reference 

surface symmetry. In metals, the electron 
gas is strongly delocalised and the chemical 
bonds are essentially not directed. 
Therefore, the surface rearrangements 
observed are subtler than in the case of 
semiconductor surfaces. Nowadays, the 
techniques available (such as low energy 
electron diffraction, ion-scattering, x-ray 
diffraction, to name a few) allow the 
determination of the geometry of not just 
the topmost layer, but also the atoms in the 
interface region, i.e. in the top few layers of 
the metal surface.  
 
Surface modifications can be divided in 
three classes [1], illustrated in Fig. 2.1 :  
- Relaxations (modification of the interlayer 

spacing, see Fig. 2.1b),  
- Displacive reconstructions i.e. at constant 

layer density (modification of the 
intralayer spacing, see Fig. 2.1c), 

- Reconstructions involving long-range 
diffusion, i.e. changes in the surface layer 
atomic density, see Fig. 2.1d. 

 
2.1.1 Surface relaxation 

 
The relaxation of the outermost layer of a 
metal surface away from its ideal bulk-
terminated position was first identified by 
low energy electron diffraction (LEED) [2] 
in studies of the relatively open (110) 
surfaces of fcc metals, e.g. Al(110) [3, 4] 
and Cu(110) [5]. As the theory for interpre-
tation of LEED developed, subsequent 
analysis of these surfaces [6-9] has shown 
that the relaxation effects can extend 
several layers into the material and appear 
to be oscillatory in nature, with the 
oscillation decaying rapidly in the bulk. 
Theses effects originate from the fact that 
the coordination and thus the electron 
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density around the surface atoms is reduced 
by the loss of neighbouring atoms. The 
electron density smears out to produce a 
smoother distribution [10], which gives rise 
to a net inward force on the surface atoms 
and causes the observed contraction of the 
first to second interlayer distance. This 
redistribution of the electron density 
extends over several layers [11], inducing 
the damped oscillatory nature of the 
relaxation. 
 

The Pt(111) surface 
 
With the exception of Au(111), the fcc 
(111) close-packed surfaces do not 
reconstruct. Nevertheless, with the recent 
advances in surface crystallography 
techniques, their much smaller relaxations 
can now be resolved. Especially, the 
relaxation on the Pt(111) surface has been 
measured [12]. It does not follow the 
simple picture of electron redistribution 
presented above, as expansion is detected 
between the first and second (1.1%) as well 
as second and third layers (0.2%). A 
possible explanation is brought by Materer 
et al [12], which suggest that the expansion 
is due to a weakening of the interlayer 
bonding in favour of the intralayer bonding. 
Such an argument is consistent with the 
high value for surface stress calculated for 
Pt(111) [13] and with the fact that this 
surface reconstructs at high temperature 
through an isotropic compression of the 
surface layer [14]. 
 

2.1.2 Reconstruction at constant layer 
density 
 
In addition to relaxation of the interlayer 
spacings, some surfaces undergo displacive 
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Figure 2.2 : A plan view of the c(2×2)
reconstruction of the W(100) surface. In
a) the displacement tendencies of the
atoms, away from their ideal bulk
terminated positions are indicated, while
b) displays the final two layer Debe-King
structure resulting from these
displacements. The respective unit cells
are indicated by a dashed squared. From
Ref. [15, 19, 20] 

lateral relaxations within the surface layers, 
which lower the surface symmetry but not 
the atom density.  
Within this class of reconstruction, the low 
temperature W(100)c(2×2) was the first to 
be discovered and is now the most 
thoroughly investigated. The tungsten 
surface atoms are laterally displaced in the 
[101] direction to produce zigzag chains 
[15]. It has been established both 
theoretically [16, 17] and experimentally 
[18-20] to be a multilayer process 
accompanied by a contraction of the first to 
second layer distance by 6% [21] The first 
layer atoms “roll” on top of the second 
layer, giving rise to a large strain, which can 
be relieved by a small displacement of the 
second layer atoms [16]. Thus, this 
reconstruction is driven by electronic 
effects in the first layer and by strain effects 
in the second layer. 
Here again is an example of a damped 
reconstruction extending into the bulk of 
the material, suggesting that such effects 
should be considered as a rule for all 
materials. 
 

2.1.3 Reconstruction with changes in the 
layer density 
 
Large scale surface reconstructions 
involving long range mass transport were 
first identified on Pt(100) [22]. The first 
layer of platinum reconstructs from a 
square lattice into a near hexagonal 
arrangement known as the so-called hex 
phase [23]. Figure 2.3 shows an STM 
overview of this surface [24]. Later, the 
Au(100) [25] and the Ir(100) [26] surfaces 
have been shown to undergo similar 
reconstructions. The interpretation of 
LEED and high-energy ion scattering 
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results [27] led to models in which only one 
layer of the metal is reconstructed. 
However, a buckling of the hexagonal 
reconstructed layer due to mismatch with 
the second layer has been measured on 
Ir(100) (0.48 Å [28]) and on Pt(100) (0.4-0.5 
Å [24, 29]) surfaces. The buckling of these 
surfaces suggests that the reconstruction 
actually extends several layers into the 
material, since the second layer atoms are 
far from their ideal surroundings. 
As with simple relaxations, the driving 
force behind a reconstruction is the 
redistribution of the surface electronic 
density, which induces a high surface stress 
in the unreconstructed surfaces. Total 
energy calculations [30] show that a 
reconstruction is likely to occur when the 
in-plane surface stress is high and the 
interlayer resistance is small. High surface 
stress is created by a depletion of the 
surface d-electron density causing a reduced 
antibonding contribution at the surface 1. 
As a result of this stress, surface atoms 
undergo a change in the intralayer bonding 
rather than in the interlayer, and form a 
denser, fcc (111)-like overlayer, which 
increases the embedding charge density and 
thus decreases the strain in the surface and 
lowers its energy. 
 

The missing row reconstruction 
 
The (110) surface of fcc metals is the most 
open of the low Miller index surfaces. 
Therefore it has the lowest surface atomic 
density and the highest surface energy, 
making it the most likely to reconstruct. In 
the case of Ir, Pt and Au, the clean (110) 

                                                      
1 This is particularly important for the 5d metals, where relativistic effects deplete the d electron 

band in favour of sp occupancy. 

 
Figure 2.3 : STM image of the Pt(100)-
hex surface. Note the buckling of the 
surface. From Ref. [24] with permission. 
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surface reconstructs spontaneously in a 
“missing row” structure where every 
second top atomic row parallel to the 
[ 011 ] direction is removed, leading thus to 
the (1×2) periodicity observed in the LEED 
pattern [31-34]. Again, this so-called 
missing row reconstruction is a multilayer 
reconstruction (see Fig. 2.4), with 
contraction between the first and second 
layer, pairing of atoms both in the second 
and fourth layers [35], and rumpling in the 
third [36]. The same type of effect has been 
observed on the Au(110)(1×2) and 
Pt(110)(1×2) surfaces. Hence, the missing 
row reconstruction shows all three 
processes described earlier. 
The removal of close-packed [ 011 ] rows 
induces the appearance of three atoms wide 
{111}-like microfacets across the surface. 
The creation of these {111} microfacets 
has often been cited as the driving force for 
the missing row reconstruction. However, 
this would imply that the surface should be 
more stable with larger facets, suggesting 
that (1×n) reconstructions should become 
increasingly stable with increasing n, which 
is in contradiction with observation. The 
stability of the (1×2) surface must have a 
different origin. Theoretical investigation of 
the missing row reconstruction supports 
the multilayer nature of the process [37]. 
These multilayer relaxations provide an 
alternative driving mechanism. Row pairing 
in the second layer creates open channels 
into which the remaining top layer atoms 
can relax, restoring their local valence 
electron density and producing a 20% 
contraction of the first interlayer spacing. 
The first and second layers then together 
create a compact, high-density surface 
resembling the buckled top layer on the 

 
 
Figure 2.4 : The (110)(1×2) missing rows
surface reconstruction. The atoms 
position of the bulk truncated 1×1 is
indicated by dashed circles. Note that this 
reconstruction is a combination between 
the three types of surface modification 
mentioned earlier :  
- Relaxation between the 1st and 2nd and 
the 3rd and 4th layers,  
- Row pairing in the 2nd and 4th layers (i.e.
displacive reconstruction), 
- and finally one row over two missing, 
therefore involving large mass-transport
across the surface. 
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Pt(100)-hex. The missing row 
reconstruction is thus stabilised as it 
creates, through the multilayer relaxations, 
the densest atomic packing possible at a 
(110) surface. The buckling of the third 
layer further lowers the surface energy. 
These similarities with the Pt(100)-hex 
reconstruction suggest that the driving 
force for the combined row pairing and 
missing row reconstruction is, here too, the 
high surface stress of the last 5d transition 
metals. 
 

2.2 Modification of the clean surfaces 
 
Modifying a clean surface by deposition of 
a metallic additive leads to different 
structures depending on the growth mode. 
Two-dimensional overlayers or three-
dimensional islands can be obtained. 
Alloying might also be observed depending 
on the deposition / annealing temperature.  
The Sn/Pt(111) system introduced below 
has the advantage of presenting the various 
types of surface structures depending on 
the initial Sn coverage and / or substrate 
temperature. It is therefore particularly well 
suited to illustrate the different ways to 
modify a surface. 
 

