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Abstract

As a model system for photochemistry on oxide surfaces, the generation of atomic
oxygen by photodissociation of N2O adsorbed on thin MgO films which are grown
on Ag(001) has been studied under UHV conditions. The reactivity of the gen-
erated atomic oxygen was examined by studying the oxidation of CO. If MgO
with adsorbed N2O is irradiated with photons (hν = 5.0 eV), TPD spectra show a
N2O depletion and generation of N2 (desorbing ≈ 55 K) and atomic oxygen (des-
orbing recombinatively at ≈ 550 K). An analysis of the photon dose dependence
suggests two N2O dissociation pathways on the surface with reaction cross sections
of about 10−19 cm2: The irradiation with hν = 5.0 eV leads to an electron-hole-pair
excitation at the edges of the MgO film. Excited electrons are trapped at certain
defect sites which lead to localized electrons and localized holes at low coordi-
nated sites. These localized charges can cause a dissociation of nearby adsorbed
N2O. The presence of the electron and the hole lead to singly charged atomic
oxygen. EPR spectroscopy done in cooperation with the department of Hajo Fre-
und confirmed that the generated atomic oxygen is correlated with a free spin. A
site-selective chemistry can be applied with different photon energies. If a photon
energy of 6.4 eV is used, the reaction cross sections increase to 10−17 cm2 which
is explained by the increased probability to create a trapped electron: The pho-
toexcitation of MgO films at terrace sites leads to a higher amount of generated
electron-hole pairs compared to the photoexcitation at lower coordinated sites.The
reaction yield could also be controlled by varying the MgO film preparation: Due
to a larger surface roughness for thicker MgO films (which led to more electron
traps), UV-induced atomic oxygen generation scales with the MgO film thickness.
Irradiation (hν = 5.0 eV) of the coadsorbate consisting of CO and atomic oxygen
leads to a formation of CO2.
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Zusammenfassung

Als Modellsystem für Photochemie auf Oxiden wurde in dieser Arbeit die Bildung
von atomaren Sauerstoff durch Photodissoziation von N2O-Adsorbaten auf dünnen
MgO-Filmen, präpariert auf Ag(001), unter UHV-Bedingungen untersucht. Die
Reaktivität des atomaren Sauerstoffs wurde anhand von CO Oxidation überprüft.
Nach UV-Bestrahlung zeigen thermische Desorptionsspektren eine Abnahme der
ursprünglichen N2O Bedeckung und eine Bildung von N2 (Desorption bei≈ 55 K)
und atomaren Sauerstoff (rekombinative Desorption bei ≈ 550 K). Die Photonen-
abhängigkeit der N2O-Dissoziation läßt sich mit einem Mechanismus bestehend
aus zwei Reaktionspfaden beschreiben, deren Querschnitte jeweils ≈ 10−19 cm2

sind: UV-Bestrahlung (hν = 5.0 eV) führt zu einer Elektronen-Loch-Paar-Anregung
an Kanten des MgO-Films. Angeregte Elektronen werden an bestimmten Defek-
ten eingefangen und führen zu lokalisierten Elektronen und Löchern, wodurch in
der Nähe adsorbiertes N2O dissoziiert. Durch diese Ladungen entsteht einfach
geladener atomarer Sauerstoff, dessen freier Spin durch eine EPR-Studie in Ko-
operation mit der Abteilung von Hajo Freund nachgewiesen wurde. Oberflächen-
selektive Chemie kann durch unterschiedliche Photonenenergien realisiert werden.
N2O-Dissoziation mit einer Photonenenergie von hν = 6.4 eV erhöht die Reaktion-
squerschnitte auf 10−17 cm2. Die erhöhte Wahrscheinlichkeit, lokalisierte Ladun-
gen zu generieren ist eine Erklärung hierfür: Die Photonenanregung an Terrassen
von MgO-Filmen führt zu einer größeren Anzahl an generierten Elektron-Loch-
Paaren als die an geringer koordinierten Oberflächenstellen. Auch durch Vari-
ation der MgO-Präparation kann die Reaktionsausbeute kontrolliert werden: Da
dickere Filme eine rauhere Oberfläche haben und damit mehr Elektronenfallen
aufweisen, wächst die UV-induzierte Generation von atomaren Sauerstoff mit der
MgO-Filmdicke. Bestrahlung eines Koadsorbats bestehend aus vorher generiertem
atomaren Sauerstoff und CO führt zur Bildung von CO2 und bestätigt die Reak-
tivität des atomaren Sauerstoffs.
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Introduction

The understanding of surface processes is of critical importance in industrial chem-
istry and the control of elementary processes at interfaces. Various chemical reac-
tions in nature happen at the surface of either liquids or solids. Corrosion, i.e. the
oxidation of metal is a textbook example of surface chemistry. In heterogenous
catalysis, the selectivity and rate of chemical transformations is enhanced and con-
trolled by a sequence of elementary steps at specific so called active sites at the
catalyst surface. In the Haber-Bosch-Process, for example, the conversion of ni-
trogen and hydrogen to ammonia is dramatically enhanced in the vicinity of iron
particles.

Light is also able to induce chemical processes at surfaces or interfaces by elec-
tronic excitations. A field of current interest is photovoltaics where the photoexci-
atation of electron hole pairs induces a current. A second well-known and inves-
tigated example is the photon-induced degradation of organic molecules adsorbed
on TiO2 surfaces. In a semiconductor like TiO2 a photon with enough energy can
excite an electron-hole pair whose charge carriers can generate radical species on
the surface. These lead ultimately to decomposition of organic molecules to CO2

and H2O [1, 2].

Industrial catalysts are often quite complicated systems. Fig.1 shows SEM
images of MgO material used for catalytic purposes. As shown, the structure is
very complex and thus a chemistry related to distinct defects is hard do quantify. A
frequently used approach in surface science is the study of model systems to draw
conclusions from these to the ”real world applications”. As these model systems
themselves might be completely different from the actual system - depending on
the assumptions stated before and the possibilities in generating a model system,
the bridge over this pressure and material gap might lead into wrong directions if
the model system is chosen based on wrong assumptions [4].

One important class of (photo)catalytic active materials are oxides. MgO in
particular is a typical support material in many catalytic processes. Moreover,
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xiv INTRODUCTION

librium conditions, combustion of a mixture of Mg(NO3)2 and
C3H8O3 with the ratio 1/f can be represented by Equation (2).

MgðNO3Þ2þ!C3H8O3þð7!$5Þ=2O2 !
MgOðsÞþ3!CO2ðgÞþN2ðgÞþ4!H2OðgÞ

ð2Þ

Taking into account that, apart from MgO, all of the reaction
products are gaseous under combustion conditions, the
amount of gas liberated during the transient combustion
event increases drastically with f, which should have an
impact on the pore structure of the resulting material. This is
indeed observed. By comparing Figure 1a and Figure 1c, it is
clearly visible that the samples prepared with f=3 show
much larger pores and a more sponge-like structure than the
samples prepared with f=1, which more closely resemble an
agglomerate of platelets. SEM pictures of higher magnification
of the f=3 samples (Figures 1d and e) revealed that the
struts connecting the mm pores visible in Figure 1d posses in
turn a distribution of nm sized pores. Similar nm sized pores
are also observed in the f=1 samples (Figure 1b).

The hierarchical pore structure of the MgO material with f=
3 is also reflected in the pore size analysis shown in Figure 2
and summarized in Table 2. Both materials, f=1 and f=3, ex-
hibit a narrow distribution of mesopores (2–15 nm), with a
maximum at 5 nm for the f=1 material and with a maximum
at 10 nm for the f=3 material. The higher abundance of small
mesopores leads to a higher BET surface area for the f=1 ma-
terial (112 m2g$1) compared to the f=3 material (58 m2g$1).
Due to the fact that the f=3 material also features a distinct
macropore network with a mean pore size of 2.5 mm, deter-
mined from the electron micrographs (Figure 1), a truly hier-
archical pore network can be created if f is properly selected.

As summarized in Table 2, the crystallite size is independent
of the stoichiometric ratio f. Figure 1 f shows a high resolution
TEM image of the f=3 material consisting of 5–7 nm large
MgO cubes with a high density of surface defects, such as
edges, corners, and kinks. The same holds for the f=1 materi-
al (TEM not shown). The lattice constants (4.218 and 4.220 !)
of the MgO crystals were found to be slightly higher than that
of bulk MgO (4.212 !). Similar values (4.222 ! for 6.5 nm large
MgO nanoparticles) were also found by other authors.[21]

For application in high temperature catalysis, such as for the
oxidative coupling of methane to ethylene, a temperature
stable hierarchical pore structure is required, allowing for effi-
cient mass and heat transport during the entire lifetime of the
catalyst. To test for thermal stability, the MgO material pre-
pared with f=3 was calcined for 10 h at 800 8C in purified
flows of O2 and Ar. Figure 3 shows a compilation of SEM and
TEM pictures of the calcined material. Under both an O2 (Fig-
ures 2a–c) and an Ar (Figures 2d–f) atmosphere, the macro-
pore structure of the material was preserved during calcina-
tion, but the crystallites forming the pore struts sintered, re-
sulting in a mean particle size of 25 nm, determined by using
XRD, and 30 nm, determined by using TEM. Pore size analysis
by the BJH model shown in Figure 2b proves that mesopores
smaller than 15 nm are strongly depleted upon sintering of

Figure 1. Comparison of SEM and TEM pictures of MgO prepared by using
the GCS method with a,b) f=1 and c–d) f=3.

Figure 2. a) N2 adsorption-desorption isotherms and b) pore size distribu-
tions derived from the desorption branches according to the BJH model for
the as prepared MgO with f=1 (&), with f=3 (*), and subsequent calcina-
tion at 800 8C in Ar (~).

1782 www.chemcatchem.org " 2011 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemCatChem 2011, 3, 1779 – 1788

R. Horn et al.

Figure 1: SEM images of MgO powder used in catalytic reactors. The surface is porous
and difficult to describe thus an unambiguous correlation between reactivity and
specific active site is impossible. Picture taken from Ref. [3].

MgO has shown also direct catalytic properties as in the oxidative coupling of
methane [5] or the water gas shift reaction [6]. The simple geometric and electronic
structure has yielded to a lot of oxide studies with MgO serving as a model system.

The investigation of these photochemical reactions on oxide surfaces in gen-
eral [7–11] and MgO surfaces in particular [12–14] is a field of constant interest.
Especially the group of Knözinger has investigated the photochemistry on MgO
powders in great detail [15–25]. However, the powder-material and the elevated
pressures which were used makes it complicated to discuss the adsorbate binding
to the substrate, quantify the reaction yield to evaluate different reaction mecha-
nisms or modify the substrate to generate reactive defects.

In this thesis the photoinduced dissociation of N2O on epitaxially grown MgO
films was studied to discuss these points. As the growth of oxide films can be
controlled, it is possible to manipulate the defect density by different prepara-
tion routines. The possibility to quantify the concentration of educts and prod-
ucts on the surface makes it possible deduce a reaction mechanism which takes
place. Moreover, the cross sections for these reactions are able to be quantified.
The dependence of photon dose and photon energy studied at an N2O adsorbate
under UHV conditions leads to a confirmation of site dependent chemistry and
extends this knowledge to the chemistry after electron hole pair excitation at ter-
races. N2O coverage dependent measurements gain insight into the adsorption and
reaction properties of N2O on MgO. To confirm the influence of defects, the prepa-
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ration conditions of the MgO films were varied by different degrees. Furthermore
an electron spin resonance (EPR) experiment has been performed in collaboration
with the department of Hajo Freund in order to elucidate the nature of photochem-
ically formed atomic oxygen species. To confirm and study the reactivity of the
atomic oxygen generated by photoinduced N2O dissociation on MgO, the oxida-
tion of carbon monoxide was investigated.

This thesis is organized as follows:

• In the first chapter, the background knowledge will be presented. In the first
part, oxide surfaces, their (photo)chemical properties and the properties of
thin oxide films are discussed. The second part of the first chapter is more
general and deals with adsorption processes on surfaces.

• The second chapter deals with the experimental setup used in this experi-
ment. The setup and the techniques which were used to acquire the data will
be presented.

• The presentation of the measurements recorded and analyzed in this thesis
begins with the third chapter: The properties of prepared MgO films grown
on Ag(001) will be discussed here.

• In the following chapter the adsorption properties of N2O on MgO are dis-
cussed on the basis TPD spectra and HrEELS measurements. The monolayer
properties of the N2O adsorbate are discussed and a conclusion is drawn.

• In the fifth chapter, the photoinduced N2O adsorbed on MgO is discussed.
From the photon dependence, a reaction mechanism is proposed. The photon
energy dependence reveals the possibilities to induce a site-selective chem-
istry. Different MgO preparation routines were examined to maximize the
reaction yield. This chapter concludes with an EPR investigation where the
generated atomic oxygen is looked upon.

• This atomic oxygen is finally put in use to investigate oxidating properties
at one model system in the last chapter: The pregenerated atomic oxygen is
used to study the CO oxidation as a well-known model system.



xvi INTRODUCTION



Chapter 1

Concepts and models

In this chapter, the conceptual and theoretical background to the presented thesis
is discussed. First, the general properties of MgO are presented. As the cho-
sen model system MgO is, like other binary oxides, an insulator, its physical and
chemical properties differ significantly from the respective properties of metals.
While the latter is oftentimes the textbook example when discussing surface chem-
ical processes,, insulator surfaces are not treated in great depth (see e.g. [26–29]).
As photochemistry on oxide surfaces is closely related to the optical and chemi-
cal properties of the specific compound, the next section discusses the non-thermal
possibilities of inducing a chemistry with photons on insulator materials.

The second part deals with adsorption characteristics on surfaces. The differ-
ent mechanisms leading to adsorption are discussed. This part concludes with a
general discussion about the thermodynamics occurring during desorption. This
discussion is closely related to the presentation of the detection method (Thermal
desorption spectroscopy, see chapter 2.3).

1.1 MgO - general aspects

As MgO is the model system dealt with in this thesis, the aim of this chapter is
mainly to discuss the properties of this oxide. With its simple structure, MgO
serves oftentimes as a model system for more complex materials so the general
conclusions about electronical, optical and chemical properties are also valid for
other oxides.

Fig. 1.1 shows a sketch of the surface structure of MgO. It is a rocksalt struc-
ture, a fcc lattice with a basis consisting of two ions, the Mg2+ and the O2− ion,
respectively. The lattice constant is 4.2 Å. MgO is thermally inert: its melting point

1
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Mg2+

O2-

<001>

<0
11

>

4.2 Å

2.9
 Å

Figure 1.1: Structure of the MgO surface. The structure is a rocksalt structure, a fcc struc-
ture with a basis of two atoms. In this sketch the lattice constants in 001- and
011-direction, i.e. the lattice constant and the distance to the next neighbor are
depicted. They are 4.2 Å and 2.9 Å, respectively. Taken in modified form from
Ref. [30]

is at 3073 K and its boiling point at ≈ 4070 K. Without impurities it is transparent
for wavelengths higher than 165 nm [30], dependent on preparation technique there
might be small impurities which lead to a yellow-colored MgO crystal.

1.1.1 Electronic structure and optical properties of oxides

The basis to understand the particular chemical and (photo)catalytical properties
of MgO lies within its band structure. For MgO, the band gap is 7.8 eV [32–34],
see Fig. 1.21, thus electrons cannot be excited simply by thermal means from the
valence bond to the conduction bond. Since the band gap is that large, visible light
transmits through intact, clean MgO.

This band gap is significantly reduced for lower coordinated sites see table 1.1
[33, 37]. Additionally, defect sites, which will be discussed in the next section,
reduce the band gap and may even lead to light absorption in the visible range. This
light absorption is due to an electron excitation from the valence to the conduction
band and thus the generation of an exciton, an electron-hole pair. This process is of
crucial importance for photochemistry on oxide surfaces which will be dealt with

1Some discrepancy in the literature is here as a few sources claim the band gap to be 8.7 eV
[35,36]. The reason for this discrepancy is that the latter make a distinction between the bulk exciton
and the band gap.
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these meshes are based on MP k points, several high-
symmetry points and high-symmetry lines are involved,
naturally leading to a multitude of degenerate states. We shift
the k points by a small vector, which lies well inside one box
of the coarse mesh in each case, in order to lift symmetry
degeneracies and, therefore, accelerate the convergence of
the respective optical quantities.

Despite this adaptive sampling of the BZ, the resulting
exciton Hamiltonian matrices are still large. Hence, we use
an efficient time-evolution scheme for the computation of the
dielectric function33 instead of a direct diagonalization of the
excitonic Hamiltonian. This approach scales as O!N2" in-
stead of O!N3" with N being the number of pair states.

For each material we study the equilibrium crystal struc-
ture, i.e., rs-MgO, wz-ZnO, and rs-CdO. The Vienna Ab ini-
tio Simulation Package !VASP" using the projector-augmented
wave method34 is applied for explicit calculations. The lattice
parameters have been derived from a total-energy minimiza-
tion before14 and also the computational parameters are cho-
sen as in Refs. 14 and 17. For rs-MgO and rs-CdO the
k-point sampling for the HSE03+GW QP band structure has
been increased to 16!16!16 points in the BZ.

III. QUASIPARTICLE BAND STRUCTURES

In Fig. 1 we show the QP band structures and DOS for !a"
rs-MgO, !b" wz-ZnO, and !c" rs-CdO as obtained from the
HSE03+GW, as well as the GGA+U+", approach. In addi-
tion, a selected number of QP eigenvalues at high-symmetry
points of the BZ computed within the HSE03+GW approach
are listed in Tables I–III for bands around the fundamental
gaps. Corresponding differences of CB and VB energies give
interband transition energies at high-symmetry points with-
out the influence of excitonic and LFEs. For all three oxides
the resulting single-QP DOSs show good agreement with
spectra from photoemission spectroscopy, x-ray absorption,
and resonant x-ray emission spectroscopy.17–21 Small differ-
ences between our HSE03+GW calculations and experimen-
tal results have been discussed in these references. Here, we
focus on the discussion of the GGA+U+" approach since it
is finally employed for the computation of the excitonic
Hamiltonian and the optical properties. Therefore, we com-
pare the quality of the QP eigenvalues computed within the
GGA+U+" approach to the benchmark HSE03+GW calcu-
lations in the following.

For MgO, density-functional theory !DFT" based on the
semilocal GGA underestimates the fundamental direct gap at
the # point by "=2.99 eV with respect to the HSE03
+GW value of 7.49 eV. For ZnO !CdO", which include shal-
low 3d !4d" electrons, the situation is more complicated
since DFT-GGA severely underestimates the binding ener-
gies of the strongly localized cationic semicore d states.14

We, therefore, include effective Coulomb repulsions U act-
ing on the d levels with U=6.5 eV for ZnO and U
=4.5 eV for CdO within the GGA+U approach.24 As can be
seen at energies around −6 to −10 eV in Figs. 1!b" and 1!c",
these values are well suited to obtain good agreement for the
respective bands and peaks in the VB DOS. However, we
have to mention that the HSE03+GW description slightly

underestimates the d-band binding energies with respect to
the VB maximum in comparison to experimental
results.17,19,20 The remaining gap underestimation within the
GGA+U approach is corrected by a scissor operator of "
=1.78 eV !"=1.07 eV" to obtain the direct HSE03+GW
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FIG. 1. !Color online" Quasiparticle band structures and densi-
ties of states of !a" rs-MgO, !b" wz-ZnO, and !c" rs-CdO calculated
within the GGA+U+" approach !black solid lines" and the
HSE03+GW approach !red/bright solid lines". The VB maximum
has been used as energy zero and the fundamental gap region is
shaded.

OPTICAL AND ENERGY-LOSS SPECTRA OF MgO, ZnO,… PHYSICAL REVIEW B 80, 035112 !2009"

035112-3

Band gap

Figure 1.2: Band structure of MgO as calculated by DFT within two different approxima-
tions shown in black and red. The band gap has its minimum at the Γ point
and is 7.8 eV. This picture is taken from Ref. [31].

Table 1.1: Band gap of MgO for different types of sites. The energies are taken from Refs.
[33, 37]

Surface site coordination number Energy gap /eV

bulk 8 7.8
terraces 6 6.2

edges 4 5.4
corners, kinks 3 4.6

in chapter 1.2.

1.1.2 Chemical properties of oxide surfaces

The chemical properties and thus their capabilities as catalytic material are closely
related to the electronic structure of the respective oxide. The high band gap, vary-
ing with the type of the respective surface site, makes it possible to localize charges
on the surface. The electronic structure and electron affinity varies for every dif-
ferent type of site, thus a site-selective chemistry can be expected.

Beside lower coordinated sites as edges, kinks and corners, more localized
defects occur on MgO surfaces which possess distinct chemical properties(see
Fig. 1.3):
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Edges, 4C

Corners, 3C

Terraces, 5C

Kinks, 3C

Vacancies

Divacancies

Figure 1.3: Schematic representation of various defects on a MgO surface. The coordina-
tion number for terraces, edges, corners and kinks is denoted as xC.

• The most prominent type of defect on oxide surfaces is the oxygen (or anion)
vacancy or F-center [38]. These vacancies absorb light in the visible range,
which is the reason for the name F-center: F is an abbreviation of the ger-
man word Farbe - color. These point defects are sites where an oxygen ion
in the lattice is missing. Three kinds of F-centers exist on MgO differing in
their charge: diamagnetic oxygen vacancies are neutrally or doubly charged
and known as F 0 and F 2+ centers, respectively. It has to be pointed out that
this charge is with respect to the regular oxide. That said, the F 0 center is
an oxygen vacancy with two electrons still present while the F 2+ center is
an oxygen vacancy with no localized electron. Paramagnetic F + centers are
consequently oxygen vacancies with one electron captured. These param-
agnetic F-centers are supposed to be highly reactive as the associated free
electron suggests.

The doubly charged F-centers are capable of capturing electrons as they pos-
sess a high electron affinity. As discussed later in chapter 1.2, a suitable way
of transforming doubly F 2+ to F + centers is by electron-hole pair excitation.

Though these sites will be of significant importance on highly defective pow-
der materials, on single crystalline surfaces or MgO films their natural abun-
dance is very limited: The number of free spins (i.e. F + centers) on MgO
surfaces is lower than 1·1012 spins [39]. As the singly charged oxygen va-
cancy is expected to be more stable than the doubly charged one [40], almost
no F 2+ centers are to be expected.
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• Magnesium (or cation) vacancies are vacancies with one Mg ion missing,
analogous to anion vacancies with one missing oxygen ion. These centers
are known as V 0, V – and V 2 – and result from the formal removal of Mg 0,
Mg + and Mg 2+, respectively. The electrons associated with these sites are
localized on neighboring oxygen atoms [41]

• The removal of a neutral MgO unit from the lattice results in a divacancy.
Electronically neutral they can act as electron traps, though not as efficient
as F 2+ sites [42]. However, as their abundance is significantly larger on MgO
surfaces these sites are an important candidate for chemically relevant sites.

• Similar as the divacancy other more extended defects as reverse corners [43]
or misfit dislocations [44] may act as electron traps and thus play a significant
role in defect chemistry.

This list focuses on electron trapping sites on single crystalline MgO and as-
sumes no impurities or hydration effects which may also induce reactive defect
sites (grain boundaries, charged sites due to doping, protonated sites...). Two types
of chemistry were studied in great detail at the defects presented in the list above.

On the one hand, metal particles adsorbed on certain kinds of defects ex-
hibit chemical properties which differ from regular metal: Upon oxygen vacan-
cies, metal clusters are bound stronger when compared to regular adsorption sites
[45–48]. Moreover, the charge of the adsorbed metal clusters is negative suggest-
ing an influence of the defect and its trapped electron. As MgO serves as support
for catalytically relevant metal particles in reactors these results are interesting as
they suggest an active role of the support material.

But not only as an active supporter material but as a catalyst itself magnesium
oxide is used. A basic reaction step investigated was the hydrogen dissociation at
F 2+-centers [49], where the hydrogen ions form with the anion vacancies hydro-
genated, singly charged anion vacancies which are known as F +(H) centers. These
hydrogenated sites possess the same chemical properties as singly charged anion
vacancies and serve oftentimes as model system for the dissociative adsorption of
oxygen [50] or N2O [51].

One example for chemistry at more extended defects is the water dissociation
at divacancies [52,53]. DFT calculations suggest that a water molecule dissociates
instantaneously at a divacancy by forming a [VMg,2H] complex, a magnesium
vacancy with two hydrated oxygen atoms as neighbors. One of these oxygen atoms
is a fragment of the previously adsorbed water molecule.
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Another more complicated example for defect related chemistry on pretreated
MgO is the oxidative coupling of methane. Ito et al introduced CH4 and O2 into
a flow reactor with differently prepared MgO as catalyst. When using lithium-
promoted MgO, the methane dissociation rate of CH4 and the selectivity towards
C2 compounds was dramatically enhanced [54]. By evaluating EPR spectra of
the catalyst they deduced that Lithium atoms serve as dopant by taking the lattice
places of magnesium atoms. As Lithium can only donate one electron, a singly
charged oxygen ion is formed. The supposedly formed active site is known as
Li+O− - site and it is thought that the associated oxygen ion lowers the methane
dissociation barrier significantly [55]. As this process was the initial motivation for
this study, a more profound introduction and discussion is found in the appendix A.

1.1.3 Thin oxide films

For surface science purposes, a pure oxide crystal is a difficult system to deal with.
The bad electrical conductivity is oftentimes accompanied by a bad thermal con-
ductivity. As these insulating oxides can charge up, they prohibit the use of tech-
niques which use electrons and ions as information carriers. Both of these problems
are circumvented by depositing oxide films on a metal substrate.

Not every metal crystal serves as a good substrate for an oxide film; the lat-
tice parameters should be similar. For MgO, usually used metallic substrates are
Mo(001) and Ag(001), sometimes also Fe(001) [56]. The lattice mismatch between
metal and MgO is +3 % for silver and -5 % for molybdenum. Thus, the MgO film
grown on Ag(001) is expected to be flatter than the MgO film on Mo(001). As
shown in Fig. 1.4 even the small lattice mismatch ultimately leads to an interface
dislocation with the (011) glide plane of the MgO film [57–59]. These dislocations
are called ”mosaic structures”. Beside the formation of these dislocations, the ther-
mal instability of silver compared to MgO has to be taken into account thus it is
questionable whether the flatness of MgO films on Ag(001) will be held valid for
thick films. This question will be investigated in chapter 3.1.2.

A second question when dealing with oxide films on metal surfaces is whether
the chemical and electronic structures of the film differ from a regular oxide. Very
thin oxide films show different properties than bulk oxides which are also re-
searched extensively [60–63] and help to deduce when the surface chemistry pos-
sesses no contributions from the underlying silver anymore. This issue will also
be touched briefly when investigating the photochemistry on very thin MgO films,
see chapter 5.3.1.
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Fig. 6. Analysis of the satellite positions obtained from fitting spot
profiles for (a) 10 ML NiO films and (b) 6.5 ML MgO films. The
position of the D satellites is constant for both films. The position of
the other satellites shifts to larger distances from the (00) rod with
increasing scattering phase. Fitting the positions by linear functions
(cf. the lines presented in the Figure) shows that the first M satellite
crosses the (00) rod at Ss0.5 while the second M satellite crosses
the rod at Ss1.5.

Fig. 7. Analysis of the M satellite position and intensity obtained from
fitting spot profiles recorded at the out-of-phase condition Ss1.5 dur-
ing growth of (a) NiO at 300 K and (b) MgO at 350 K. The position
of the M satellites shift towards the (00) rod and the intensity of the
satellites increases with increasing oxide film thickness.

Fig. 8. Model for the mosaic formation due to interface dislocation
with (110) glide plane.

appearing at higher scattering conditions is too small to
have been fitted significantly. Extrapolating the posi-
tions, one obtains that the moving satellites merge the
(00) rod (K s0) at out-of-phase conditions. The first±±

satellite M merges the central peak at Ss0.5 while this
condition is fulfilled for Ss1.5 for the second satellite
pair.
Thus, these satellites cannot be due to facets which

cross the (00) rod at in-phase conditions w31,32x. It is
more probable that the satellites are caused by mosaics
on the surface, although it is generally assumed that
mosaic spots merge the (00) rod at Ss0 w31x. This
assumption, however, is based on consideration of mosa-
ics with sizes larger than the coherence length of the
diffraction experiment, while here we have nano-mosa-
ics with sizes less than the transfer width of the high-
resolution LEED instrument. In the meantime, we have
performed computer studies simulating surface mor-
phologies with mosaics smaller than the transfer width
of the diffraction experiment. From the randomly chosen
morphologies, we calculated the diffraction pattern to
compare both the ‘real’ and the computer experiment.
Preliminary results confirm that the effects which are
observed in our experiments are due to mosaics. This
study will be presented elsewhere w33x.
The mosaic evolution of the growing oxide film has

been investigated by recording spot profiles during
growth. The profiles have been fitted by Lorentzians to
obtain the spot position and intensity from which the
mosaic tilt angle and the mosaic coverage is determined.
Fig. 7 shows the results of this analysis for the growth
of NiO and MgO films. As seen qualitatively before

(cf. Fig. 4 for the growth of MgO films), the M satellite
due to mosaics shift towards the (00) rod. Thus, the tilt
angle decreases with increasing coverage as expected
for the displacement field of (interface) dislocations. A
model is presented by Fig. 8. The shifting of the M
satellite position is accompanied by an increasing inten-
sity of the satellite demonstrating that the area covered
by mosaics increases. Thus, the mosaics grow and flatten
with increasing coverage. For the MgO film, the onset
of mosaic formation is observed at 2 ML. For the
growth of NiO, this onset point is at significantly higher
coverages (approx. 5 ML). This late onset point for
NiO corresponds to the critical coverage where the
intensity oscillations of the specular beam start to be

Figure 1.4: The small lattice mismatch between Ag(001) and MgO(001) leads to an in-
terface dislocation of MgO which results in the generation of large-scale do-
mains. The picture is taken from Ref. [57]

Different processes might alter the properties of the oxide for the thin film limit:

• The first aspect is whether the film is completely closed. MgO films on
silver are known to cover the silver substrate completely at thicknesses above
2 ML, however, higher deposition temperatures would lead to silver diffusion
into the MgO film and alter this picture [64].

