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till offentlig granskning för avläggande av teknologie doktorsexamen i fysik freda-
gen den 16 december 2016 klockan 10.00 i Sal C, Electrum, Kungliga Tekniska
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Abstract

Metal oxides are both corrosion products and useful materials with a wide
range of applications. Two of the most used metals today are iron and copper.
The scope of this thesis is the following:

• Oxidation of iron surfaces in oxygen gas
• Surface structures of the (100)-termination of cuprous oxide
• Interaction of sulfur dioxide with iron oxide and copper oxide surfaces

Scanning tunneling microscopy was used to study surface structures in the
real space, low-energy electron diffraction was used to study periodicities and
orientations of the surface structure relative the bulk lattice, near-edge X-ray
adsorption fine structure was used to identify thin films and photoelectron
spectroscopy study core-electron levels of surfaces and adsorbates to identify
chemical states and shifts.

The oxidation studies of iron (Fe) covers the (100)- and (110)-terminations.
The oxidation of the surface were carried out at 400 °C and 1 × 10−6 mbar
of oxygen gas. Microscopy and spectroscopy techniques were used to reveal
differences in the oxidation between the surfaces. On the Fe(100)-surface,
a Fe3O4(100)-film is formed, which grows layer-by-layer. On the Fe(110)-
surface, beyond the oxygen adsorbate structures, a FeO(111)-film is initially
formed that with further oxidation transforms into a Fe3O4(111)-film. The
FeO-film grows layer-by-layer while the Fe3O4-film grows by island growth.

The surface structures of the (100)-termination of cuprous oxide (Cu2O)
was studied using scanning tunneling microscopy, photoelectron spectroscopy,
and density functional theory. The main finding is that the surface struc-
ture that previously has been reported to have a periodicity described by
(3
√

2×
√

2)R45° instead has a periodicity described by the matrix (3,0;1,1).
Surface core-level shift calculations of the surface oxygen atoms show that
the component on the low-binding energy side of the bulk oxide peak in the
photoelectron spectroscopy O 1s-region origins from the surface oxygen atoms.

Sulfur dioxide, a corrosive molecule that in the environment to large share
comes from human activities such as burning of fossil fuels, was studied using
photoelectron spectroscopy when interacting with surfaces of iron oxide thin
films and bulk Cu2O-surfaces. On the iron oxide thin film surfaces under
ultra-high vacuum conditions, sulfur dioxide adsorbs partly as SO4-species
and partly dissociates and forms FeS2. On the Cu2O-surfaces under ultra-
high vacuum conditions, the adsorption of sulfur dioxide is non-dissociative
and forms SO3-species. When interacting with near-ambient pressures of
water, it is observed by photoelectron spectroscopy that the sulfur from SO3-
species shifts to Cu2S.
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Populärvetenskaplig sammanfattning

Ytfysik är den del av fasta tillst̊andets fysik där materialens ytor och dess
interaktion med omgivnigen studeras. D̊a alla material har ytor har ytfysik
tillämpningar inom vitt skilda omr̊aden som till exempel korrosion och kata-
lyser. Inom ytfysik är det vanligt att använda s̊a kallade modellsystem. Mo-
dellsystem är modeller av verkligheten där väldefinierade ytor och parametrar
(t.ex. sammansättning av gaser, gastryck och temperatur) används, vanlig-
vis i ultrahögt vakuum (mycket l̊aga tryck) för att h̊alla ytan i ett tillst̊and
tillräckligt länge för att karaktärisering av den ska vara möjlig. Användningen
av modellsystem möjliggör studier av hur olika parametrar p̊averkar systemet,
i ett verkligt system kan antalet parametrar som p̊averkar vara för m̊anga.