The Sn modified Pt(111) surface 
 
The Sn-Pt system has been studied for 
several years now and the phenomena that 
take place are well known [38 - 42]. Several 
surface structures can be obtained, depending 
on the initial tin coverage and the annealing 
temperature. 
For an initial Sn coverage below 0.6 ML 
and substrate temperature below 450 K, M. 
T. Paffett et al. [38] reported the formation 
of ordered overlayers. The LEED pattern 
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observed goes from a (√3×√3)R30° for the 
lowest coverage to a c(4×2) pattern at 0.6 
ML. The ordered overlayer feature 
disappears when the tin coverage exceeds 
0.6 ML and the growth mode exhibits a 
clustering behaviour. This island formation 
may be explained by the important lattice 
mismatch between Pt and Sn, and by the 
different crystal structures (fcc for Pt and 
tetragonal for Sn) [42].  
Formation of the surface alloy requires 
sample annealing at temperatures above 
450K [38]. As illustrated in Fig. 2.5, the tin 
atoms have replaced some Pt atoms in the 
topmost layer. The main interest of having 
a surface alloy lies in the possibility to vary 
the surface chemical composition while the 
surface structure remains more or less 
unchanged. Here too, different behaviours 
are observed depending on the deposition 
conditions. For coverages below 0.3 ML 
and annealing at 1000 K, a (2×2) LEED 
pattern is observed. The top layer is then 
equivalent to the Pt3Sn(111) surface. For 
coverages between 0.3 and 1 ML and 
annealing between 800 and 1000 K, the 
surface exhibits a (√3×√3)R30° LEED 
pattern. In the light of Low Energy Ion 
Scattering (LEIS) [39, 40], LEED [41] and 
X-ray Photoelectron Diffraction (XPD) 
[42] data, it appears that in both cases the 
tin atoms are incorporated into the first 
platinum layer. In order to adjust the size 
difference between platinum and tin, the 
surface is rippled with outward 
displacement of the Sn atoms : 0.30 Å and 
0.23 Å for the (2×2) and the (√3×√3)R30° 
surfaces respectively [40, 41]. The fact that 
the (√3×√3)R30° phase with single layer 
characteristics appears even with an initial 
tin coverage superior to 0.33 ML can be 

 
 
Figure 2.5 : Different structural models 
proposed for the tin overlayer and surface 
alloys (from Ref. [41]). 
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explained by the diffusion of excess tin into 
the bulk below the photoelectron probe 
depth [42]. From the surface free energy 
and atomic size of Sn and Pt, one can 
expect tin segregating to the surface of 
platinum. On the other hand, a high surface 
concentration of tin is not stable due to the 
reduction of the number of favourable Pt-
Sn bonds. The single layer feature of the 
Pt(111)(√3×√3)R30° phase and thus the 
diffusion phenomenon results from the 
balance of these two contributions. 
Above 1 ML coverage, the surface displays 
a (2×2) LEED pattern after annealing to 
400 - 600 K. Multilayer Pt3Sn features were 
observed by LEIS. Further annealing leads 
to appearance of a (√3×√3)R30° phase with 
the LEIS characteristics of a single layer 
[39]. Here too, diffusion of the tin excess 
into the bulk of the crystal has been put 
forward as an explanation.  
Table 2.1 summarises the different phases 
encountered in the Sn / Pt(111) system. 
 

2.3 Physisorption, chemisorption and desorption 
 

2.3.1 Definition 
 
Under the term “adsorption”, it is possible 
to distinguish two types of phenomena : 
physisorption and chemisorption.  
 

Physisorption 
 
In the process of physisorption of a 
molecule / atom on a surface, the 
electronic structure of the adsorbate and 
the substrate are weakly perturbed. Instead, 
an attractive force is created due to 
correlated charge fluctuations in the 
bonding partner, i.e. mutually induced 

 
Table 2.1 : Summary of the different 
surface structures obtained, depending on 
the initial tin coverage and the annealing 
temperature. 
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Figure 2.6 : One-dimensional gas-surface 
interaction potential for a di-atomic 
molecule A2 on a metal M surface, 
showing the physisorption, the molecular
chemisorption and the dissociative 
chemisorption wells. Ea is the activation 
energy for dissociative adsorption, Edes is
the desorption energy and Qdiss is the
dissociation energy of A2 in the gas phase. 

dipole moments. Characteristic for a 
physisorption potential is the low bonding 
energy (5-100 meV) and relatively large 
equilibrium distances (3-10 Å). Therefore, 
low sample temperature is in general 
required to observed physisorbed species. 
 

Chemisorption 
 
Chemisorption is an exothermic process 
that can be described as the valence 
electron wave function overlap between 
substrate and adsorbate, resulting in the 
formation of new bonding orbitals. The 
bond energies are relatively high (>1eV) 
and involve short bond distances. The 
substrate lattice absorbs the energy that is 
given off in the chemisorption process. 
This can be detected as an increase of the 
sample temperature in calorimetric 
measurements (see e.g. Ref. [43] and 
references therein). In contrast to 
physisorption, the substrate cannot be 
treated as uniform jellium, since the 
potential varies significantly over the 
surface due to the short bond distance. 
Every minimum encountered will 
correspond to an adsorption site.  
 
Dissociative or atomic chemisorption 
 
In the case of molecules, the rearrangement 
of the electronic shells can lead to 
dissociation and formation of new 
adsorbate species. This so-called 
dissociative adsorption occurs at room 
temperature on platinum surfaces for many 
different molecules such as O2 or H2. 
 
Figure 2.6 shows a one-dimensional gas-
surface interaction potential diagram for a 
di-atomic molecule A2 approaching a metal 
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M surface, such as O2 on Pt(111) for 
example. This potential curve presents 
three sequential adsorption wells, 
corresponding to the three types of 
adsorption steps presented above. The 
outermost and shallowest of the three is the 
physisorption well. In the intermediate well, 
the molecule is weakly chemisorbed, while 
the final and deepest one represents atomic 
chemisorption. It characterises the 
interaction between an A atom and the M 
surface, and can only be reached if the A2 
molecule is dissociated. The initial decrease 
of energy is due to an attractive interaction 
between A2 and the surface. The steep 
increase at low z comes from the increased 
Pauli repulsion.  
From this diagram, different adsorption 
scenarios can arise. For example, the 
incident A2 molecule might dissociate 
directly if its kinetic energy is sufficient to 
overcome the activation barrier Ea. It might 
as well get trapped in the physisorption and 
/ or molecular chemisorption well for a 
short while on its way to the atomic 
chemisorption well. Physisorption and 
molecular chemisorption are then called 
sequential (if populated one after the other) 
precursor states to atomic chemisorption. 
While in the precursor state (usually weakly 
bound), the molecule diffuses on the 
surface until it finds a suitable site to adsorb 
or is scattered away. Direct and precursor 
mediated adsorption display different 
dependencies on both surface coverage and 
temperature.  
 

Desorption 
 
Eventually, an adsorbed particle can desorb 
from the surface, due to the breaking of the 
bonds between the adsorbate and the 
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substrate. This can be caused by thermal 
excitation, by adsorption of other species or 
by excitation of electronic / vibrational 
states.  
The desorption energy (labelled Edes in 
Fig. 2.6) is not necessarily the same as the 
adsorption energy, since desorption may 
not proceed through the same channels as 
adsorption (see e.g. precursor states), and 
different energy barriers may be 
encountered. 
 

2.3.2 Adsorbate-adsorbate / adsorbate-
substrate interaction 
 
The interaction between adsorbates is an 
important factor in catalysis, as the reactive 
species are believed to be the one involved 
in the chemisorption. It is a rather 
complicated phenomenon, which can 
involve one or several of the following 
mechanisms : van-der-Waals attraction due 
to the correlated charge fluctuation, dipole 
forces from permanent dipole moments of 
the molecules, orbital overlap of 
neighbouring adsorbates, or substrate-
mediated interaction. The latter interaction 
has its origin in the modification of the 
electronic structure of the substrate by 
strongly chemisorbed species, which results 
in changes in the properties of 
neighbouring adsorption sites. In general, a 
strong attractive interaction between 
adsorbates can lead to the formation of 
islands, whereas for a dominating repulsion, 
an even distribution of the atoms / 
molecules is most natural. The combination 
of attraction / repulsion might also result in 
the formation of an ordered overlayer on 
the surface. Atomic oxygen for example 
exhibits a (2×2) structure [44] on the 
Pt(111) surface, while no ordering is 
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observed on Pt(110)(1×2). An STM 
investigation revealed instead a uniform 
repartition (see paper V). 
Finally, a last aspect of the adsorbate / 
substrate interaction has to be addressed. 
As the formation of a chemical bond 
between a surface atom and an adsorbed 
atom / molecule clearly modifies the local 
embedding charge density experienced by 
the metal atom, it must be expected that the 
clean surface structure is altered by the 
chemisorption process. The final form of 
the surface geometry is then produced by 
the delicate balance between the energy 
gained by the surface adopting a less ideal 
configuration and the increase in 
adsorption energy of the adsorbate. One of 
the most dramatic examples is given by 
carbon monoxide adsorption on the 
Pt(110)(1×2) surface at room temperature. 
The missing row reconstruction is lifted, 
resulting in an increase of the surface 
atomic density [45]. 
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3.1 Photoelectron spectroscopy (PES) 

 
3.1.1 Principle 

 
Photoelectron spectroscopy has its origin in 
the photoelectric effect discovered in 1887 
by Hertz [1] and described in 1905 by 
Einstein [2]. Photons with well-defined 
energy are absorbed by the solid, resulting 
in the emission of electrons. The basic idea 
of PES is to analyse the kinetic energy of 
the emitted electrons. Photoemission is 
quantum mechanically described as a one-
step process, where the electron is taken 
from its ground state inside the material 
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and deposited at the detector. For practical 
reasons, the photoemission is often 
described in a “three step model” [3], 
schematically described in Fig. 3.1. It 
consists in the following three steps : 
 
1- Excitation from an initial (ground) state 
to a final state in the crystal, 
2- Transportation to the crystal surface, 
3- Escape through the surface into 
vacuum. 
 
In step one, an electron is excited by 
absorbing a photon hν in a process where 
both energy and crystal momentum are 
conserved.  
In step two, the electron propagates from the 
excitation volume to the sample surface. 
The electron can be inelastically scattered 
during this stage and in this way lose 
information about its initial state as energy 
and wave-vector are not conserved. 
Electrons that are scattered one or more 
times contribute to a secondary background 
in the photoemission spectrum. The 
conventional parameter to describe this 
phenomenon is the electron mean-free-path 
λ, which is the probabilistic distance 
between two successive collisions / 
scattering events for the electron. It can 
also be identified at normal emission with 
the escape depth of the photoelectron. As 
seen in Fig. 3.2, which displays results for 
gold and silver 1 [4], λ varies strongly with 
the kinetic energy of the electrons, and 
presents a local minimum at around 6 Å for 
Ek ≈ 30-100 eV. On the low kinetic energy 
side, the mean-free-path increases as the 

                                                      
1 Only Au and Ag are presented here to improve the clarity of the figure. However, note that the 

shape of λ=f(Ek) is almost the same for most of the materials [4], and is often referred as the 
“universal curve”. 

 
 
Figure 3.1 : Schematic diagram of the 
photoemission process. CL, EI VB, EF,
EV and EFI stand for core-levels, initial 
state, valence band, Fermi level vacuum 
level and final state respectively. 