• Moreover, the electronic structure might be different. Schintke et al have
applied scanning tunneling spectroscopy measurements for thin (1-3 ML)
MgO films grown on Ag(001) and could show that for films lower than 3 ML
the electronic structure differs [37,65]: Due to the presence of interface states
the surface band gap is reduced to about 5 eV.

• For thin films, charge transfers from the silver bulk might happen. Metal
atoms deposited on thin MgO films (1-4 ML) were negatively charged in
contrast to metal atoms deposited on bulk MgO where they were neutral.
Moreover, the nucleation site differs: On bulk MgO, Gold atoms adsorb on
O sites, while on thin MgO films, a considerable amount of gold atoms ad-
sorb on Mg sites. This is accompanied by a stabilization of two dimensional
cluster geometries in contrast to gold deposition on bulk MgO. The under-
lying mechanism for this charge state is a charge transfer from the metal
substrate, similar to the behavior of metal clusters deposited on anion vacan-
cies [66, 67].
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• Finally, the possibility of a polaronic distortion has to be taken into account.
The lattice flexibility is increased for thin oxide films (up to 3 ML) which
makes it possible to accommodate an electron transfer induced charge accu-
mulation [68–70]. These may alter the chemistry on oxide surfaces, leading
to chemical properties not known to bulk MgO [71, 72].

To conclude, regardless of the different properties which may differ for thin
films from the regular oxide, preparation of MgO films with thicknesses signifi-
cantly larger than 5 ML should lead to films with properties comparable to MgO
bulk material.

1.2 Photochemistry on oxide surfaces

The possible underlying principles for photochemical processes are manifold:

• Photons may be absorbed by the adsorbate, initiating an electronic excitation
in the molecules itself.

• In general photons may induce a local heating process which suffices so that
the system can pass the energy barrier separating educt and product.

• In metals, hot electrons might excite the phonon-bath and the adsorbate lead-
ing to a reaction [73].

• Analogous to electronic excitations leading to hot electrons, on materials
with a band gap photons can induce an electron-hole-pair excitation which
may trigger a reaction on the surface. As the photochemistry on MgO, a
high band gap insulator, is focus of this thesis, this latter mechanism will be
discussed now.

This electron-hole pair excitation is also the underlying physical mechanism for
self-cleaning chemical reactions of TiO2: In the semiconductor, the generated ex-
citon may separate and the resulting charge carriers might react with adsorbed wa-
ter and oxygen on the surface and form radicals. These radicals then decompose
organic molecules on the surface. The reaction mechanisms appearing on UV-
irradiated oxide surfaces in general and MgO surfaces in particular are depicted in
Fig. 1.5.

The first two steps which are not shown in the scheme are the initial photoex-
citation and the trapping of an electron:

O 2− + hν → O− + e− (1.1)
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[26,27]. O2 actively participates in another type of UV
induced surface process which leads to surface adsorbed
O!

3 ions (figure 1(b)) that can decompose into molecular
O2 and O- with EPR parameters different from those
observed after excitation in vacuum (figure 1(a)) [14,28].

Electrons released in the course of UV induced charge
separation (figure 1(a)) can be trapped at local surface
arrangements of sufficient electron affinity and form
paramagnetic electron centers (figure 1(c)) [29–33]. For
the enrichment of MgO polycrystals with surface color
centres (Fþ

s centers), UV excitation in the presence of
electron donors such as molecular hydrogen has suc-
cessfully been employed (figure 1(c)) [34–38]. Recent
EPR studies in conjunction with ab initio quantum
chemical calculations have demonstrated that the
majority of them consist of (H+)(e)) electron pairs
which are formed at low coordinated cation sites at
steps, edges, corners and kinks [34,39]. Such sites – in
principle – can be efficient electron traps where the
corresponding states represent shallow intra band gap
states. However, if protons are bound to an oxide anion
near the trapped electron, the resulting hydroxyl lowers
the energy of the corresponding electronic state and
transforms this paramagnetic site into a true, thermally
stable surface color center [40].

With the aim to establish a possible connection
between surface sites which trap holes (figure 1(a)), on

the one hand, and those which trap electrons on the
other, (figure 1(c)) a compilation of various charge
trapping sites has been carried out recently [26,28]. The
associated EPR signatures were discussed in the light of
underlying surface structures and their role in specific
surface reactions has been revealed by their transfor-
mation into surface hydroxyls [41].

For the present study the comparative description of
surface O) isolated on MgO nanocrystals is expanded by
making use of their reactivity towards molecular oxy-
gen. Although the g tensor of the O!

3 species reflects the
properties of the radical itself rather than the electronic
structure of the adsorption site [14,42], a clear correla-
tion between specific surface O- species and their derived
O!

3 radicals was observed. Moreover, adsorption ener-
gies associated with ozonide formation (equation 1)
were determined experimentally and compared with
results from theoretical calculations.

2. Experimental and computational details

All experiments were performed with MgO powder
obtained from the gas phase reaction of Mg (Johnson
Matthey, 99.98%) and O2 (Messer Griessheim,
99.998%) in a CVD system [43–45]. The sample was
contained in an EPR tube attached to a high vacuum

Figure 1. Reaction pathways leading to the generation of surface trapped hole centers O) and their chemical derivatives O!
3 . (a) UV induced

charge separation and hole trapping in vacuum. (b) UV induced O!
3 generation in the presence of molecular O2. Electrons released in the

photoionization are trapped by molecular O2 to give superoxide anions O!
2 (a and b). (c) Surface trapped electrons transfer to N2O molecule and

induce O) radical formation as well as nitrogen gas evolution. The surface radicals are expected to adsorb directly at or close to the location of the
previously trapped electron.

M. Sterrer et al./Ozonide ions on the surface of MgO nanocrystals112

Figure 1.5: Photoprocesses on MgO powder material leading to different types of O –
x

sites. The picture is taken from Ref. [15].

e− + tr → e−tr (1.2)

The electron transfer leads to a trapping process at defect sites (eq. 1.2) and is
accompanied by a transfer of the localized hole: EPR measurements have proven
that the live time of both localized charges is identical suggesting that no long-
distance charge separation occurs [74].

Possible electron trapping sites are the already discussed defects, see chap-
ter 1.1.2. The localized charge is highly reactive, thus reactions as the ones shown
in Fig. 1.5 can happen. Oxygen, for example, would form O –

n (n=1-3) radicals on
the surface, and the already mentioned F+(H) sites could be generated by photoin-
duced UV hydration of the surface.

All of the presented mechanisms depicted in Fig.1.5 are able to generate oxy-
gen ions, however, their EPR-signatures show that these species are different with
respect to each other: The exact nature of all involved electron traps is not known
due to the complexity of the system. However, some of the EPR signals could be
correlated to point defects at step edges or corners.

As indicated in the introduction, the investigation of photochemistry on thin
oxide films would lead to a simpler system with less defects. The possibility to
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study and modify the surface quality would make it possible to correlate the reac-
tion products to specific defects. As pointed out before, the MgO film thickness
should exceed 5 ML to guarantee an electronic structure of the MgO film which is
identical to the regular electronic structure.

1.3 Adsorption and desorption of molecules

In this chapter, adsorption processes on sufaces are briefly discussed. First, the
physical reasons behind adsorption and then the thermodynamics of desorption
processes are examined.

A substrate has only a limited number of adsorption sites. If these are occupied
by adsorbate particles, this complete adsorbate coverage is called a monolayer. If
more than one monolayer are adsorbed onto the surface, the resulting additional
coverage, only bound by adsorbate-adsorbate interactions is called multilayer.

1.3.1 Physisorption and Chemisorption

A broad distinction is made between two types of adsorption depending on the
binding mechanism: A molecule can either physisorb on the surface or bind via
chemisorption. Though it has to be noted that a continuous spectrum of interaction
strengths exists and thus no sharp distinction can be done, a broad classification
into either one of these two mechanisms serves in most cases well.

One oftentimes used way to describe adsorption phenomena is to sketch the
binding energy in dependence of the particle distance from the surface. Fig. 1.6
sketches the potential energy curves for the ”physisorption well” and for two cases
of a ”chemisorption well”. The respective potentials between a molecule and a
metal surface are expressed as a combination of a short-ranged repulsive interac-
tions and contributions for the respective binding mechanism. The repulsive term
itself has its reason in the Pauli repulsion; as the distance between the molecule
and the surface becomes smaller, the filled atomic orbitals of the metal repel the
orbitals of the molecule. This scheme also illustrates that the intact molecule from
the gas phase, as the Pauli repulsion is too strong, cannot approach the surface more
closely without entering a chemical bond i.e. changing its electronic structure in a
significant way.

Physical interactions like polarization-induced Van der Waals attractions lead
to physisorption. The surface bonding is weak (≤ 50 kJ/mol) and the potential
energy surface is flatter leading to a higher diffusion on the surface. Physisorbed
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!"#$%&$'. Grossly simplified illustration of the energetics of the adsorption process for dia-

tomic molecules: The solid line represents the physisorption potential or the potential of 

whatever bond the molecule may establish as a whole with the surface. The dashed and 

dash-dotted lines show two possible cases for the energy of the dissociated molecule. De-

pending on the energy of dissociation in the gas phase, the equilibrium bond distance and 

the adsorption energy for the atoms, there may be a barrier for dissociation or not. 

changes, rotational energy is transferred into vibrational energy and kinetic energy 

is converted into phonons. Even electronic states may be excited, so that one 

leaves the realm of the Born-Oppenheimer approximation. Adsorption induced 

electronic excitations can give rise to chemo-luminescence [6.7] and hot electron 

emission [6.8]. In recent years, laser-technology has developed to a point where 

one is able to control and select the exact eigenstate of molecules in the gas phase. 

The energy transfer to the solid can be investigated in femtosecond pump-probe 

experiments, which has opened the new field of state selective chemistry [6.9].  

 Because of its extreme complexity and its multidimensionality, the problem of 

dissociative chemisorption is not amenable to a full quantum theoretical treatment. 

Currently, calculations involving 7 degrees of freedom are state of the art. A clas-

sical approach using molecular dynamics in connection with a potential derived 

from ab-initio calculations is however possible (see e.g. A. Gross [6.10]) 

 Without straining mental and computer capacities too much, one may move up 

one step from the simple scheme in Fig. 6.5 and consider the approach of a dia-

tomic molecule with a fixed orientation with respect to the surface. Vibrations and 

rotations as well as the structure of the surface are neglected. As an example, we 

consider the approach of a molecule, which has its axis parallel to the surface. Far 

away from the surface, the distance between the atoms is at its gas-phase equilib-

rium value !m. Figure 6.6 displays the equipotential contour lines of the molecule 

as it approaches the surface. It is assumed that no molecular adsorption state (as 

Physisorption well

Chemisorption well

Figure 1.6: Potential energy curves in the cases of physisorption (black) and chemisorp-
tion are shown. The potential energy of the molecules to the surface are plotted
against the surface distance z. Energy values above the x-axis indicate des-
orbed molecules. The blue curve shows a chemisorption potential for non ac-
tivated adsorption while red curve one for activated chemisorption. As shown,
in the case of activated adsorption a physisorbed molecule has to overcome an
energy barrier Eact in a non-thermal way. The picture is taken from Ref. [29]
in modified form.

species oftentimes experience larger adsorbate-adsorbate than adsorbate-substrate
interactions, thus coadsorption phenomena are more abundant here. A textbook
example for this behavior is multilayer adsorption.

A chemical interaction such as an electron exchange between the molecule and
the surface leads to chemisorption. The binding energy of the adsorbed molecules
is high (≥ 50 kJ/mol [26]) and the potential energy surface is highly corrugated
which means that a bound molecule does not diffuse over the surface without in-
vesting high amounts of energy. Thus, chemisorbates stick to specific sites and
their binding energy is strongly dependent on their exact position and orientation
with respect to the surface.

Two types of chemisorption may occur: Non-activated and activated adsorp-
tion (see Fig. 1.6). In the case of non-activated adsorption, a molecule bound by
physisorption may be chemisorbed by thermal activation, as long as the introduced
energy does not suffice to induce desorption. For activated adsorption, however,
the energy barrier separating the chemisorption well from the physisorption well
is too large to be overcome by simple thermal means: the molecule then simply
desorbs.



12 CHAPTER 1. CONCEPTS AND MODELS

Fig. 8 Orbital diagram for the bonding of CO to Ni-metal (left) and to Ni-oxide (right).

The r- and p-interactions lead to a relative shift of those r- and p-orbitals involved in the bond
with respect to those orbitals not involved. The diagram reÑects this via the correlation lines. This
may be contrasted by the electrostatically dominated interaction between a CO molecule and a Ni
ion in nickel oxide.70,76 There is a noticeable r-repulsion between the CO carbon lone pair and
the oxide leading to a similar shift of the CO 5r-orbital as in the case of the metal atom. However,
there is no or little p-back-donation so that the CO p-orbitals are not modiÐed.11,77 Conceptually,
the situation is transparent and one would expect that a detailed calculation reveals the di†erences
quantitatively. However, as it turns out the description by ab initio calculations is very much
involved and today a full account cannot be given.78 Theoretically (Table 1)70,78h89 the prediction
is that CO as well as NO bind very weakly to NiO.78 The predicted binding energy of CO is of
the order of 0.1 eV and it is expected to be similar to CO binding to MgO(100), i.e. the inÑuence of
the Ni d-electrons should be negligible.78

To shed light on this problem it was necessary to perform thermal desorption measurements on
cleaved single crystal surfaces, being the surfaces with the least number of defects.90 In Figs. 9 and
10 TDS data for CO and NO on vacuum-cleaved NiO(100) are compared with data for thin
NiO(100) Ðlms grown by oxidation of Ni(100). At temperatures of 30 and 56 K multilayer desorp-
tion for CO and NO, respectively, shows up. The pronounced features at higher temperatures
correspond to desorption of the respective adsorbate at (sub)monolayer coverage. In the case of
the CO adsorbate at 34 K desorption of the second layer is found and the states at 45 and 145 K
for CO and NO, respectively, are due to adsorption on defects as concluded from data obtained
from ion bombarded surfaces (not shown here). It is obvious that for both adsorbates the thin Ðlm
data and the data of the cleaved samples agree well, in particular for NiO(100) the thin Ðlm data
are comparable to those from the more perfect surfaces of the cleaved samples. The higher defect
density of the thin Ðlm surfaces leads to small, but clearly visible additional peaks in the TDS data
which show up as shoulders near to the main peak, for example in the NO spectra. Nevertheless,
the general shapes of the thin Ðlm spectra of both adsorbates are very similar to those of the
cleaved samples.
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Figure 1.7: Energy diagram for CO adsorption on Nickel (left) and Nickel-oxide (right).
As shown, the binding mechanism differs dramatically; while the 5σ-orbital
of CO gets repelled by the oxide, no π-backdonation occurs which leads the
2π orbital unmodified in CO adsorption on oxides. The picture is taken from
Ref. [75].
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Fig. 15 Thermal desorption spectra of on UHV-cleaved MgO(100) and NiO(100). A schematic repre-H2O
sentation of the c (4 ] 2) structure is included (reproduced from Heidberg, Redlich and Wetter, Ber. Bunsen-
ges. Phys. Chem., 1995, 99, 1333). For comparison a thermal desorption spectrum from MgO(100) after
creation of defects via sputtering is shown.

the hydroxy species modifying the surface on the interaction with additional adsorbates, i.e. metal
deposits, could be investigated.

Before we move on to discuss the properties of metals on oxides we would like to brieÑy discuss
the adsorption of on oxides as an example of a molecular adsorbate system with moreCO2degrees of freedom.

TDS spectra indicate105,106 that there are more weakly and less weakly bound species onCO2a surface. We have studied the nature of those species by various techniques includ-Cr2O3(0001)
ing infrared spectroscopy. Fig. 17 shows several sets of IR spectra. The pair of sharp bands around
2300 cm~1 can easily be assigned to the more weakly bound with only a slightly distortedCO2structure as compared with the gas phase species. By a combination of isotopically labeling the
adsorbed (shift of frequencies) as well as the oxide layer (no shift of bands) we haveCO2 CO2demonstrated that the single band centered around 1400 cm~1 is due to the presence of a carbox-
ylate species, i.e. a bent anionic species, and not, as perhaps expected, to a carbonate.72 TheCO2bands between 1610 and 1700 cm~1 are missing because of the applicability of surface selection
rules in thin Ðlm systems. This means, all non-totally symmetric bands are suppressed in intensity.
A quick comparison with adsorption on chromia microcrystalline material as shown in Fig.CO217 indicates the presence of the bands between 1610 and 1700 cm~1 as expected for adsorption on
a bulk dielectric material. It is remarkable how similar the thin Ðlm data are in comparison with
the microcrystalline material. This has been discussed in detail by ZecchinaÏs group.107 Also, the
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Figure 1.8: TPD spectra of water desorbing from flat (upper panel) and defective (lower
panel) MgO surfaces. The broad distribution of the desorption features indi-
cate different adsorption sites. The picture is taken from Ref. [75]

The most extreme case of chemisorption is a bond formation so strong that the
substrate forms a new compound. Metals such as iron forms strong bonds with
oxygen thus oxygen chemisorption easily leads to oxidation not only of surface,
but also of subsurface sites. In the course of the experiments presented in this
thesis Mg films were oxidized by interaction with oxygen (see chapter 5.3.3).

The large differences between adsorption on metals and adsorption on oxides
are best described with one classical example of surface chemistry: Adsorption of
carbon monoxide. On metals, CO forms a covalent bond with the surface, thus the
binding energy is large. As an example, CO binds to Nickel via the σ-donation/π-
backdonation mechanism. On NiO, however, CO binds primarily in an electrostatic
fashion, see Fig. 1.7 and comparatively weak to the substrate. This example shows
that different adsorption mechanisms occur on an oxide surface compared to a
metal surface: While chemisorbed particles tend to favor high-coordinated sites on
metals, on semiconductors and insulators they prefer highly localized sites as the
charge density at these sites may be different (see chapter 1.1). Sputtered MgO
films exhibit broader desorption spectra as the TPD spectra of H2O adsorbed on
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MgO(001) (Fig. 1.8) suggest. This is correlated to the higher defect density of
the respective surfaces. As the local topology of the respective surface site has
a significant impact on its electronic structure, other adsorption mechanisms take
place at defects leading to particles bound with a higher energy.

1.3.2 Thermodynamics of desorption processes

The aim of this section is to discuss what microscopic properties can be revealed
by investigating desorption processes. If not stated otherwise, the literature sources
mainly used were [26–28].

The experimental method used to record desorption processes is known as tem-
perature programmed desorption (TPD) or thermal desorption spectroscopy (TDS).
This method will be described later (see chapter 2.3). It has to be pointed out that
the information derived from TPD spectra reveal only a mean value, thus the tran-
sition to particular particles is difficult, if even possible. However, a derived de-
sorption energy Edes can be compared with values obtained with other experimen-
tal or theoretical methods to narrow down the number of possible interpretations.
Moreover, the frequency factor ν might also reveal various properties of the adsor-
bate. Thirdly, the desorption order n can provide information about the desorption
mechanism, i.e. if nonassociative or associative (recombinative) desorption occurs
or evaluate whether a mixed phase is present at the surface.

The rate of desorption processes is described by the Polanyi-Wigner equation:

rdes(t) = θnkdes = νθne−Edes/RT (1.3)

The n denotes in the desorption order, θ the absolute coverage at temperature
T , Edes the desorption energy, and ν is known as the frequency factor. R is the
molar gas constant. The desorption rate itself is the coverage change with increa-
sing temperature. Eq. 1.3 is also the inner core of the interpretation of TPD spectra
which will be described in chapters. 1.3.3 and 2.3. At this point, the different influ-
ences on the desorption rate will be discussed.

Edes is the desorption energy, the binding energy between the adsorbate par-
ticle and the surface. This binding energy of an adsorbate molecule to a surface
might, as pointed out in chapter 1.3.1 serve to estimate whether a molecule is phy-
sisorbed or chemisorbed. The binding energy may be coverage dependent due to
two reasons: First, lateral interactions between adsorbate particles might alter the
desorption energy. Second, Edes can differ for different sites if the surfaces’ elec-
tronic structure varies with the adsorption site.
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Desorption processes can be distinguished in orders of desorption ranging from
zero to two with desorption order n = 1 as the most frequently observed, nonasso-
ciative type of desorption:

A(a) kdes→ A(g) (1.4)

That means that a limited number of molecules bound at specific adsorption sites
(denoted as a) transforms in a limited number of gas particles (denoted as g) i.e.
one specific adsorbed particle desorbs with a probability specified by the desorption
constant kdes: Thus the rate rdes(t) is also, as written in eq. 1.3, the product of the
actual coverage θ and the desorption constant kdes.

It is the most often observed one for desorption from saturated surfaces. If all
adsorption sites are occupied by adsorbed particles (i.e. a monolayer is formed), no
more particles can be bound directly to the surface. If more particles are adsorbed,
they are bound by adsorbate-adsorbate interactions and belong to the multilayer.
Since the multilayer particles are more mobile and every desorbing particle can be
replenished by other particles in this multilayer, zeroth order desorption occurs:

A
kdes→ A(g) (1.5)

Zeroth order desorption can thus be understood as the desorption process of
several indistinguishable adsorbed particles into the gas phase.

A third type of desorption is a associative desorption. This is described as a
second order desorption process:

A(a) +A(a) kdes→ A2(g) (1.6)

In the case of associative desorption, two adsorbed particles combine during
the desorption process.

Zeroth order of desorption does not depend on the coverage, while the desorp-
tion rate for 1st and 2nd order desorption depend linearly or quadratically on it
respectively.

The last not yet explained component in eq. 1.3 is ν. ν is known as the fre-
quency factor (or pre-exponential factor) and is via the Frenkel Equation correlated
to the lifetime of an adsorbate on the surface:

τdes = ν−1eEdes/RTs (1.7)

Thus, a molecule stays for a finite time on the surface, depending on the surface
temperature and the desorption energy.
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There are two ways to get an understanding of this frequency factor: One by
means of transition state theory (TST), the other one by thermodynamic consider-
ations. Both approaches are described here to obtain an optimal understanding of
this factor. As first-order desorption is the most regular type of desorption and the
ideas developed here are easily expandable to the other cases, the focus will be on
first order desorption.

Pre-exponential factor and transition state theory

The transition state theory is based on the idea of a potential energy surface where
the product and educt states are separated by energy barriers (see Fig. 1.9). The
state of the system on this barrier is known as activated complex or transition state.
In this section a special case of a one step, elementary reaction, the desorption, is
discussed:

A∗ ↔ A+ ∗ (1.8)

Thus, a nonassociative, regular desorption process is described by transition from
an adsorbed molecule A∗ to a desorbed one (A) leaving one spare adsorption site
(∗). To describe a desorption process in transition state theory (TST), the following
assumption have to be made:

• The energy distributions are describable by the Maxwell - Boltzmann - dis-
tributions.

• The motion along the reaction coordinate can be treated classically and is
separable from other motions of the transition state.

The equilibrium constant K, i.e. the constant describing an equilibrium be-
tween adsorption and desorption, can be written in three ways:

K =
[A][∗]
[A∗] =

kdes
kads

=
qAq∗
qA∗

exp(
−Edes
RT

) (1.9)

Here, the terms in squared brackets denote the concentrations of the respective
compounds, e.g. [A∗] is the number of adsorbed molecules. kdes is the desorption
rate constant, kads the adsorption rate constant and the different qi - terms stand for
the respective partition functions. So, an equilibrium constant is either the quotient
of the products and educts or of the rates for a forward and a reverse reaction,
i.e. de- and adsorption, or the quotient of the molecular partition functions per
unit volume times the Maxwell - Boltzmann distribution. The energy Edes is the
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A∗

A +∗

(A∗)‡
kads

kdes

Figure 1.9: Schematic representation of transition state theory. Consider a molecule A
adsorbed on adsorption site ∗. With a rate kdes molecules desorb and with a
rate kads they adsorb. To achieve desorption an energy barrier represented by
the transition state (A∗)‡ has to be overcome.

desorption energy at T = 0 K. This expression can be expressed as the rate constant
with q‡ as the partition function of the transition state:

Kdes = K‡ =
q‡

qA∗
exp (

−Edes
RT

) (1.10)

These partition functions are separable into their translational, vibrational, rota-
tional and electronic parts which allows to express the equilibrium constant for
desorption in terms of the respective coverages:

Kdes =
σ‡
σA∗

(1.11)

σ‡ is the coverage with molecules in the transition state and σA∗ the one with ad-
sorbed molecules. With this formula and eq. 1.10 the concentration of the transition
state is calculated. Oftentimes, this transition state can be thought of as having one
vibrational mode that leads to desorption. This is expressed as kBT/hν. If this vi-
brational mode is factorized out of q‡, the remaining contributions to the partition
function are labeled as q‡ and eq. 1.11 can thus be rearranged to:

νσ‡ = σA∗
kBT

h

q‡
qA∗

exp (
−Edes
RT

) (1.12)

The left side is the concentration of the activated complex multiplied with desorp-
tion frequency, i.e. rdes by comparison with eq. 1.3. This now leads finally to an
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expression for the pre-exponential factor (in combination with eq. 1.3):

ν =
kBT

h

q‡
qA∗

(1.13)

If now no change in the partition function between the adsorbed phase and the
transition state is assumed, a calculation reveals that ν≈ 1013 s−1 for room tem-
perature. This value is oftentimes guessed for desorption processes (as discussed
in the section about Redhead analysis, see chapter 2.3.2). If ν is larger, that means
that q‡ > qA∗. The transition state is then looser than the adsorbed state, which
means that it is more easily excited by thermal energy. If ν is smaller than this
1013 s−1 a constrained transition state seems a valid interpretation. One example
for such a thing is activated adsorption.

Thermodynamics to specify the pre-exponential factor

Extending the results derived by means of transition state theory, a second point of
view is to look on the thermodynamics of the system.Thus the equilibrium constant
eq.1.9 and the desorption rate constant eq. 1.10 can be reformulated so that the
desorption rate constant is expressed by the equilibrium constant:

kdes =
kBT

h
K‡ (1.14)

From a thermodynamic point of view, this equilibrium constant is correlated to
the Gibbs energy of activation:

∆G◦ = −RT ln (K‡) (1.15)

This Gibbs energy is separable into the enthalpy and the entropy (∆G◦ = ∆‡H◦−
T∆‡S◦). Thus, the desorption rate constant can be expressed in terms of enthalpy
∆‡H◦ and entropy ∆‡S◦:

kdes =
kBT

h
exp (

∆‡S◦

R
) exp (−∆‡H◦

RT
) (1.16)

Since the enthalpy of activation is related to the activation energy (Ea = ∆‡H◦ +
RT ), the second exponential term of eq. 1.16 is correlated to the desorption energy
while the rest can be expressed as the pre-exponential factor:

ν =
kBT

h
exp (

∆‡S◦

R
) (1.17)

The conclusions derived in transition state theory can now be converted into the
language of thermodynamics: A pre exponential factor of ν ≈ 1013s−1 means that
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Figure 1.10: Scheme of Temperature programmed desorption (TPD) and its possibilities.
A crystal is heated with a constant heating rate. The desorbing molecules in
this process are detected by a quadrupole mass spectrometer. The obtained
raw data can then be analyzed in two ways: The integral of the signal is pro-
portional to the surface coverage prior to desorption which makes it possible
to quantify specific compounds on the surface. Moreover, since the signal is
proportional to the desorption rate from the surface, the desorption energy,
the desorption order and the pre-exponential factor can be extracted from this
signal revealing kinematic information of the compounds.

the entropy is zero. A larger pre exponential factor thus means a higher entropy
which is e.g. correlated to a higher number of accessible configurations and might
be the result of a large variety of defects with similar adsorption energies.

1.3.3 Theory behind Temperature programmed desorption

Temperature programmed desorption spectroscopy (TPD) is one of the most widely
used technique to study adsorbates in general and its thermodynamics in particular.
There is numerous literature about this technique and the interpretation of the data
[76–78] , however, since this method is the cornerstone of the presented study the
main aspects of this theory will be discussed.

The main principle of TPD is shown in Fig. 1.10: Desorbing particles from the
sample particles are monitored in dependence of a linear temperature ramp. The
resulting signal is correlated to the absolute coverage on the surface.
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The main disadvantage is that desorbing particles are detected and not pro-
cesses at the surface. TPD is a post-mortem method where information about what
happens on the surface prior to desorption can only gained indirectly. Even the
information about the desorption process might be distorted by processes after de-
sorption as the pumping speed of the system has its influence on the spectra.

However, provided that the compounds stay intact during desorption, TPD is a
simple tool to provide information about the quantity of specific compounds on the
sample - an information crucial to study the yields and cross sections of reactions
on surfaces. Moreover, as the desorption temperature depends on the desorption
energy, kinetic parameters can be derived from the data, see chapter 1.3.2.

Correlation between gas pressure and surface desorption

Consider a closed chamber with volume V where the molecules on the walls desorb
with a desorption rate L. The chamber is pumped with a pumping rate S and has
a gas density cg. A steady state solution between the desorption of molecules from
the chamber walls and the pumping speed would be achieved at

V
dcg
dt

= L− cgS = 0 (1.18)

which implies that cg = L/S. The steady state pressure at a temperature Tg is then

ps = kBTgcg =
kBTgL

S
(1.19)

Consider furthermore a surface (surface area As) where molecules desorb with
a desorption rate rdes(t). Then the steady state solution in eq. 1.18 is distorted and
the desorbing particles have to be taken into account:

V
dcg
dt

= L− cgS +Asrdes(t) (1.20)

Eq. 1.20 can be rewritten in terms of ∆p = p - ps:

V
d∆p
dt

+ S∆p = kBTgAsrdes(t) (1.21)

⇒ ∆p =
kBTgAs

S
rdes(t) (1.22)

Thus the detected pressure change is proportional to the desorption rate of the
molecules. The rate rdes(t) follows the Polanyi-Wigner equation described earlier
(eq. 1.3). It can be concluded that the integral of the pressure changes over time (or,
over temperature if a temperature ramp is applied) is proportional to the number of
desorbing particles, i.e. to the coverage θ.
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Investigation of the Polanyi-Wigner equation

In this part, the influence of the different factors in the Polanyi-Wigner equation
eq. 1.3 are discussed. To enhance the comparability with real experimental data, the
desorption rate is not plotted against time but against temperature. The temperature
will be increased by a linear temperature ramp with a heating rate β, i.e. T(t) = T(0)
+ βt. The desorption rate in dependence of the temperature is then expressed as:

rdes(Ts) =
ν

β
θne−Edes/RTs (1.23)

A higher desorption energy leads to a higher desorption Temperature indicated
by a shift of the peak energy to higher temperatures. A quite naı̈ve way to ana-
lyze the TPD spectra is thus to simply look at the peak temperature. The Redhead-
Analysis described in the chapter 2.3.2 works this way. However, the ν dependence
of the desorption characteristics might counterbalance this linear increasing trend:
The peak maximum shifts to lower temperatures with increasing pre-exponential
factor ν. This is understood by remembering that the frequency factor is propor-
tional to the inverse of the adsorbates’ mean lifetime (eq. 1.7). In chapter 2.3.2, a
way to extract both types of information from one source is described.