Sveptunnelmikroskopi är en mikroskopimetod som använder elektroner istället
för ljus för att upplösa små strukturer p̊a ytan. För att skapa en bild av ytan
sveps en atomiskt skarp spets över ytan, elektroner överförs mellan spet-
sen och ytan genom kvanttunnling. Med hjälp av antalet tunnlade elektro-
ner (ström) bestäms ytans topologi. Fotoelektronspektroskopi är en spekt-
roskopimetod där ljus av känd energi belyser en yta och elektroner emitte-
ras genom den fotoelektriska effekten. Genom att analysera fotoelektronernas
rörelseenergi, och därmed bestämma bindningsenergier för elektronniv̊aer i
materialet, kan information som till exempel kemiska skift hos kärnelektroner
bestämmas.

B̊ade järn och koppar är metaller som har spelat betydande roller i ut-
vecklingen av det moderna samhället. Järn är huvudämnet i st̊al, vilket har
användningsomr̊aden inom till exempel byggnadsverk, maskiner och verk-
tyg. Järnoxider används inom vitt skilda omr̊aden som magnetisk lagring,
färgpigment och katalysatorer (där produktion av kväve för konstgödsel via
Haber–Bosch-processen har spelat en viktig roll under det g̊anga århundradet).
Koppar har tillämpningar inom t.ex. strömkablar, elgeneratorer och vatten-
ledningar. Kopparoxider har visat katalytiska egenskaper för en rad kemiska
reaktioner.

I denna avhandling har bildandet av järnoxid p̊a järn i syrgas vid förhöjda
temperaturer studerats. Vilken järnoxid som bildas beror p̊a syrgasdosen och
järnets ytterminering. Tillväxthastigheten av järnoxidfilmerna avtar logarit-
miskt med filmens tjocklek. (100)-ytan av kuprit (Cu2O) studerades och det
visades att den i litteraturen rapporterade energetiskt mest fördelaktiga struk-
turen är felaktig. Denna studie visar att ytstrukturens enhetscell är b̊ade
större och annorlunda orienterad. Kombination av fotoelektronspektroskopi
och täthetsfunktionalsberäkningar visar att kärnelektroner tillhörande syrea-
tomer p̊a ytan har en lägre bindningsenergi jämfört med motsvarande elektro-
ner hos syreatomer i bulken.

Svaveldioxid är en korrosiv molekyl vars koncentration i atmosfären har ökat
p̊a grund av mänsklig aktivitet, främst genom förbränning av fossila bränslen
sedan den industriella revolutionen. Interaktionen mellan svaveldioxid och
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ytor av järnoxid och kopparoxid har studerats. P̊a järnoxidytorna adsorbe-
rar svaveldioxiden dels genom att binda till tv̊a syreatomer p̊a ytan och dels
genom att dissociera och bilda järndisulfit. P̊a kuprit ytor binder svaveldiox-
id till en syreatom och dissociering sker inte vid ultrahögt vakuum. Dosering
med vatten under höga tryck ledde till att adsorberade svaveldioxid molekyler
dissocierade och svavelatomer bytte plats med syreatomer p̊a kupritytorna.
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Chapter 1

Introduction

1.1 Background

Metals have played an important role in the development of our society. They
have been used in a wide range of applications, including tools, constructions, and
machines. As the metals are useful, they also corrode with time. Corrosion may
e.g. cause machines and constructions to fail, which requires expensive mainte-
nance. It has been reported that over 3 % of the gross domestic product of USA is
costs related to corrosion.[1] However, metal oxides are not only unwanted corrosion
products, they also have a wide range of applications. In this thesis, metals oxides
of the base metals of iron and copper are of interest.

Iron is, as the main alloying element of steel, used in a wide range of applications
such as construction materials, machine parts, and tools. Iron oxides have been
found to be applicable to a wide range of applications such as magnetic recording
[2], pigments [3], and catalysts for e.g. the Haber-Bosch process and water-gas shift
reaction [4].

Copper is found in application such as roofing, power cords, and power generators.[5]
As copper oxidizes, the most common oxide formed is cuprous oxide (Cu2O).[6]
Cuprous oxide have applications as catalyst for various chemical reactions, such as
CO oxidation[7, 8, 9], propene epoxidation [10, 11, 12], and photo-catalytic water
splitting [13].