 
 
Figure 3.2 : The electron mean free path 
in gold and silver as a function of the 
electron kinetic energy. 
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number of possible excitation events 
decreases with Ek. On the high kinetic 
energy side, λ increases due to the shorter 
interaction times at higher electron 
velocities. The dominant energy loss 
mechanisms are the excitation of valence 
electrons and plasmons. At low energy, 
valence electron excitations dominate, while 
plasmon excitations become important 
above the plasmon energy. The small value 
of λ makes PES a surface sensitive 
technique. 
In step three, the electron may escape from 
the material into the vacuum if its kinetic 
energy (hν - EB) is higher than the vacuum 
level energy EV. Its kinetic energy in the 
solid is then diminished by the work 
function of the sample ΦS and becomes Ek 
(see Fig. 3.3). In practice, the analyser and 
the sample are in electrical contact and their 
Fermi levels are aligned. Therefore, the 
measured kinetic energy of the 
photoelectron is not Ek but E’k such as : 
 
E’k = Ek +∆Φ = Ek + (ΦS - ΦA) (3.1) 
 
where ΦS and ΦA are the work function of 
the sample and the analyser respectively. As 
the Fermi level is normally used as the 
reference level (EB = 0), the binding energy 
of the emitted photoelectron can be written 
as : 
 
EB = EFI - EI = hν - E’k - ΦA (3.2) 
 
By measuring the intensity emitted at a 
certain kinetic energy and scanning through 
a wide energy range, the electron 
distribution in binding energy can be 
obtained. When the binding energy 
measured corresponds to an electronic 

 
 
Figure 3.3 : Energy diagram of the 
photoemission process.  
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level, a peak in the electron distribution 
curve is observed (see e.g. Ref [5]). 
 

3.1.2 Core-level photoelectron 
spectroscopy 
 
Photoelectron spectroscopy can probe two 
kinds of electronic states : the core and the 
valence band levels. Core-levels can be 
considered as the fingerprints of a given 
element and are localised (atomic-like). In 
contrast, the valence levels are de-localised 
and participate directly in the chemical 
bonding. 
Although core electrons are not directly 
involved in the bonding, their binding 
energies depend on the local surrounding 
of the photoemitting atom, i.e. on the 
valence electron distribution in the initial 
and final state of the core ionisation 
process. Atoms of the same kind, but in 
different configurations (bulk, surface, 
interface, bonded to adsorbates, in different 
adsorption sites, etc.) will therefore 
contribute to the core-level spectrum as 
peaks appearing at different binding 
energies. Table 3.1 gives a few examples. As 
seen in the table, these shifts are sometimes 
very small (of the order of a few 10th of an 
eV). High-energy resolution and good 
surface sensitivity are thus required in order 
to resolve them. 
The interpretation of core-level shifts is in 
general not straightforward. Indeed, both 
initial and final state effects have to be 
considered when interpreting the 
magnitude of the shifts. Final state effects 
may vary between atoms in different 
chemical environment and influence the 
measured binding energy of the core-
electron. Such effects are the screening of 

 Pt4f7/2 Pt(111) Pt(110) 

clean -0.37 [6] -0.45 [7] 

at. O 0.22 [8] 0.55 [9] 

CO top : 1.01 [8] 
bridge : 0.33 [8] 

0.50 [9] 
0.84 [9] 

 
Table 3.1 : Example of some surface 
core-level shifts on Pt single crystal 
surfaces. All energies are given in eV. The 
core-level measured is the Pt4f7/2. A 
positive value indicates a shift to higher 
binding energy compared to the bulk 
contribution. 
Note that : 
1) The two shifts observed for CO on 
Pt(110) does not correspond to top / 
bridge sites, but to bonding on top of 
different Pt atoms, namely the ridges and 
the valley [9]. 
2) in the case of CO adsorption on 
Pt(111), the C1s contribution stemming 
from top sites is shifted by 0.7 eV to 
higher binding energy as compared to the 
one originating from bridge sites [8]. 
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the positively charged atom 2 and the 
excitation processes occurring during the 
core ionisation, such as vibrations [10], 
plasmon excitations, intrinsic losses etc. As 
developed below, these phenomena affect 
drastically the line shape of the core-level. 
For a few systems (see e.g. Paper IV), the 
core-level shifts have been successfully 
determined theoretically by ab-initio 
calculations, simplified by the so-called 
Z+1 approximation (see Chapter 4). 
Finally, quantitative approaches through the 
analysis of the intensity of the different 
components should be done cautiously, and 
possible diffraction effects have to be taken 
into account. 
  

Line shape and fitting of the core-
levels 

 
The line shape of a core-level spectrum is 
determined by the lifetime of the core-hole, 
final state excitation processes, vibrational 
excitations, initial state phonons and 
vibrations, and the experimental resolution. 
Due to the uncertainty principle, a finite 
lifetime of the core-hole leads to a spread in 
the electron kinetic energy and therefore to 
a broadening of the measured core-level 
lines in the spectra. The lifetime of the 
core-hole is determined by the decays 
mechanisms (Auger or radiative 3) involved. 
The higher the number of possible decay 
channels is, the shorter the lifetime is and 
the broader the core-level line [11]. A 

                                                      
2 There are two types of screening : intra-atomic and inter-atomic. In the first one, the electrons 

of the excited atom relax in order to screen the core-hole. In the second one, electrons of the 
neighbouring atoms and, particularly, the valence electrons in metallic systems (or electron gas) 
screen the positively charged atom. Both of them make more energy available for the outgoing 
electron. 

3 Auger transitions have in general a higher probability to occur than radiative decays for shallow 
core-levels. 
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Lorentzian function is often used to 
describe this broadening. 
In a metal, the screening of the core hole 
induces the formation of electron-hole pairs 
around the Fermi level. Consequently, core-
level spectra from metallic samples display 
an asymmetric line shape with a tail on the 
high binding energy side. The mathematical 
description of this line shape is a power law 
form : 
 

α−= 1E
1)E(f  (3.3) 

 
where α is the so-called asymmetry 
parameter. This function, convoluted with 
the Lorentzian function is the Doniach-
Sunjic distribution [12], which is commonly 
used in the fitting of core-levels. One of its 
main limitations is the requirement of a 
constant density of states at the Fermi level. 
In addition to the finite lifetime, other 
effects lead to a broadening of the core-
level peaks. Excitations of molecular 
vibrations during the core-ionisation 
process can result either in a symmetric 
(large geometrical changes) or asymmetric 
(medium geometrical changes) broadening 
of the core-level 4. Moreover, the sudden 
creation of a core hole involves a change in 
the potential of the ionised atom, which 
leads to an electronic rearrangement of 
orbitals and the excitation of phonons. This 
broadening can be approximated by a 
Gaussian line shape. The same type of line 
shape is assumed for broadenings induced 
by inhomogeneities in the crystal and 

                                                      
4 In general, resolved peaks in a core-level spectrum are referred to chemically inequivalent 

atomic species. However, with increased experimental resolution, components due to 
vibrational excitations can be resolved, and have to be considered in the interpretation of 
photoemission spectra [10]. 
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limited resolution of the spectrometer or 
the exciting photon source. 
Finally, the measured spectrum does not 
only consist of the core-level lines, but the 
background has to be taken in 
consideration. As mentioned earlier, this 
background is formed by electrons 
inelastically scattered in the solid and 
secondary electrons with low kinetic energy 
created in the scattering process. Its line 
shape depends on the kinetic energy of the 
out-going electrons and can be typically 
approximated either by a linear, an 
exponential or a polynomial function. 
Often, working at high surface sensitivity is 
not sufficient to be able to separate 
accurately the different components in a 
core-level spectrum. Fitting with a 
mathematical model is then necessary in 
order to access the binding energies and the 
intensities of the various contributions. In 
the case of platinum, the use of a Doniach-
Sunjic line shape is not always optimal due 
to the rapid variation of the density of 
states (DOS) at the Fermi level 5. An 
asymmetric Voigt function 6 is a good 
alternative to model the individual peaks. It 
is generally assumed that the Lorentzian 
width is an “intrinsic” property of the 
material and remains constant for a given 
element. The asymmetry parameter α is 
allowed to vary if changes in the DOS at 
the Fermi level are evidenced. Mainly, the 
core-level spectra are fitted by adjusting the 
binding energy, the intensity and the 
Gaussian width of each component.  
 

                                                      
5 This is mostly valid for the clean Pt surfaces. Note that often adsorption on these surfaces 

reduces the surface state just below the Fermi level (see e.g. the valence band spectra presented 
in paper VIII). The requirement of nearly constant DOS at the Fermi level is then fulfilled. 

6 A Voigt function is a convolution between Gaussian and Lorentzian functions. 
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Figure 3.4 : Influence of the light source. 
Pt4f core-level spectrum acquired a) with 
an AlKα source [5], b) at BL 22, Max-
Lab, c) at BL I511. Note that the same 
type of analyser was used at beamline 22 
and I511 (Scienta 200) 

The core-level spectroscopy experiments 
presented in this work were performed at 
the national synchrotron radiation 
laboratory Max-Lab in Lund at beamline 
22, Max I (papers I, II, III and IV) and 
beam line I 511, Max II (papers VII and 
VIII). 
 

3.1.3 Light sources and experimental 
stations 
 
The key to a successful experiment in high-
resolution photoelectron spectroscopy is to 
resolve the different components induced 
by the surface and / or adsorbates in a 
core-level spectrum. Therefore, high 
surface sensitivity and out-standing quality 
of the light source (monochromaticity, 
brilliance etc.) and the spectrometer 
(resolution) are required. There are several 
ways to improve the surface sensitivity. 
Working at grazing angles is one of them. 
Tuning the photon energy is another one, 
as the mean free path of an electron in a 
solid varies with its kinetic energy. This 
adds to the importance of the light source, 
as dramatically illustrated in Fig. 3.4. In this 
figure, three Pt 4f core-levels spectra are 
displayed. All three were acquired on the 
clean Pt(111) surface. For the first one (a) a 
conventional Al Kα source (1486.6 eV) was 
used [5]. The second (b) was taken using 
synchrotron radiation light at beamline (BL) 
22 (Max I) with 125 eV photon energy, and 
the third was obtained at beamline I511, 
Max II with the same photon energy. The 
125 eV photon energy was chosen in order 
to minimise the mean free path of the 
electrons and to be as surface sensitive as 
possible. From (a) to (b), the mean free 
path decreases by a factor 3, and the 
photon energy spread drops from 
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Figure 3.5 : Schematic representation of 
the radiation emitted by an electron with 
a uniform speed in a circular trajectory. a) 
non-relativistic speed, b) relativistic speed. 
β=v/c. From Ref. [17]. 

800 meV 7 [13] to about 35 meV 8 at BL 22. 
Going from BL 22 (b) to BL I511 (c), the 
photon energy spread decreases by another 
factor 2. Most of all, the photon flux at the 
sample increases by several orders of 
magnitude. This allows decreasing the 
settings of the slit (8 µm instead of 20 at 
BL22) and thus increasing the total 
resolution of the spectrum. Consequently, 
the surface and bulk components are now 
visible at first sight. 
 
As demonstrated above, the nature and 
characteristics of the light source are vital 
for photoelectron spectroscopy. In the 
following sections, the principles of 
synchrotron radiation production will be 
presented, together with a short 
introduction to the design.of storage rings 
and beamlines. 
 