An estimation of the desorption order by looking upon the raw TPD spectra
for different coverages is more straightforward: For the regular first order desorp-
tion, the peak maximum does not change with coverage, while for second order,
it decreases with increasing coverage. That is understandable if a recombinative
desorption is assumed for these processes: For high coverages, the probability that
two particles recombine (and thus desorb) is higher than for low coverages, thus the
desorption rate maximum will shift to higher temperatures when the recombination
probability decreases.

Zeroth desorption order is simply the Arrhenius-behavior, thus the leading
edges for all coverages overlap each other and the desorption ends abruptly - a
behavior expected for eq. 1.5. Sometimes, mixed states might appear in coadsor-
bates which can be described as desorption processes with a desorption order of
0.5. In these cases, the leading edges also overlap to some degree, however, the
desorption traces are not ending abruptly. A simulation for the several desorption
orders is illustrated in Fig. 1.11.
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Figure 1.11: Coverage dependences of TPD spectra for desorption orders zero (multilayer
desorption), 0.5 (mixed phases), one(regular, nonassociative desorption) and
two (associative desorption).



Chapter 2

Experimental system and used
methods

To study photochemical processes of molecules adsorbed on MgO surfaces, a UHV
setup with a possibility to grow and investigate oxide films and a monochromatic
light source is essential. Thus the first part of this thesis was to revive, modify and
optimize an old setup for the respective needs. This UHV setup makes it possible
to study adsorbates on surfaces without the influence of a gaseous environment.
The light sources, excimer lasers and the fourth harmonic of a Nd:YAG laser in our
case, is essential to induce the reaction as already emphasized in chapter 1.2.

This chapter will also introduce the techniques used in this experiment. The
focus will be on the quadrupole mass spectrometer and especially the Feulner-Cup
used to record TPD spectra.

2.1 UHV setup for photochemistry

A sketch of the experimental setup is shown in Fig. 2.1. The ultra high vacuum
(UHV) chamber is connected to a pumping stand from Pfeiffer Vacuum (Type:
TSU 071), one turbomolecular pump (also from Pfeiffer, type TCP 121), an ion
getter pump from Varian (Model No. 929-0066) and a titan sublimation pump,
also from Varian (Model No. 929-0034). This pumping system is necessary to
pump the chamber down to 10−11 mbar and thus minimize uncontrolled surface
gas interactions. The number of gas molecules interacting with the surface per
second can be estimated with the Hertz-Knudsen Equation:

23
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Ag(100) crystal

Figure 2.1: UHV setup for the photochemical measurements. This setup has a base pres-
sure below 10−10 mbar. The sample can be cooled down to 20 K. MgO films
are prepared in situ and are characterized by LEED and Auger electron spec-
troscopy, while adsorbates are examined by TPD.
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ionization mass selection second electron 
multiplier

detection

gas particles

Figure 2.2: Scheme of a quadrupole mass spectrometer. The gas particles get ionized,
pass a quadrupole where the desired molecules are filtered. The signal of
these molecules is amplified with an electron multiplier to enhance the signal
to noise ratio.

Zw =
p

(2πmkBT )1/2
(2.1)

Thus, at a pressure of 10−6 mbar every second all surface sites would have in-
teracted with molecules from the gas phase (considering a temperature of 300 K).
If a molecule would possess a sticking coefficient of 1 that would mean that every
second the sample would be completely contaminated. Therefore, at a pressure of
10−11 mbar the time to contaminate the surface completely is extended to 24 hours.
To pump down to the desired pressures not only a good pumping system is manda-
tory. If an opening of the chamber was necessary, the chamber is heated up to
100◦ C to 130◦ C for 24-48 h while being pumped. This promotes the desorption
of contaminants (especially water) from the inner chamber walls which will always
be present after chamber venting. The pressure is measured with a Bayard-Alpert
ionization pressure gauge. Standard surface science tools are equipped within the
chamber: A commercial leak valve, two pinhole dosers to dose different gases on
the one and water on the other hand onto the surface. An electron beam evaporator
(EFM 3 from FOKUS gmbH) with a graphite crucible filled with Mg rods allows
to evaporate magnesium. To quantify the amount of evaporated metal a quartz mi-
crobalance (XTM/2 from Inficon) on the one and an ion flux monitor inside the
evaporator was used. The chemical and structural quality of the sample was eval-
uated by studying the LEED-patterns and Auger spectra from the sample with a
LEED-optic from Vacuum Science Instruments GmbH.

To examine photochemical processes similar to the ones described in chap-
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Cu wires

Thermocouple

Ta wires

Sapphire plates

Cu blocks

Ag(001)

to cryostat

Figure 2.3: The sample holder without (left) and with the radiation shield (right).

ter 1.2 it is mandatory to quantify the absolute amounts of the product and the
educt. To gain this information a Feulner-Cup shielded Quadrupole mass spec-
trometer (QMS) was used. A schematic view of a QMS is shown in Fig. 2.2.

The HrEELS spectra of MgO and N2O on MgO were recorded in the UHV
chamber described in the diploma thesis of Matthias Koch (see Ref. [79]) was
used and modified. The surface analysis and manipulation tools shown in Fig. 2.1
were mounted on the preparation chamber. Moreover, the sample holder which
will be described in the next section was attached to a HVK-STM Helium cryostat
from Vab Vakuum-Anlangenbau GmbH.

2.1.1 Sample holder and manipulation

The most important part of a UHV chamber is the sample itself: Almost every
manipulation and detection tool is centered around it. This makes the design of
the sample holder a crucial topic. It is designed in a way that not only translation
in all axes and rotation of the sample around the z-axis as defined by the cryo-
stat is possible but also to manipulate the sample temperature between 20 K and
700 K; cooling down is achieved with a Janis Supertran LHe cryostat ST 400 and
heating the sample up with a resistance heater. The temperature is controlled by a
Lakeshore temperature controller which makes it possible to control the samples’
temperature and heating rate. The samples’ translation is realized by using a XYZ
manipulator with computer-controlled OMNIAX stepper motors while the sample
rotation is realized by a differentially pumped rotation stage. It is thus possible to
move the sample over a range of 25 mm in the x and y directions, over 200 mm in
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Figure 2.4: Low temperature correction of the measured temperature. The known desorp-
tion temperatures of different compounds are used as a tool for a polynomial
fit (blue, dashed) to convert the measured temperature into an actual one. The
green line serves as a guide to the eye to show how the measured temperatures
deviate from the real ones. The peaks are denoted as follows: a.) N2 multi-
layer, b.) CH4 multilayer, c.) N2 monolayer, d.) CH4 monolayer, e.) N2O
multilayer, f.) N2O monolayer.

the z direction and to rotate it around 360 degrees.

The sample holder was designed based on [80, 81] and is shown in Fig. 2.3.
The cryostat is terminated by a gold sputtered copper head. A highly polished
Cu block, forming the basis of the sample holder is attached to the cryostat. The
cryostat is always connected to the ground thus the sample had to be electrically
isolated from but thermally connected to the cryostat; a resistance heater must not
be connected to ground while the cooling properties of the cryostat were desired
to be used in an optimal fashion. This was realized by attaching two symmetrical
copper blocks to this middle part, electrically isolated by sapphire plates. With a
volume resistance of ≈ 1014 Ω cm, sapphire is a good electrical isolator. However,
its thermal conductivity is about 42 W m−1 K−1 at 300 K and increases for lower
temperatures, thus Sapphire has a thermal conductivity comparable to metal but
an electrical resistivity of glass. Current between these copper blocks flows only
over the sample which is fixed by two tantalum wires. With two Kapton-insulated
copper wires the sample can be heated by resistive heating.

The sample temperature was measured with a pair of type K thermocouples.
For low temperatures the linear correlation between U ant T2 is no longer valid.
To solve this problem, the TPD spectra from well-known gases adsorbed on MgO
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were recorded and its desorption peaks were calibrated with values known from
literature [82–85]. The expected temperatures of the mono- and multilayerpeaks
are plotted over the real one and fitted with a polynomial, as shown in Fig. 2.4.

The sample holder was modified in several ways: Between the cryostat and the
sample holder gold foil was inserted to optimize the thermal conductivity. Not only
the tantalum wires but also the copper wires of the resistance heater were chosen
as thin as possible. That reduced the interaction with the regular room temperature
without reducing the heating power significantly. Finally, a gold-sputtered radia-
tion shield made of copper was installed to reflect radiation which would heat up
the sample. Without these optimizations, only temperatures of about 45 K were
possible. By applying these modifications, however, temperatures as low as 20 K
were obtained- a prerequisite to adsorb very loosely physisorbed molecules such
as nitrogen, methane or carbon monoxide.

2.2 Excimer Lasers

To excite electron hole pairs, as explained in chapter 1.2, photons with energies
significantly larger than 4.0 eV are needed to excite different surfaces sites of a
MgO substrate. Table 2.1 depicts the used light sources and their respective pho-
ton energies and wavelengths. To guarantee a monochromatic light source with a
high photon density lasers instead of a Hg-Lamp were chosen. The used excimer
lasers from Neweks are small, easy to use and very stable. These properties make
them shareable between several laboratories. The most regular maintenance pro-
cedure (about every two weeks depending on usage) is refilling the gas vessel with
excimer gas. With a constant photon density per pulse (depicted by the measured
pulse Energy Epulse), a pulse frequency ν, the photon energy Ephoton and a varied
irradiation time t, the number of incident photons nphotons(t) was calculated:

nphotons(t) = tν
Epulse
Ephoton

(2.2)

where Epulse is the Energy per pulse which is measured by a pyroelectric de-
tector and ν is the pulse frequency. As most of the used lasers were Excimer lasers,
a short introduction into the principle behind excimer lasers is given here. Excimer
molecules exists only in an excited state 1. This characteristic is used in excimer

1Technically an Excimer is a homonuclear metastable molecule - an excited dimer -, whereas a
heteronuclear metastable molecule is called an Exciplex but this differentiation is barely used.
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Table 2.1: Used light sources

Used light source wavelength / nm Energy /eV

ArF 193 6.4
KrF 248 5.0

4ω Nd:YaG 266 4.6
XeCl 308 4.0

lasers: as the molecule is metastable, its ground state population will always be
empty.

2.3 Temperature programmed desorption (TPD)

In chapter 1.3.3 the main principles of temperature programmed desorption spec-
troscopy were discussed in the context of surface thermodynamics. The discussion
will be extended here. The first section is a discussion of a so-called Feulner cup
which was built and used in this thesis to enhance the signal to noise ratio of TPD
spectra. In the second section, the thermodynamical analysis of TPD spectra is
discussed.

2.3.1 Signal amplification by Feulner Cup shielding of the mass spec-
trometer

Since no high reaction yields are expected it was mandatory to obtain a signal
to noise - ratio as good as possible. A common strategy is to install a so-called
Feulner-cup [86, 87].

Fig. 2.5 a.) illustrates the different influences on the quality of the recorded
spectrum. At a specific temperature T molecules desorb from the surface with a
desorption rate described by the Polanyi-Wigner equation eq. 1.23. The angular
distribution of the desorbing particles is proportional to cos(θ), thus dependent on
the distance between the QMS and the sample, a part of the desorbing particles is
not detected. The gas at the ionizer has a finite ionization probability and even if
ionized, the gas might not be detected. Moreover, other desorption processes from
e.g. chamber walls or from the cryostat might add noise. To conclude, there are a
lot of possibilities which reduce the quality of the recorded spectra.
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a.)

b.)

Detection

Detection

Figure 2.5: Scheme of molecule detection a.) without and b.) with a Feulner cup. The
red arrows denote molecules desorbing from a surface, the blue ones ionized
molecules and the green one molecules desorbing from other parts inside the
UHV chamber e.g. the cryostat. As illustrated, the implementation of a Feul-
ner cup minimizes the influence of desorption processes from other places than
the sample and maximizes the signal; on the one hand by reducing the prop-
agation probability away from the detection, on the other hand by increasing
the residing time of the molecules at the ionizer.
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a.) b.)

Figure 2.6: Simulated TPD spectra (obtained by solving eq. 2.3 illustrate the signal am-
plification with a Feulner cup. a.) shows absolute values, b.) a normalized
picture. As illustrated, a higher τ leads to a higher signal (see a.)), but, how-
ever, at the cost of the desorption trace itself (See b.)).

However, positioning the sample close to the ionizer and shielding the QMS
(which is then called Feulner cup) (see Fig 2.5 b.) ), all of the mentioned influences
can be minimized.

This signal amplification and its limits can be illustrated by extending eq. 1.23
by a contribution of the slowed down pumping speed [88] which distorts the pres-
sure increase:

p(T ) = τβ(
rdes(T )
θ0

− dp

dT
) (2.3)

Here, τ = S/V is the characteristic pumping time, rdes(T ) the desorption rate in
dependence of T, θ0 the initial coverage and dp/dT the pressure change in depen-
dence of temperature. In this model, the influence of a reduced pumping time is
characterized by τ = S/V , the quotient of the pumping speed and the volume. So-
lutions for different τ values are depicted in Fig. 2.6. As illustrated there a higher
τ results in a better signal and leads to a significant amplification. However, the
normalized versions of these plots show that too large τ values result in a distorted
desorption behavior. Thus the aim is to construct a Feulner cup which amplifies
the signal as much as possible without distorting the desorption behavior.

For the design of the Feulner cup the evacuation time τ was estimated (by refer-
ring to standard literature [89–91]) and compared it to the one constructed by Den-
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zler et al. whoes amplification properties were known [92]. To do so, the pumping
time for the volume of a (hypothetical) Shield around the quadrupole mass spec-
trometer is calculated which is without a Feulner cup τchamber = 1·10−4 s. With
a Feulner-Cup, however, this pumping time was increased to τFeulner = 7·10−3 s.
Thus, the pumping time is seventy times as long with a Feulner-Cup than without
one which means that the measured signal is about as magnified as well. That is
about the same magnification that Denzler et al had achieved and does not distort
the signal yet.

2.3.2 Analysis of TPD spectra

There are numerous ways to analyze TPD spectra and oftentimes, new ones are
presented. A good overview over well known analyzing methods is written be A.
de Jong and J. Niemantsverdriet [77, 93], but other ones are also emerge up to this
day [88,94–98] . Another, much more involved method is to simulate the diffusion
and desorption kinetics on a surface with a Monte-Carlo approximation [99–102].
The advantage is a (simulated) direct transition from microscopic processes to ki-
netic parameters of a thermodynamic ensemble (which might make it possible to
quantify desorption processes of coadsorbates). However, Monte-Carlo methods
are very demanding concerning computer power. Moreover, the surface-adsorbate
and intra-adsorbate interactions for each molecule have to be assumed. That is
the reason why the focus is here on more simple analysis techniques. Both pre-
sented techniques - The Redhead Equation and the inverted Polanyi-Wigner plot -
are based on the supposition that the thermal desorption can be described by the
aforementioned Polanyi-Wigner equation. Especially for coadsorbates this rule is
more a broad approximation. However, since the general trends of a coadsorbate
(e.g. lateral interactions for a coverage-dependent desorption energy) can be illus-
trated in a straightforward manner and since the methods show good results for
pure adsorbates, the advantages outweigh this aforementioned disadvantage.

Redhead Analysis

A very simple method to analyze TPD spectra is the Redhead Equation [76]. With
a guessed desorption order and pre-exponential factor the desorption temperature
is converted into a desorption energy. The Redhead equation itself is

Edes = RTm(ln(νTm/β)− 3.64) (2.4)
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The Redhead equation describes the desorption energy Edes in terms of the molar
gas constant R, the temperature of the peak maximum in the TPD spectra Tm,
the frequency factor ν and the heating ramp β. The factor 3.64 is approximately
ln(Edes/RTm). This conversion might be a good starting point for the analysis of
TPD spectra, however, it provides only a rough estimate for the desorption energy.

Inverted Polanyi-Wigner plot

This analysis method is based on the method frequently used by Dohnalek et al.
[85, 103]. In analyzing the raw TPD spectra, the Polanyi-Wigner equation 1.23
is applied directly. However, instead of plotting the desorption rate rdes(T ) the
desorption energy in dependence of the coverage is plotted i.e. Edes(θ):

Edes(θ) = −RT (ln(
rdes(T )β
νθn(T )

)) (2.5)

The application of this formula to the raw data is straightforward since rdes(T ) is
known and θ(T ) is quickly derivable by integrating the TPD spectra. A typical
inverted Polanyi-Wigner plot looks as depicted in Fig. 2.7.

A problem arises when estimating of the frequency factor ν. The absolute value
is not directly visible in the raw data (such as the desorption order n). Dohnalek
et al solve this problem by choosing a frequency factor in such a manner that the
desorption traces for different coverages perfectly fit together. The problem here is
that they assume this factor to be constant - an assumption which is, especially on
surfaces with different binding sites as an oxide, not at all expected to be true.

However, a good estimation can be extracted by comparing different inverted
Polanyi-Wigner plots for different guessed frequency factors. If the coverage de-
pendence of the energy in eq 2.5 is slightly modified, the influence of an error on
the spectra can be modeled. Since the frequency factor is usually very high, only a
modification of the exponent is applied with ν = 10x+xerr :

Edes(θ) = −RT (ln(
rdes(T )β

10x+xerrθn(T )
)) (2.6)

With this extension, the influence of a incorrectly guessed frequency factor can be
estimated. In Fig. 2.7 a simulated TPD spectrum (Edes = 15 kJ/mol, ν = 1013 s−1

and n = 1) was converted into several inverted Polanyi-Wigner plots with different
assumed frequency factors. As Fig. 2.7 shows, a correctly guessed frequency factor
ν leads after conversion to the expected constant desorption energy while deviating
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1013 s-1

> ν0

< ν0

inversion line fit

Figure 2.7: Scheme of thermodynamic analysis of TPD spectra: the desorption rate
rdes(T ) and the coverage θ(T ) of a simulated TPD spectrum are transformed
to Edes(θ) via eq. 2.5. Different assumptions of ν lead to different traces,
however, the correct assumption concerning ν lead to the best agreement with
a line fit for E(θ) (θ = 0.2 ML - 1.0 ML), indicated as a χ2 value in the upper
right panel.
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initial ν values lead to an incorrect coverage dependence of the desorption energy2.
As shown, it is possible to obtain reasonable frequency factors for single de-

sorption traces by comparing different ν assumptions and see which agrees best
with a linear fit (and thus extending the inverted Polanyi-Wigner analysis presented
by Dohnalek et al). In that way, it is possible not only to estimate the desorption
energy, but also the frequency factor as a function of coverage.

2.4 Electron energy loss spectroscopy (EELS)

The study of photochemical reactions on a surface with TPD is an acceptable
method to deduce the quantities prior to and after irradiation, however, as already
pointed out, this spectroscopy method lacks the possibility to gain insight into
processes prior to desorption. Different methods of electronical and optical spec-
troscopy (or magnetical, as presented in chapters 2.5 and 5.4) serve this purpose. In
the presented study high-resolution electron energy loss spectroscopy (HrEELS)
was chosen; the excitation with electrons is not limited by selection rules as IR-
or Raman-spectroscopy thus more vibrations are detectable. Moreover, in contrast
to Electron Paramagnetic Resonance spectroscopy, the signal is not dependent on
the presence of a free spin and would in that way extend the view onto processes
of diamagnetic species on the surface. Finally, a large range of excitations (15-
1000 meV) is accessible. Within that range, surface phonon modes and adsorbate
vibrations can be studied.

The general approach in electron energy loss spectroscopy is straight forward
to describe: Electrons with a small energy distribution are focussed at a sample
of interest and the reflection of these electrons is detected. Beside the expected
reflection of this electron distribution - which is referred to as elastic peak - electron
losses caused by interactions with adsorbate molecules and surface phonons lead
to distinct signals. Fig. 2.8 shows the HrEELS-spectrum of CO on Cu(001). The
signal of interest is very small compared to the elastic peak. As shown later, this
problem is even more strongly enhanced if the substrate is not a metal but an oxide,
whose surface phonons distort the complete energy loss spectrum.

Fig. 2.9 shows how the used HrEELS-spectrometer is build up. An electron
beam is generated by use of a cathode. Three electronical lenses after the cathode,

2It has to be pointed out that strong lateral interactions or sites with different adsorption energies
lead to a coverage dependence of the desorption energy. However, a distinction has to be made
between the artificial coverage dependence of Edes due to a wrong frequency factor and the influence
of different adsorption sites or a coadsorbate.
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Figure 2.8: HrEELS spectrum of CO/Cu(001) to illustrate how an EELS spectrum looks
like. The spectrum is dominated by the elastic peak while small side peaks
appear at distinct positions. These positions are correlated to adsorbate vibra-
tions, in the present case at 348 cm−1 (symmetric stretch vibration of mole-
cule to surface) and 2091 cm−1 (symmetric intramolecular stretch vibration of
CO). This picture is taken from Ref. [79].
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between a few and a few hundred eV. As the quantum energies of vibrational mo-

tions are a few hundred meV at the most, the energies of the inelastically scattered 

electrons are about the same as the energy of the incident electrons. Together with 
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allowance may have to be made to match the electron optics of the monochroma-
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!"#$%&$'(. Electron spectrometer for inelastic scattering of electrons from surfaces. 

Classical energy dispersive deflectors are the spherical deflector, which ideally 

has stigmatic focusing for a total deflection angle of 180° and the cylindrical de-

flector that focuses in the plane perpendicular to the cylinder axis at 127°. Metallic 

plates at both ends with slit apertures to achieve energy selections reduce the fo-

cusing angles in both cases whereby the spherical deflector looses its perfect stig-

matic focusing. For both devices, the basic equation that describes the image of 

the entrance slit at the exit-slit position is 

2

0

2

0p0Dentranceexit
/ $%$%!!$%&& . (7.58) 

Here, $0 is the radius of the center path of the electron and &exit and &entrance are the 

deviations of the electron trajectory from the radius $0 at the entrance and exit 

slits, respectively. !p is the nominal pass energy for electrons traveling tangential 

to the radius $0, ! is the deviation from that energy, %D is a constant describing 

Figure 2.9: Schematic representation of the used EELS spectrometer. An electron beam
is generated by a cathode and filtered by two monochromators, two analyzers
and lens systems after the cathode and around the sample. Detection of the
filtered electron beam is achieved by a channeltron. This picture is taken from
[29].
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two monochromator optics and two lenses afterwards focus the electron beam fur-
ther before the electron beam is reflected by the sample. The sample itself is set
on a potential chosen so that the difference between the work functions of the sam-
ple and the scattering chamber walls are minimized. In that case a homogenous
potential interacts with the electron beam and the signal becomes less distorted.
After being reflected at the surface, the electron beam passes again two lenses and
two monochromators (in the picture called analyzers) before the electron beam is
finally detected by a channeltron. The analyzer part behind the sample may be
rotated. By tilting the angle between monochromator and analyzer parts, specular
and off-specular electron scattering can be distinguished. Specular orientation de-
tects the directly reflected electrons, thus this orientation is the perfect orientation
between monochromator, sample and analyzer. Off-specular orientation, where the
analyzer part is rotated slightly out of the specular orientation detects only scattered
electrons.

The four monochromator-units are 127◦ deflectors. Its purpose is the genera-
tion of a monochromatic electron beam. A voltage between their inner and outer
walls induces radial electric fields in such a way that only electrons with a distinct
energy may pass the monochromator unit.

With the used setup, a resolution better than 33 cm−1 would be achievable, as
defined by the half-width of the elastic scattering of electrons. As pointed out later,
however, MgO films grown on Ag(001) are very rough for thicknesses larger than
4 ML which is the reason why in the presented experiment only a resolution of
80 cm−1 was achievable; surface roughness has a large influence on the detected
electron distribution. It has to be pointed out, though, that this dramatic decrease
of resolution is not uncommon on MgO surfaces [104] .

When being reflected at the surface, three types of interactions modify the
monochromatic electron beam (see Fig. 2.10):

• long-range (≈ 100 Å) electric fields induce dipole scattering

• short range impact scattering (≈ 1 Å) due to the presence of atomic poten-
tials

• resonances with molecular orbitals might induce resonance scattering

The latter one is of particular interest for interactions with molecules in the gas
phase and thus is not expected as a dominant influence here.

Dipole scattering can be described by dielectric theory as inelastic electron
scattering. The underlying reason for this mechanism are surface excitations by
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tage is that one has to focus on a particular type of elementary excitation. The 
second approach considers the Hamiltonian of the excitation and treats the elec-
tron at as external perturbation. Because of the smallness of the momentum 
change involved in inelastic scattering from long-range dipole fields the electron 
trajectory can assumed to be unperturbed by the inelastic event (cf. Fig. 7.25a). 
This treatment delivers the multiple losses straightforwardly. The disadvantage is 
that energy and momentum conservation have to be introduced ad hoc. 
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!"#$%&$'(. Illustration of the three different scattering mechanisms, which are operative at 
surfaces. Small-angle dipole scattering )*+, wide-angle impact scattering ),+, and resonance 
scattering )-+.

The third possibility is to consider the inelastic interaction as a classical energy 
loss of a charged particle reflected from a surface. The advantage of the latter 
formulation is that it is independent of the specific elementary excitation. Solids 
and adsorbed species on solids are represented by their complex dielectric func-
tions ( ) and their complex dynamic polarizabilities ( ), respectively. In their 
specific realms of applicability, all three approaches lead to the same final expres-
sion for the inelastically scattered intensity. We pursue the third path in the fol-
lowing, usually known as the !"#$#%&'"%(&)#*'+ of inelastic electron scattering. As a 
matter of convenience, we do the derivation in Gaussian units. The theory was 
originally developed by Geiger [7.50] and Raether [7.51] for inelastic scattering of 
high-energy electrons in transmission geometry [7.52]. The low energy reflection 
case was first studied by Lucas and Sunjic [7.53] using the second approach. The 
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Figure 2.10: The three scattering mechanisms of electrons on the surface are shown. The
picture is taken from [29]. a.) dipole scattering b.) impact scattering c.)
resonance scattering.

absorption of energy from the incident electrons’ electric field: Electrons interact
with dipole moments and excite vibrations in this process. Phonons, plasmons
and adsorbate vibrations are excited in that manner. A small momentum transfer
leads to a small angular distribution between inelastically scattered electrons and
the specular direction. It is stressed again though that the preparation conditions
like a defective surface broaden this distribution artificially.

Impact scattering is the scattering of electrons by the atomic potential of the
substrate and adsorbate atoms. The mechanism is described by a short range
coulomb interaction. In contrast to dipole interaction, a large momentum transfer
leads to a large angular distribution which makes it possible to discriminate be-
tween both excitation mechanisms; an off-specular measurement would only show
distributions from angular scattering. The cross section is 2-3 orders of magnitude
smaller than the cross section for dipole scattering so much smaller signals are to
be expected.

2.5 Electron paramagnetic resonance (EPR)

As chapter 5.4 deals with the the examination of the free spin evolving in the course
of photochemistry, the principle of Electron paramagnetic resonance spectroscopy
is described here. For a more in-depth description not only of the theory behind
EPR but also of the used experimental setup, the reader may refer to the thesis of
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Anastasia Gonchar [105].
EPR spectroscopy makes it possible to detect and study the local topology of

chemical species with one or more unpaired electrons. Thus EPR is the method of
choice for studying radical species, as in the presented case on oxide surfaces. The
method is widely applied and its use dates back to the first measurements in oxide
chemistry (for a good overview see the Proceedings of a symposium in memory of
Dr. A. J. Tench [106]).

Consider an electron with a spin s = 1/2. This spin is accompanied by a mag-
netic componentms =±1/2. The Zeeman effect results in an antiparallel or parallel
orientation of this magnetic component to an external field and thus a splitting of
the corresponding energy levels:

∆E = E1/2 − E−1/2 = geµBB0 (2.7)

Here, µB is the Bohr magneton, B0 the strength of the used magnetic field
and ge denotes the g-factor. This g-factor is for a free electron ≈ 2.002 but is
significantly influenced by the surrounding environment: The angular momentum
of an electron can change due to the presence of a local magnetic field causing a
change in the g-factor.

In a strict sense, the g-factor is not a scalar, but a tensor which corresponds
to the topological influences on a free spin. A suitable representation of this is
in form of a three-dimensional matrix with principal axes determined by a local
field. A diagonalization makes it then possible to represent the g-value in three
components gxxx, gyyy and gzzz . In the case of axial symmetry, the tensor is even
further reduced to a parallel and a perpendicular component of g, named g‖ and
g⊥, respectively, with respect to the magnetic field.

EPR spectroscopy thus works as follows: Either a tunable microwave field is
applied perpendicular to a fixed magnetic field or vice versa. The probe is located in
the center of both fields. At distinct frequencies the condition of eq.2.7 is fulfilled
which leads to the absorption or emittance of a microwave photon.
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Chapter 3

MgO films grown on Ag(001)

3.1 Preparation and characterization of MgO films

The Ag(001) single crystal was purchased from Surface Preparation Laboratories.
It is aligned to 0.1◦ and polished so that the roughness of the crystal is 300 Å or
better. Contaminations of this polishing procedure were initially still present on
the crystal, so an extensive cleaning procedure consisting of ten or more sputtering
(i.e. bombarding with Argon ions) and tempering (annealing up to 650 K for 30
minutes) cycles was mandatory. After this initial cleaning procedure the regular
sample preparation consisted only of one of these cycles. The quality of the crystal
was verified by LEED and Auger electron spectroscopy.