In a perfect theoretical crystal, the translation symmetry goes on into infinity,
i.e. the crystal is infinitely large. In reality, however, at some point, the translation
symmetry is broken and the crystal terminates with a surface to its surrounding. It
is at the surface where the interaction with the surrounding environment happens.
Hence, this motivates the study of material’s surfaces and their interaction with
their surrounding environments.

1
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For a long time, oxidation was defined as a process where a material interacted
and created bonds to oxygen atoms. But since the discovery of the electron, the
oxidation process is defined as a process where a reactant gives an electron to
another reactant, that gets reduced. Metals can be oxidized by a wide range of
elements, e.g. oxygen, chlorine, and sulfur. In the case of metal oxide, the metal
gives away electrons to the oxygen atoms, which creates positively charged metal
ions (cations) and negatively charged oxygen ions (anions).

Sulfur dioxide is a naturally occurring molecule that is corrosive to a wide range of
materials. Volcanic activity is a major natural source to sulfur dioxide emissions.
However, the main source of sulfur dioxide emissions is from human activities. The
emissions of sulfur dioxide from human activities started to increase significantly
with the industrial revolution, when fossil fuels became increasingly important.
Fossil fuels contain sulfur species that upon burning releases sulfur dioxide. The
emissions on global scale peaked in the 1970s [14] and did decrease until early 21st
century when the emissions once again started to increase. The increased emissions
is suggested to origin from growing economies in China and India[14, 15]. Catalysts
for CO oxidation of exhaust gas from burning of fossil fuels, in e.g. the automotive
industry, are based on expensive noble metals.[16] Constructing catalysts for CO
oxidation based on cheaper materials e.g. copper oxides [17] requires clean fuels
since sulfur dioxide in the exhaust gas leads to sulfur poisoning of the catalyst.
Beside being an unwanted pollutant, sulfur dioxide is produced in industry, mainly
as a feedstock chemical for production of sulfuric acid.[18]

1.2 Model systems

It is not always possible to study and characterize systems under realistic condi-
tions. The reasons can be that there are too may parameters affecting the system
making the interpretation of data difficult or that the experimental techniques re-
quire certain conditions. In a model system, as many parameters as possible are
kept well-defined, such as materials, surfaces, gases, temperatures, and pressures.
Model systems are often kept under ultra-high vacuum condition to keep the spec-
imen in a state long enough for characterization.

Single crystals and well-defined surfaces

Model systems often include single crystals with well-defined surface termination.
Characterization of different surface terminations enables comparison between dif-
ferent surfaces. In a real world case, a material is commonly polycrystalline with
multiple different surface terminations. While a “real” surface is commonly rough
and in applications such as catalysts, the surfaces are those of porous bodies or
nanoparticles. When using model systems, single crystals with the most common
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surfaces are used to model the more complex systems. The knowledge gained from
the model systems are, in best case, possible to extend to the real world surfaces.

Ultra-high vacuum
To avoid contaminating a surface during characterization, ultra-high vacuum (UHV)
is used. The pressure in the vacuum chamber during experimental characterization
conditions is commonly 1 × 10−10 mbar or better, which can be compared to one
atmosphere that is 1 × 103 mbar. To define how long time it takes for every site
on a surface to be hit by a molecule from the residual gas in the vacuum chamber,
the unit Langmuir (L) was introduced. The unit Langmuir is defined as 1 × 10−6

Torr s (or 1.33×10−6 mbar s), which means if the pressure in the vacuum chamber
is 1 × 10−6 Torr, it will take one second for each site on the surface to get hit by
a molecule. The likelihood for molecules to stick to the surface is defined by the
so-called sticking coefficient. If the sticking coefficient is one, all incoming molecules
will stick to the surface and if it is zero, no molecules will stick to the surface. This
means if the pressure is 1.33× 10−6 mbar, it takes longer than one second to cover
the entire surface by molecules from the residual gas if the sticking coefficient is
less than one.