Principle and Properties of 
synchrotron radiation (SR) 

 
Synchrotron radiation is created when 
charged particles (electrons or positrons) 
are accelerated, i.e. when they experience a 
change of momentum. At rest or at 
constant velocity, no radiation is emitted. 
At non-relativistic speed (v << c) on a 
circular orbit, the shape of the emitted 
radiation is illustrated in Fig. 3.5 a) [14]. For 
relativistic speed of the particles (v ≈ c, i.e. 
β = v/c ≈ 1), the radiation emitted becomes 
strongly focused in the forward direction 
along the tangent of the particle trajectory -
see Fig. 3.5 b).  

                                                      
7 The line width was not given in Ref. [5], but a typical value for a AlKα source was found in 

Ref. [13]. 
8 Value obtained for a 20 µm slit. See § on BL 22 for details about the beamline. 
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Some intrinsic properties of SR are worth 
mentioning here.  
 
1) The wavelengths emitted gather into an 
intense continuous spectrum, as shown in 
Fig. 3.6. The horizontal wavelength scale is 
defined by the quantity λc, known as the 
critical wavelength and given by the 
following formula [15]: 
 

)GeV(E)T(B
64.18

)GeV(E
)m(R

59.5

2

3c

×
=

=λ
 (3.4) 

 
where R is the radius of the electrons orbit, 
E their kinetic energy and B the accelerating 
magnetic field. 
 
2) Excellent directional properties, high degree of 
collimation, spectral brilliance. The charac-
teristic directional pattern from a charged 
particle is sketched in Fig. 3.5 b). The 
radiation is emitted into a very small 
angular cone around the particles 
instantaneous direction of flight. At the 
“cut-off” energy εc = hc/λc, the angular 
width is equal to : 
 

211 β
γ

ψ −==  (3.5) 

 
For ε < εc, one has : 

3
1

c






∝

ε
εψ  (3.6) 

Therefore, the radiation is mainly in the 
orbit plane. The emission in the out of 
plane direction is typically confined to a 

 
 
Figure 3.6 : General shape of the radiation 
spectrum of an electron moving in a
curved trajectory (per GeV).  
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wedge of only about 1mrad angular spread. 
These excellent directional properties, 
together with the wide spectral range, yield 
to a high brilliance. 
 
3) The polarisation is well defined. Indeed, the 
radiation emitted by an electron in the 
plane of its orbit is 100% polarised with the 
electric vector parallel to the orbit plane (i.e. 
linearly). Above and below this plane, the 
radiation is elliptically polarised to a degree 
determined by the viewing angle.  
 
4) Well-defined time structure. Electrons 
circulate in compact groups (bunches) in 
storage rings in synchronism with an 
applied radio-frequency field, which 
replaces the energy lost by the emission of 
synchrotron radiation. The radiation is thus 
emitted in short flashes of bunch length 
time 9 and has a very stable intensity from 
bunch to bunch. 
 
5) Clean environment, as SR is generated in 
ultra high vacuum (UHV). 
 
This qualitative description of SR would 
not be complete without a few words about 
the coherence of the beam. The temporal 
emission of SR in ordinary bending 
magnets is incoherent as long as the 
wavelength is smaller than the length of the 
electron bunch [16]. In particular, the fields 
emitted at the same point by two successive 
pulses are completely independent. 
However, for a given electron energy, the 
higher the photon energy is, the stronger 
the natural focusing and the smaller the 
photon field extension in the rest frame. 
One photon with a given frequency will 

                                                      
9 The bunch length is 80 ps for Max I and 20 ps for Max II. 
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thus be confined into a cone of very small 
aperture, which brings into consideration 
the concept of angular coherence for this 
photon [17]. 
 

Storage ring, bending magnets and 
insertion devices 

 
Practically, synchrotron radiation is created 
in storage rings, where electrons circulate 
for many hours in UHV (≈10-10 Torr). The 
electrons are produced in an electron gun, 
accelerated in a booster 10, and injected into 
the storage ring, where they are post-
accelerated to their nominal kinetic 
energy 11, 12. A storage ring consists in a 
succession of straight and curved sections 
punctuated with magnetic elements. A radio 
frequency cavity (500 MHz at Max I and II) 
compensates for the energy losses the 
electrons experience due to the emission of 
SR. Quadrupoles, sextupoles and bending 
magnets are inserted in the curved sections 
and form the lattice of the ring. The 
quadrupoles are intended to counter the 
repulsive interaction between the electrons 
by focusing the beam, the sextupoles for 
high order correction (such as chromatic 
aberrations). The field B in the bending 
magnets changes the electrons momentum 
and gives them a curved trajectory. 
Synchrotron radiation is thus created. The 
spectral distribution obtained is given by 
the “universal curve” displayed in Fig. 3.6, 

                                                      
10 At Max-Lab, electrons are accelerated to 100 MeV by a racetrack microtron. 
11 In some other machines, the electron injection from the booster is done at full storage energy. 
12 After injection in Max I, the electrons are post-accelerated to 550 MeV. Injection in Max II 

proceeds in five steps : acceleration to 100 MeV in the microtron, injection in Max I, post-
acceleration to 500 MeV, injection in Max II, post-acceleration to 1.5 GeV. However, note that 
a new injector is currently being built. Direct injection at 250 MeV for Max I and 500 MeV for 
Max II will then be possible. 
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with λc = 5.4 and 41.3 Å for Max II and I 
respectively.  
Another possibility to create synchrotron 
radiation is to use insertion devices such as 
wigglers, multipole wigglers or undulators. 
They are inserted in the straight sections of 
the rings.  
A wiggler is a magnetic structure, which 
forces the electron beam to follow a 
trajectory with a smaller local radius of 
curvature than in the bending magnets by 
using a larger local magnetic field 13. The 
effect of the wiggler on the emitted 
spectrum is to decrease λc and thus to shift 
the overall spectrum to higher energies. 
There is no gain in intensity for energies 
lower than εc. This device is therefore used 
mainly as a wavelength shifter [18]. As its 
name indicates, a multipole wiggler is 
composed of several wigglers mounted in 
series. The transverse oscillations of the 
electrons are large enough so that the 
related angular deviation α is wider than the 
natural opening of synchrotron radiation 
(equal to γ-1 -see the right-hand side of 
Fig. 3.7). Hence, the emitted pulses are not 
able to interfere and the total intensity 
obtained is the incoherent sum 14 of the 
contribution from each wiggler [19]. 
Tremendous improvement of the photon 
flux can be obtained in this way. 
In contrast to wigglers that use relatively 
strong magnetic fields, undulators require 
rather weak ones. Their design aims at the 
production of quasi-monochromatic SR. 
Again, a periodic electromagnetic structure 
gently leads the electrons to oscillate 
transversally in a given plane (planar 

                                                      
13 Up to 6 T can be reached using a superconducting magnet. 
14  In this case, the intensity changes with 2N, N being the number of periods in the multipole 

wiggler. 

 
 
Figure 3.7 : Schematic pictures of the 
undulator and multipole wiggler regimes. 
S is the direction of propagation of the 
electrons, λu is the period of oscillation 
and α the angular deviation. (Top view) 
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undulator) or to describe a helix along its 
mean path (helical undulator). The angular 
deflection of the beam is now kept smaller 
or equal to the natural emission angle of SR 
(see left-hand side of Fig. 3.7). In this case, 
an observer on the axis of the undulator (or 
close to it) receives the radiation emitted 
along the whole device. The amplitudes of 
the field radiated at each period of the 
particle trajectory may thus interfere, 
resulting in a periodic radiation field 15. The 
resonant wavelengths depend; among 
other, on a dimensionless parameter K, 
which characterises the optical properties of 
the device. K is defined as : 
 

)T(B)cm(934.0

B
mc2
eK

0u

0u

λ=

λ
π

=
 (3.7) 

 
where B0 is the magnetic field on the axis of 
the undulator and λu the electron oscillation 
periodicity 16.  
It is therefore possible to tune the 
wavelength to the desired value by tuning 
the magnetic field strength. Practically, this 
is done by changing the gap between the 
two jaws that house the undulator magnets. 
Figure 3.8 shows a typical spectrum 
obtained with the undulator at BL I511, 
with an opening gap of 23mm. 

                                                      
15 In this case, the total intensity is the coherent sum of all contributions and change as N2, N 

being the number of periods. 
16 Note that the angular deviation of the electron beam α can be expressed as α=K/γ. 

Consequently, insertion devices can be classified based on their K value : 
 -the undulator has a low K value (K<1) and a large number of periods, 
 -a multipole wiggler has a large K (K>1) and a lower number of periods,  
 -a wavelength shifter has a single or a few periods, but the highest field (i.e. the highest K 

value). 

 
 
Figure 3.8 : Typical undulator spectrum
as measured at a magnetic gap of 23 mm 
together with a simulation. From Ref. 
[25]. 
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Figure 3.9 : Schematic overview of Max-Lab. Not to scale. The straight sections of Max II are 
labelled from 1 to 10 outside the ring. 
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A schematic overview of Max-Lab is given 
in Fig. 3.9. The main magnetic elements are 
indicated. The straight sections in Max II 
are numbered from 1 (injection point) to 10 
outside the ring. Note that the insertion 
devices with a dashed contour are presently 
under design. 
 

The Beamlines.  
 
Beam-line 22 [20] 
 
The light source for this beamline is a 
bending magnet in the Max I ring. This 
beam line consists of a modified Zeiss SX-
700 plane grating monochromator (PGM) 
[20, 21] and an experimental end-station 
[21], specially designed for surface science 
experiments. Fig. 3.10 shows a schematic 
representation of the optical elements of 
the beamline. The ellipsoidal mirror of the 
original design [22] was replaced by two 
plane elliptical mirrors in this modified SX-
700 monochromator. One is placed close to 
the bending magnet and is focusing in the 
horizontal plane. The second one is placed 
between the gratings and the exit slit and is 
focusing the dispersed radiation in the 
vertical plane. The advantage of this 
arrangement lies in the large horizontal 
acceptance angle leading to a high photon 
flux and a rectangular image on the exit slit 
instead of a complicated U-shaped image of 
the original SX-700 design [22,23]. Another 
advantage is that small, horizontal 
movements of the beam do not deteriorate 
the resolution. 
 