As discussed in chapter 1.1.3, MgO films thinner than 4 ML are expected to
possess surface properties different from bulk MgO. After the surface is cleaned,
MgO films with different thicknesses ranging from 4 ML to 30 ML were prepared
onto the Ag(001) crystal by reactive deposition of magnesium in an oxygen atmo-
sphere with a partial oxygen pressure of 2·10−6 mbar. The sample was held at a
temperature of 600 K so that the MgO-films can relax and grow as flat and defect
free as possible. The nominal thicknesses were calibrated with a quartz microbal-
ance by measuring before and after evaporation onto the crystal the deposition rate.
This preparation method is widely used in literature [83, 107]. Again, these thin
films were again controlled concerning their geometrical and chemical quality by
means of LEED and AES.

41
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Figure 3.1: Signal dependence of the Mg LMM, Ag MNN and O KLL lines in the Auger
electron spectra of MgO films grown on Ag(001). The MgO thickness was
between zero and thirty monolayer. Neither the crystal nor the films grown on
top of this crystal were contaminated.
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Ag(001) 4 ML MgO 20 ML MgO

Figure 3.2: LEED pictures taken at a primary electron energy of 50 eV from sputtered and
annealed Ag(001), 4 ML and 20 ML MgO films grown on the silver crystal. A
four-fold symmetry appears for thin films but vanishes for thicker ones.

3.1.1 Chemical characterization of the Sample

The main purpose of the chemical characterization of the sample which was done
by applying Auger Electron spectroscopy is to verify its purity. Auger electron
spectroscopy is a standard procedure to do that. With a primary beam energy of
1000 eV the mean free path of the electrons is about 20 Å, so that the topmost layers
of the crystal are investigated. For thin films more things might be concluded from
the Auger spectra in referring to the limited penetration depth: As Fig. 3.1 shows,
a small remnant of the silver signal is still visible at 20 ML (or about 40 Å). As
the thickness of the grown MgO film exceeds the penetration depth of the Auger
electrons significantly, it is surprising to see a silver signal at these thicknesses.
This phenomenon can be explained by referring to the deposition temperature: At
this temperature, the underlying silver is already hot so that small silver clusters
are able to diffuse in the MgO film see [64]. This influence decreases with film
thickness which is one of the reasons why most presented measurements were
done with rather thick (20-30 ML) films where no more silver contaminations are
to be expected at the surface.

3.1.2 Study of the LEED-pattern for Ag(001) and MgO

The small lattice mismatch between Ag(001) and MgO(001) leads to a similar
spatial distribution of the diffraction peaks (see Fig. 3.2). For thin MgO-films, a
square-like shape of the LEED-peaks is visible. This is known as a fingerprint
for the thin film growth mode of MgO [57, 108], see also chapter 1.1.3: As the
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Fig. 1. Intensity of the specular beam recorded during deposition of
(a) NiO at 300 K (top) (b) MgO at 350 K (bottom). The oscillations
with monolayer periodicity prove that the oxide films grow layer-by-
layer. The missing first intensity maximum for the NiO film growth
demonstrates that the film grows initially with double layer high
islands while MgO forms monoatomic islands.

After annealing, NiO islands of double-layer height are
formed which are often incorporated into larger Ag
islands. This effect is attributed to the high mobility of
Ag and the preferred Ag nucleation at the edges of the
NiO islands. Depositing 10 ML NiO at room tempera-
ture, the authors report layer-by-layer-like growth behav-
iour which is accompanied by the formation of ‘dark
channels’ running in crystallographic directions.
We have performed experiments on the growth of

NiO and MgO films on Ag(100) in the temperature
range 200–700 K. Here, we present the results for
growth at intermediate temperatures (300–350 K) to
compare the growth of both oxides. Comparison at
higher temperatures is difficult since surface alloying
between the Ni deposit and the Ag substrate starts above
400 K. These results will presented elsewhere w25x.

2. Experimental

The experiments are performed in an Ultra High
Vacuum (UHV) chamber with 10 Pa base pressure.y8

The chamber is equipped with a high-resolution LEED
instrument which is used for spot profile analysis (SPA-
LEED). A second electron gun is mounted to the UHV
chamber to perform diffraction experiments during film
growth. The incident angle of the electron beam in these
experiments is approximately 708.
In addition, the cleanness of the Ag substrates, the

film stoichiometry and the film thickness, respectively,
are investigated by an Auger electron spectrometer
(AES) with cylinder mirror analyser (CMA). A mass
spectrometer with a quadrupole mass analyser (QMA)
is used for residual gas analysis and for measuring the
oxygen background pressure during the growth
experiments.
Ag samples with (100) surface orientation were cut

from single crystalline rods. The (100) orientation
("0.078) was proven by X-ray diffraction (XRD). The
surface was prepared ex situ by chemomechanical pol-
ishing w26x and in situ by cycles of Ar sputtering (600q

eV, 1 mAycm , 15–20 min, 440 K) and annealing (7502

K) to remove Ag layer by layer w27x. Finally, SPA-
LEED investigations of the clean Ag(100) surface
showed that the sample had a minor mosaic spread of
0.038 and an average terrace size of more than 60 nm.
Oxide films have been grown by metal deposition in

oxygen atmosphere (pO s10 –10 Pa) to guaranteey5 y4
2

perfect stoichiometry of the oxide films w12,16x. Ni and
Mg have been evaporated from metal rods installed into
home made electron beam evaporators. The growth rate,
which was controlled by quartz micro-balances, was in
the range of 0.15–0.25 MLymin. The quartz micro-
balances were calibrated by SPA-LEED intensity oscil-
lations due to layer-by-layer growth of the oxide films
at various temperatures (see also below). The calibration
showed no differences for the differently grown films.

3. Results

NiO was grown with 0.18 MLymin growth rate by
deposition of Ni in oxygen atmosphere at 300 K. Fig. 1
presents the intensity of the specular beam recorded at
the scattering condition Ss1.5 (out-of-phase) during
growth. The scattering phase S is defined via SsdK yH
2p where d and K denote the layer distance and theH
part of the scattering vector K perpendicular to the
surface, respectively.
After opening the shutter, the intensity of the specular

beam decreases drastically. This effect can be attributed
to two phenomena. Firstly, there is a geometric interfer-
ence effect (phase contrast) between the waves diffract-
ed from (monoatomic) NiO islands and the Ag substrate
due to the scattering phase used in the experiment.
Secondly, there is a material contrast including different
scattering cross sections (scattering amplitude and
phase) due to the different dynamical scattering from
NiO film and Ag substrate typical for heteroepitaxy
w28,29x.
It has been reported that, in the initial stage, NiO

grows with a 2=1 structure w24x. Therefore, one would
expect a first intensity maximum for Qs0.5 ML since
the first layer is completed for this coverage. Obviously,
this is not the case. The missing maximum can be
attributed to the material contrast with low scattering
amplitude for the 2=1 structure w28,29x.
If the additional NiO (Q)0.5 ML) were incorporated

into the 2=1 layer, the layer would be completed again
for Qs1 ML. In contrast to this prediction, we observed
an intensity minimum for Qs1 ML. This effect cannot
be attributed to an extremely small scattering amplitude

Figure 3.3: Spot intensity oscillations (SPA-LEED) for specular beam detection during
film growth for NiO/Ag(001) and MgO/Ag(001). Even though an oscillatory
pattern is visible for MgO, it is much more distorted than for NiO. This picture
is taken from Ref. [57].

thin films relax by forming an interface dislocation oriented with respect to the
Ag(001) structure (Wollschläger et al refer to them as ”mosaic structure”). Thicker
films, however, lose this four-fold symmetry and form broad peaks with no inner
structure. The conclusion is that the surface roughens with increasing thickness
and leading to smaller terraces (and in reciprocal space to larger spots).

As already presented in chapter 1.1.3, according to studies done before this
thesis [57–59] the small lattice mismatch between MgO and silver should result in
a flat film with a relaxing mosaic structure for thicker films. However, the com-
plete opposite is detected: The MgO films become more defective with film thick-
ness. This discrepancy to literature is explained by the low deposition temperature
(600 K) which is, compared to the melting point of MgO (about 3000 K) very low.
The relaxing influence of the small lattice mismatch, which plays a role for thin
films, becomes less significant the thicker the film becomes. MgO films grown on
Mo are known to be stable for up to 1300 K [109], while, as mentioned earlier, Ag
already begins to diffuse into the MgO bulk at comparatively low temperatures.
This leads to a non layer by layer growth for thick films. It should be pointed
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out that SPA-LEED (Spot profile analysis LEED) measurements of MgO suggest a
similar picture [57]: Albeit the specular beam intensity oscillates during MgO film
deposition (the intensity maxima are correlated to a completely closed monolayer),
this oscillation is, in contrast to the oscillation during NiO film deposition, signif-
icantly distorted, see Fig. 3.3. In fact, the oscillation amplitude becomes smaller
than the noise at about nine monolayers revealing that no pure layer by layer growth
is established and becomes worse for higher coverages.

3.1.3 Surface phonons of MgO

A characteristic feature in HrEELS-spectra taken from oxide surfaces are large
contributions of optical surface phonons. The most well-known oxide surface
phonons are known as Fuchs-Kliewer modes [110]. This mode represents a macro-
scopic surface phonon and corresponds to the vibration of the Mg and O sublattices
against one another (in the case of MgO). Dielectric continuum theory predicts the
presence of two dipolar modes known as FK+ and FK−. These two modes cor-
respond to Fuchs-Kliewer modes at the surface and at the interface, respectively.
As a metallic substrate was chosen to prepare MgO films, the latter mode is com-
pletely screened and supposed not to be observed. A second, microscopic surface
phonon mode is the so-called Wallis mode [111] which corresponds to the micro-
scopic perpendicular motion of oxygen atoms to the topmost layer. In table 3.1 the
phonon modes with expected energy losses are listed.

The height and peakshapes of these losses contain structural information of the
oxide surface: Wu et al had used HrEELS spectra to determine the stoichiometric
quality of Al2O3 films grown on Re(0001) surfaces [112]: One certain phonon
mode is in that sense expected to appear if the film is not completely oxidized.
Moreover, a shift of the peaks with film thickness is visible. Thus, the examination
of surface phonon modes was used to determine the quality of the investigated
surface. Savio et al had investigated the generation of surface phonons of MgO
grown on Ag(001) and the hydroxylation of MgO films at different film thicknesses
[113, 114]. While the latter one mainly shows that no significant amount of OH-
groups occurs at films thicker than 3 ML, the first one clearly confirms different
phonon modes at different film thicknesses.

In the left subpanel of Fig. 3.4 a HrEELS spectrum of a 20 ML MgO on Ag(001)
is presented. This spectrum was recorded during this thesis. The spectrum is dom-
inated by large peaks at 670 cm−1 and 1340 cm−1 which both possess a shoulder
at the left side. This peak can be interpreted as the fundamental and the first over-
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Table 3.1: List of MgO surface phonons. The values are taken from Ref. [113]

name energy loss / cm−1

FK+ 650
FK− 393

Wallis 524

single MgO layer, while 25% consists of MgO pyramids, and
the remaining part is still bare.
In the present paper we report on the behavior of surface

phonons vs film thickness for MgO films from 0.3 ML to 30
ML, grown on Ag!100". We observe the FK! mode at
572–677 cm"1, depending on film thickness, and the micro-
scopic mode at 524 cm"1. A further intense mode is ob-
served at 427 cm"1 in the monolayer and submonolayer lim-
its. The data are compared with microscopic calculations of
HREEL spectra for MgO films on a metal,20 which show the
presence of optical standing waves confined in the film.12

II. EXPERIMENTALAND THEORETICALMETHODS

Experiments were carried out in an ultrahigh vacuum
!UHV" apparatus equipped with a Knudsen cell for Mg
evaporation, a quartz microbalance for Mg flux measure-
ments, a commercial HREEL spectrometer !SPECS Instru-
ments", and all other typical vacuum facilities. The substrate
was an Ag single crystal cut within 0.1° from the !100"
plane, which was carefully cleaned by sputtering and anneal-
ing to 720 K before each experiment. Several cycles were
repeated until the surface was completely clean, i.e., no loss
features were detected in the HREEL spectra. MgO films
were grown by reactive deposition at a crystal temperature
T#453 K. To reduce the presence of contaminants, a doser,
placed at 1.5 cm from the Ag!100" surface, was employed to
expose O2 during Mg evaporation. The background pressure,
therefore, did not exceed 3.10"8 mbar during the growth
process, while the O2 partial pressure at the surface was
about 10 times larger. The film thickness was evaluated by
calibration of the Mg flux through the quartz microbalance
and by the analysis of the FK mode intensities. HREEL spec-
tra were recorded in-specularly, at an angle of incidence of
the impinging electrons of 60° and at a primary electron
energy, Ee , of 3 or 4 eV. The typically achieved energy
resolution was 4.0 meV. The angular acceptance of the spec-
trometer was #$#1° and corresponded to integrating over
%0.008 Å"1 in reciprocal space in our experimental condi-
tions. The integration window was thus comparable with the
wave-vector transfer for our in-specular measurements.
Theoretical HREEL spectra can be computed from the

surface dielectric response g(Q ,&) which has poles at the
dipolar active modes.11,21,22 In dielectric continuum theory, g
is computed from the dielectric functions of the MgO film
and of the metal substrate and has only two poles at the
frequencies of the FK! and FK" modes.11 This macroscopic
approach is only valid for a thickness larger than about 3
nm.12 For thinner films g must be evaluated from a micro-
scopic theory based on lattice dynamics.23,24 The micro-
scopic response g has poles at the frequencies of the optical
LO and TO modes of the film, building the FK macroscopic
phonons, and at the frequencies of some microscopic surface
phonons, not included in the dielectric continuum
approach.25 In the present work, we applied the microscopic
approach to the MgO thin layers grown on a metal. The
layers were modeled by MgO!001" slabs on a perfect
conductor.20,24 The dynamics of the ions was described by a
shell model which reproduces the bulk phonon-dispersion

curves measured by neutron scattering.26 The geometry of
the film on the metal was relaxed using this shell model
according to the procedure described in Ref. 27.

III. RESULTS

Figure 1 shows the vibrational spectra of clean MgO films
of different thicknesses. All the spectra are recorded in-
specularly with Ee#4.0 eV, except for the two upper ones,
for which Ee#3.0 eV. Several peaks are present in the range
between 400 cm"1 and 700 cm"1, the position and the in-
tensity of which depends strongly on film thickness. The
spectrum relative to the 26-ML film (d#5.5 nm, upper
curve" is dominated by a strong feature at 675 cm"1, with a
minor peak at 524 cm"1. The high-frequency feature is the
FK! macroscopic phonon, and the 524-cm"1 peak is as-
signed to the microscopic Wallis mode. A further, very weak,
loss is present at 400 cm"1 only for the largest thickness. We
have no explanation for it since its frequency might be in-
dicative of the excitation of the FK mode !expected at about
395 cm"1 in MgO", which is, however, not expected to be
dipole active. The feature at 1201 cm"1 results from the
combination loss of the FK! and Wallis modes; the one at
1354 cm"1, on the contrary, is the FK" double loss. The
intensity of combined and double losses becomes negligible
for thinner films on this scale. We note that, in principle,
comparing spectra recorded at different Ee is not correct
since they correspond to different values of parallel momen-
tum transfer. The measurements are, however, mediated over
an angular acceptance of 1° which corresponds to an inte-
gration in reciprocal space comparable to the nominal wave-

FIG. 1. Experimental HREEL spectra of clean MgO films of
different thicknesses. All the spectra were recorded in-specularly at
an angle of incidence of 60° with Ee#4.0 eV, except for the two
upper ones, for which Ee#3.0 eV. Three losses are visible corre-
sponding to the FK! mode and to two microscopic modes.
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075420-2

Figure 3.4: HrEELS spectrum of pure MgO. As shown, large peaks at n·670 cm−1

(n=1,2,3...) dominate the energy loss spectrum. These signals are huge in
comparison to adsorbate-related losses and thus an impediment in the anal-
ysis of surface vibrations. Inset: the phonon signals consist of two peaks
closely related to each other. The green one at 670 cm−1 is the signal of the
FK+ phonon mode while the shoulder at about 500 cm−1 is correlated to the
Wallis-mode which appears at films thicker than 3 ML. The broader shape of
this peak might be a fingerprint for a fourth, very weak loss at 400 cm−1 which
is only present at thicker films (10 ML and more), see right picture (taken from
Ref. [113]).
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tone of a peak occurring periodically at n·670 cm−1 (n=1,2,3...) due to overtone
excitations.

The large resolution Savio et al could obtain made it possible to resolve the
substructure of the recurring peaks. With this knowledge, the nature of the peaks’
shoulder in the left subpanel of Fig. 3.4 could be referred to the microscopic Wallis
mode and possibly a third peak at 400 cm−1. However, the nature of this third
peak is not yet known. It might be a small remnant of the FK− mode or due to the
presence of lower coordinated oxygen sites of the MgO film.

When compared to theory, the FK+ mode is significantly higher than expected
suggesting a presence of compressive stress which might be referred to the growth
mode of MgO on Ag(001).

Thus, an interpretation of the recorded HrEELS-Spectrum would be as follows:

• The absolute height of the recurring signals confirm a thickness of about
20 ML. For thinner films, smaller peaks would be expected.

• Moreover, the absolute peak height, when compared to theoretical calcula-
tions, serve as a fingerprint of the compressive stress the MgO film is ex-
posed to due to the lattice mismatch with the Ag(001) substrate.

• The peak shape itself is a signal of both the FK+-mode and the Wallis mode.
A third peak might also be at 400 cm−1 which possibly would serve as a
fingerprint for lower coordinated oxygen sites on the MgO surface.

Summarizing, the surface phonon modes of MgO contain much information
about the film thickness and the quality of the film. However, as these peaks are
huge distortions of the EELS-spectrum, the adsorbate contributions are not de-
tectable anymore: Fig. 2.8 shows that the signal of CO compared to the elastic peak
is a small fraction of half a percent. A signal of CO on MgO would be completely
lost in presence of surface phonons.

Minimization of phonon-induced distortion of HrEELS-spectra

To minimize or separate the multiple contributions of surface phonon losses, two
well-known techniques exist1: On the one hand, the measurement technique is
altered by applying high energy electron beams and detect the losses in off-specular
geometry. On the other hand, the spectra are recorded in specular geometry with

1There are more recent approaches by applying maximum entropy [115, 116] or wavelet [117]
methods which are not dealt with in this thesis.
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regular electron beam energies, but during analysis the recorded data is modified.
Both methods mainly suppress the multiple phonon contributions, i.e. the overtone
excitations while leaving the fundamental surface phonon mode still significantly
high. Thus, the strength of both methods lies within making adsorbate losses larger
than 1000 cm−1 visible. Lower losses are in a region still dominated by the huge
surface phonon fundamental.

The latter approach, the modification after obtaining the HrEELS spectra, was
chosen for two reasons: First, the impingement with high-energy electrons on an
adsorbate might induce chemical reactions and thus distort the results dramatically.
Second, the surface roughness results in a broad electron scattering which reduces
the specularity-dependence of the elastic peak and the phonon contributions.

Thus, he recorded HrEELS spectra are smoothed in form of a Fourier de-
convolution [118–121]. This method was applied with success for various sys-
tems [122–124]. The mechanism was proposed by Cox et al in 1985 [118] and
is based on the idea that the distortion of a signal is not simply added or multi-
plied to but convoluted with the unperturbed signal. This approach is well-known
in signal processing: Pictures with a low signal to noise-ratio are deconvoluted to
separate the pure signal. As a convolution is a multiplication in Fourier-space, it is
reasonable to work with the Fourier-transform of the signal.

Consider a signal s(ω). This signal is the detected HrEEL spectrum and in that
sense the convolution of the ”perfect” signal without any distortions p(ω) and the
instrumental broadening function i(ω) i.e. the instrumentally induced distribution
of the electrons:

s(ω) = i(ω) ∗ p(ω) (3.1)

The instrumental broadening function i(ω) is typically approximated as the elastic
peak. As the experimental HrEEL spectrum does not only contain contributions
from the single loss features but also from multiple losses resulting from overtone
excitations, eq. 3.1 has to be specified as a series of self convolutions:

s(ω) = i(ω) ∗ [σ(0) + p(ω) +
1
2!
p(ω) ∗ p(ω) +

1
3!
p(ω) ∗ p(ω) ∗ p(ω) + ...] (3.2)

The Fourier transforms of s(ω), i(ω) and p(ω) are denoted as S(τ), I(τ) and P (τ),
respectively. Since a convolution in real space is a multiplication in Fourier space,
the Fourier transform of eq. 3.2 can be expressed as a power series of P (τ) times
the instrumental broadening function I(τ). As the respective power series is the
exponential function, the Fourier representation of eq. 3.2 is:

S(τ) = I(τ) · eP (τ) (3.3)
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Figure 3.5: Fourier deconvoluted HrEELS spectrum of pure MgO is shown in red while
the raw data is plotted in blue. As shown, the phonon modes with exception
of the fundamental mode are almost completely suppressed. Moreover, the
whole spectrum has a much better signal to noise ratio.

The isolation of the pure, realistic loss function P (τ) is now established. However,
a simple back-transformation is not possible: If the instrumental broadening func-
tion is removed, high frequency Fourier ripples with a finite signal to noise ratio
are introduced into the data. To solve this problem a smoothing function I ′(τ) is
multiplied with P (τ), a distribution similar to the instrument function whose real
space representation i′(ω) has a slightly larger FWHM (typically 10 cm−1) than
i(ω). That results in a smoothed loss function free of multiple losses:

P (τ) = I ′(τ) ln(S(τ)/I(τ))↔ p(ω) ∗ i′(ω) (3.4)

Fig. 3.5 shows the real HrEELS spectrum of MgO and its Fourier deconvoluted
form. For better comparison both spectra were normalized with respect to the
fundamental mode of the surface phonons. The Figure shows that the contributions
of the phonon modes - except the fundamental mode - are dramatically reduced.
Moreover, the signal to noise-ratio is dramatically enhanced.

3.2 Experimental procedures

In most measurements of this study, N2O was dosed onto the sample (MgO/Ag(001))
at T = 20 K, however, no differences in the adsorption characteristics of N2O were
detected if the adsorption temperature was below 70 K i.e. below the temperature
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Figure 3.6: TPD spectrum of 2-3 ML N2O on MgO. The TDS signal for 44,28 and
30 a.m.u. is shown as the these signals refer to the parent mass (N2O) and its
cracking patterns (N2 and NO, respectively). The almost identical behaviour
which differs only in a scaling factor shows that N2O adsorbs intact on MgO.

for N2O multilayer desorption. The TPD spectrum of 2-3 ML of N2O dosed on
MgO is shown in Fig. 3.6. The parent mass N2O (m = 44 a.m.u.) and its main
cracking patterns NO (m = 30 a.m.u.) and N2 (m = 28 a.m.u.) differ only in a
scaling factor which suggests intact adsorption of N2O on MgO surfaces. The
properties of N2O adsorbate and the nature of the monolayer will be discussed in
chapter 4.

For the photochemical studies, this experimental system was irradiated homo-
geneously with one of the aforementioned light sources. Most of the discussed
experiments were done with a KrF laser thus the photochemistry at 5.0 eV is in-
vestigated more thoroughly than the other wavelengths. We note, however, that the
general findings are, if not reported otherwise, identical for all used light sources.
After irradiation, low temperature TPD spectra (T = 20-160 K) were recorded with
focus on the characteristic mass signals for N2O (28,30 and 44 a.m.u.). The used
temperature ramp was 0.5 K/s. Moreover, high temperature TPD spectra up to
650 K were recorded with focus on m = 32 a.m.u. to detect molecular oxygen re-
sulting from recombinative desorption of pregenerated atomic oxygen. For a better
signal to noise ratio, the used heating ramp was 1.5 K/s. Fig. 3.7 shows the low-
and high-temperature TPD spectra with the same scale to illustrate how large the
reaction yield is compared to the signal of the unirradiated N2O monolayer.

Beside analysis and discussion of TPD spectra, two approaches to study the
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Figure 3.7: TPD spectra of N2O (m = 44 a.m.u., red), N2 (m = 28 a.m.u., blue) and O2 (m
= 32 a.m.u., dark green) after irradiation with 2·1018photons/cm2. The dotted
red line shows, for comparison, the TPD spectrum of one monolayer N2O
without irradiation.

generated oxygen prior to desorption were done: On the one hand the goal was to
study N2O vibrations on MgO on the one hand and atomic oxygen on the other by
HrEELS spectroscopy. The corresponding measurements were done in the working
group of Prof. Tegeder, FU Berlin. In a second approach, EPR spectroscopy (in
the former working group of Prof. Risse at the Department of Hajo Freund) was
applied to study the generation and thermal stability of generated free radicals.

This general procedure was then extended by coadsorbing CO with pre-generated
atomic oxygen and irradiate this new experimental system a second time (see chap-
ter 6). After irradiation, CO2 generation was recorded accompanied by a depletion
of pregenerated atomic oxygen. This generated carbon dioxide was also recorded
with a temperature ramp of 1.5 K/s.
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Chapter 4

Adsorption of N2O on thin MgO
films

The main topic of this thesis is to investigate the photoinduced generation of atomic
oxygen by dissociation of N2O on thin MgO films. Before the photochemistry
can be examined in detail, the adsorbate system itself has to be understood. At
first, the related studies done before this thesis are presented, followed by a short
discussion of HrEELS measurements and TPD spectra acquired in this thesis. The
final section will discuss the measurements with respect to the literature to draw a
conclusion.

Britta Redlich studied the adsorption characteristics of N2O on flat MgO sur-
faces by means of LEED and FTIR spectroscopy [30, 125]. The main conclusion
from her data is that N2O adsorbs flat on the MgO terraces with each end adsorbed
on a Mg-ion. More important for this study is, however, that two adsorbate phases
are expected to be present at the surface: One densely packed phase possesses a
(2
√

2 ×
√

2)R45 ◦ structure. After annealing to over 88 K the adsorbate has re-
ordered to a loosely packed 1 × 1 structure. Monte-Carlo calculations by Daub et
al of a similar system, CO2 adsorbed on MgO, suggest the same behavior [126].

In contrast, other studies conclude that N2O adsorbs only in one monolayer
phase: Lian et al studied IRAS - and TPD spectra of N2O adsorbed on MgO [83].
The IRAS spectra show a single absorption at 1275 cm−1 which corresponds to
the symmetric stretch vibration (ν1) of N2O and three absorption peaks at about
2250 cm−1 which are correlated to the asymmetric stretch vibrations (ν3) of N2O
adsorbed at different surface sites of MgO. One vibration at ν3,a = 2236 cm−1 was
more abundant on annealed MgO films than on films prepared at room temperature

53
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T = 100 K
T = 150 K 

T = 80 K 

Figure 4.1: IRAS-spectra of N2O on pristine and annealed MgO films. The spectra were
recorded at a surface temperature of 60 K. The peak structure at 2200 cm−1 -
2300 cm−1 is referred to the ν3 modes and the peak at 1275 cm−1 to the ν1
mode of N2O on MgO. The complex peak structure is fitted by gaussians. The
signal at ν3,a = 2236 cm−1 is significantly increased on annealed films thus it
can be correlated to N2O vibrations adsorbed on terraces while the vibrations
at ν3,b = 2249 cm−1 and ν3,c = 2270 cm−1 are respectively correlated to N2O
adsorbed at defect sites. ν3,a vanishes at T = 80 K, while ν3,b and ν3,c vanish
at 100 K and 150 K, respectively. Picture taken from Ref. [83].
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(see Fig. 4.1). Thus, the signal at ν3,a = 2236 cm−1 could be correlated to terraces,
while signals at ν3,b = 2249 cm−1 and ν3,c = 2270 cm−1 were correlated to N2O ad-
sorbed on defects. The vibrations correlated to N2O adsorbed on terraces, however,
began to decrease after annealing to 80 K and vanished completely after annealing
to 90 K while the other vibrations were more stable.

A theoretical study by Xu et al which supports this interpretation has calculated
the N2O desorption energies for N2O on terraces as 21 kJ/mol and on edges as
24 kJ/mol [127]. Thus no additional adsorbate phase is expected in this study. The
flat adsorption of N2O on regular terrace- and edge sites, however, suggested in
the study of Britta Redlich is confirmed theoretically as the adsorption energies
for N2O adsorbing with each end differ only slightly. Moreover, the calculations
suggest that N2O is adsorbed primarily with the oxygen end at oxygen vacancies.
While no further calculations about N2O adsorbed at divacancies are present, the
similar electronic structure when compared to oxygen vacancies suggest that N2O
adsorbs similar in this case.

4.1 Vibration species of N2O

HrEELS spectra of N2O adsorbed on MgO were recorded. The raw data is shown
in Fig. 4.2. While the adsorption of N2O leads to a suppression of the primary
electron beam and the overall spectrum, no further spectral features of N2O were
visible.

As discussed in chapter 3.1.3, the raw HrEELS data is dominated by multiple
contributions of the surface phonon modes: No adsorbate contribution, except the
reduced intensity of the elastic peak (and thus the overall spectrum) was visible
in the raw data. Because of this reduced intensity the data was normalized with
respect to the elastic peak before further analysis steps were taken.

To minimize the surface phonon contributions, the data is smoothed by a Fourier
deconvolution (see chapter 3.1.3). After that step, the HrEELS spectrum reveals
after N2O adsorption different peaks (see Fig. 4.3). The peaks at 1280 cm−1 and
2250 cm−1 correlate with the IRAS-spectra discussed before (see Fig. 4.1). Ad-
ditional peaks at 1900 cm−1 and 2510 cm−1 are not yet understood but might be
remnant signals from the third and fourth overtone of the surface phonon modes.
As the bending mode of N2O (ν2 = 588 cm−1 [128]) is due to the presence of a
huge surface phonon fundamental not visible, the peak at 220 cm−1 might be a
small remnant of this bending mode.
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Figure 4.2: Raw HrEELS spectra of different amounts of N2O adsorbed on MgO films.
As shown, the adsorbate leads to a suppression of the primary electron beam
and thus the complete spectrum. The lower panel confirms that the raw data
does not show any trace of N2O yet.
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Figure 4.3: The deconvoluted HrEELS spectra show at 1280 cm−1 and 2250 cm−1 sig-
nals when N2O is adsorbed on MgO surfaces. Their spectral position and
the the thermal stability confirm the IRAS measurements by Lian et al [83].
Moreover, additional, IR inactive lines at 1900 cm−1, 2510 cm−1 and for the
multilayer at 220 cm−1 are visible. The large signal at ≈ 600 cm−1 is the
fundamental of the surface modes.