1.3 Aim of the thesis

This thesis contains work that can be divided into two main parts:

• characterize the surfaces of metal oxides and oxidation of metals

• study the interaction between the surfaces and molecules.

The first bullet contains studies of oxidation of the iron surfaces (100) and (110)
and a study of the surface structures of cuprous oxide (100). The second bullet
contains interaction of oxide surfaces from the first bullet with sulfur dioxide. For
cuprous oxide, the interaction of water with sulfur dioxide pre-dosed surfaces is also
studied.





Chapter 2

Experimental techniques

2.1 Scanning tunneling microscopy (STM)

General introduction

The optical microscope using lenses was developed to resolve objects that humans
could not see with the naked eye. The microscopic world brought new knowledge
and understanding of how the universe works. However, to resolve even smaller
objects, electron microscopes, e.g. the transmission electron microscope for studies
of the bulk structures, were developed. These are using electrons to interact with
the specimen instead of light. To obtain even higher resolution, Binning and Rohrer
constructed the scanning tunneling microscope (STM) in 1981 [19], it permitted
sub-Ångström spatial resolution of conducting surfaces. The STM works by the
principle of quantum tunneling of electrons between electrical states at the surface
and electrical states in an atomically sharp tip that is scanned over the surface.

Working principle

Scanning tunneling microscopy works by quantum tunneling of electrons between
the surface and an atomically sharp conducting tip than scans over the surface,
the direction of the electron tunneling depends on the applied voltage between the
surface and the tip. This means imaging of empty or filled states of the sample
can be chosen. In Figure 2.1, the tunneling current for different applied bias is
illustrated. For tunneling current to occur, electrical states in the tip and at the
surface must overlap, both in space and in quantum numbers. This means, scanning
tunneling microscopy is sensitive to the local electrical density of states (LDOS)
at the surface. Furthermore, depending on the the scanning parameters, different
electrical states will be active in the tunnel current and may thus provide different
images of the same surface region.[20]

Considering the gap between the tip and the surface as a potential barrier, the

5
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φT φS

φT
φS

Tunneling current

φT

φS

Tunneling current

Tip Sample

Positive bias voltage
(empty state probing)

Negative bias voltage
(filled state probing)

Zero bias voltage

Figure 2.1: Illustration of tunneling current between the tip and the surface for different
applied bias voltages. Gray indicates filled states and dashed lines the vacuum level. φT

and φS are the work functions of the tip and the sample, respectively.
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one dimensional Schrödinger equation provides a wavefunction that exponentially
decays with increased tip-sample separation. The tunneling current, described by
the Bardeen theory of the tunneling current [21], can be written as

I = 4πe
h̄

∑
µ,ν

|Mµν |2δ (Eµ − Eν) (2.1)

Mµν = − h̄2

2m

∫
S

d~S

(
χ∗ν

∂

∂z
ψµ − ψµ

∂

∂z
χ∗ν

)
(2.2)

where ψµ are wavefunctions of electrons at the sample and χν are wavefunctions of
electrons of the tip.

When imaging a surface using STM, the tip is scanned over the surface in a raster
pattern and in each point a measurement is performed. There are different scan-
ning modes when operating STM, two common modes are constant current mode
and constant height mode. These two scanning modes are schematically illustrated
in Figure 2.2. In the constant current mode, the tip-surface distance is adjusted in
each and every measurement point to obtain the chosen tunneling current, i.e. the
tunneling current is equal for each point in the acquired image. For the constant
height mode, the tip is kept at a fixed height (not to confuse with the tip-sample
separation). At each point the the tunneling current is measured as it varies with
the tip-sample separation.

Constant current imaging Constant height imaging
Figure 2.2: Illustration of two different scanning modes.