Compared to other types of grating 
monochromators, an advantage of the 
PGM is that large photon energy scans can 

 
Figure 3.10 : Schematic layout of  the
monochromator at BL 22 (from Ref. [20], 
not to scale). S, M and G stand for 
Source, Mirror and Grating respectively. 
See text for further details. 
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be performed without having to change the 
grating. The photon energies accessible at 
beamline 22 range between 20 and 1000 
eV and are therefore determined by the 
mechanical limits of the monochromator. 
But, above approximately 500 eV, the 
photon flux decreases rapidly due to the 
decreasing intensity issued from the 
bending magnet (see Fig. 3.6).  
The experimental station consists of two 
vacuum vessels on top of each other, 
separated by a gate valve. The upper one is 
the preparation chamber, the lower one the 
analysis chamber. Electron detection is 
accomplished in the analysis chamber by a 
Scienta 200 analyser with a multi-channel 
detection system (channel plate detector) 
[24]. This beamline was dismounted from 
Max I in 1999 and transferred to Max II 
(BL D1011) 
 
Beam-line I511 [25] 
 
The source for beamline I511 is a hybrid 
undulator 17 with 99 periods and a period 
length of 52 mm, manufactured by VTT 
Automation in Esbo, Finland [26]. By 
varying the undulator gap from a minimum 
of 23 mm up to 250 mm, the usable energy 
range extends from 90 eV up to about 1200 
eV. The maximum radiated power is ~240 
W and the calculated maximum brilliance is 
5×1017 photons / s / 100 mA / 0.1 % BW 
/ mm2 / mrad2. 
The beamline itself (see Fig. 3.11) consists 
of a modified SX 700 monochromator with 
a spherical mirror for focusing [27] and 
serves two branchlines. The refocusing 
mirrors M2 and M3 are mounted in a 

                                                      
17 Hybrid means that the undulator jaws can be tilted compared to each other. Kmax = 2.69, 

magnetic gap : 23-250 mm 

 
 
Figure 3.11 : Schematic overview of 
beamline I511 (not to scale). 
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Kirkpatrick-Baez configuration [28]. As 
seen in Fig. 3.11, the beamline is fairly long, 
especially behind the exit slit, in order to 
allow for a large imaging ratio. This ratio 
can be changed, as the exit slit is movable. 
The characteristic of the beamline is to 
provide small photons spots on the sample 
and at the same time optimising the flux. 
The monochromator has therefore been 
modified to deliver high flux and the 
focusing optics have been optimised taking 
into account the so-called beam waist 
phenomenon. This phenomenon is well 
known for laser sources, and was evidenced 
for the first time in the case of SR at 
beamline I511 [29]. Due to the very small 
divergence of the electron beam, which 
brings the photon source close to its 
diffraction limit, the photon beam from an 
undulator is in some cases better described 
as a plane wave than by a point source. This 
leads to different imaging properties of the 
beamline optics, and particularly, the 
position of the beam waist is not on the exit 
slit as expected in the case of a point 
source, but its size and position depends on 
the photon energy. Considering this 
phenomenon for the design of the 
beamline optics allows reducing the 
horizontal beam size by a factor of three, 
the vertical dimension being almost not 
influenced at all. 
The end station reproduces the classic 
scheme of two vacuum vessels, one for 
sample preparation, one for analysis. The 
analysis chamber can be rotated around the 
incoming beam in order to utilise the linear 
polarisation of the later. Three types of 
detectors are connected to the analysis 
chamber : a Scienta 200 electron analyser 
for PES measurements, an electron yield 
detector for X-ray absorption 
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measurements and a grazing incidence 
grating spectrometer for X-ray emission 
measurements. Note that, in the work 
presented in this thesis, only PES 
experiments were performed at this 
beamline. 
 
Up to now, the discussion has mainly dealt 
with the “electronic” characterisation of the 
sample and the means to achieve it. It is 
time now to focus more specifically on the 
geometrical aspects of surfaces.  
 
 

3.2 Scanning Tunnelling Microscopy (STM) 
 
As pointed out in the introduction, the 
surface structure is of a crucial importance 
in determining the selectivity and the 
activity of a catalyst. Scanning tunnelling 
microscopy, developed in the early 80’s by 
Binnig et al. [30], has proven to be one of 
the most powerful surface probes. 
This technique can be used under a wide 
range of pressures (from ultrahigh vacuum 
-UHV- up to atmosphere and above). 
Direct observations of surface reconstruc-
tions [31], adsorbates [32] and even, with 
the development of variable temperature 
STM, surface reactions [33] in static as well 
as dynamic mode [34, 35] have been 
successfully performed. In this work, the 
adsorption experiments were performed 
under UHV. 
 

3.2.1 Principle 
 
The principle of the microscope is rather 
simple, based on quantum mechanical 
electron tunnelling. An atomically sharp 
metallic tip is approached within a few Å of 
the sample surface, to allow the wave 
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functions of the surface and the tip to 
overlap (see Fig. 3.12 [36]). When a bias 
voltage, Vbias, is applied, the Fermi levels of 
the tip and the sample are not aligned 
anymore, electrons are attracted and may 
tunnel between the tip and the surface, thus 
creating a tunnelling current, It. In a crude 
approximation, considering two planar 
metal electrodes separated by a vacuum 
barrier, the tunnelling current can be 
expressed as : 
 






 Φ−∝
h

m22exp dI  (3.8) 

 
where d is the distance between the 
electrodes, m is the electron mass, and Φ 
the height of the vacuum barrier. For 
typical values of Φ, the current varies by 
one order of magnitude for each Ångström 
change in the distance between the tip and 
the sample. The bias voltage determines the 
electronic levels involved in the tunnelling 
process (filled or empty states can be 
probed depending on the sign of Vbias). 
As illustrated in Fig. 3.13, a STM image 
then is obtained by scanning the tip parallel 
to the surface with piezodrives which allow 
a control in the x and y directions at a sub-
Ångström scale. The extreme sensitivity of 
the tunnelling current to small variations in 
the z direction normal to the surface allows 
the measurement of the surface corrugation 
on the atomic scale. Two operation modes 
are possible depending on the settings : 
acquisition at constant current, (z=f(x,y), 
Constant Current Imaging or CCI)) or at 
constant height (I=f(x,y), Constant Height 
Imaging or CHI). In the first case, z is 
continuously adjusted over the surface to 
keep the current constant. In the second 

 
 
Figure 3.13 : Schematic illustration of the
operation of STM in the constant current 
mode. 

 
 
Figure 3.12 : Schematic energy level
diagram illustrating the overlap of the tip 
and sample wave functions in the tunnel 
region [36].  
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case, the feedback loop is disconnected and 
the current is directly recorded at each 
point on the surface. The advantage of the 
latter operation mode is that it is much 
faster than the previous one. However, it 
requires a much flatter surface, and 
therefore a better quality of the surface.  
All STM images presented in this thesis 
were recorded in CCI mode. 
 

3.2.2 Contrast in STM. 
 
Although the STM images are presented in 
terms of z = f(x,y), one should always keep 
in mind that the “apparent height variation” 
between two points of the surface is in fact 
a representation of the local density of states 
(LDOS) on the sample at the Fermi level 
convoluted with the probing state at the 
end of the tip. Therefore, the interpretation 
of the contrast observed should be done 
carefully, as the simple rule “each 
maximum in the tunnelling current (i.e. 
each bump) = one atom” is found to break 
down quite frequently, especially when 
adsorbates are imaged. In this case, the 
microscope does not image the adsorbate 
only, nor the adsorbate perturbed by its 
interaction with the substrate. The 
microscope in fact probes the adsorbate and 
the substrate, both perturbed by their 
mutual interaction (see Fig. 3.14) [37, 38]. 
Indeed, in general, the adsorbate has no 
molecular orbital (MO) at the substrate 
Fermi level. Non-resonant tunnelling 
occurs and the contribution of the 
adsorbate to the current comes from tails 
of MO resonances crossing the Fermi level. 
These tails are usually rather small at EF 
compared to resonant tunnelling, which 
explain why contributions from the 
substrate it-self cannot be neglected despite 

 
 
Figure 3.14 : Schematic representation of 
the electronic interactions within the 
tunnel gap [37]. 



 

 48 

the rather important height difference. A 
typical example of counterintuitive 
behaviour is the case of atomic oxygen 
adsorbed on e.g. flat Pt(111) [39] or Al(111) 
[40]. The O atoms appear as dips rather 
than bumps. Another striking example is 
given by the adsorption of benzene on 
Pt(111) [41]. Not only the six carbon atoms 
forming the molecule are not imaged 
individually, but, as illustrated in Fig. 3.15, 
the molecule has also a different “shape” 
depending on the adsorption site (top, 
bridge or hollow). 
The tip is, as suggested earlier, a 
fundamental parameter when imaging a 
surface. Its atomic and electronic structures 
during acquisition are generally unknown, 
since in-situ characterisation is seldom 
achieved. Both the overall shape and the 
nature of the apex are of crucial 
importance. Indeed, if the electronic radius 
of the tip is large enough, it can interact 
with several atoms at the same time. 
Electronic interferences between different 
tunnelling channels can occur, resulting in a 
final STM topographic image significantly 
different from the real geometric structure 
[42]. Modification of the tip can also have a 
positive effect. Chemical contrast on the 
surface can be achieved when the tip 
undergoes a change on its apex, such as the 
trapping of an adsorbate [43, 44]. The 
distinction between different elements is 
important as soon as more than one 
element is involved in the study : when 
imaging co-adsorbed species, alloy surfaces 
or substitutional surface alloys. In Ref. [44], 
Ni atoms are reported to “light-up” on a 
PtNi(100) surface when an unknown 
adsorbate is attached to the tip. The 
understanding of such phenomena is 
important, as achieving chemical contrast is 

 
 
Figure 3.15 : STM images of three
different 15 Å × 15 Å regions of Pt(111), 
each showing a single adsorbed benzene 
molecule [41]. In the top view, the
molecule is in hcp hollow site. The image 
in the middle corresponds to the
molecule in top site. In the last one, the 
molecule is in bridge site. The assignment 
to the respective sites is from Ref. [38]. 
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one of the crucial issues of STM. If it could 
be achieved in a systematic way, a major 
improvement of the technique would be 
accomplished. 
Some other tip-induced effects can occur at 
short tip-sample distance (i.e. at strong tip 
sample interaction). Among other, it is 
worth mentioning the contrast inversion 
observed for example for K on Cu(110) 
[45]. Strong tip-sample interaction also 
results in forces on the surface and tip apex 
atoms, which might induce adsorbates 
deformation [46] and even atom transfer 
[47], with the already mentioned 
consequences on the contrast. This is 
especially important when imaging large 
and soft adsorbates. These forces, together 
with the electric field between the tip and 
the substrate, are the two tools used 
nowadays in adsorbate manipulation by 
STM [48] 
 

Theoretical approaches 
 
As seen above, the factors influencing the 
overall aspect of a STM image are 
numerous, not all being well understood 
and controlled. Therefore, a detailed 
understanding of the STM images often 
calls for the use of theoretical simulations. 
The following requirements are needed in 
order to complete a proper theoretical 
treatment of the three-dimensional STM 
problem [49] : 
- a correct description of the electron 

potential in the tunnel-gap region between 
the tip and the sample surface, 

- a detailed description of the electronic 
states of both the sample and the tip, 