The main goal of this measurement was achieved: the vibration peaks of N2O
obtained by HrEELS-methods in this study agree with the IRAS spectra which
were obtained by Lian et al. It could be shown that annealing the sample to 80 K
(i.e. inducing multilayer desorption) does not affect the loss at 2250 cm−1. Thus
this loss is, in fact, identical with the ν3,b vibration, i.e. the asymmetric stretch
vibration of N2O adsorbed on defect sites.

4.2 TPD spectra of N2O/MgO

N2O was dosed onto 4 - 30 ML MgO grown on Ag(001) at a base temperature
of 20 K. A TPD spectrum (see Fig. 4.4) reveals a multilayer peak at ≈ 80 K and
a monolayer peak at ≈ 97 K. As the multilayer peak begins to grow before the
monolayer peak is saturated, a clear layer by layer growth is excluded. A pure
Redhead analysis leads to desorption energies of 21 kJ/mol and 26 kJ/mol for the
multi- and the monolayer, respectively.

The monolayer shows unambiguously a first order desorption. The multilayer
might either be interpreted as zeroth order or half order desorption, as a compari-
son with Fig. 1.11 reveals. A half-order desorption of the multilayer would indicate
a mixed phase on the surface, which would support the hypothesis of two mono-
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Figure 4.4: TPD spectra with different coverages of N2O on MgO. A multilayer desorp-
tion is at about 80 K and a monolayer desorption peak at 97 K. The simultane-
ous growth of both peaks contradict a layer by layer growth.

layer phases, where the desorption of the looesly bound one coincides with the
multilayer.

An analysis of an inverted Polanyi-Wigner plot, see Fig. 4.5, leads to a more
exact and coverage-dependent desorption energy of the monolayer: For cover-
ages larger than 0.3 ML an almost constant desorption energy for the monolayer
of 26 kJ/mol is measured. For lower coverages, a dramatic increase of the desorp-
tion energy is correlated to the adsorption of N2O on various defects [103].

As shown in chapter 2.3.2, it is possible to extract the pre exponential factor for
different N2O dosages and thus reveal a coverage dependent pre exponential factor
ν(θ). The result of this analysis concerning the monolayer is depicted in Fig. 4.6.
As shown, the pre exponential factor is for higher coverages 1013±1 s−1. However,
for coverages lower than 0.6 ML the frequency factor rises abruptly to 1016±1 s−1.
This again can be correlated to defects as the entropy for low coverages will be
higher; the number of different adsorption configurations will be increased by the
number of different surface sites.

Summarizing, the recorded TPD spectra reveal the following information:

• There is no pure layer by layer growth.

• The desorption order of the multilayer might be half order which would in-
dicate the presence of mixed phases.

• The monolayer desorbs at 97 K and the multilayer at 80 K. That corresponds
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Figure 4.5: Inverted Polanyi-Wigner plot reveals desorption energy of Edes = 26 kJ/mol
with a frequency factor of ν = 3·1013 s−1 for the monolayer. The desorption
energy increases for low coverages due to the adsorption on defects.

Figure 4.6: N2O coverage dependence of ν(θ) for the monolayer. The monolayer itself has
a frequency factor of about 3·1013 s−1 but rises abruptly for lower coverages
(ν ≈ 1016 s−1). This abrupt rise of ν is related to a higher entropy of the
system and can be related to an adsorption at defect sites.
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Table 4.1: Calculated and measured desorption energies for the monolayer

Adsorption site Edes / kJ/mol Tdes / K Source

terraces 21 80 Ref. [127]
edges 24 91 Ref. [127]

Multilayer 21 80 this thesis, Redhead equation
Monolayer 26 97 this thesis, Fig. 4.5

to a desorption energy of 26 kJ/mol and 21 kJ/mol, respectively.

• The desorption energy increases for lower coverages, indicating desorption
from defects

• the frequency factor of the monolayer also increases for lower coverages,
corroborating the desorption from defects.

4.3 Conclusion

The number of N2O molecules associated with the monolayer peak of N2O in
Fig. 4.4 is ≈ ·10141. Since the number of possible adsorption sites on MgO is ≈
·1015, this abundance of N2O correlated with the monolayer peak is too large to be
associated only with adsorption on defects. In that way, the TPD spectra agree with
the hypothesis of two adsorption phases. These two phases would also explain the
absence of a layer by layer growth and the half-order desorption of the multilayer.

On the other hand, the calculated desorption energy by Xu et al [127] agrees
perfectly with the one obtained in this thesis, as table 4.1 shows. The agreement
between the adsorption energies would indicate that the monolayer desorbing at
97 K only results from N2O species adsorbed on edges of MgO. The IRAS-study
by Lian et al [83] supports this hypothesis by showing that the IR signals associated
with N2O on terraces already vanish between 80 K and 90 K. HrEELS spectra were
able to show that the experimental system investigated in this thesis is comparable
to the one researched by Lian et al.

The conclusion is as follows: There exist two monolayer phases, as suggested
by Britta Redlich. The low density phase desorbs at 97 K, while a reordering pro-

1By referring to the ionization probability inside the QMS, the TPD signals can be calibrated to
absolute particle numbers.
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cess from the high-density phase to the lower one leads to a small desorption at
80 K. This desorption peak coincides with the multilayer which leads to the pres-
ence of a mixed phase and thus a half-order desorption. However, the desorption
from edges coincides also with the desorption from the lower density phase. The
frequency factor (see Fig. 4.6) is increased for coverages up to 0.5 ML. That shows
that a decent amount of the monolayer consists of molecules which are not bound
regularly, but on defects.

Summarizing, the presented conclusion is a unification of both hypotheses.
One method for testing this suggestion concerning the nature of the monolayer is
to induce a site-selective chemistry and study the saturation of it. A chemistry initi-
ated at edges would have to saturate with the monolayer if the presented conclusion
is valid. As shown in chapter 5.2.2 this is the case.
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Chapter 5

Photoinduced N2O dissociation
on MgO films

In most of the measurements presented below, the influence of UV irradiation on
one monolayer N2O was investigated. Post-irradiation TPD spectra for N2O, N2

and O2 are shown in Fig. 5.1. The referred pictures are scaled to magnify the signal
of the reaction products; the abundance of generated nitrogen and atomic oxygen,
compared to the abundance of N2O, is only a fraction below ten per cent as Fig 3.7
confirms. UV-irradiation (hν = 5.0 eV, 2·1018 photons/cm2) of N2O adsorbed on
MgO leads to a dissociation of N2O resulting in a depletion of the parent mass,
the generation of N2 desorbing at above 50 K and tightly bound oxygen desorb-
ing at high temperatures above 500 K. The desorption energy of regular molecu-
lar oxygen on MgO is about 9.6 kJ/mol [129], thus a low desorption temperature
for molecular oxygen is expected. However, the calculated activation energy for
recombinative desorption ( [129, 130]) of atomic oxygen would fit to the tightly
bound oxygen in this experiment. Additionally, the desorption peaks of N2 and
N2O shift towards higher temperatures, as the TPD spectra show, which is often
referred to the presence of atomic oxygen on the surface [131–133]. This shift and
the high desorption temperature of oxygen lead to the conclusion that this oxygen
desorption peak results from a recombinative desorption of atomic oxygen.

A direct photodissociation of N2O by interaction with a photon has to be ex-
cluded: The absorption cross section of N2O is ≈ 10−24 cm2, thus after the men-
tioned photon exposure no dissociation should be present at all.

Even without irradiation, a second N2 peak (as verified by looking for the a
simultaneous QMS signal for m = 14 a.m.u.) at about 66 K for the TPD spectra is

63
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N2, m = 28 a.m.u. N2O, m = 44 a.m.u. O2, m = 32 a.m.u. 

*

Figure 5.1: TPD spectra prior to irradiation (pale curves), after irradiation with ≈
2·1018 photons/cm2, hν = 5.0 eV (solid curves) and after prolonged irradiation
≈ 10·1018 photons/cm2 (dashed curves). The parent mass N2O is depicted in
blue, the reaction products in red (N2, m = 28 a.m.u.) and dark green (O2 re-
sulting from recombinative desorption of atomic oxygen, m = 32 a.m.u.). As
shown, UV irradiation of 1 ML N2O leads to a depletion of N2O and the gen-
eration of N2 and O2. This is accompanied by a shift of the low temperature
TPD spectra. Prolonged irradiation shows that the generation of N2 and O2

peaks and desorption processes occur. A second N2 desorption peak (marked
by an asterisk) only shifts towards higher temperatures but is neither increased
nor decreased after UV irradiation.

visible, marked with an asterisk in Fig. 5.1. The height of this peak is not largely
affected after irradiation, however, it also shifts towards higher temperatures as the
other low temperature desorption features. Whether this second peak results from a
photon-independent reaction or is simply N2 contamination is not clear. This peak
does not grow significantly with time, thus a correlation of this nitrogen desorp-
tion peak with a contamination from the chamber background is problematic. As
illustrated in chapter 5.3.2, an additional deposition of Mg on prepared MgO films
results, after annealing, in an enhancement of this desorption peak.

After annealing to 650 K, the initial conditions of the MgO film are restored
thus no irreversible (photo)chemically induced changes of the MgO film are de-
tected. To deduce whether the reaction is poisoned by one reaction product, a
second experiment was done: The sample was only annealed up to 160 K to record
the generated N2 and remaining N2O after UV irradiation. The photon dose used
was chosen to maximize the reaction yield; so, the N2O adsorbate on MgO was
irradiated with about 2·1018 photons/cm2 to obtain the maximal possible reaction
yield. If this experimental cycle (N2O adsorption, UV irradiation, annealing to
160 K and cooling the sample down again to 20 K) is done for several times, a
successive decrease of the N2 peak is recorded (see Fig. 5.2).
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N2, m = 28 a.m.u. N2O, m = 44 a.m.u.

Figure 5.2: TPD spectra of N2 (left) and N2O (right) for several cycles of photoexcited re-
action on MgO without annealing over 160 K. Without annealing to 650 K be-
tween each measurement, 1 ML N2O was dosed on MgO films and irradiated
with 2·1018 photons/cm2 before recording the TPD spectra. The arrows indi-
cate the evolution of the peak maxima after each measurement cycle. While
the reaction product N2 drops steadily, the parent mass rises for the first few
cycles and then drops also, revealing that two processes are responsible for the
decrease of recation yield.

The mentioned decrease of the reaction product N2 is for the first couple of
cycles accompanied by an increase of the remaining N2O, but with after some ex-
periment cycles, also the amount of remaining N2O decreases. Thus it may be
concluded that two processes result in a decreasing nitrogen generation. First, the
reaction itself gets poisoned, but after 2-4 h measurement time (4 cycles of N2O
adsorption, irradiation, annealing to 160 K and letting the sample cool down) at
temperatures below 160 K the adsorption properties of N2O are altered - suppos-
edly due to a contamination from the gas phase. It is well-known that H2O desorbs
from MgO at temperatures higher than 200 K [134–136], thus, water contamination
would alter the adsorption properties of N2O.

The oxidation of nitrogen to form nitrous oxide is barely possible as the respec-
tive reaction constant is 2·10−37, the decreasing amount of generated N2 with each
measurement cycle is explained by a substrate-mediated reaction model. The basis
of this reaction model is described earlier (chapter 1.2): N2O dissociates at trapped
electrons from a photon-induced electron hole pair excitation and forms nitrogen
and atomic oxygen.

Assuming that a contamination with water would result in the altered N2O
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N2, m = 28 a.m.u. N2O, m = 44 a.m.u.

Figure 5.3: TPD spectra of (left) N2 and N2O after photoinduced N2O dissociation on a
to 650 K annealed MgO film (red), after two (green) and four (purple) cycles
of photoexcitation without annealing over 160 K and after annealing to 300 K
(blue). The reactivity is partially recovered, accompanied by a recovery of the
N2O adsorption characteristics.

adsorption properties, a recovery of this process should be detectable after anneal-
ing to 300 K, a temperature high enough to initiate water desorption. In fact, this
hypothesis is proven true: As Fig. 5.3 shows, the amount of N2O remaining after ir-
radiation has recovered to its maximal amount. At this point, a feasible conclusion
might be as follows:

• Photons initiate a substrate-mediated process which triggers the reaction.

• The number of possible reaction sites is finite (as the passivation of the reac-
tion confirms).

The nature of the reaction mechanism will be examined thoroughly in the next
sections. To conclude these preliminar discussions, a suggestion about the adsorp-
tion site of the photogenerated N2 is presented. In Fig. 5.4 the TPD spectra of
the photoproduct N2 after N2O dissociation and of regular N2 adsorbed on pristine
MgO films are plotted, the latter one with different coverages so that the monolayer
generation can be studied. Since the amount of generated nitrogen is very small, a
logarithmic scale was chosen to magnify the data. The photogenerated N2 is differ-
ently adsorbed than regularly adsorbed nitrogen on defects and thus the question
is, how and where this photoproduct is adsorbed. The shift of the low TPD spec-
tra is, as already mentioned, associated with the abundance of atomic oxygen on
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Figure 5.4: A comparison between adsorbed N2 (color lines) on MgO and the photoprod-
uct after UV-induced N2O dissociation (thick black line) shows that the gen-
erated site is different from regular, defect bound N2 on MgO surfaces.

the surface. One possible interpretation would then be that after dissociation, the
generated nitrogen is primarily bound by atomic oxygen.

5.1 Photon dose dependence

A first look on the photon dependence of photoinduced N2O dissociation on MgO
surfaces reveals that N2 and atomic oxygen are formed (the latter desorbs recom-
binatively as molecular oxygen), see Fig. 5.1. The reaction takes place at a limited
number of surface sites, as the possibility to poison the reaction shows. A finger-
print of atomic oxygen is found in the shifting behavior of the low temperature TPD
spectra and the tightly bound oxygen desorbing recombinatively above 500 K.

In this part, the aim is to examine the photon dependence thoroughly and in
the end be able to deduce a feasible reaction model based on a substrate mediated
reaction mechanism (see chapter 1.2). To verify that, raw TPD spectra of N2, N2O
and O2 were recorded after irradiation of 1 ML N2O adsorbed on 20 ML MgO for
different photon exposures, see Fig 5.5. As shown in this picture, the generation of
N2 and O2 saturates after irradiation with ≈ 2·1018 photons/cm2. At higher photon
exposures, photon induced desorption processes dominate.

The TPD spectra were calibrated with respect to each ionization probability
inside the quadrupole mass spectrometer so that the amount of respective parti-
cles could be estimated. A photoinduced electron excitation process in the MgO
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O2 / m = 32 a.m.u.N2 / m = 28 a.m.u. N2O / m = 44 a.m.u.
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Figure 5.5: A more thorough view of the process presented in Fig. 5.1. The color code
is the same as described there. As shown, the the nitrogen and oxygen gen-
eration saturates after ≈ 2·1018 photons/cm2 and photon induced desorption
processes begin to dominate for both photoproducts and the educt. The pur-
ple and cyan lines show that the oxygen desorption consists of two desorption
peaks at 520 K and 570 K suggesting two reaction mechanisms.

film is thought to be the underlying mechanism (see chapter 1.2). Whether a re-
action model based on an electron-hole pair excitation would be able to describe
the recorded data was examined by modeling the photon-dependent generation and
desorption with the reaction pathways eq. 1.1 and eq 1.2 plus one electron-induced
N2O dissociation:

O 2−
MgO + hν → O−MgO + e− (5.1)

e− + tr → e−tr (5.2)

N2O + e−tr → N2 + O−I (5.3)

Here, O 2 –
MgO is a regular oxygen ion from the MgO film, O –

I a generated, ad-
sorbed oxygen atom with one negative charge1 and tr denotes an electron trap
like a (di)vacancy, a reverse corner or more extended defects (thus e –

tr denotes a
trapped electron). Corresponding reaction pathways for photon-induced desorption
were also included:

1It is important here to stress again that the single charge of the atomic oxygen is, in respect to
the regular, two times charged oxygen of the MgO lattice, technically a hole.
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N2O + hν → N2Odes (5.4)

N2 + hν → N2,des (5.5)

2O−I + hν → O2,des + 2e− (5.6)

Since the direct photoproduct - the excited electron-hole-pair electron - is not
detectable by TPD, a quasi steady state approximation was applied in order to
model the reaction. In that sense, a fixed number of reaction sites was assumed
which react in the presence of light or more specifically said, eqs. 5.1 - 5.3 were
summarized to:

O 2−
MgO + hν + tr + N2O→ O−MgO + N2 + O−I (5.7)

A set of differential equations corresponding to eqs. 5.4 - 5.7 was solved. The
fitting parameters were the respective dissociation and desorption cross sections
and the amount of reaction sites, educts and products. The implementation was
realized with Wolfram Mathematica. The best fitting solution is shown as dotted
curves in Fig. 5.6.

Even though this model is in almost perfect agreement with the detected nitro-
gen generation, the description of oxygen generation is incomplete: The maximal
amount of generated oxygen is underestimated. As already mentioned, the oxygen
desorption consists of two desorption peaks. Moreover, a second reaction pathway
on MgO is assumed in literature where N2O dissociates at O –

MgO forming nitrogen
and oxygen [50, 137–140]. A similar mechanism is assumed to take place on the
MgO surface after irradiation:

N2OII + O−MgO → N2,II ↑ +(OII + O−MgO) (5.8)

The roman literals (II) indicate the educts and products of this second reac-
tion mechanism. If this second reaction pathway, in the form of a quasi steady
state approximation analogous to eq. 5.7, and a high nitrogen desorption cross sec-
tion for the nitrogen generated by dissociation of N2O on O−MgO sites is assumed
(and respective desorption pathways for nitrous oxide and oxygen), the agreement
between experimentally derived and assumed data by the reaction model is dramat-
ically enhanced.

A confirmation of this model is that the two oxygen peaks forming the overall
oxygen desorption agree not only qualitatively, but also quantitatively with the
reaction model: As in Fig. 5.6 the agreement between purple and cyan squares
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Figure 5.6: Photon dependencies of the educts’ (N2O) and the two reaction products’ re-
spective quantities as derived from the raw data shown in Fig. 5.5. The sub-
script i denote that these compounds are generated by irradiation. The markers
show the experimental data and the lines the dependencies obtained by fitting
the data to a reaction model. The dashed lines are based on the simple reac-
tion mechanism with one one and the solid ones the more complicated reaction
mechanism on two N2O dissociation pathways. The cyan and purple symbols
are the oxygen quantities associated to the two oxygen subpeaks while the
respective lines are the expected behavior after the fitting process.
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and the respective lines shows, the expected behavior of the two reaction products
agrees almost perfectly to the experimental result. It has to be stressed here that
these two oxygen subspecies served as a way to confirm the model after the fitting
process, thus only the overall oxygen desorption was put into the model.

Moreover, the two oxygen desorption peaks can unambiguously be referred to
the respective reaction pathways: The peak at 520 K results from atomic oxygen
generated at electron traps (by reaction path 5.3) while the oxygen desorption peak
at 570 K results from N2O dissociation at localized holes (reaction path 5.8).

The maximal amount of generated atomic oxygen is, as shown in Fig. 5.6,
about 2·1013 (the desorbing molecular oxygen scaled by two). This high abun-
dance exceeds the expected number of uncharged oxygen vacancies by at least two
orders of magnitude [39, 40], see chapter 1.1.2. The electron trapping has to have
another nature. As regular steps, edges and corners but also more extended, so-
called shallow electron traps as divacancies or reverse corners possess the property
to capture electrons these sites or some of them might play a role in this process.
This topic will be examined by discussing EPR data (see chapter 5.4).

The respective cross sections for the first (eq. 5.3) and second (eq. 5.8) reaction
pathway are 5·10−19 cm2 and 2·10−19 cm2, respectively.

As TPD is only a post mortem method an analysis of the desorbing species
only based on the remaining compounds on the surface is, due to the presence of
two reaction pathways, not possible. Only assumptions based on literature and
comparison of the remaining compounds on the surface could be done. A local
heating process (as detected for TiO2 crystals [141]) cannot be assumed as the de-
sorption cross sections are not correlated to the desorption energy of the respective
compound. Furthermore, the respective absorption cross sections of the adsorbed
molecules (or oxygen atoms, respectively) are far too low to explain the desorption
process by direct photoexcitation. Thus one conclusion might be a coupled hot
electron mechanism where excited, not trapped electrons lead to an energy transfer
to the adsorbate. As the aim of this thesis was the investigation of the reaction, a
further analysis of the desorption cross sections is not presented.

5.2 Photon energy dependence

Beside the excitation with 5.0 eV, N2O dissociation was initiated with other photon
energies as well. As described in chapter 1.1.1, the band gap of MgO varies with
the local topology, thus a site - dependent electron hole pair excitation is possible
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!1" Signal separation as described above #see Fig. 1!a"–
1!e"$.

!2" Double integration of the separated EPR signals related
to O! #N!$ and O! #N"$ #ordinate weighted signal com-
ponent in Fig. 1!b" and signal component in Fig. 1!e",
respectively$.

!3" Correction of the doubly integrated data with respect to
the wavelength dependent photon flux of the system UV
light source/monochromator !spectral slit width, 7–10
nm".

The resulting curves shown in Fig. 2 represent the number of
spin centers as a function of the excitation wavelength. They
exhibit two maxima around 230 nm !5.4 eV" and 270 nm
!4.6 eV" with a width at half-height between 20 and 30 nm.
It is interesting to note that these excitation spectra are in
good agreement with optical absorption data obtained by UV
diffuse reflectance spectroscopy.26

As mentioned in the Introduction both optical spectros-
copy and theoretical modeling attribute the excitation of
4-coordinated surface anions !edge position" and of
3-coordinated surface anions !corner positions" to 5.4 and
4.6 eV photons, respectively.5–8 Part of the excited states
returns to the ground state via photon emission,3,9–11 but an-
other part decomposes into electrons and the O! #N!$ and/or
O! #N"$ species seen in Fig. 1. The g! values for O! #N!$
and O! #N"$ differ only slightly from each other indicating
that the crystal field splitting %E #Eq. !4"$ is essentially the
same for both types of hole centers. We suggest, therefore,

that both O! species have to be attributed to 3-coordinated
sites. On the other hand, the results presented in Fig. 2 sug-
gest that O!#N!$ species originate from 4- and 3-coordinated
oxygen anions !excitation by 5.4 and 4.6 eV photons",
whereas O! #N"$ exclusively stems from 3-coordinated oxy-
gen anions !excitation by 4.6 eV photons". The similarity of
photoluminescence energies after excitation with 5.4 and 4.6
eV photons has been interpreted in terms of diffusion of
excited surface states to structurally similar sites.9,10 Apply-
ing this idea further, we suggest that excited states created by
the 5.4 eV photons at edge sites can move along the edges
and become trapped at oxygen corner sites creating localized
O! species, as shown in Fig. 3. On the other hand, the 4.6
eV photons excite both oxygen ions in corner and kink sites
and the O! species emerging after the dissociation into an
electron/hole pair remains localized precisely where formed
!Fig. 3".

The difference in symmetry of paramagnetic surface spe-
cies is reflected in the EPR spectrum by different shapes of
the respective signals. Since there is only one uniaxial corner
O!species, it is reasonable to attribute the sharp O! #N!$
signal to this species. The broader O! #N"$ signal should
originate from a set of different kink species. Of course,
there are distributions of both local symmetry and Madelung
potential !crystal field splitting %E". They originate from dif-

FIG. 2. Spectral yield function of UV induced O! formation.

FIG. 3. Schematic representation of photoinduced processes at the MgO
!001" surface containing corners and kinks. e0 represents an excited state
created at an edge, kink or corner. The photon energies correspond to the
position of the maxima of UV absorption bands associated with excitation of
particular surface sites !see text". The bold arrow shows transfer of an ex-
cited state along the edge to a corner. Part of these excited states dissociate
producing O! species localized at kinks and corners.

TABLE I. EPR parameters of oxygen radicals isolated on the surface of MgO nanoparticles after selective UV excitation in the presence of oxygen.

Species g! g II %E!eV"

O! #N"$ g1"2.0366 g2"2.0358 g3"2.0020 0.98–1.00 this work
O! #N!$ 2.0360 2.0020 1.00 this work
O3

! 2.0177 2.0115 2.0020 this work, Ref. 15
O!#M$ 2.046 2.0020 0.76 Ref. 15
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It can be seen that (i) most systems exhibit several maxima,
indicating that a given species can be characterized by several
bands, and (ii) due to overlapping contributions, the same
experimental feature may imply various systems. Note that S2-
IN also exhibits O2-

4C ions in order to lighten the modeling of
the valley (see structure in Supporting Information S1), which
by nature should only exhibit 5C and 6C ions. Thus, those ions
do not have to be taken into consideration to discuss the intrinsic
electronic properties of valleys.

5. Discussion

In the present work, improving spectra resolution and
lowering acquisition temperature down to 77 K enabled
observation of luminescent species (denoted A, B, B!, C, and
D; see Table 2), among which are two new species (C and D).16

Together with lifetime measurements and TD-DFT calculations,
these results enable us to propose an overall picture of excitons
on dehydroxylated MgO powders.

Figure 6. Absorption profiles calculated between 180 and 400 nm by TD-DFT. Inset: extended view of the 300-400 nm range. Intensities have
been weighted with the corresponding oscillator strengths.

TABLE 3: Calculated Excitation Energy Maxima and Localization of the States Corresponding to the Main Transitions
Implieda

system
maximum

(nm)
main components
of the band (nm)

oscillator
strength (a.u.)

localization of
the transition

corresponding
experimental range

S2-IN 209 208 0.10 (O2-
5C)f (Mg2+

4C, Mg2+
5C, Mg2+

6C) out of range
217 0.11 (O2-

4C, O2-
5C, O2-

6C)f (Mg2+
4C, Mg2+

5C, Mg2+
6C)

T 220 212 0.16 (O2-
6C)f (Mg2+

6C)
221 0.43 (O2-

5C)f (Mg2+
6C)

C-Mg3C 234 231 0.03 (O2-
4C)f (Mg2+

3C, closer Mg2+
5C) λexc ∼ 240 nm

227 0.03 (O2-
4C)f (Mg2+

3C, closer Mg2+
5C)

S2-IN 234 234 0.09 (O2-
4C)f (Mg2+

5C, Mg2+
6C)

S2-ON 235 229 0.07 (O2-
4C, O2-

5C)f (Mg2+
4C, Mg2+

5C, Mg2+
6C)

234 0.19 (O2-
4C, O2-

5C)f (Mg2+
4C, Mg2+

5C, Mg2+
6C)

shoulder 247 248 0.13 (O2-
4C)f (Mg2+

4C, Mg2+
5C, Mg2+

6C)

S1 244 228 0.04 (O2-
4C, O2-

5C, O2-
6C)f (Mg2+

6C)
237 0.12 (O2-

4C)f (Mg2+
6C)

245 0.13 (O2-
4C)f (Mg2+

6C)
253 0.04 (O2-

4C)f (Mg2+
6C)

C-Mg3C 259 252 0.04 (O2-
4C)f (Mg2+

3C, Mg2+
5C) λexc ∼ 280 nm

256 0.05 (O2-
4C)f (Mg2+

3C, Mg2+
5C)

261 0.09 (O2-
4C)f (Mg2+

3C, Mg2+
5C)

C-O3C 261 255 0.10 (O2-
3C, O2-

4C)f (Mg2+
4C, Mg2+

5C, Mg2+
6C)

267 0.10 (O2-
3C, O2-

4C)f (Mg2+
4C, Mg2+

5C, Mg2+
6C)

K-O3C 287 282 0.01 (O2-
3C)f (Mg2+

6C)
288 0.03 (O2-

4C outside of the kink)f (Mg2+
6C)

308 6 × 10-3 (O2-
3C)f (Mg2+

6C)

K-Mg3C 289 283 0.08 (O2-
4C in the valley of the kink) f (Mg2+

6C)

K-Mg3C 327 327 0.01 (O2-
4C in the valley of the kink) f (Mg2+

3C) λexc ∼ 320 nm
C-O3C 328 327 0.03 (O2-

3C)f (Mg2+
4C, Mg2+

5C, Mg2+
6C)

K-O3C 354 348 4 × 10-3 (O2-
3C)f (Mg2+

6C) λexc ∼ 350 nm

1355 1355 3 × 10-4 (O2-
3C and neighboring Mg2+)f (Mg2+

5C in valley of D) out of range
795 786 7 × 10-4 (O2-

3C)f (Mg2+
5C in valley of D)

D-Mg3C-O3C 430 4 × 10-3 (O2-
6C in valley of D)f (Mg2+

5C in valley of D)
430 449 3 × 10-3 (O2-

6C in valley of D)f (Mg2+
5C in valley of D)

a T ) terrace, S2-ON ) edge, S1 ) monatomic step, S2-IN ) valley, C-Mg3C and C-O3C ) Mg2+
3C and O2-

3C corner, respectively, K-Mg3C

and K-O3C ) Mg2+
3C and O2-

3C kink, respectively, D-Mg3C-O3C ) monatomic step divacancy.
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FIG. 3. Angle-resolved UPS and EELS of a 10 ML stoichio-
metric MgO!001"#Ag!001" film. (a) He II normal emission
(EVB: valence band onset). (b) EEL spectrum (Ep ! 30 eV):
Ag-MgO interface plasmon excitation (P) [17], lowest interband
transition at the MgO(001) surface (S), bulk interband transi-
tion (B). (c) MgO(001) energy level scheme derived from (a)
and (b).

6.2 eV (S) [24–26], respectively, we deduce the energy
level scheme illustrated in Fig. 3c. Thus, the onset of
the 2.5 eV peak observed in STS (Figs. 2a and 2b) cor-
responds to the onset of the MgO(001) empty surface state
band [24,27].

Combining STS (Figs. 2a and 2b) with conventional
electron spectroscopy (Fig. 3), we conclude that the elec-
tronic structure of a MgO(001) single-crystal surface de-
velops already within the first three monolayers.