- and a determination of the wave function 
tails of the tunnel electrons in the tunnel 
gap. 
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However, this is a colossal task, as it is 
more complicated to calculate accurate 
wave functions than total energies. 
Moreover, the tip is poorly characterised 
and has such a low symmetry that 
calculations of the tip wave functions are 
extremely difficult. Finally, the tip and the 
sample may interact so strongly that the tip, 
the gap and the sample have to be 
considered as a complete system rather 
than separate, weakly interacting systems. 
Early formalisms (Tersoff-Hamann -TH- 
[36, 50], Lang 18 [51]) are based on the 
‘perturbative-transfer Hamiltonian’ intro-
duced by Bardeen [52]. Here, the 
interaction between the tip and the sample 
has to be sufficiently small to be neglected, 
i.e. one is limited to low bias voltages (low 
currents). Moreover, in the TH formalism, 
the tip is described by a s-wave function 
only. With these approximations, the STM 
topographies should reflect only the sample 
properties (i.e. its local density of state -
LDOS- at the Fermi level) and not the 
complex tip-sample system. In order to 
incorporate tip-sample interactions, Doyen 
et al [45, 53, 54] and Sautet et al [55] have 
calculated the tunnelling current in ‘exact’ 
scattering approaches, going beyond the 
Bardeen transfer Hamiltonian formalism. In 
scattering approaches, the electron 
originates from the interior of the tip base, 
scatters from the tunnel junction, and has a 
certain probability for penetrating into the 
sample surface. Doyen et al [53] have 
predicted the “image [contrast] inversion” 
occurring at small tip-sample distances, i.e. 
strong tip-sample interaction. Sautet et al 
(see e.g. [37, 38, 55] have shown that their 

                                                      
18 Lang focused on adsorbates on metal surfaces. Lang’s formalism demonstrated the importance 

of adopting realistic atomic potentials for the surface adsorbates 
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Figure 3.16 : Schematic representation of 
the experimental set-up used in this work. 

electron scattering quantum chemistry 
(ESQC) approach can predict surface 
contrast in a semi-quantitative way to allow 
comparison with experimentally recorded 
images. However, this method was limited 
until recently to low-bias and, more 
constraining, to symmetric junctions 19 in 
the sense that both the electronic and 
geometrical structure of the tip and sample 
bulk materials had to be considered 
identical [56].  
The theories described above are just a few 
milestones in the field of STM theory. 
Reviews that are more complete are given 
in Ref. [37] and [57]. 
 
Despite all experimental and theoretical 
efforts, the main problem of STM remains 
the lack of systematic and reliable chemical 
resolution. Hence, the use of a chemical 
sensitive technique, such as PES, is often 
required in order to obtain a complete 
characterisation of the system under study 
[58, 59]. 
 

3.2.3 The microscope 
 
The UHV system developed at the Material 
Physics department is shown schematically 
in Fig. 3.16. It consists of three vacuum 
chambers separated by gate valves and 
interconnected by a transfer system ; one 
chamber for the STM, one for sample 
preparation and additional surface analysis 
equipment, and a load-lock chamber for 
fast entry of new tips and samples. To 
minimise the disturbance from external 

                                                      
19 In ESQC, the scattering matrix S was evaluated through the transfer-matrix technique, which 

induced the mentioned restrictions. In the new approach, this problem is solved by replacing 
the T-M technique by the Surface Green-Function Matching method. See Ref. [56] and 
references therein. 
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Figure 3.17 : STM1 microscope platform 
from Omicron [60] 

vibrations, the system is mounted on a 
granite block, which is standing on a 
fundament separated from the building. 
Pumping is performed with ion and 
titanium sublimation pumps giving a base 
pressure in the low 10-11 Torr range. 
The microscope it-self is a commercial one 
from Omicron (the so-called “STM1”, 
displayed in Fig. 3.17 [60]) equipped with a 
tripod piezo-scanner with a maximun 
imaging range of 6000 Å × 6000 Å. In 
order to damp vibrations, the STM plate is 
suspended by four soft springs, protected 
by surrounding columns. The resonance 
frequency of the spring suspension system 
is about two Hz. Vibrations of the 
suspension system are intercepted using a 
“nearly non-periodic eddy current” 
damping mechanism. For this, a ring of 
copper plate intercalated between 
permanent magnets surrounds the STM 
base plate [61]. 
The tungsten tips are homemade, electro-
chemically etched from a 0.25 mm diameter 
W wire in a NaOH solution under dc bias 
condition. Further cleaning of the tip was 
achieved by in-situ sputtering. 
 
The third major technique used in this 
thesis is High-Resolution Electron Energy 
Loss Spectroscopy. As will be seen bellow, 
it is especially useful to study adsorbates on 
a surface. 
 
 

3.3 High-Resolution Electron Energy Loss Spectroscopy 
(HREELS) 

As mentioned in the PES section, electrons 
impinging a solid surface may undergo 
inelastic scattering events. The 
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characteristic losses may be divided into the 
following five categories [62]: 
- Excitations of core electrons, 
- One-electron excitations of valence 

electrons (∆E ≈ 3-20 eV), 
- Collective excitations of valence electrons 

or plasmon losses (∆E ≈ 5-30 eV), 
- Extended loss fine structure, 
- Vibrational excitations such as molecular 

and surface vibrations (phonons) (∆E < 
3 eV). 

High-resolution energy loss spectroscopy is 
mostly devoted to the study of vibrational 
losses. 
 

3.3.1 Principle 
 
In (HR)EELS, a beam of monochromatic, 
low energy electrons impinges on the 
surface, where it excites lattice vibrations 
(phonons), molecular vibrations of 
adsorbed species and even electronic 
transitions. In this section, the three 
different electron scattering mechanisms, 
which give rise to energy losses due to the 
excitation of surface vibrations will be 
discussed [63]. 
 

Surface dipole Scattering 
 
Let us consider a molecule adsorbed on the 
surface of an ideally conducting solid. Due 
to charge fluctuations, the molecule 
exhibits a time-dependent dipole moment 
µ, which may be oriented arbitrarily with 
respect to the surface. As depicted in 
Fig. 3.18, the image dipole in the solid gives 
rise to a non-vanishing resulting dipole µz 
normal to the surface, whereas the parallel 
components of µ and its image cancel each 
other. An electron, which approaches the 
surface with a velocity v induces an image 
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charge in the metal as shown in Fig. 3.18. 
The electric field produced by the electron 
and its image may be written as [64] :  
 

∫ −= )tωiexp()ω(ωd)t( EE  (3.9) 
 
The resulting electric field vector is always 
perpendicular to the surface, and its 
magnitude at the location of the adsorbed 
molecule is given by : 
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The interaction between the electric field 
and the molecule is described by the 
hamiltonian H = µ E, µ being the dipole 
moment operator for the molecule. As E is 
directed normal to the surface, it will only 
excite vibrations exhibiting a non-zero 
dipole moment normal to the surface. If 
ħΩ is the energy corresponding to a 
vibrational excitation, only the term 
E(Ω)exp(-iΩt) occurring in Eq. (3.10) can 
excite the molecule. Denoting the wave 
vectors of the incoming and outgoing 
electrons by k and k’ respectively, the cross 
section for a vibrational excitation of a 
molecule not too far away from the 
specular direction is given by [64, 65], 
Eq. 3.11 : 
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with k// and k’// being the components of 
k and k’ parallel to the surface and  
 

∫ φφ= dτµµ υzυ'  (3.12) 

 
 
Figure 3.18 : Schematic representation of
a molecule exhibiting a momentary dipole 
moment µ adsorbed on a metal surface 
approached by an electron. 
e is the incoming electron, with a velocity 
v and wavevector k, k’ is the wavevector
of the scattered electron, and e+ the image 
charge. E is the electric field. From Ref.
[63] 
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Figure 3.19 : Schematic overview of a 
high-resolution electron energy loss 
spectrometer. (1) Electron source, 
(2) Monochromator entrance lens stack, 
(3) Monochromator hemispherical deflec-
tor, (4) Monochromator exit lens stack, 
(5) Sample, (6) Analyser entrance lens 
stack, (7) Electron energy analyser, 
(8) Channeltron, (9) Rotating table. 

 
the dipole moment matrix element for the 
excitation from a vibrational state υ to a 
state υ’. 
The cross section specified by Eq. 3.11 has 
two important consequences : 
- The intensity distribution is sharply 

peaked in the specular direction, i.e. upon 
vibrational excitation, forward scattering 
occurs. 

- Only vibrations with a non-zero dynamic 
dipole moment normal to the surface 
contribute. 

Note that the requirement of a non-
vanishing µ does not necessarily imply that 
a vibration parallel to the surface will be 
undetectable in a loss experiment. Because 
upon charge rearrangement in the adsorbed 
molecule mirror charges are created in the 
solid, a resulting dipole normal to the 
surface may occur. 
 

Impact scattering 
 
The second mechanism involves short-
range interaction between the incoming 
electron and the adsorbed molecule and 
gives rise to completely different 
characteristics as compared to the dipole 
scattering. The concept of impact scattering 
is necessary to explain angular profiles of 
loss intensities, which do not exhibit the 
sharply peaked structure due to dipole 
scattering. In contrast, rather smooth 
intensity profiles are observed over a wide 
angular range.  
The theoretical description of the impact 
scattering process requires detailed 
knowledge of the electron / molecule 
scattering potential and will not be 
developed here (for more information, see 
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Ref. [63] and references therein). The 
interesting point is that all vibrations can 
then be excited and not only the dipole 
active ones.  
 

Negative ion resonances 
 
In this third scattering mechanism, an 
impinging electron with the appropriate 
energy may enter an electronic state of the 
adsorbate before it is scattered out again. 
This scattering mechanism is often 
observed in gas-phase measurement, but is 
drastically quenched when the molecule is 
chemisorbed on the surface.  
 

3.3.2 Instrumentation 
 
In electron loss spectroscopy experiments, 
a mono-energetic electron beam is focussed 
onto the sample surface. The scattered 
electron distribution is analysed with 
respect to energy at various angles. Both 
the energy width of the primary electron 
beam and the resolution of the analysing 
spectrometer have to meet some stringent 
requirements as the vibrational energies in 
molecules span the range of some 10 meV 
up to some 100 meV, the line-widths being 
of the order of 1 meV.  
As depicted in Fig. 3.19, the spectrometer 
consists of two basic elements : the gun and 
the analyser/ detector. In the gun, the 
electrons are emitted from a heated 
filament placed in the centre of a repeller 
anode (Wehnelt –(1)-). This anode is made 
of µ-metal in order to suppress magnetic 
fields originating from the filament current. 
A system of lenses (2) then focuses the 
emitted electrons into the entrance slit of 
the monochromator (3). The electron beam 
leaving the exit slit of the monochromator 
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is focussed on the sample by means of 
deflecting lenses (4). Electrons are then 
scattered off the sample (5) and deflected 
by (6) onto the entrance slit of the analyser 
(7). Those electrons, which exhibit the pass 
energy of the analyser are focused onto the 
exit slit and are collected at the input 
section of the channeltron detector (8) for 
amplification. The analyser-detector 
ensemble can rotate around the chamber 
axis. 
Note that very often, monochromator and 
analyser are in fact dispersive spectrometers 
of the same type. In addition, magnetic 
fields in excess of some milligauss have to 
be shielded. Therefore, the walls of the 
chamber are carefully doubled with a µ-
metal layer. 
 
 

3.4 Low Energy Electron Diffraction (LEED) 
 
In Surface Science, LEED is one of the 
most routinely used techniques to 
characterise clean surfaces and overlayers. 
Therefore, it deserves attention in this short 
introduction to the experimental 
techniques. 
In a typical LEED experiment, a beam of 
mono-energetic electrons, typically in the 
range 20 to 500 eV, is elastically back-
scattered from a crystal surface. The 
wavelength of these electrons (about 1 Å at 
100 eV) is of the order of the inter-atomic 
distances in crystal lattices. Thus the 
electron waves interfere when scattered by 
individual lattice points. The elastically 
back-scattered electrons are detected on a 
fluorescent screen (see Fig. 3.20) where a 
diffraction pattern is observed. The spot 
size is inversely proportional to the domain 
size on the surface. Thus, increased surface 

 
 
Figure 3.20 : Principle sketch of a 
modern LEED apparatus. 
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order is reflected by a decreased spot size 
and background intensity on the LEED 
screen. 
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The constant improvement of the 
experimental technology pushes every day 
the limit of the exploration of matter. 
However, the interpretation of the 
experimental data becomes also increasingly 
complicated. The full appraise of 
experimental results often requires the use 
of theoretical modelling, and the time when 
experimentalists and theoreticians were 
working in separate worlds is now over. 
The fruitfulness of such collaborations is 
demonstrated in this work on three 
occasions (papers IV, V and VI). This 
chapter aims to be a short introduction to 
the theoretical approaches used. 
 

4.1 The Z+1 approximation 
 
In the previous section, the notion of 
surface core-level shifts was introduced. 
The relationship of the magnitudes and the 
signs of these shifts to the electronic 
structure of the substrate and the adsorbate 
is however not straightforward. Indeed, the 
energy shift of a core-level can not simply 
be assigned to the initial valence electron 
distribution around a particular atom before 
excitation (initial state effect) ; but the state 
of the system when the core-electron is 
extracted and a core-hole has been created 
(the final state effect including relaxation 
and screening of the core-hole) has to be 
taken into account. Only calculations, 
including both the initial and the final state 
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effects, can give reliable information from 
the measured SCLS. For metals, due to the 
type of screening of the final state, the Z+1 
approximation is a good method [1, 2]. 
The crucial elements of a theoretical 
description based on the thermodynamic 
properties of the studied metal are such : 
- the assumption of a fully screened final 
state 1, 
- the (Z+1) approximation for the 
screening valence charge distribution 
around the core-ionised site, i.e. the core-
ionised site is treated as a Z+1 impurity in 
an otherwise perfect Z metal, Z being the 
atomic number. 
The combination of the complete screening 
picture and the (Z+1) approximation allows 
the introduction of a Born-Haber cycle, as 
illustrated in Fig. 4.1, which connects the 
initial state with the final state of the core-
ionisation process. 
Let us start with a metal with atomic 
number Z (Z-metal) in the ground state. 
This is the initial state. The photoemission 
process can be described as follows. We 
bring one Z-atom from the bulk Z-metal 
out to infinity. The cost of this process is 
the cohesive energy of the Z-metal Ecoh(Z). 
This atom is then core-ionised, the 
ionisation energy involved is A

cE (A for 
atom). The core-ionised Z* atom 
(equivalent to a +1 ion) is then neutralised 
by letting it acquire one electron in its 
lowest valence shell state (in the presence 
of the core-hole), thereby releasing the 
“ionisation” energy IZ*.  

                                                      
1 This is generally fulfilled for metals, due to the delocalised electron gas. 
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Figure 4.1 : Illustration of the Born Haber cycle : left-hand side, true adiabatic excitation of the 
core-electron c from an atom at a specific site to the Fermi level; far-right hand side, excitation of 
the core-electron c to the Fermi level described with the (Z+1) approximation [2]. 
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This mimics the full screening of the core-
hole. Then, a macroscopic number of these 
fictive Z* atoms are brought together to 
form a solid, thus yielding the cohesive 
energy Ecoh(Z*). One of these metallic sites 
is then dissolved in the host Z-metal (the 
final state of the photoemission process). 
The energy involved in this last step is the 
solution energy (for the infinitely dilute 
case) of the Z*-metal in the Z-metal, 

)(* ZEimp
Z . This is the exact description of 

the adiabatic excitation of the core-electron 
c from an atom at a specific site to the 
Fermi level, and is represented in the left-
hand part of Fig. 4.1. The complete cycle 
described in this part of the figure obeys 
the following relation : 
 

)Z(E*)Z(E

IE)Z(EE
imp

*Zcoh

*ZA
ccoh

bulk,M
F,c

+−

−+=
 (4.1) 

 
bulkM

FcE ,
,  is the energy necessary to bring an 

electron of a bulk atom from a core-shell to 
the Fermi level. 
Since Z* is a fictive species, the 
transcription of the excitation process into 
Born-Haber cycles seems to be useless. 
However, from the viewpoint of atomic 
valence-electron orbitals, a core with one 
electron removed from a deep inner level 
can be replaced quite accurately by the core 
of the (Z+1) atom. Thus, the core-ionised 
atomic state, Z*, can be replaced by a 
valence ionised (Z+1) atom with the same 
valence structure as the core-ionised Z 
atom. This is the (Z+1) approximation, 
illustrated in the right-hand side of Fig. 4.1. 
The (Z+1) ion with a valence shell vacancy 
is neutralised by the acquisition of an 
electron, forming the atomic ground state 
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of the neutral (Z+1) atom. This process 
involves the ionisation energy IZ+1. The 
(Z+1) atom is then brought from infinity to 
the bulk of a metal with (Z+1) atomic 
number ; the gain in energy of this process 
is the cohesive energy of the (Z+1)-metal, 
Ecoh(Z+1). Finally, one of these (Z+1) 
atoms is dissolved in the metal Z, involving 
the dissolution energy )Z(E imp

1Z+ . The use of 
the (Z+1) approximation thus leads to the 
following expression : 
 

)()(

)(,
,

ZE1ZEI

EZEE
imp

1Zcoh
1Z

A
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bulkM
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+
+ ++−−

+=
  (4.2) 

 
The same procedure can be applied for the 
atoms at the surface of a Z-metal. Eq. (4.2) 
then becomes :  
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where surf,M

F,cE  is the energy necessary to 
bring an electron of a surface atom from a 
core-shell to the Fermi level. 
The difference between Eq. (4.3) and Eq. 
(4.2) will give the surface core-level shift in 
terms of thermodynamic parameters i.e. the 
cohesive energies of the Z and (Z+1) 
metals and the dissolution energy of a 
(Z+1) impurity in a Z metal (Eq. 4.4) : 
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)].Z(E)Z(E[
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The impurity term in bracket is most of the 
time negligible compared to the difference 
in cohesive energy. 
Note that in this context, a surface core-
level shift is nothing but the segregation 
energy from the bulk to the surface of a 
(Z+1) impurity in a metal Z, as shown by 
Fig 4.2.  

 
Advanced surface core-level shift calcu-
lations are nowadays performed using the 
density functional theory. Both initial- and 
final-state effects in the core-ionisation 
process can be fully accounted for. This 
approach leads not only to the estimation 
of a SCLS, but also to its understanding [3, 4]. 
 

4.2 The density-functional theory 
 
The theoreticians’ formal way to handle a 
problem is to define the Schrödinger 
equation of the system studied 2 and to 
solve it exactly. However this equation can 
only be solved exactly for a two-particle 
system, i.e. the exact wave function is 
known only for the hydrogen atom (one 
nucleus, one electron). Instead, appro-
ximations that provide “chemically” 
acceptable errors must be found to 
determine the binding energies, geometries 
and / or electronic structures of the studied 
systems. 

                                                      
2 The first postulate of quantum mechanics state that “The state of a system is described by a 

function Ψ of the coordinates and the time. This function, called the state function or wave 
function, contains all the information that can be determined about the system” [5] 

 
 
Figure 4.2 : Illustration of the 
correspondence between the surface core-
level shift ∆Ec(A) of a metal A with an 
atomic number Z and the heat of 
segregation of a (Z+1) impurity [1] 
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In the first decades of quantum chemistry 
history, only small systems could be treated 
with quantum chemical methods due to the 
limited computer resources. Quantum 
chemistry was often considered to contain 
too many mathematical formulas to be 
useful. Chemists relied instead on 
empirically derived models for chemical 
bonding. Later, many people bridged 
successfully this gap through the 
introduction of simple models such as 
valence bond (VB) or molecular orbital 
(MO). 
In the last decade, the use of density 
functional theory (DFT) in calculations of 
molecular properties such as bond energies 
has increased dramatically. The main reason 
is the development of an orbital-based 
theory and new gradient-corrected 
functionals, which has increased its 
accuracy. In the sixties, the development of 
a single particle orbital formalism [6] 
keeping the notation of molecular orbitals 
made DFT more practical. The Kohn-
Sham orbitals replaced the usual Hartree-
Fock ones and can be written as (Eq. 4.5) 3: 
 

)(φε)(φ)(υ)(υ iiiXCC rrrr =



 ++∇− 2

2
1  

 
where υC, υXC and [-½∇2) are the 
Coulomb, the exchange-correlation and the 
kinetic energy operator respectively, while 
the ϕi are the Kohn-Sham orbitals. The 
exact expression of the exchange-
correlation is not known, and will most 
probably never be. The accuracy of DFT is 
then dependent on the quality of the 

                                                      
3 Walter Kohn and John A. Pople were awarded in 1998 the Nobel Price in Chemistry for their 

“contribution to the development of computational methods”. 
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exchange-correlation functional used, 
which explains why so much effort is 
invested into the search of always more 
efficient functionals. 
The most commonly used functional has 
historically been the Local Density 
Approximation (LDA), which uses the 
expression of a homogeneous electron gas 
with density ρ for the exchange energy per 
particle in a system. The LDA has been 
successfully used in solid state physics to 
calculate electronic band structures. 
However, the errors in calculations of 
reaction energies with LDA are much too 
large to make this approach useful. In order 
to achieve chemical accuracy within DFT, 
other functionals, not only dependent on ρ 
but also upon the gradient ∇ρ have 
emerged. Examples of gradients corrected 
exchange functionals are the PW86 [7], the 
PW91 [8] and the Becke88 [9], and 
examples of the correlation functionals are 
the PW86 [7, 10] and the LYP [11]. Later, 
hybrid functionals, such as B3LYP 
[9, 11, 12] used in this work, have become 
popular. Nowadays, the later is probably 
the most commonly used, due to its small 
average errors for binding energies. The 
main complication for this functional is that 
it contains Hartree-Fock exchanges, which 
means that the exchange integrals have to 
be evaluated explicitly. 
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CHAPTER 5 : SUMMARY OF PAPERS 
 
 
It is now time to summarise 4 years of 
research. As mentioned in the preface, the 
papers can be classified in three categories : 
1) the characterisation of clean-modified 
surfaces, 2) the study of simple adsorbates, 
and 3) the adsorption of functional 
molecules. These categories are developed 
below. The characterisation techniques 
employed in each paper are summarised in 
Table 5.1.  
 