We performed first principles calculations based on DFT
to evaluate the layer-resolved LDOS as a function of the
number n of adsorbed MgO layers (0 # n # 3) [28,29].
The calculated k-resolved LDOS for the 1 ML MgO sys-
tem shows that screening of the Ag states by MgO is
considerably more efficient at the surface Brillouin zone
boundary than at G. Consequently, the states at G deter-
mine the minimum gap width, in agreement with the elec-
tronic structure of MgO [3,27,30]. In Fig. 4, we report
the LDOS calculated in the plane of the first atomic layer
in each system compared to a five-layer pure MgO slab.
In the gap, the average surface LDOS decays exponen-
tially with the number of adsorbed MgO layers. Increasing

FIG. 4. Calculated surface layer LDOS for 0 to 3 MgO layers
on a five-layer Ag-only slab and surface LDOS of a five-layer
MgO-only slab (see text).

the MgO film thickness up to three layers produces a sur-
face band gap corresponding to that of the five layer pure
MgO slab, which is representative for the MgO(001) sur-
face [31]. This result matches very well the experimental
findings (Figs. 2a and 2b).

Differential conductance spectra above 3 V (Fig. 2c)
show the first Ag(001) field resonance states (known as
image states from two photon photoemission spectroscopy
[32]) shifted towards higher energies caused by the elec-
tric field between the tip and sample [33]. When the tip
is placed above a MgO island, these peaks shift towards
lower energies consistent with the reduced work function
(0.4 eV) observed in UPS for a 1 ML MgO#Ag!001" film.
Field resonances may influence the apparent STM image
contrast [34]. Thus their energetic positions can be used
to distinguish between the oxide and the metal. In fact,
in STM images taken at 5 V (Fig. 1a), which corresponds
to the position of the second Ag(001) field resonance state
when tunneling through 1 ML MgO (Fig. 2c), these is-
lands appear clearly higher (0.30 nm vs 0.21 nm geomet-
ric height) than the Ag-Ag steps (0.20 nm). At higher
coverage, when tunneling into MgO states, the apparent
MgO-MgO step heights (Fig. 1d) correspond to their geo-
metric heights.

At 2.5 V we obtain atomic resolution of the MgO layer
(Fig. 1c). The lattice contains local defects and appears
not perfectly arranged which may be due to the influence
of the interface state on the image formation at the applied
bias voltage. The observed surface lattice constant has
twice the value of the one of MgO; thus only one type
of ion is imaged. Within the gap (24 to 12.5 V), the
MgO reduces exponentially the probability of tunneling
into the substrate. The remaining finite density of Ag
states within the gap allows us to obtain atomic resolution

276801-3 276801-3

a)

c)

193 (ArF)
248 (KrF)

266 (4ω Nd:YaG)
308 (XeCl)

Figure 5.7: a.) excitation spectra of MgO derived from theoretical band structure calcula-
tions. The figure is taken from Ref. [142]. The colored lines are the excitation
wavelengths used in the experiment. Triangles show the relative absorption
cross section for edges, rhombusses for corners and stars for kinks b.) EELS
spectrum of MgO. The surface band gap of ≈ 6 eV is clearly visible (depicted
with an ”S”). The picture is taken from Ref. [37] c.) as comparison to the cal-
culated excitation spectrum in panel a.),, the number of free spins derived from
EPR spectra is in qualitative agreement with with the calculated spectrum a.).
The picture is taken from Ref. [22].
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by generating electron hole pairs with different photon energies. The measure-
ments done before this thesis and described in chapter 1.2 were mainly done on
MgO powders and at higher pressures. The transfer into UHV - conditions would
make it possible to quantify the reaction cross sections (as already shown in the
last chapter for 5.0 eV irradiation) and its saturation conditions with respect to the
initial N2O coverage. Especially the chemistry of electron-hole-pairs excited at ter-
races was not yet exclusively investigated. So one additional goal in this study was
to elucidate whether the chemistry initiated at terraces is similar to the one at lower
coordinated sites. This was realized by applying 6.4 eV photon irradiation which
suffices to excite electrons from the valence to the conduction bond at terraces, see
Fig. 5.7 b.).

In this experiment, four different wavelengths were used (as described earlier,
see table 2.1). While the 5.0 eV light is capable of overcoming the band gap at
edge sites, it should be possible to initiate an electron-hole-pair excitation at lower
coordinated sites with lower photon energies while higher coordinated sites would
need higher ones.

The photoexcited excitons are capable to transfer to sites with equal or lower
coordination until they recombine or the excited electron is trapped. As shown in
Fig 5.7, it is possible to excite different surface sites with different wavelengths.
The wavelength of the used light sources is included in this figure as straight lines
with different color: The 6.4 eV photons generated by an ArF laser would be high
enough to overcome the band gap at terrace sites (as shown in the EELS spectrum,
panel b.)), while the 4.6 eV of the 4th harmonic of a Nd:YAG laser and the 4.0 eV
emitted by a XeCl would excite electron hole pairs at corners and kinks, respec-
tively, see panel a.) in Fig. 5.7. Since all of the processes are electron-driven and
thus only indirectly dependent of the photon energy, the cross sections should be
the same for all used wavelengths. However, the reaction yield should vary with the
number of expected defect sites. Thus, the maximal reaction yield is expected to be
dependent on the initial N2O coverage and the used photon energy. Fig. 5.8 shows
the maximal reaction yield after irradiating one monolayer of N2O: the respective
amounts of both reaction products grow with the used photon energy and thus with
the coordination of the excited surface site. It should be noted that the number of
photons used differs significantly for 6.4 eV: While the number of photons needed
to saturate the reaction is almost identical for the three lower photon energies (
≈1018 photons/cm2), a significantly lower photon dose (≈ 1016 photons/cm2) was
needed to saturate the reaction here.



74 CHAPTER 5. PHOTOINDUCED N2O DISSOCIATION ON MGO FILMS

O2 / m = 32 a.m.u.N2 / m = 28 a.m.u. N2O / m = 44 a.m.u.

6.4 eV
5.0 eV

4.6 eV

4.0 eV

Figure 5.8: Raw TPD spectra after irradiation with photons whose photon energy is 6.4 eV
(orange), 5.0 eV (blue), 4.6 eV (green) and 4.0 eV (red). The amount of gen-
erated N2 and O2 as well as the N2O depletion is proportional to the photon
energy (and thus to the coordination of the excited surface site), however, the
photon doses needed to saturate the reaction yield differ significantly. More-
over, a shift of the N2 and N2O TPD spectra towards higher temperatures again
indicates the presence of atomic oxygen on the surface.
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Table 5.1: number of electron traps and reaction cross sections for N2O dissociation

λ (hν) / nm (eV) excited site tr / 1014 σe−tr
/ 10 −17 cm2 σO− / 10 −17 cm2

193 (6.4) terrace 0.38 3.00 1.62
248 (5.0) edge 0.29 0.05 0.02
266 (4.6) corner 0.05 0.07 0.09
308 (4.0) kink 0.04 0.05 0.01

5.2.1 photon doses

Analogous to the measurement series shown in Fig 5.5, 1 ML N2O adsorbed on
MgO was irradiated with 6.4 eV, 4.6 eV and 4.0 eV for different photon exposures.
The absolute amounts of N2, N2O and atomic oxygen were again derived from
TPD spectra so that the reaction yields and cross sections could be quantified anal-
ogous to Fig. 5.6; the reaction mechanism described in chapter 5.1 was fitted to the
respective amounts. The result of these fits for the different used photon energies
is shown in Fig. 5.9.

The photon-dependent behavior fits well the expected one. Generally, a lower
photon energy excites lower coordinated sites and thus results in a lower reaction
yield. For the lower three wavelengths, the reaction cross sections are almost iden-
tical suggesting a similar reaction mechanism. The numbers of electron traps and
the cross sections for both photon dissociation pathways derived from fitting the
data to the reaction model are depicted in table 5.1.

According to the used reaction model, the number of electron traps which con-
tribute to N2O dissociation rises with the used photon energy. That is not surprising
as higher photon energies excite electron-hole pairs at sites with a higher coordina-
tion; for example, photons with an energy of 6.4 eV will also excite electron hole
pairs at terraces which can then also be trapped at sites with a higher coordination
than edges.

Since the number of excited electron hole pairs is significantly higher when
6.4 eV photons are used, the probability of obtaining a trapped electron and thus
the overall reaction cross section is dramatically enhanced which explains the large
reaction cross sections for reactions initiated with 6.4 eV.

To conclude, a fluence-dependent investigation of the photochemistry initiated
with different photon energies confirms the hypothesis of a site-selective reac-
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Figure 5.9: Photon dose dependencies of N2O and the dissociation products with respect
to the used photon energy: orange symbols and lines describe the photon de-
pendence initiated with 6.4 eV photon energy, blue the one with 5.0 eV, green
the one with 4.6 eV and red finally the photon dependence with 4.0 eV. Again,
the markers show the experimental data and the lines the dependencies ob-
tained by fitting the data to the reaction model eqs. 5.4-5.8.
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tion. This reaction is controllable with different photon energies: The excita-
tion of electron-hole pairs at surface sites with a higher coordination leads to a
higher reaction yield and vice-versa. Moreover, the significantly larger abundance
of electron-hole pairs excited at terraces (when using 6.4 eV photons) makes the
electron trapping process (and thus the reaction) more probable and thus acceler-
ates the reaction.

This site-selectivity will be confirmed in the next paragraph when the initial
N2O coverage dependence is discussed and a final conclusion about the nature of
the N2O monolayer is drawn.

5.2.2 N2O coverage dependence

Since sites with a larger binding energy are assumed to be covered by adsorbate
molecules earlier, reactions at corners would be expected to saturate at lower cov-
erages than reactions at terrace sites. Thus, different amounts of N2O were dosed
on the MgO film and were irradiated long enough to saturate the reaction - about
2·1018 photons/cm2 for the lower three photon energies and 1016 photons/cm2 for
the reaction initiated with 6.4 eV. The absolute quantities of the reaction products
were then examined in dependence of the initial N2O coverage.

It was discussed in chapter 5.1 that due to the different desorption cross sec-
tions, nitrogen is no sufficient monitor to describe the whole reaction: the N2O
dissociation consists of two reaction pathways. As Fig. 5.10 shows, the reaction
yields for N2 and O2 show different saturation behavior. This is consistent with the
higher desorption cross section of N2 for the second reaction pathway, as shown
in the chapter 5.1. Since the generated oxygen is a more suitable reaction monitor
than nitrogen, the focus is now on the investigation of the generated oxygen.

In Fig. 5.11 the N2O coverage dependencies for oxygen generation with pho-
ton energies of 4.6 eV, 5.0 eV and 6.4 eV are shown. The excitation with 4.6 eV
photons saturates the reaction already at an initial N2O coverage of ≈ 0.6 ML, the
one with 5.0 eV at 1.0 ML and the one initiated with 6.4 eV at coverages larger
than 1.5 ML. Unfortunately, as the oxygen generation initiated by 4.0 eV irradia-
tion is very low (see Figs. 5.8 and 5.9), measurements dependent on the initial N2O
coverage were not possible.

The adsorption energy scales with the coordination of the respective surface
site, thus it can be assumed that during N2O adsorption lower coordinated sites
are earlier occupied than higher coordinated ones i.e. that the saturation of lower
coordinated sites precedes the one of higher coordinated sites. Thus, a reaction
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Figure 5.10: Coverage dependence of both reaction products at initiation with 5.0 eV. The
red boxes indicate the amount of generated atomic oxygen (hence the number
of oxygen molecules times 2), the blue squares the one for nitrogen. While
the oxygen saturates rather abruptly at an initial coverage of one monolayer
N2O, the nitrogen yield continues to grow up until 2 ML.

initiated at corner sites should saturate at lower initial N2O coverages than the
reaction initiated at edge sites, followed by a reaction initiated at terrace sites. The
saturation of the reaction with respect to the used photon energy and the initial
N2O coverage shows a confirming behavior: As Fig. 5.11 shows, irradiation of
MgO 4.6 eV excites electron-hole pairs at corners, with 5.0 eV at edges and 6.4 eV
at terraces. As predicted, the saturation of the reaction scales with the coordination
of the excited surface site.

Here is a good point to remind the questions regarding the nature of the N2O
monolayer discussed in chapter 4: While IRAS measurements and DFT calcula-
tions suggest to correlate the monolayer species desorbing at 97 K to N2O adsorbed
on edges, the huge TPD signal, FTIR measurements and Monte-Carlo simulations
propose a second monolayer phase which is not as tightly packed. In the mentioned
chapter, the drawn conclusion was that the monolayer peak of N2O results from a
desorption of a low density adsorption phase on terraces as well as from a desorp-
tion from edges. In the presented studies irradiation of N2O adsorbed on MgO
with hν = 5.0 eV, i.e. excitation of electron hole pairs at the edges of MgO leads
to a reaction whose saturation coincides with the saturation of the N2O monolayer
species, while the excitation of electron hole pairs at terraces (i.e. photoexcitation
with 6.4 eV) saturates at higher coverages. This behavior clearly supports the con-
clusion about the nature of N2O adsorption on MgO: As an additional, high density
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Figure 5.11: N2O coverage dependence of oxygen generation with different photon ener-
gies (4.6 eV green, 5.0 eV blue and 6.4 eV orange). An earlier saturation of
oxygen generation is seen for lower photon energies proving a site dependent
excitation mechanism.

monolayer phase exists at terraces whose binding energy is almost identical to the
one of the multilayer, it is expected that the reaction initiated at terraces saturates
at higher initial N2O coverages than the reaction initiated at edges. Moreover, as
shown in Figs. 5.8 and 5.11, the reaction yield at only one monolayer N2O is sig-
nificantly larger for 6.4 eV than for 5.0 eV. That confirms that more reaction sites
than edge sites should be correlated with that monolayer coverage of N2O.

It is shown that the photoinduced reaction saturates with respect to the initial
N2O coverage as predicted: A reaction initiated at corners should saturate earlier
than at edges while the reaction initiated at terraces should saturate at higher cover-
ages. Moreover, as the irradiation of one monolayer N2O with 6.4 eV photons leads
to a higher reaction yield than the use of 5.0 eV and since the reaction initiated with
6.4 eV saturates at N2O coverages larger than one monolayer, the characteristics of
N2O adsorption on MgO as suggested in chapter 4 were proven valid.

5.3 MgO preparation dependence

Since the photochemistry is expected to be defect-mediated, reaction probabilities
should be altered by varying the MgO film preparation. In this thesis, this was
tested for three model systems. The first model system makes use of the thickness-
dependent surface quality of MgO. Very thin films are discussed briefly concerning
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the possible influences from the metal substrate already mentioned in chapter 1.1.3.

The second model system are MgO films with small amounts of magnesium
added onto the surface with the purpose to increase the number of electron traps
artificially. These measurements are compared to a similar experiment investigated
with EPR done by Gonchar et al [143].

The third model system was a MgO film obtained by post oxidation of pre-
adsorbed magnesium. This preparation technique leads to domains rotated by
n·60◦ to each other. Whether this forced breaking of a simple layer by layer growth
is a useful way to increase the number of reaction sites and whether this is a suitable
model system is discussed2 .

5.3.1 Influence of film thickness

The most simple and stable change in surface quality is to vary the film thickness.
As already described in chapter 3.1.2, LEED-pictures of MgO films with different
thicknesses grown on Ag(001) suggest that the roughness of the surface increases
with film thickness. Since a corresponding trend for divacancies, other electron
traps and low coordinated sites can be assumed, a proportionality between film
thickness and reaction yield seems reasonable.

A first look upon the photon dependent generation of N2 by dissociation of
1 ML N2O adsorbed on different MgO preparations (hν = 5.0 eV) seems to contra-
dict this idea (see Fig. 5.12): No distinct film thickness dependence is seen for the
N2 generation yield. However, the broad distribution of generated N2 molecules
(between 0.75·1013 and 1.3·1013) shows that the amount of generated N2 for a fixed
photon dose is already dependent on MgO preparation: While on a prepared MgO
film photon dependent processes are reversible after annealing to 650 K, Fig. 5.12
shows that the amount of generated nitrogen varies with each MgO preparation.

As already discussed, N2 is not a good monitor for the reaction processes in
general; the atomic oxygen generation could only be quantified by assuming a sec-
ond reaction pathway (see chapter 5.1) as also the dependence of the reaction yield
with respect to the initial N2O coverage has shown (as described in chapter 5.2.2).
Thus it seems reasonable to look upon the maximal reaction yield of oxygen gen-
eration in dependence of the initial MgO film thickness.

2A fourth possibility is to prepare the films at lower temperatures. For the initial reaction yield a
gain of the reaction yield is visible but this gain is very small. Moreover, since the crystal has to be
heated up to 650 K after each measurement, the film quality is enhanced with each annealing cycle
leading to a relaxation of the reaction yield comparable to regularly prepared films.
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Figure 5.12: Photon dependence of N2 generation for UV induced dissociation of 1 ML
N2O adsorbed on different MgO films with 4 ML and 20 ML thickness.
No direct correlation between reaction yield and thickness is detected.
The reaction yields for different preparations range between 0.75·1013 and
1.3·1013 N2 molecules as indicated by the arrow on the right side. The reac-
tion yield and cross section concerning the N2 generation is the same for thin
and thick films.

Figure 5.13: Maximal atomic oxygen generation yield after irrdiation (hν = 5.0 eV) of
1 ML N2O adsorbed on MgO films with different thicknesses ranging from
5 ML to 30 ML. The expected thickness dependence of the reaction is con-
firmed by investigating the atomic oxygen generation which grows quadrati-
cally with thickness. The nitrogen generation is constant. Note that the initial
N2O coverage grows similarly revealing a correlation between the adsorption
and the reaction sites.
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A following set of measurements was the irradiation of one monolayer N2O
with 2·1018 photons/cm2 adsorbed on MgO films with thicknesses ranging from
five to thirty monolayers. TPD spectra of N2, N2O and O2 were converted to
absolute particle numbers. The result is shown in Fig. 5.13.

The aforementioned prediction has proven valid: the atomic oxygen yield grows
with film thickness while the nitrogen generation, as a not completely suitable re-
action monitor, stays almost constant. It is interesting to note that the initial N2O
coverage (which is the number of N2O molecules forming the monolayer structure
at T = 97 K) grows in a similar manner as the oxygen yield. The interpretation
is, referring to the combined nature of the N2O monolayer peak, straightforward:
As LEED pictures suggest (see Fig. 3.2), MgO surfaces become rougher and de-
fective with increasing film thickness. This picture is confirmed by the increasing
number of N2O molecules forming the monolayer which consists partially of N2O
molecules adsorbed on edges. Since the reaction is initiated at edges - and a higher
roughness of the MgO film will lead to more electron trapping sites - it is obvious
that the reaction yield will grow. The high reaction yield is the reason why most
of the presented measurements in this study are done on thick (20-30 ML) MgO
films.

The increasing reaction yield with film thickness confirms that any contribution
of the bulk for the regular high-temperature atomic oxygen feature has to be ex-
cluded: Even if silver diffuses into the MgO film as suggested earlier, the amount of
(sub)surface MgO will decrease with film thickness (see Fig. 3.1). For thin films,
however, this silver contribution might influence the reaction as discussed in the
following section.

Low temperature oxygen desorption for thin MgO films

In chapter 1.1.3 the electronical and chemical properties of very thin MgO films on
metal were briefly discussed. Fig. 5.14 shows that very thin films (4 - 5 ML MgO)
exhibit after N2O dissociation different oxygen desorption characteristics: Two
additional desorption peaks arise at T1=300 K and T2=330 K. Since the desorption
spectrum is much more complex consisting of four peaks, the focus of this thesis
was on thicker films when determining the reaction cross sections. Here, the aim
is on discussing different mechanisms which might be the underlying reason for
reactions only occurring at thin films. These mechanisms are illustrated in the
scheme of Fig. 5.15.

• Gonchar et al. [71] have investigated a similar system by studying the O−2
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Figure 5.14: Raw TPD spectra of pre-generated atomic oxygen (m = 32 a.m.u.) desorbing
from MgO for different MgO film thicknesses (4-20 ML). The thinnest MgO
film shows a distinct second peak structure at low temperatures (250-350 K).
A simple interpretation of a reaction on silver can be excluded; a bare silver
crystal shows no oxygen generation at all.

radical formation on thin MgO films after exposure to an oxygen ambient.
The unterlying reason for this radical formation was thought to be a pola-
ronic distortion. In their study, two EPR lines are detected (g = 2.037 and
2.013) which vanish at 350 K and 650 K, respectively, which would be quite
consistent to the measurements presented here. However, the EPR signal
studied in Ref. [71] decays exponentially with film thickness in contrast to
the abrupt vanishing of these low temperature desorption peaks for MgO film
thicknesses larger than 4 ML.

• A reaction on remaining spots of pure silver can be excluded. As the dot-
dashed line indicates, no oxygen desorption in the temperature range is de-
tected for irradiation of N2O on Ag(001). This is reasonable since the N2O
monolayer desorbs from silver at ≈85 K (see Fig. 5.16).

• Another possible explanation might be a reaction initiated by a photoinduced
charge transfer from the metal bulk to the oxide surface. The MgO film is
at terrace sites transparent to 5.0 eV light thus an excitation of the silvers’
electron bath is possible. A charge transfer to the surface is restricted to thin
films, since the mean free path of the excited electron is finite.

• A fourth way would be to assume more complicated interface structures
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Figure 5.15: Possible reasons for the reaction at thin films are described. a.) Polaronic
distortion, b.) N2O dissociation at pure silver c.) a charge transfer from the
silver bulk d.) electron trapping at distinct metal-oxide interfaces.

Figure 5.16: Raw TPD spectrum of N2O adsorbed on pure Ag(001). The monolayer
species desorb at about 80 K revealing that after annealing to 85 K no N2O is
adsorbed on pure silver anymore.
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which would appear on partially covered silver crystals: An interface site
which is surrounded partially by MgO and partially by silver. These sites
are expected to possess a significantly different electronic structure which
may result in the detected behavior. Moreover, since a complete coverage of
the surface will extinguish these sites, a rapid decrease would be reasonable.
However, as no information about the electronic structure of these sites is
available, this is only a possibility which needs to be discussed with other
methods.

To conclude, two possibilities for this kind of reaction seem reasonable: on
the one hand, charge transfers from the silver substrate to the MgO surface, which
are possible for thin films, might be the underlying reason a distinct chemistry on
thin MgO films. On the other hand, special interface sites surrounded partially by
silver and partially by MgO may act as a distinct kind of electron traps. To verify
one of these possibilities it would be mandatory to examine the thin film behavior
more thoroughly. However, since the investigation of chemistry on MgO films as a
model system for the photochemistry on regular oxide surfaces was the aim of this
thesis, no further investigation of the photochemistry on thin MgO films (thickness
≈ 5 ML) was done.

5.3.2 Additional Mg deposition on MgO films

A second way of enhancing the reaction yield would be to create more reaction
sites on an already prepared MgO film. The idea is to enhance the number of
trapping sites by addition of pure magnesium to the surface. This technique is
known in literature [59, 143, 144]: The addition of small amounts of Mg at low
temperatures (100 K) would result in the formation of new color centers onto the
surface (see Fig. 5.17) - hence the term ”magnesium coloring” for this procedure.
An in-depth investigation of this color center generation was done by Gonchar et
al [143] where they could illustrate that the maximal generation of paramagnetic
color centers (F+-centers) would peak at ≈ 0.03 ML Mg. At such low Mg doses
the number of generated color centers was estimated to be 2 - 3·1012 cm−2. Since a
similar mechanism - the photoninduced electron hole pair excitation followed by an
electron trapping - initiates the N2O dissociation process leading to atomic oxygen
onto the surface, a similar reaction gain should be expected. Thus, a series of
measurements was established to elucidate whether the addition of small amounts
of magnesium would enhance the reaction. As magnesium might instantaneously
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considerable narrowing (approx. 1.3 G) of the signal at high
temperatures. This narrow width at higher temperatures
compares well with the line width observed for well defined
F centers on powders (e.g. F+

s (H) center).32,33 Thus, the larger
line width observed here is attributed to inhomogeneous
broadening caused by the presence of color centers at a variety
of different local environments. Given the small g-tensor
anisotropy, which was found to correspond to about 0.5 G
for the electron induced color centers, it is not to be expected
that this anisotropy can be picked up by angular dependent
measurements of the inhomogeneously broadened line. In the
case of the electron bombarded system it was shown that the F
centers are predominately located at the edges of the MgO
islands.22,30 There the electrons are located in oxygen
vacancies which are created through an electron stimulated
desorption process as investigated by the Pfnür group.34 High
resolution STM measurements show that the number of
oxygen vacancies present on the pristine film is very low if
present at all. Therefore, it is not reasonable to assume that the
Mg induced color centers also represent electrons located in
anion vacancies in the classical sense. Instead it is very likely
that the EPR signal observed here is due to electrons which are
scavenged at morphological defects of the surface such as
kinks or reversed corners. Theoretical calculations have shown
that a stabilization of electrons is possible at a variety of sites
having slightly different local environments which is reflected
in slightly different g-values.35,36 It is clear that within that
scheme a positively charged Mg cation has to be stabilized on
the surface as well. The data presented here allow no
comments on the fate of these cations on the surface. An
understanding of these processes at the atomic level is only
possible applying complementary methods.

In Fig. 2, the peak-to-peak amplitude of the F+
s center

related signal as deduced from Fig. 1 is shown as a function of
the Mg coverage. The use of the peak-to-peak amplitude as a
measure of the intensity is justified by the absence of variations
in line shape within this series of experiments. Furthermore,

the lack of changes in line shape excludes significant changes in
the nature or environment of the underlying defects. The
signal intensity increases from 0.005 ML to 0.03 ML Mg
coverage by about 30% and decreases for higher exposures.
This results in about the same signal intensity after additional
deposition of 0.005 and 0.1 ML Mg. While a determination of
the relative intensity of the spectra with respect to each other is
rather accurate, an absolute calibration of this intensity is
much more demanding. In order to give an estimate the signal
obtained here was compared to spectra measured for Au
atoms deposited at low temperatures.37 In the case of Au it
was shown that at low coverage a large fraction of the
deposited material nucleates as atoms on the terraces of the
MgO surface. Based on a correlation with EPR spectra of
deposited Au atoms the maximal amount of Mg induced color
centers can be estimated to be 2–3 ! 1012 cm"2.
There are various possible explanations for the observed

reduction of the EPR intensity for Mg coverage beyond
0.03 ML. Similar behavior was observed for electron induced
F+
s centers and the effect was explained by the formation of

diamagnetic F0
s centers, which are the more stable oxygen

vacancies.30 The formation of diamagnetic color centers
cannot be excluded based on the EPR data and was also
suggested early on.8 To this end one has to bear in mind that
the situation for the electron induced centers is different from
Mg induced ones. While the doubly filled oxygen vacancies are
more stable than the paramagnetic analogs, this is not true for
electrons trapped at morphological defects. Thus, it cannot be
considered as the natural explanation for the observed effect.
Alternatively, the decrease of F+

s center related signal intensity
at higher coverage could be due to the formation of Mg
clusters nucleating at or close to the trapping sites. This
interpretation is corroborated by earlier temperature
programmed desorption (TPD) measurements showing the
growth of 3-dimensional Mg clusters from the very early
stages of Mg deposition.38

In order to support the hypothesis of Mg cluster formation
at high Mg coverage, the same system was investigated by IR
spectroscopy using CO as a probe molecule. Carbon monoxide
adsorption on MgO surfaces has been extensively studied
experimentally and theoretically.39–44 The infrared spectrum
of thin MgO films saturated with CO at 30 K is characterized
by a relatively sharp band at 2152 cm"1 exhibiting a shoulder

Fig. 1 EPR spectra of 20 ML MgO(001) films. The bottom spectrum

corresponds to the pristine film. The other traces were measured after

additional Mg deposition of the given amounts.

Fig. 2 EPR peak-to-peak intensity of F+
s centers as a function of the

Mg coverage as derived from the spectra in Fig. 1.
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Figure 5.17: Left: integrated Intensity of EPR Signal ( g = 2.0017) for F+ centers gen-
erated by Mg deposition. As shown, the highest EPR Signal is detected
after deposition of 0.03 ML Mg on the surface. This picture is taken from
Ref. [143]. Right: Schematic drawing of surface after Mg coloring: at low
coverages, Mg forms additional vacancies which can act as electron traps.

form MgO in the presence of atomic oxygen, this N2O dissociation product is here,
in contrast to the measurements presented before, a worse monitor than N2, thus
the focus will be on the generated nitrogen amount.

On a prepared MgO film (thickness ≈ 20 ML) 0.03 ML magnesium were de-
posited at low temperatures. On this surface one monolayer N2O was adsorbed and
irradiated. As Fig. 5.18 shows, the reaction yield is increased by 70 % for the first
experiment, which confirms the hypothesis of creating more reaction sites. With
each measurement cycle (adsorption and irradiation of N2O, followed by TPD and
annealing to 650 K), however, this reaction yield decreases exponentially. Further-
more, the second nitrogen peak at about 80 K is strongly enhanced and the amount
of remaining N2O increases.

The generated reaction centers are unstable at high temperatures, thus it is to
be expected that the reactivity reduces after each annealing. The question arises
what happens to the pre-adsorbed magnesium: Does it evaporate from the surface
or does it form Mg clusters? The incrementation of the remaining amount of N2O,
which is higher than the respective yield loss, shows that the number of N2O ad-
sorption sites, i.e. the surface area is enhanced. Moreover, the second N2 peak after
the first annealing cycle indicates that a second reaction takes place. This would
suggest that additional reaction species not as abundant on pristine MgO are gen-
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Figure 5.18: Generation of nitrogen (blue) compared to the reaction yield on 20 ML pris-
tine MgO (red). The initial reaction gain is almost 70 %. This gain decreases
with each measurement cycle (adsorption and irradiation of N2O, followed
by recording the TPD spectrum and annealing to 650 K) and after seven mea-
surements, the reaction yield is as large as the one on pristine MgO. Inset:
Raw TPD spectrum of m = 28 a.m.u. depicting nitrogen desorption at≈ 55 K
and 80 K and N2O desorption at ≈ 100 K. The blue line shows the spectrum
immediately after Mg deposition, the green one after seven measurement cy-
cles and the red one of pristine MgO. The second nitrogen species at about
80 K is strongly enhanced after several measurement cycles.
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post oxidationsimultaneous 
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Figure 5.19: Scheme of simultaneous and post-oxidized generation of MgO films and
LEED pictures taken at 50 eV for both cases (Film thickness 20 ML). While
in the first case, the MgO film grows directly on the Ag(001) surface, post
oxidation leads to a rearrangement of the deposited Mg film which is grown
in hcp structure. (structure of this picture inspired by Ref. [58], the LEED
pictures are recorded in the course of this thesis.)

erated in this process. Thus the hypothesis of a generation of Mg clusters with new
properties seems reasonable. In fact, this hypothesis is corroborated by Gonchar
et al. [143]: If higher amounts of magnesium are deposited on MgO, IR measure-
ments of CO adsorbed on MgO confirm the generation of a mode associated with
CO adsorbed on metal clusters. If, however, this film is annealed to over 100 K,
this mode disappears. Thus, they conclude the presence of Mg clusters after the
annealing process.