Characterisation of the clean-modified surfaces 
 
Three modifiers have been studied: carbon, 
tin and titanium, the two first ones on  the 
Pt(110)(1×2) 1 and the latter on the Pt(111) 
surface. In the field of catalysis, carbon, in 
the form of carbonaceous residues, coke or 
graphite, often causes catalyst poisoning, 
which results in the shortening of its 
lifetime. In contrast, Sn and Ti are often 
cited as being involved in promoting 
catalytic reactions. 
The main experimental techniques used in 
the following papers are scanning 
tunnelling microscopy and photoelectron 
spectroscopy. The structure of the clean 
substrates has been described elsewhere 
(chapter 2, section 2.1) and will not be 
recalled here. 
 

Paper I  Pt3Ti alloy formation on the Pt(111) 
surface 
 
Titanium reacts strongly with platinum 
already at room temperature when 

                                                      
1 The Sn/Pt(111) system, especially the surface alloys, has been thoroughly characterised by 

others. See Chapter 2, section 2.2. 

 PES STM  HRE 
ELS 

DFT 
Z+1 

I ×××× ××××   
II ×××× ××××   
III ×××× ××××   

IV ××××   ×××× 
V  ××××  ×××× 
VI   ×××× ×××× 
VII ××××    
VIII ××××    

 
Table 5.1 : Summary of the techniques 
used in each paper. In every paper, 
LEED was also used to characterise the 
surface. 
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deposited on the Pt(111) surface. Indeed, at 
low coverage, two-dimensional islands are 
detected, which consist of a Pt3Ti alloy. 
These islands are homogenous in size (17-
22 Å in diameter), and randomly spread 
over the surface. As the amount of titanium 
increases, the two-dimensional Pt3Ti islands 
coalesce into three-dimensional structure. 
Pure titanium is not detected. No ordered 
structure is observed at room temperature. 
However, annealing the high-coverage 
surface results in the appearance of ordered 
(2×2) patches, characteristic for the bulk 
truncated Pt3Ti(111) surface. 
 

Paper II  Formation of two-dimensional graphite 
islands on the Pt(110)(1x2) surface. 
 
In this paper, the structure and nature of 
thin segregated carbon layers on 
Pt(110)(1×2) are studied. The carbon thin 
films were obtained by annealing the 
sample between 600°C and 800°C for 
several minutes in UHV directly after 
sputtering. Imaging the surface after such a 
treatment reveals the presence of extended 
flat region with a well-defined rectangular 
shape, covering several terraces and sitting 
on top of Pt(110)(1×1) patches. Their 
graphitic character is evidenced through the 
binding energy of the C1s core-level 
(284.35eV), the LEED pattern observed 
and the atomic structure resolved on the 
islands. The orientation of the graphite 
layers is determined to be C< 0110 > 
parallel to the Pt[ 011 ] direction. 
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Paper III  Corrosive adsorption of Sn on the 
Pt(110)(1×2) surface. 
 
Here, the interaction between tin and the 
Pt(110)(1×2) surface is described. After 
deposition at room temperature, three 
“types” of Sn are observed on the surface :  
i) small islands, made of a few atoms and 
randomly spread over the surface,  
ii) mobile Sn ad-atoms diffusing in the 
valley of the (1×2) missing row 
reconstruction, 
iii) Pt-Sn-Pt one-dimensional alloy chains, 
also in the valley.  
These chains are observed nearby (1×n) 
(n>2) defects, or holes on the surface, 
which are believed to be the source of 
platinum atoms in the chains. Their size is 
therefore limited by the diffusion length of 
platinum atoms in the valley. 
Annealing the surface results in the 
complete rearrangement of the Sn in the 
surface, with disappearance of the chains 
and the islands. An increase of the density 
of (1×n) (n > 2) defects and a modification 
of the overall shape of the terraces due to 
mass transport over the surface is also 
observed. 
 

Simple adsorbate systems 
 
Hydrogen, oxygen and carbon monoxide are 
prototype adsorbates and their behaviour on 
the clean Pt(111) is well documented in the 
literature. Studying their adsorption on the 
modified surface lead to a better 
understanding of the modifier effect. 
Different characterisation techniques are used 
for each adsorbate (see Table 5.1), and the 
results are compared with theoretical 
calculations. The adsorption sites determined 
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for each adsorbate on the different substrates 
are summarised in Table 5.2. 
 

Paper IV  Hydrogen adsorption on the 
Pt(111)(√3×√3)-R30°-Sn surface alloy 
studied by high resolution core-level 
photoelectron spectroscopy 
 
An investigation of the clean and atomic 
hydrogen 2 covered Pt(111) (√3×√3)R30°-Sn 
surface alloy has been carried out using high-
resolution core-level photoelectron 
spectroscopy. The Pt 4f7/2 spectrum recorded 
from the clean surface alloy shows a single 
surface peak shifted - 0.25 eV relative to the 
bulk. The calculation of the surface core level 
shift employing the Z+1 approximation 
confirms the model proposed for the surface 
alloy.  
Adsorption of atomic hydrogen does not 
induce any geometrical changes of the 
surface. The line shape of the Sn 4d core-
level remains unchanged. In contrast, a new 
surface component appears in the Pt 4f7/2 
spectrum, shifted by 0.59 eV compared to the 
bulk peak. These results are discussed in the 
light of thermodynamical calculations. H 
atoms are believed to bind only to Pt atoms, 
and their adsorption site seems to be 
influenced by the tin present in the surface 
layer. The on-top position is suggested. 
 

Paper V  Bridge-bonded oxygen on Pt(110) 
 
The dissociative chemisorption of oxygen 
on the Pt(110)(1×2) surface was 
experimentally studied by scanning 
tunnelling microscopy. In contrast with 
what is observed on the clean Pt(111) 

                                                      
2 Note that Sn blocks the hydrogen dissociation on the surface. Molecular hydrogen was 

therefore pre-dissociated with a hot tungsten filament. 

Pt(111) Pt(110) 
 

clean Sn clean Sn 

H 3× top -- -- 

O 3× -- bridge -- 

CO top 
bridge 

top 
bridge top top 

 
Table 5.2 : Adsorption sites of H, O and 
CO on Pt (111) and Pt(110), modified or 
not by Sn. Note that only the position 
determined in the framework of this 
thesis are reported. 
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surface, where adsorbed O is imaged as a 
depression, exposure to oxygen induces the 
appearance of randomly spread protrusions 
on the ridges of the missing row 
reconstructed surface. The bright contrast 
is explained by the location of partly filled 
O p orbitals at the Fermi level. The binding 
energies and bond distance of Pt-O were 
estimated for different adsorption sites 
(bridge, hcp and fcc) using hybrid density 
functional theory. The bridge site is 
preferred over the hollow sites by at least 
1 eV. The determined Pt-O bond length is 
1.93 Å in this configuration, in good 
agreement with previously published data. 
 

Paper VI  CO bonding on tin modified platinum 
surfaces 
 
High resolution electron energy loss 
spectroscopy (HREELS) and density 
functional theory (DFT) cluster calculations 
are used to study the bonding of carbon 
monoxide to the clean and tin modified 
Pt(111) and Pt(110) surfaces. We observe 
experimentally the population of top and 
bridge sites on Pt(111) and 
Pt(111)(√3×√3)R30°-Sn, while only the top 
sites are occupied on the Pt(110) and 
Pt(110)-Sn surfaces. 
The calculated binding energies of CO in 
top, bridge and hollow sites on Pt(111) 
shows a preference for the top site over the 
bridge and the hollow. The calculations also 
show a weakening of the top and bridge Pt-
CO bonds induced by Sn on the Pt(111) 
surface. In contrast, a strengthening of the 
same Pt-CO bond is induced by the 
presence of Sn on the Pt(110) surface. This 
is possibly explained by the balance 
between the two contributions to the CO-
metal bonding; the 5σ-donation from CO 
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to the metal and the back-donation from 
the filled metal d-band to the empty 2π* 
CO orbitals. 
 

Adsorption of functional molecules 
 
In an attempt to extend the studies to more 
technically relevant molecules, the 
adsorption of propene and 2-butenal has 
been studied on the clean and tin modified 
Pt(111) surfaces. Photoelectron spectro-
scopy was used in both cases to characterise 
the overlayers and their interaction with the 
platinum surfaces. 
 

Paper VII  Adsorption and bonding of propene and 
2-butenal on Pt(111) 
 
The adsorption of propene and 2-butenal at 
100 K on the Pt(111) surface has been 
studied both in the mono- and multi-layer 
regime. The comparison with propene 
allowed the identification of the aliphatic 
contribution in the C1s spectra acquired 
after 2-butenal exposure. The bonding of 
the C=C group to the surface in a di-σcc 
configuration is suggested. Moreover, at 
low coverage, no peak in the C1s spectra 
could be related to the carbonyl (C=O) 
group, while in the multi-layer regime, the 
component originating from the carbonyl 
group is clearly identified. This is attributed 
to the participation of the C=O group to 
the bonding to the surface.  
 

Paper VIII  Adsorption and bonding of 2-butenal on 
Sn/Pt(111) surface alloys 
 
Following the previous study, the 
adsorption of 2-butenal on the Pt(111) 
(2×2)-Sn and Pt(111)(√3×√3)R30°-Sn 
surfaces alloys has been studied, and the 
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results were compared to the one obtained 
on the clean Pt(111). Addition of Sn does 
not change the initial sticking coefficient of 
the molecule on the surface, or the 
coverages obtained at equivalent doses. It 
does, however, induce a severe change in 
the adsorption mode of the molecule. The 
activation of the C=O bond in the 
chemisorbed phase decreases, as evidenced 
by the apparition of a carbonyl induced 
component in the C1s core-level spectra, 
already at low coverage. A new physisorbed 
phase is detected as well on the surface. 
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