As F+ sites, i.e. trapped electrons, are generated in this course, a reaction
yield without irradiation might be expected. This ”dark” reaction could not be
detected due to the carbon monoxide contaminations at low temperatures which
lead to the tempering at 85 K mentioned earlier. However, not only F+ - sites but
also other diamagnetic anion vacancies are generated in this process. Thus, the
photogenerated reaction gain serves here as an indirect proof for this hypothesis.

5.3.3 Post-oxidation of magnesium

Another possible method to increase the number of defects (or more specifically to
decrease the flatness of the MgO film) is presented in two articles by Wollschäger
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et al [58, 145]: By oxidizing a Mg film previously deposited on an Ag(001) sur-
face, the magnesiums’ hcp structure would form a MgO film consisting of several
domains. These domains are rotated by 60 degree in respect to each other. This
results in a twelvefold LEED-pattern as shown in Fig. 5.19.

Three mechanisms are possible:

• The enforcement of different domains might lead to additional electron traps
and thus to a higher reactivity.

• A special case would be that this preparation procedure might generate new
forms of traps or alter the band structure so that the reaction probability is
increased. Kurth et al detected a significantly lower band gap for oxidized
magnesium than for bulk MgO [146, 147] (2.5 eV compared to the regular
7.8 eV). Obviously that would be a bad model system for regular MgO.

• The respective domains might be more stable so that this preparation method
would result in a smaller reaction yield.

To confirm one of these possibilities, a post-oxidized MgO film was prepared:
20 ML Pure magnesium were deposited on a prepared Ag(001) crystal. The film
was then annealed for one hour in an oxygen ambient (T = 600 K). Prior to and
after this tempering the Auger spectrum for magnesium was recorded to elucidate
how oxidized the magnesium is afterwards. A presence of the Mg0 LVV peak at
≈ 45 eV (see Fig. 5.20) would reveal the presence of metallic magnesium. After
tempering the film in an oxygen ambient the Mg0 LVV peak disappears due to the
complete oxidation of magnesium.

If the recorded Auger spectra for both methods are compared, a higher remain-
ing Ag MNN-signal accompanied by a smaller O KLL signal is detected. As no
layer by layer growth is expected, the real, local film thickness will differ from the
nominal one.

The N2O adsorbate on MgO films generated by post oxidation is significantly
different from N2O adsorbates on regular MgO as shown in Fig. 5.21. Beside the
early multilayer desorption, the most interesting difference is a second desorption
peak at ≈ 80 K. This feature must not be confused with the N2O desorption from
Ag(001) which has its maximum at 83 K. It should be noted that this desorption
peak coincides perfectly with the expected desorption of the high density phase of
N2O adsorbed on terraces, thus it may be concluded that the abundance of terrace
sites is dramatically increased, a result from the growth of different domains.
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0 ML MgO

20 ML MgO
regular

20 ML MgO
post-oxidized

O KLLAg MNNMg LMM

Figure 5.20: Auger electron spectra of bare silver and 20 ML MgO, grown either with si-
multaneous or post-oxidation. The Mg LMM, Ag MNN and O KLL lines are
depicted. A comparison between the Ag and O lines of both film preparation
types show that the post-oxidized films appear ”thinner” than the regular ones
(the remaining Ag MNN signal is larger), an effect which has to be associated
with its unusual, multiple domain growth. On the left side, the red dashed line
indicates the Auger spectrum of pure magnesium deposited on Ag(001) prior
to tempering the Mg film in an oxygen ambient. Beside the Mg LMM peak
at 36 eV a second peak at 46 eV, the Mg0 LVV signal, indicates the presence
of non-oxidized magnesium on the surface. The disappearance of the Mg0

LVV peak confirms that no pure magnesium was present after tempering.
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Figure 5.21: TPD spectra of N2O (m = 44 a.m.u.). The blue plot shows the desorption
from regular MgO generated by simultaneous oxidation and red one from
MgO films prepared by post oxidation of magnesium. As a comparison, the
TPD spectrum of N2O desorbing from Ag(001) is shown in green. As shown,
the main difference between the desorption characteristics of N2O adsorbed
on regular MgO and oxidized magnesium is a second desorption peak at 80 K
and that the multilayer desorbs earlier.

The desorption of the low density phase and from edges, however, is again at
about 97 K. To compare this experiment with the photochemistry of 1 ML N2O on
regular MgO, the adsorbate was again annealed to 85 K prior to irradiation.

From the photochemistry done on regular MgO films, the maximal reaction
yield is established at an irradiation of about 2·1018 photons/cm2(hν = 5.0 eV).
N2O adsorbed on MgO obtained by oxidation of previously adsorbed magnesium
was irradiated with the same photon dose to compare the respective reaction yields.

On Fig. 5.22, the resulting generation of N2 and atomic oxygen and the deple-
tion of the parent mass N2O is shown. The reaction yield is significantly smaller on
MgO prepared by oxidation of previously adsorbed magnesium than on regularly
prepared MgO, especially the amount of generated atomic oxygen is negligible.
Moreover, the remaining amount of N2O is much smaller and the shift of the low
temperature TPD spectra towards higher temperatures is larger on oxidized mag-
nesium than on regularly prepared MgO.

At a first glance, the interpretation of the raw TPD spectra for N2 and O2 would
suggest that the reactivity of the post oxidized magnesium would be much smaller
compared to the reactivity of regularly prepared MgO. Even though the amount of
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Figure 5.22: TPD spectra after irradiation with 5.0 eV light (photon density:
2·1018 photons/cm2). The photochemistry on regular MgO grown by
simultaneous oxidation is blue and the one on post oxidized Mg deposited
on Ag(001) is red. As shown, the reaction yield obtained on post oxidized
Mg is lower than the one on regular MgO. It should be noted though that
the N2 desorption energy is higher on post oxidized Mg and the remaining
amount of N2O dramatically lower.

oxygen on the surface is almost negligible, the amount of N2 exceeds this gener-
ation significantly (4·1012 N2 molecules compared to 2·1011 oxygen atoms). Fur-
thermore, the N2 desorption peak on post oxidized MgO is shifted towards higher
temperatures compared to the one on regular MgO. As mentioned earlier, this shift
of the N2 peak is correlated with the abundance of atomic oxygen on the surface.
Finally, the abundance of N2O after irradiation is significantly smaller on post ox-
idized magnesium than on N2O adsorbed and irradiated on regular MgO films.

A promising suggestion is that in fact a lowered band gap accelerates the re-
action here: As in the case of electron hole pair excitation at terraces discussed in
chapter 5.2.1, the reduced band gap would make it possible to generate a multitude
of electron hole pairs. That would increase the probability to trap one electron and
thus accelerate the reaction. Thus MgO films generated by post oxidation of Mg
deposited on Ag(001) would have a higher reaction probability than regular MgO
films.

However, that would lead to the conclusion that this system is a bad model sys-
tem to investigate the chemistry of regular MgO-surfaces and its low coordinated
sites as the dramatically reduced band gap shows. This is also the reason why no
further effort was put into investigating the chemical properties of this significantly
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different system.

5.4 Observation of free spin by EPR

So far, thermal desorption spectroscopy was solely used to determine and quantify
the dynamics on the surface. Though this method has its benefits, its main draw-
back is that it only detects what desorbs from the surface. In that sense, thermal
desorption spectroscopy is a post-mortem method and all processes on the surface
prior to desorption have to be deduced indirectly.

Many studies of the (photo)chemistry on polycrystalline MgO were done by
EPR spectroscopy. The proposed, electron-hole-pair mediated reaction mechanism
(see eqs. 5.1 - 5.8) assumes a singly charged oxygen generated by N2O dissociation
which should be detectable by this method. In fact, numerous experimental and
theoretical studies [15, 19, 23, 24, 43, 74, 148–151] deal with that subject thus a
clear distinction and comparison with theory should be possible.

Investigating this photon-induced process by means of EPR is of particular im-
portance: As already mentioned, the amount of generated atomic oxygen exceeds
dramatically the natural abundance of uncharged point defects suggesting that dif-
ferent, shallow electron traps act here as localized reaction sites. As the local
topology of the single electron charge has a significant influence on the detected
g-factor, see chapter 2.5, a comparison with other measurements and theory would
possibly shine light on the nature of the electron trapping site.

The EPR measurements were not possible with the used apparatus. In the
former FHI working group of Professor Risse (now in the chemistry department
of the Free university of Berlin), the needed experimental equipment (and with Dr.
Anastasia Gonchar a person gifted enough to work with this machine) was just
inside our own institute - a great possibility for a collaboration. However, every
adaptation of an experiment in a different apparatus is problematic which is why
some experimental details were different: The substrate on which the MgO films
were grown was Molybdenum, not Ag(001)3, the crystal was cooled down with
liquid nitrogen resulting in a lowest possible temperature of 90 K. Moreover, the
irradiation took place in a N2O atmosphere (10−6 mbar).

Since the prepared MgO film has a thickness of 20 ML, the different substrates’
influence should be negligible. As Fig. 5.23 shows, it is possible to generate atomic

3For the EPR experiments, crystals with two polished surfaces were needed. According to the
respective working group it is not possible to prepare Ag(001) crystals in that manner.
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Figure 5.23: TPD spectra of O2 resulting from recombinative desorption of atomic oxygen
of 1 ML N2O adsorbed on MgO (blue) and in 1·10−6 mbar dynamic N2O vac-
uum at a sample temperature 90 K (red) and 100 K (green) after irradiation
with 5.0 eV light (photon density: 2·1018 photons/cm2). As the desorption
temperature of N2O is 100 K, the atomic oxygen generation in an N2O at-
mosphere is in acceptable agreement with the one of pre-adsorbed N2O. The
similar binding energy suggests for all systems a similar oxygen generation
mechanism.

oxygen on MgO surfaces by irradiating the sample within a N2O atmosphere.
Thus, the higher surface temperature and the reaction in dynamic vacuum does
not alter the generation of atomic oxygen - as the desorbing N2O at reactive sites
is replenished by N2O from the gas phase, the amount of atomic oxygen is, in fact,
even higher than the respective amount after irradiation of 1 ML N2O adsorbed on
MgO.

A prepared MgO film (20 ML) grown on Mo was irradiated in a N2O atmo-
sphere (p = 1·10−6 mbar, hν=5.0 eV, photon dose ≈ 2·1018 photons/cm2). The
EPR spectra themselves show two distinct features after irradiation (see Fig. 5.24):
The parallel component of the g-value (g‖) at 2.004 and the perpendicular compo-
nent of the g-value (g⊥) at 2.023. A look in literature reveals that these values are
known on polycrystalline material from experimental studies in the working group
of Knözinger [15, 24, 152]: UV-irradiation of MgO powder in H2 atmosphere cre-
ates trapped electrons (and thus an EPR-Signal) at distinct sites. A reaction with
N2O results in different new EPR-signals. One of the detected EPR signals co-
incides with the g⊥-value measured in this thesis. The nature of these different
signals was discussed theoretically [74, 149].
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Figure 5.24: EPR-spectra of MgO/Mo prior to (red) and after (blue) UV irradiation in a
N2O atmosphere (p = 1·10−6 mbar). Two signals are appearing, g⊥ ≈ 2.023
and g‖ ≈ 2.004.

The g-values themselves are approximated as

g‖ ≈ ge (5.9)

g⊥ = ge + (c/∆E) (5.10)

The parallel component of the g-value is about 2.002 and thus not much af-
fected by the local topology. However, the perpendicular component of the g-value
is dependent on the energy difference ∆E between the pz level which contains the
electron hole and the two degenerate px and py levels. ∆E represents the local
crystal field splitting of the energy levels and thus is highly sensitive on the local
topology of the respective surface site. Moreover, it is dependent on the spin-orbit
constant of oxygen which is proportional to the constant c.

This crystal field splitting was calculated in the already cited publications [74,
149]. Both theoretical studies are from the working group of Giamello. They
modeled singly charged atomic oxygen in different environments to calculate the
local crystal field splitting. For the present case, the two structures which fit best
are the reverse corner and the divacancy at edges 4.

4All calculated values are smaller than the crystal field splitting value corresponding to g⊥ =
2.023, thus it is assumed that the largest calculated crystal field splitting factors correspond to the
largest derived from experiment.
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Figure 5.25: A temperature - dependent investigation of the EPR signatures generated by
UV induced N2O dissociation on MgO/Mo reveals that the g⊥ component is
almost vanished at about 300 K while the g‖ component vanishes at 600 K.
From all signals the EPR signature of MgO without irradiation is substracted.

This should not be too surprising: Point defects are, as already explained,
scarce on thin films. The abundance of generated atomic oxygen exceeds the ex-
pected number of point defects significantly. As no hydrogen was introduced into
the system and no protonated sites to stabilize the electron should be expected, only
reverse corners and divacancies are suitable candidates as electron traps and thus
as localization points for the generated atomic oxygen.

A look at the temperature-dependence of both components of the g-factor (see
Fig. 5.25) induced by UV irradiation in a N2O atmosphere clearly shows that the g⊥
component of the g-factor is almost vanished after annealing up to 300 K. As this
component of the g-factor is (unlike g‖) a distinct feature resulting solely from the
generation of atomic oxygen, it seems reasonable to assume the free spin associated
with it is generated oxygen vanishes at temperatures at about 300 K. In fact, as
will be seen in chapter 6.1, this generated atomic oxygen also reacts with carbon
monoxide only at temperatures below 300 K. Despite this agreement concerning
the reactivity, it is yet an open question to answer the discrepancy between the
temperature where the free spin radical vanishes in EPR data and the temperature
where oxygen desorbs recombinatively.
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MgO

Ag(001)

Figure 5.26: Schematic representation of one reaction path (eqs. 5.1 - 5.3). An incoming
photon (dark blue) generates an electron - hole - pair where the electron gets
trapped. If a N2O molecule is adsorbed in the vicinity of the trapped electron
the electron leads to a dissociation of N2O forming atomic oxygen and N2.

5.5 Conclusion

In this chapter, the photon induced N2O dissociation on thin MgO films grown
on Ag(001) was investigated. When irradiating N2O adsorbed on MgO with UV-
light (hν = 4.0 eV, 4.6 eV, 5.0 eV and 6.4 eV) four processes are detected by post-
irradiation TPD spectra:

• Depletion of N2O

• formation of nitrogen desorbing at ≈ 55 K

• generation of tightly bound atomic oxygen desorbing at 520 K and 570 K

• a shift of the low temperature TPD spectra towards higher temperatures.

The latter observation was, in agreement with literature, interpreted as an in-
fluence due to atomic oxygen on the surface. On the basis of an electron-hole-pair
induced N2O dissociation mechanism a reaction model containing two reaction
pathways was proposed. This hypothesis was confirmed by the photon-dependent
behavior of the two oxygen desorption peaks.

The implementation of the reaction mechanism and comparison with the exper-
iment was implemented with Mathematica. A schematic representation of the first



98 CHAPTER 5. PHOTOINDUCED N2O DISSOCIATION ON MGO FILMS

reaction path (eqs. 5.1 - 5.3) is shown in Fig. 5.26. The overall mechanism is de-
scribed as follows: a photon generates an electron-hole-pair by lifting an electron
from the valence bond into the conduction bond of MgO. This electron-hole-pair is
transferred along sites with the same coordination until the electron is trapped. If
N2O is adsorbed in its vicinity, the nearby electron causes a dissociation of the mol-
ecule forming nitrogen and atomic oxygen. Furthermore, as the presented measure-
ments suggest, the hole itself also can initiate a N2O dissociation. The presented
model has to assume that the desorption cross section of nitrogen generated by this
second reaction pathway is very high as the discrepancy between generated oxygen
and generated nitrogen indicates.

Photon-energy dependent measurements confirm that the reaction could be ini-
tiated site-selectively. A dramatic increase of the cross sections was measured
when exciting electron-hole-pairs at terraces. This increase is correlated to the
higher number of excited electron hole pairs which artificially increase the trap-
ping and reaction probability.

Coverage-dependent measurements confirm a positive correlation between the
saturation of the N2O monolayer peak at 97 K and the maximal reaction yield at
edges. The high number of N2O molecules contained in this monolayer suggest
that this desorption peak does result also from the N2O desorption at terraces. The
dramatic yield increase when a N2O monolayer was irradiated with 6.4 eV instead
of 5.0 eV confirms this.

Different preparation methods were examined with the goal to increase the
number of defects and thus the reaction yield. The simplest and most stable way
was to manipulate the MgO film thickness. It could be shown that in a range from
zero to thirty monolayers MgO the amount of generated atomic oxygen after N2O
dissociation increases quadratically. The interpretation is based on the increasing
surface roughness with MgO film thickness which leads to a higher number of
defects causing N2O dissociation.

To examine the free spin resulting from generating singly-charged atomic oxy-
gen EPR spectroscopy was used to study this process. The signatures evolving
correspond to a g-tensor with components g‖ = 2.004 and g⊥ = 2.023. As the g⊥
value is antiproportional to the crystal field splitting, a comparison with theoreti-
cally calculated field splitting values suggest that the electron trapping sites are of
an extended nature like divacancies of reverse corners.

When investigating the temperature dependence of this EPR signal, it is strik-
ing to notice that the g⊥ component associated with singly-charged atomic oxygen
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vanishes already at about 300 K. Thus, prior to desorption, atomic oxygen loses its
charge.

To analyze the oxygen behavior between 300 K (the temperature when atomic
oxygen loses its associated free spin) and 500 K (the temperature when oxygen
desorbs) the chosen approach was to record the evolution of a signal correlated
to atomic oxygen by means of HrEELS. However, the expected signal for atomic
oxygen would be a small loss (<1000 cm−1), a spectral region dominated by the
fundamental of the surface phonon modes, see Fig. 3.5. As no hint of atomic oxy-
gen was found in the data after photoinduced N2O dissociation, it seems that the
loss of atomic oxygen is negligible compared to the phonon mode. Unfortunately,
to the authors best knowledge no stable method to extract also this large feature
from the data is known.
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Chapter 6

Oxidation by pregenerated
atomic oxygen

Chapter 5 discussed how atomic oxygen was generated on MgO films by photoin-
duced N2O dissociation. As one motivation for this thesis was to investigate the
charge-induced chemistry on oxide surfaces, the chemistry of these generated lo-
calized atomic oxygen sites was investigated.

In a first series of experiments, the possibility to dissociate CH4 at singly-
charged atomic oxygen sites was examined. The motivation for that is the claim
stated by Lunsford et al that singly charged atomic oxygen (generated by Lithium
doping of MgO) would enhance the reaction yield and selectivity towards methane
dissociation [5]. It has to be pointed out, however, that methane dissociation could
not be initiated under laboratory conditions. The results of that study and its dis-
cussion are shown in Appendix A.

Another experiment is the investigation of CO oxidation with pregenerated
atomic oxygen on MgO surfaces. The oxidation of carbon monoxide was inves-
tigated thoroughly on metal surfaces and on oxide surfaces. For an overview see
Ref. [153]. In the study presented here, the oxidation properties with atomic oxy-
gen generated by photoinduced dissociation of N2O were investigated.

6.1 CO and CO/O coadsorbates adsorbed on MgO

A closer look at the adsorption characteristics of CO on bare MgO surfaces and
CO adsorbed on MgO surfaces with pregenerated atomic oxygen is presented here.
The former one will be mainly based on the experimental measurements [103] and

101
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Figure 6.1: Carbon monoxide adsorbed on MgO sites with different coordination. DFT
calculations suggest that CO adsorbs with the carbon terminated end at Mg
cation sites. The calculated adsorption energies taken from Ref. [154]

theoretical calculations [154] done by others while in the latter one the measure-
ments and interpretations of Dohnalek et al is extended to MgO + O coadsorbates.

The adsorption of carbon monoxide on MgO is a topic discussed in great depth
and with contradicting results [155]: The local coordination of the respective sur-
face site has a huge influence on the adsorption properties of CO which results in
a large distribution of experimentally and theoretically derived adsorption energies
for CO molecules adsorbed on MgO surfaces.

Pacchioni et al calculated adsorption energies for CO molecules adsorbed on
terraces, edges and corners as 24 kJ/mol, 31 kJ/mol and 56 kJ/mol, respectively
[154], see Fig. 6.1. So, as in the case of N2O on MgO, a lower coordination of the
adsorption site leads to a higher adsorption energy.

This result is experimentally verified by TPD studies [103, 156](see Fig. 6.2):
From the inverted Polanyi-Wigner plots the desorption energies of CO adsorbed
on terraces, edges and corners could be estimated as 20 kJ/mol, 30 kJ/mol and
33 kJ/mol, respectively. While dramatic difference between the calculated and the
measured desorption energy of CO desorbing from corners is evident, the other
values derived from TPD spectra fit to theoretical expectations.

Adsorbate-adsorbate interactions are present for higher coverages and lead to
a phase change of the adsorbate: at coverages above 0.8 ML, the regular 1 × 1
structure changes into a c(4× 2) structure; the additional small peak at 45K results
from carbon monoxide desorption during the phase transition.
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the tube to allow for heating of the whole assembly. The
temperature of the tube was measured using a type K thermo-
couple cemented onto the closed side of the tube. The whole
doser assembly was placed inside a Ta shield to achieve
directional Mg dosing. The film thickness was calibrated using
TPD of the Mg monolayer from clean Mo(100). This calibration
assumes that the sticking of Mg on the Mo(100) substrate and
the MgO(100) films is the same. On the basis of this calibration,
the deposition rate used to grow the MgO films in this study
was ∼0.5 monolayer (ML)/min.
We have found that the quality of our MgO(100) surfaces

depends dramatically on the MgO film thickness as illustrated
by the (1×1) MgO(100) LEED patterns shown in Figure 1.
Corresponding changes are also seen in the TPD experiments
(data not shown). The intensity and sharpness of the LEED
pattern increase with increasing film thickness up to ∼30 MLs,
beyond which no further improvement is observed. Conse-
quently, all experiments in this study were performed on 38
ML thick MgO films that had the highest quality. Repeated
annealing of the MgO(100) films up to 1100 K did not cause
any changes in the LEED pattern for the clean surface or in the
TPD spectra of various adsorbates, indicating that the films are
thermally stable.
CO gas (Air Liquide, 99.99%) was dosed using a neat, 300

K, supersonic molecular beam directed normal to the MgO-
(100) surface. The adsorption kinetics were monitored using
the beam reflection technique of King and Wells.24 The details
of the evaluation procedure are described further in the following
section.
The desorption kinetics of CO were measured using TPD in

a line-of-sight arrangement with the quadrupole mass spec-
trometer. The dynamic range resulting from this detection
configuration, when used in conjunction with molecular beam
dosing, is greater than four decades, allowing for the reliable
detection of desorption rates as low as 10-4 ML/s. All TPD
spectra were acquired using a linear temperature ramp rate of
0.6 K/s. The CO coverages are defined relative to the area under
the desorption curve of a saturated monolayer state as labeled
in Figures 2 and 3.

III. Results and Discussion
A. Temperature-Programmed Desorption. A set of CO

TPD spectra obtained from the (100) surface of a 38 ML thick
MgO film as a function of initial CO coverage is shown in
Figures 2 and 3. In Figure 2 the CO desorption rate is plotted
on a logarithmic scale to cover the wide dynamic range in the
CO desorption rate. In Figure 3, the desorption rate is plotted
on a linear scale for coverages of e1 ML. The CO coverages

are obtained by normalizing the area under the desorption curves
relative to the area under the desorption spectrum, exhibiting a
saturation of states corresponding to the first CO layer (labeled
1ML in Figure 2).
For coverages below 0.25 ML, CO desorption at high

temperatures (>70 K) is observed and is assigned to desorption
from sites effected by the presence of defects. Other adsorbates
such as Ar, N2, CH4, H2O, and NH3 (data not shown) had similar

Figure 1. Low-energy electron diffraction from the (100) surface of thin MgO films as a function of increasing film thickness. The films were
deposited at 600 K with a deposition rate of 0.5 MgO ML/min. All diffraction patterns were acquired with a primary electron energy of 144 eV.
The intensity scale of pattern a is 1/5 of the intensity scale of patterns b and c.

Figure 2. CO TPD spectra vs CO coverage obtained with a ramp rate
of 0.6 K/s after exposure of MgO(100) to CO at 22 K. The following
coverages are shown: 0.07, 0.13, 0.18, 0.25, 0.33, 0.38, 0.46, 0.56,
0.71, 0.79, 0.90, 1.00, 1.84, 2.30. A logarithmic scale for the CO
desorption rate is chosen to emphasize a wide dynamic range in the
desorption rate.

Figure 3. CO TPD spectra for monolayer and submonolayer coverages
of CO/MgO(100) (θ ) 0.07, 0.13, 0.18, 0.25, 0.33, 0.38, 0.46, 0.56,
0.71, 0.79, 0.90, 1.00) plotted on a linear scale. All conditions are as
in Figure 2.
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high-temperature desorption features of comparable intensities,
suggesting that the feature is related to defects. To confirm that
these states are defect-related, we have intentionally grown films
of poorer quality (e.g., smaller film thickness, lower deposition
temperature, etc.), and as expected, the percentage of these sites
increased. The relatively high desorption energy of CO from
defect-related sites, compared to the terrace sites, is in agreement
with theoretical calculations of adsorption at steps and kinks.1-5
The minimum defect coverage that we have been able to

achieve is ∼0.25 ML as shown in Figures 2 and 3. This can be
compared with the defect density of ∼0.15 ML estimated from
the high-temperature desorption tails in CO TPD from a
vacuum-cleaved MgO(100) surface.17 Clearly, these are rela-
tively high defect densities on surfaces that can be considered
the best MgO(100) surfaces currently experimentally achievable.
This leads us to believe that the amount of CO desorbing at
high temperatures from the defect-related states cannot be
directly converted to the concentration of defects on the MgO-
(100) surface. For example, it is possible that the binding of
CO in the vicinity of the CO bound to a defect is also influenced.
In this case one defect would affect the desorption energy of
more than one CO molecule. Currently we are not able to
address this issue in more detail, but the characterization and
understanding of the defects on the MgO(100) surfaces prepared
under controlled experimental conditions is a subject of our
ongoing investigations. From a theoretical point of view it would
also be very useful to address issues such as (1) binding of
adsorbates on sites in the vicinity of defects and (2) adsorption
on defects, such as O and Mg vacancies, which are not related
to steps.
For increasing CO coverages in the 0.25-0.80 ML range, a

first-order desorption feature from MgO(100) terrace sites
appears and saturates. To extract the kinetic parameters of
desorption, we use a direct inversion of the Polanyi-Wigner
equation:25

in which θ is the adsorbate coverage, t the time, ν the
preexponential factor of desorption, n the order of desorption,
E the activation energy of desorption, R the gas constant, and
T the temperature. T and t are related by dT/dt ) #, where # is
the heating rate.
To invert the Polanyi-Wigner equation, we assume ν is

independent of θ and, for CO physisorbed on MgO(100), n )
1. In that case, the desorption energy, E(θ), can be calculated
for each TPD spectrum as follows:

The preexponential factor, ν, is varied until the E(θ) curves
extracted from TPD spectra with different initial CO coverages
retrace each other as shown in Figure 4. The desorption
parameters, ν and E(θ), can then be used to simulate the
complete set of desorption spectra by numerical integration of
the Polanyi-Wigner equation. In Figure 5, a single E(θ)
dependence (see the inset) extracted from the TPD of the
saturated monolayer is used to simulate the whole set of
desorption curves for different initial coverages. Within the
assumption of a constant preexponential factor, the excellent
agreement between the simulated and experimental results
(Figure 3) provides some confidence in the calculated E(θ).

In Figure 4 we see that the desorption energy decreases
linearly in the coverage range of 0.25-0.80 ML in agreement
with theoretical calculations that predict repulsive interactions
among the neighboring CO molecules.26 When the first-order
desorption peak saturates at 0.8 ML, the CO desorption energy
is 17 ( 2 kJ/mol. The preexponential factor is estimated to be
ν ) 1 × 1015(2 s-1. The uncertainty is related to the strong
correlation between ν and E. In particular, a range of choices
of ν and E(θ) can result in comparable fits to the TPD spectra.
More generally, if ν depends on coverage (ν ) ν(θ)), then E(θ)
would be different from the function shown in Figure 5.
The desorption energy of 17 kJ/mol for 0.8 ML of CO/MgO-

(100) is in excellent agreement with previously determined
values of 17 kJ/mol from a CO adsorption isotherm study on
microcrystalline MgO(100),10 and 14 kJ/mol obtained from a
CO desorption study of a vacuum-cleaved monocrystalline
MgO(100) surface.17 The second study used a Redhead analy-
sis27 and assumed ν ) 1013 s-1. (If we use this value of ν in
our analysis, we find a desorption energy of 15 kJ/mol.) The
agreement with earlier experiments supports our conclusion that
the thin MgO(100) films of relatively large thickness (>30 MLs)
can reproduce the results from vacuum-cleaved MgO(100)
surfaces.
In the limit of zero CO coverage, the repulsive interaction

between CO molecules is negligible, and therefore one would
expect an increase in the CO desorption energy. In our case,
we cannot directly determine the value in the zero coverage

- dθ
dt ) ν(θ)θn exp[-E(θ)/RT]

E(θ) ) -RT ln[- dθ/dT
#νθ ]

Figure 4. Desorption energy vs relative CO coverage obtained from
the TPD spectra shown in Figure 3 by inversion of the Polanyi-Wigner
equation. First-order desorption and a constant preexponential factor
of 1 × 1015 s-1 are used in the inversion procedure.

Figure 5. Simulated CO TPD spectra for the set of initial CO coverages
shown in Figure 3. The coverage-dependent desorption energy and
preexponential factor used in the simulation are shown in the inset.
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Figure 6.2: TPD spectra (left) and corresponding inverted Polanyi-Wigner plots (right) of
CO adsorbed on MgO. The pictures are taken from Ref. [103]. Two defect
peaks are clearly visible at about 78 K and 95 K and can be correlated to CO
desorbing from edges and corners, respectively. Small lateral interactions re-
sult in a decreasing adsorption energy with coverage.

Figure 6.3: TPD spectra of CO (m = 28 a.m.u.) adsorbed on pristine MgO (red) and to-
gether with previously generated atomic oxygen (green). The desorption peak
is shifted 2 K towards higher temperatures and the peak shape is broadened
in the presence of atomic oxygen. An inverted Polanyi-Wigner plot (inset)
shows a strong dependence of the desorption energy with respect to the cov-
erage, thus the lateral interactions are dramatically increased for a CO + O−

coadsorbate.
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As the oxidizing properties of atomic oxygen were object of this research, the
adsorption properties of a coadsorbate consisting of carbon monoxide and pre-
generated atomic oxygen generated by photoinduced N2O dissociation are manda-
tory for further discussion. This coadsorbate will from now on be referred to as
MgO + O−. As Fig. 6.3 shows, the maximal desorption rate of CO adsorbed (i.e.
the peak of the referring TPD spectra) on MgO + O− surfaces is shifted 2 K to
higher temperatures compared to CO adsorbed on regular MgO and the whole de-
sorption peak structure is broadened. Moreover, a higher amount of carbon monox-
ide molecules is adsorbed at defect sites. An inverted Polanyi-Wigner plot analysis
reveals that the adsorbate-adsorbate interactions are increased dramatically result-
ing in a higher initial desorption energy (24 kJ/mol compared to 19 kJ/mol) with an
increased coverage dependence.

Summarizing, it is obvious that the presence of atomic oxygen alters signifi-
cantly the properties of the CO adsorbate. The shift of the desorption peak towards
higher temperatures resembles the shift of low TPD spectra discussed in chapter
5.1, and thus can also be correlated to the presence of atomic oxygen. However,
no carbon dioxide is generated in this manner which clearly shows that the reac-
tion energy to form carbon dioxide out of atomic oxygen and CO is too high to be
overcome at temperatures below 120 K.

6.2 UV-irradiation of CO/N2O and CO/O coadsorbates

The coadsorption of CO and previously generated atomic oxygen has shown that
the activation energy to induce CO oxidation is too large to be overcome by thermal
means alone. Thus, two approaches were investigated with the aim to initiate CO
oxidation on MgO surfaces:

• N2O and CO were dosed onto the surface and irradiated afterwards.

• Adsorption of CO on MgO surfaces where atomic oxygen was pregenerated
by photoinduced N2O dissociation. This CO-adsorbate was irradiated a sec-
ond time after the sample was heated up to 160 K

In the first experiment, N2O and CO were adsorbed on MgO and irradiated (hν
= 5.0 eV, 2·1018 photons/cm2). As shown in Fig. 6.4, CO2 is evidently generated
by shining light onto a coadsorbate consisting of N2O and CO. One interpretation
would be that CO interacts with N2O directly during photoexcitation which would
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Figure 6.4: TPD spectra of CO and N2 (top, left), N2O (top, right), CO2 (bottom, left) and
O2 (bottom, right) before (blue) and after (red) 5.0 eV irradiation. All pictures
are normalized with respect to the highest peak in the picture - compared to
the low temperature TPD spectra, the height of the CO2 and O2 desorption
peaks is very small. N2 appears in form of a desorption peak at about 55 K
after irradiation due to the N2O dissociation while the remaining CO shifts
dramatically towards higher temperatures. The green plot in the third panel
is an upscaled trace of a signal at m = 30 a.m.u. and thus indicates a small
high-temperature desorption of N2O.
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Figure 6.5: TPD spectra of CO2 and O2 (inset) generated by irradiation of a CO / N2O
coadsorbate (blue) and by second irradiation of CO adsorbed on MgO after
generation of atomic oxygen (green). The red lines denote the amount of CO2

and high temperature N2O (see Fig 6.4) and O2 without interaction with CO.
The almost identical results and the smaller amount of atomic oxygen in case
of CO2 generation show that the reaction takes place between atomic oxygen
and CO.

simply mean that the generated atomic oxygen does not react with CO. Another in-
terpretation is that the reaction with atomic oxygen needs a hyperthermal excitation
provided by UV irradiation. An easy way to deduce whether adsorbate - adsorbate
reactions between N2O and CO or reactions between atomic oxygen and CO are the
underlying reason for the oxidation process is by irradiating coadsorbate consisting
of CO and atomic oxygen generated by photoinduced N2O dissociation a second
time. The resulting generation of carbon dioxide (see Fig. 6.5), accompanied by a
decreasing abundance of oxygen show that the reaction takes place between atomic
oxygen and carbon monoxide and that N2O serves only as a promoter for atomic
oxygen.

It has to be mentioned that no carbon dioxide is generated by annealing the
sample to over 300 K prior to coadsorption of CO. This is in agreement to the
EPR-measurements discussed in chapter 5.4. It was discussed that the EPR signal
correlated to the presence of atomic oxygen on the surface vanishes after annealing
to ≈ 300 K (see Fig. 5.25) which is interpreted as an oxygen atom losing its single
free charge and thus its high probability to react.

As the interaction between atomic oxygen and CO was focus of this experi-
ment, only the photon dose dependence of CO+O systems was studied - the CO+N2O
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Figure 6.6: Raw TPD spectra of CO adsorbed on MgO + O− systems in dependence of
photon counts. On the left and right panel, the reaction educts CO and oxygen
are plotted in blue and green, respectively, while the central panel shows the
reaction product CO2 in red. The amount of oxygen is completely and the one
of CO partially depleted in course of irradiation while the number of generated
CO2 molecules rise up and then stay almost constant. The purple and cyan
lines denote, as previously described, the presence of two different oxygen
species and their corresponding CO oxidation products.

coadsorbates were after UV irradiation complicated systems consisting of five
compounds (N2, CO, N2O, CO2 and atomic oxygen). The raw data (Fig. 6.6) shows
a complete depletion of the oxygen peak, a small depletion of the CO adsorbate
and the generation of CO2 at two peaks (270 K and 330 K). For better analysis,
the signal corresponding to a high temperature desorption of N2O, see Fig. 6.4, is
substracted from this data. This generation saturates, but, unlike the pre-generated
O2, does not decay at prolonged irradiation times. Similarly, the CO desorption
cross section is small compared to the one of N2O.

Both peaks in the oxygen desorption spectrum decay and also the CO2 desorp-
tion peak show two distinct features. In that sense it seems reasonable to use an
approach similar to the two reaction mechanisms discussed in chapter 5.1:

CO + O−I → CO2,ads + e− (6.1)
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Figure 6.7: Number of CO molecules, CO2 molecules and oxygen atoms in dependence
of photon counts. The solid lines denote the solution of eqs. 6.1-6.2 and ad-
ditional desorption pathways for the abundance of the respective compounds,
while the blue crosses, the red triangles and the green squares correspond to
the experimentally determined number of CO, CO2 and oxygen particles, re-
spectively. These particle numbers were obtained by conversing the raw TPD
spectra in Fig. 6.6. The complete abundances of CO2 and atomic oxygen re-
sult from two atomic oxygen species, as denoted in purple and cyan symbols
and lines. The atomic oxygen is completely depleted in the course of this ex-
periment while only about fifty per cent of the adsorbed CO is desorbed or
oxidized. As the number of generated CO2 molecules shows, approximately
fifty per cent of the previously generated oxygen atoms serve as oxidants.
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CO + (OII + O−MgO)→ CO2,MgO + O−MgO (6.2)

The above pathways, accompanied by desorption pathways for the respective
compounds, were fit to the number of particles derived from TPD spectra. As
shown in Fig. 6.7 this reaction model is able to describe the experimental result
well. With this reaction model it can be concluded that about fifty per cent of the
pre-generated atomic oxygen serves as an oxidant in the induced reaction. The evo-
lution of the two CO2 desorption peaks can unambiguously referred to the respec-
tive reaction pathways: The peak at 330 K results from CO - oxidation of atomic
oxygen generated at electron traps (by reaction path 5.3) and corresponds to the ox-
idation pathway eq. 6.1. The CO2 desorption peak at 270 K results from oxidation
of oxygen generated by N2O dissociation at localized holes (reaction path 5.8) and
thus corresponds to the second oxydation pathway eq. 6.2. The cross sections for
both reaction pathways are are 1·10−18 cm2 and 5·10−19 cm2, respectively, thus
slightly larger than the previously mentioned N2O dissociation cross sections for
hν = 5.0 eV (see table 5.1).

A question that remains unanswered is the role of the second photoexcitation.
As already discussed, local heating alone seems unreasonable - and 5.0 eV is a too
high energy to induce a simple thermal process. So far, it seems that the CO + O
complex is excited electronically and thus overcomes the reaction barrier separat-
ing this complex from CO2.

If the reaction model proposed in eqs. 6.1-6.2 (plus desorption pathways for
the respective compounds) is valid, the poisoning of the reaction sites concerning
the dissociation of N2O should be partially suppressed after CO oxidation. Atomic
oxygen is for the photoinduced N2O dissociation on MgO one reaction product
on the one and the poisonous influence on the other hand, because atomic oxygen
blocks one electron trap. An experimental evidence for this poisonous influence
was shown in Fig. 5.2. CO is thought to react with the pregenerated atomic oxygen,
thus a recovery of the reactive sites should be visible.

To confirm this hypothesis, the recovery of oxygen generation after four cycles
of N2O adsorption, photodissociation and annealing to 160 K was studied. It was
discussed in chapter 5 that annealing to 300 K leads to a partial recovery of the
nitrogen generation. As Fig. 6.8 shows, the photoinduced CO oxidation leads to
a higher recovery concerning the photoinduced N2O dissociation than the respec-
tive annealing, revealing that more electron traps are free again after CO oxidation.
Though no complete recovery could be established the before mentioned hypothe-
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Poisoning Tann = 300K CO oxidation Tann = 650K

Figure 6.8: Raw TPD spectra of photogenerated N2 initially and after annealing up to
650 K (orange) and after four cycles of photoinduced N2O dissociation with-
out annealing to over 160 K (green). Annealing up to 300 K (red) and pho-
toinduced CO oxidation with pre-generated atomic oxygen (blue) prior to an-
other UV induced N2O dissociation lead to a partial recovery of the photoin-
duced N2 generation. Moreover, the hyperthermal way of releasing previously
blocked atomic oxygen sites by CO oxidation is more effective than heating
the sample up to 300 K. The arrows on the right side illustrate the different
amounts of recovery.
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sis could be verified.

6.3 Conclusion

As a prototype system for reaction with atomic oxygen the CO oxidation on MgO
surfaces was investigated. The atomic oxygen was generated by photoinduced N2O
dissociation. If CO was coadsorbed with atomic oxygen without further irradiation,
no reaction could be detected. However, a second photoexcitation at temperatures
lower than 300 K resulted in a generation of atomic oxygen.

If the sample is annealed to over 300 K prior to CO oxidation, no reaction oc-
curs. This finding is interesting as is corroborates the EPR study which has shown
that the free spin associated with atomic oxygen disappears at these temperatures.
Thus the atomic oxygen is only reactive as long as its single negative charge is
maintained.

The reaction is described by two CO oxidation pathways (eqs. 6.1 and 6.2):
One at atomic oxygen generated at trapped electrons (eq. 5.3), the other one at
atomic oxygen generated at localized holes (eq. 5.8). Their respective cross sec-
tions are 1·10−18 cm2 and 5·10−19 cm2.

The overall mechanism, i.e. the N2O dissociation followed by CO oxidation
(as depicted in Fig. 6.9), is a model system for a Mars-van Krevelen mechanism.
In that catalytic reaction scheme, an adsorbed particle gets oxidized by oxygen
atoms associated to the catalyst leaving a vacancy behind which becomes refilled
by re-oxidation.

CO + Otr → CO2 + tr (6.3)

O2 + 2 · tr → 2 ·Otr (6.4)

Here, the tr denotes a vacancy serving as an electron trap. For CO oxidation on
oxides, such a Mars-van Krevelen mechanism was investigated by Lei et al [157]
in the CO oxidation on FeO-films grown on Pt(111). Here, a reaction with an
oxidant (O2 or NO) transforms the bilayer FeO film into a trilayer FeO2-x film.
The oxidation of CO occurs then at the outermost oxygen layer. The formed CO2

leaves behind a vacancy which gets oxidized again. As this experiment was done
at high temperatures and pressures, the reaction path in two steps could only be
deduced.

In the presented case, however, both reaction steps - the adsorbate oxidation
and the (re-)oxidation of the vacancy - are completely separable. As it was shown,
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hν

hν

Figure 6.9: Scheme for the photoinduced reactions and thermally induced desorption pro-
cesses studied in this thesis: The irradiation of N2O adsorbed on certain trap-
ping sites and in the vicinity of oxygen anions leads to formation of localized
charges which force the adsorbed N2O to dissociate (see reaction pathways
eq. 5.3 and 5.8). If CO is adsorbed with the pregenerated atomic oxygen (OI

and OII) and if this system is irradiated a second time, carbon dioxide is formed
following the reaction pathways eq.6.1 and 6.2 and some of the electron trap-
ping sites formerly blocked by atomic oxygen are again available for dissoci-
ating N2O. However, this CO oxidation can only take place before annealing
to over 300 K.
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a catalytic cycle could be partially modeled by inducing a CO oxidation after block-
ing of all reaction sites by atomic oxygen: The vacancies mandatory for N2O dis-
sociation were available again.
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Chapter 7

Summary and Outlook

The aim of the presented study was to gain insight into the reaction mechanisms
and the reaction cross sections of photochemical processes on oxide surfaces. The
here researched model system was atomic oxygen generation by photoinduced
N2O dissociation on MgO films grown on Ag(001). Beside an analysis of this
model system the reactivity of the generated atomic oxygen was investigated. Ir-
radiation of N2O adsorbed on MgO leads to a depletion of N2O, the formation of
nitrogen and oxygen. In contrast to N2 which desorbed at about 55 K, the generated
oxygen desorbed at high temperatures (520 K and 570 K) which was interpreted as
a recombinative desorption of atomic oxygen.

The photon dose dependence of the respective amounts of N2O, N2 and atomic
oxygen was quantified by applying a substrate-mediated mechanism involving two
reaction pathways and photon-induced desorption pathways. The reaction mech-
anism is based on a photon-induced electron-hole-pair generation: An electron is
excited from the valence bond to the conduction bond and thus an electron-hole-
pair is formed. As the band gap of MgO varies with the coordination of the respec-
tive site, the excitation site is dependent on the used photon energy. The generated
electron-hole-pair is mobile along sites with the same or lower coordination until
the electron is trapped at sites with a distinct electron affinity. The transfer process
leads to one localized electron and one localized hole in its vicinity. If N2O is ad-
sorbed nearby one of these localized charges, this molecule dissociates forming N2

and singly charged atomic oxygen.
The application of different photon energies confirms this model: For example,

photoexcitation with 6.4 eV photon energy generates electron-hole pairs at terraces,
in contrast to the electron-hole pair generation at edges when using photons with
an energy of 5.0 eV to initiate the reaction. As the abundance of terrace sites will
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be significantly larger than the one of edge sites, a larger reaction yield is expected
for initiating the reaction at terraces.

By controlling the MgO surface roughness, and thus the number of defects and
electron trapping sites, the amount of generated atomic oxygen could be manipu-
lated. As the thermal stability of MgO is significantly higher compared to Ag(001),
the roughness of the MgO surface increases with film thickness.

EPR spectroscopy done in collaboration with the department of Hajo Freund
confirmed the presence of singly charged atomic oxygen after photodissociation
of N2O. A comparison of the obtained g-values and DFT calculations suggest
extended defects like divacancies or reverse corner sites to be the electron trapping
sites. The signal corresponding to this atomic oxygen vanishes at about 300 K, in
contrast to the oxygen desorption at higher temperatures.

Furthermore, the oxidation of CO coadsorbed with previously generated atomic
oxygen on MgO films was studied. It could be shown that an irradiation of this
coadsorbate (hν = 5.0 eV) led to the formation of CO2 desorbing at 270 K and
330 K. However, if the MgO film with pregenerated atomic oxygen is annealed to
over 300 K prior to coadsorption of CO, no reaction could be initiated. Correlat-
ing the aforementioned EPR measurements to this finding, the conclusion is that a
reaction can only be established as long as the negative charge is maintained.

Summarizing, this study provided insight into the reaction mechanisms of pho-
toinduced N2O dissociation on thin MgO films, into the site selectivity with respect
to the used photon energy, and into the influence on the reaction itself by film
preparation. By varying the photon dose and photon energy or by preparing films
of different surface quality, the amount of generated oxygen could be controlled
and this study provided insight into this model reaction from a chemical point of
view.

To extend this knowledge and obtain more physical understanding, a possible
approach for further investigation would be to study the electronic structure of the
occurring species. Photoelectron spectroscopy methods would provide insight into
the bonding type of N2O as well as the reaction products N2 and atomic oxygen on
MgO. The use of two-photon-photoemssion (2PPE) is a feasible method to study
the time dependence of the several elementary reaction steps by examining the
time-dependent electronic structure: the electron-hole-pair excitation, the trapping
of the electron and the reaction itself. The investigation of the electronic structure
during irradiation would in particular extend the knowledge of the CO oxidation
with atomic oxygen and lead to an understanding of this photoexcitation step.
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Another direction would be to study the desorbing species during UV-irradiation.
The gap between photodissociation and photodesorption could be closed by apply-
ing angle-resolved time of flight measurements (TOF). To gain microscopic insight
into the energy transfer mechanisms due to photodesorption, resonance enhanced
multi photon ionization (REMPI) could be applied as well. A REMPI study would
serve as a connection point to the investigation of the electronic structure.

These possible further experiments would extend the insights reported in this
thesis and thus lead to further understanding of all presented photoprocesses.

As the examined photoinduced N2O dissociation serves as a model system for
electron-hole pair driven chemistry, the results of this study are an important step
to understand photochemical processes on oxide surfaces in general.
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Appendix A

Influence of atomic oxygen on
CH4

One main motivation in researching oxide chemistry in general and of atomic oxy-
gen on MgO surfaces in particular is the oxidative coupling of methane. Oxidative
coupling of methane is a chemical reaction mechanism in which methane is trans-
formed into different compounds. A thorough overview has been written recently
by Arndt et al [158], here, only important points will be summarized and discussed
with focus on the investigations done in the course of this thesis.

The goal of oxidative methane coupling is to generate more valuable Cx com-
pounds from CH4:

2CH4 + O2 → C2H4 + 2H2O (A.1)

This reaction pathway is, when initiated without any catalyst, less favorable than
a COx generation. It could be demonstrated that Lithium-doped MgO serves as a
good catalyst with an increased selectivity towards ethene generation [54].

The mechanism behind the oxidative coupling of methane already mentioned
briefly in chapter 1.1.2: The microscopic interpretation was based on the idea that
Lithium atoms act as impurities in the MgO lattice by replacing magnesium atoms
in it. In that manner, as Lithium has only one outer shell electron and a Li+O−

center, i.e. a localized hole, would be generated. On these centers, the assumed
methane dissociation would take place [5]:

CH4 + O− → CH ∗3 + OH− (A.2)

The methyl radicals would react in the gas phase to form ethane. By interact-
ing with a second atomic oxygen site, ethane would form an C2H *

5 radical which
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would, in the presence of gaseous oxygen, lead to ethene formation.
This catalyst would soon be poisoned; all reactive sites would be transformed

into OH – species. As eq. A.1 suggests, oxygen has to be introduced into this sys-
tem to obtain a stable catalytic cycle. Thus, the recovery of the catalyst was as-
sumed to work as a Mars-van Krevelen mechanism:

2OH− → H2O + O 2− + F+ (A.3)

O 2− + F+ +
1
2

O2 ↔ 2O− (A.4)

For the present study it is noteworthy that also N2O instead of O2 is proposed
as an oxidant due to its larger selectivity [5, 159] - despite the danger to produce
HN. Nakamura et al showed that significantly more atomic, singly-charged oxygen
was formed on MgO when N2O was used as an oxidant instead of O2. That is
reasonable as N2O has a lower binding energy than oxygen and thus dissociates
more easily.

Summarizing, the presented mechanism made two suppositions:

• Lithium-doped magnesium oxide is the most versatile catalyst for the oxida-
tive coupling of methane.

• The active center is in fact a localized hole located at an oxygen ion site of
MgO.

While it is known that methane dissociates at high temperatures and high pres-
sures, the conversion to the UHV region is questionable, as is a distinct correlation
between prepared Li/MgO films under controlled UHV conditions and Li/MgO
mixtures used in microreactors.

All of the above suppositions and questions were investigated by different
working groups which collaborated in the Cluster of Excellence called ”Unify-
ing concepts in Catalysis”. The approach chosen in this thesis was to investigate
the possibilities for methane dissociation by pre-generated atomic oxygen.

As in the case of CO oxidation, the idea was to generate atomic oxygen by
UV-induced N2O dissociation on MgO films and then investigate the influence
this oxygen has on a methane coadsorbate. The desorption energy of methane
is about 12 kJ/mol [85] thus the lightly physisorbed molecule desorbs from the
terrace already at 47 K (see Fig. A.1). The presence of atomic oxygen increases the
desorption energy slightly and induces a lateral distortion in the adsorbate as the
enhanced coverage dependence of the desorption energy proves.
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Figure A.1: Raw TPD spectra and inverse Polanyi-Wigner plots (inset) of CH4 adsorbed
on pristine MgO (red) and MgO with pregenerated atomic oxygen (green)
show a shift of the desorption maximum of 2 K towards higher temperatures.
The broadened peak structure and the increased coverage dependence of the
desorption energy indicate increased lateral interactions due to the presence
of atomic oxygen.

Area A

Area B

Figure A.2: Amount of adsorbed CH4 in dependence of the respective dosage. The yellow
triangles show the coverage of CH4 on a regular MgO surface while the red
crosses denote the amount of CH4 coadsorbed with pregenerated atomic oxy-
gen. The blue rhombusses finally show the ratio between both amounts, the
corresponding y-axis is on the right side. Until a dosage of 50 mbar·s more
CH4 is adsorbed on MgO with pregenerated atomic oxygen than on pristine
MgO, then the ratio changes so that more CH4 is adsorbed on pristine MgO.
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An examination of the relative sticking probabilities (by comparing the respec-
tive amount adsorbed by identical dosages on pristine MgO and MgO with coad-
sorbed atomic oxygen) show an interesting behavior (see Fig. A.2): until a dosage
of 50 mbar·s the amount of CH4 coadsorbed with pregenerated atomic oxygen ex-
ceeds the respective amount adsorbed on pristine MgO. At higher dosages this
ratio is instantly inverted so that more CH4 is adsorbed for the same dosage on
pristine MgO than coadsorbed with atomic oxygen. Thus it can be concluded that
the sticking coefficient of CH4 adsorbed on MgO with pregenerated atomic oxygen
abruptly decreases when more than 0.4 ML are adsorbed and that atomic oxygen
increases the binding energy of CH4 to the surface.

This dosage dependence can be interpreted as follows: Studies suggest that
atomic oxygen enhances the adsorption energy of methane [160,161]. Since methane
regularly binds to the MgO surface with two hydrogen atoms forming a bridge in
such a way that the carbon atom rests over a magnesium ion [162] (see Fig A.3), a
distortion of the adsorption characteristics is obvious: The bond to a regular oxy-
gen site and a photogenerated atomic oxygen site will cause a non-balanced bond
of CH4 to the surface. This distortion will, at higher coverages, influence and hin-
der the adsorption of additional CH4 molecules in its vicinity which results in a
lower sticking coefficient.

Zobel et al have calculated a dissociation energy of CH4 at singly charged
atomic oxygen of about 72 kJ/mol [55]. In that sense, no thermally induced reac-
tion should be expected. Unfortunately, when irradiating the coadsorbate consist-
ing of CH4 and pregenerated atomic oxygen again, no dissociation of methane was
achieved either - in contrast to the induced CO oxidation described in chapter 6.2.

However, this negative result is in agreement to studies on different fields.
More recent studies have revealed several aspects which clearly show that the sup-
positions mentioned earlier are wrong and too simplified:

• Though Li-doped MgO in fact has a high conversion rate and a high selectiv-
ity, however, it seems to lack a stability needed for industrialized purposes.

• Li+O− centers are formed at temperates above 700 ◦C, well above the de-
sired temperatures for an OCM catalyst [3].

• Even if prepared, these centers are not only unstable but its role as an active
center is put into question [163].

• Lithium is now thought to be a structural promoter, enhancing the generation
of active sites of yet unknown nature [164].
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Mg2+

O2-

H

C

Figure A.3: Adsorption characteristics of methane on MgO. Methane binds with two hy-
drogen atoms to two oxygen ions so that the carbon atom rests above a mag-
nesium ion. Neighboring CH4 molecules are rotated by 90◦ with respect to
each other. Based on Ref. [162]

• Finally, no CH4 dissociation was detected by EPR studies of pregenerated
atomic oxygen done in the former working group of Prof. Risse at the FHI
Berlin.
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125, 195.
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[58] Wollschläger, J.; Viernow, J.; Tegenkamp, C.; Erdös, D.; Schröder, K.;
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Mat Sci Eng C-Bio S 2005, 25, 664.

[153] Freund, H.; Meijer, G.; Scheffler, M.; Schlögl, R.; Wolf, M. Angew Chem
Int Edit 2011, 50, 10064.

[154] Pacchioni, G.; Minerva, T. Surface Science 1992, 275, 450.

[155] Nygren, M.; Pettersson, L. J Chem Phys 1996, 105, 9339.



134 BIBLIOGRAPHY

[156] Sterrer, M.; Risse, T.; Freund, H. Appl Catal A-Gen 2006, 307, 58.

[157] Lei, Y.; Lewandowski, M.; Sun, Y.; Fujimori, Y.; Martynova, Y.; Groot, I.;
Meyer, R.; Giordano, L.; Pacchioni, G.; Goniakowski, J.; Noguera, C.;
Shaikhutdinov, S.; Freund, H. Chemcatchem 2011, 3, 671.

[158] Arndt, S.; Laugel, G.; Levchenko, S.; Horn, R.; Baerns, M.; Scheffler, M.;
Schlögl, R.; Schomäcker, R. Catalysis Reviews 2011, 53, 424.

[159] Yamamoto, H.; Chu, H.; Xu, M.; Shi, C.; Lunsford, J. Journal of Catalysis
1993, 142, 325.

[160] Dash, L.; Gillan, M. Surface Science 2004, 549, 217.

[161] Orlando, R.; Cora, F.; Millini, R.; Perego, G.; Dovesi, R. J Chem Phys 1996,
105, 8937.

[162] Drummond, M.; Sumpter, B.; Shelton, W.; Larese, J. Phys. Rev. B 2006, 73,
195313.

[163] S. Arndt and U. Simon and S. Heitz and A. Berthold and B. Beck and O.
Görke and J.D. Epping and T. Otremba and Y. Aksu and E. Irran and G.
Laugel and M. Driess and H. Schubert and R. Schomäcker, Top Catal 2011,
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Abbreviations

AES Auger Electron Spectroscopy

DFT Density Functional Theory

EPR Electron Paramagnetic Resonance

FKP Fuchs-Kliewer Phonon

FTIR Fourier Transform Infrared Spectroscopy

FWHM Full width half maximum

HrEELS High resolution Electron Energy Loss Spectroscopy

IR Infrared

IRAS Infrared Reflection Absorption Spectroscopy

ML Monolayer

QMS Quadrupole Mass Spectrometer

SEM Scanning Electron Microscopy

(SPA-)LEED Spot Profile Analysis Low Energy Electron Diffraction

STM Scanning Tunneling Microscopy

TDS Thermal Desorption Spectroscopy

TPD Temperature Programmed Desorption

tr Electron Trap

TST Transition State Theory
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Natürlich danke ich auch der restlichen AG Wolf bzw. der Abteilung für
physikalische Chemie, speziell den Exilanten, die in der Fabeckstraße arbeiten. Es
war immer eine schöne Zeit mit Euch, man konnte immer mit Eurer Hilfe rechnen
und wunderbar beim Kaffee schwatzen.

Ehemalig auch zur AG Wolf dazugehörig danke ich Petra Tegeder und ihrer
Arbeitsgruppe für die gemeinsame Zeit, als ich das alte HrEELS-Spektrometer für
meine Zwecke abzurichten versuchte. Petra ist eine Frau mit viel Humor, mit der
man wunderbar und fundiert über die Messungen diskutieren kann. Innerhalb der
Arbeitsgruppe danke ich ganz speziell Felix Leyssner und Stephan Meyer, den bei-
den Experten in Sachen EELS, die mir geholfen haben, diese Maschine überhaupt
(wieder) zum Laufen zu bekommen. Die kurze Zeit bei Euch war wirklich sehr
schön!

The EPR measurements were done with Anastasia Gonchar in the working
group of Thomas Risse at the chemical physics department of the Fritz-Haber Insti-
tute. I especially thank Anastasia for the short time together, where she introduced
me to the world of EPR spectroscopy.

I can proudly say to be a member of the ”international Max Planck research



143

school - complex systems and material science”. The discussion meetings and
block courses were possibilities to look at surface science in a larger context and get
in touch with other PhD-Students. Especially the small conference ”From Complex
to comprehensive - visions in surface science” was a great opportunity to learn how
a conference is organized and to get in touch with people whose papers and reports
I read since the beginning of my project.

Part of this work was funded by the Cluster of Excellence ”Unifying concepts
in catalysis” which is gratefully acknowledged.

Meiner Familie danke ich herzlich für alle Unterstützung auf meinem Weg und
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