Since the scanning tunneling microscope is sensitive to mechanical vibrations, the
vibration damping system is of importance. A common method is to let the micro-
scope hang in springs that damps vibrations vertically and to have eddie current
brakes that damps motion horizontally. The eddie current brakes consists of mag-
nets and copper blocks that are spaced around the microscope’s platform.

Instrumentation
A scanning tunneling microscope consists of a number of vital parts, a simplified
schematic sketch of a scanning tunneling microscope is shown in Figure 2.3. The
tip (the lower part of the gray colored device) is moved over the surface by a piezo-
electric xy-scanner (the upper part of the gray colored device)1. The scanning area

1There are different piezoelectric scanners, the example shows a so-called tube scanner.
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is divided into a raster pattern, the piezoelectric xy-scanner moves the tip into each
position where a measurement is carried out. To adjust the tip-sample separation,
the applied voltage on the piezoelectric z-scanner is adjusted. A tunneling voltage
is applied to the sample2 and the current will flow between the sample and the
grounded tip. The magnitude of the current, for the set tunneling voltage, depends
on the tip-sample separation, which is determined by the z-scanner. If the mi-
croscope is operated in constant current mode, the feedback circuit in the control
unit will adjust the tip-sample distance in each measurement point to maintain a
constant tunneling current throughout the acquired STM-image and in constant
height mode, the voltage applied to the z-scanner will be kept fixed.

x z y

Sample
Tunneling voltage

Control unit

Ground

A

Voltages for xy- and z-scanners

Figure 2.3: Simplified schematic sketch of the scanning tunneling microscope.

Interpretation of the STM-images

An STM-image contains contributions from both the surface’s geometry and LDOS.
This makes the interpretation of an acquired more difficult than if the surface’s
geometry would have been the only contribution. On a flat surface, regions of
different LDOS may be presented as protrusions and hollows in the image even if
they geometrically are of equal height. Furthermore, a protrusion may consist of
contribution from multiple atoms instead for a single one. Another factor that has
to be accounted for is the thermal drift in the piezoelectric scanners, it distorts the
images and affects the lengths and angles that are measured in the images. The
interpretation of STM-images may be helped by adding information from theoretical
calculations.

2The scanning tunneling microscope used in this thesis (Omicron VT-STM) applies voltage
to the tip and grounds the sample, the tunneling parameters are presented as if the voltage was
applied to the sample.
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Scanning tunneling spectroscopy (STS)

Beside the microscopy capabilities of the scanning tunneling microscope, it can also
be used for acquiring spatially resolved spectroscopy information. The basic prin-
ciple behind the spectroscopy capability is the electrical LDOS in the tip and at
the surface. Depending on the applied voltage, different electronic states will be
active in the tunneling current, see Figure 2.1. When sweeping the voltage over
a voltage range, with the tip-surface distance kept fixed (the feedback loop keeps
the z-scanner in one state), I-V-curves are collected. To extract information of the
LDOS, the normalized conductance [(dI/dV)/(I/V)] is plotted versus the voltage.
It is also possible to collect spectroscopy information by keeping the current fixed
and varying the tip-surface separation.[20]

The spectroscopy measurement can be done in either a chosen point at the surface
or by dividing the surface into a raster and doing a measurement in each square, as
done for imaging mode. The later method is commonly known as current imaging
tunneling spectroscopy (CITS). Using the CITS approach, it is possible to compare
different regions of the scanning area.

2.2 Low energy electron diffraction (LEED)

General introduction

Low energy electron diffraction (LEED) is an experimental method used to extract
information about periodicities on the surface rather than structures3. The LEED-
pattern tells about the long range order on the surface rather than providing local
information. Information that can be extracted from a LEED-image is e.g. size
and orientation of the surface unit cell and not the atomic position within an unit
cell.[22] In LEED, electrons with low kinetic energy (20 eV – a few hundred eV)
are directed to the sample and the elastically backscattered electrons end up on
a fluorescent screen where the LEED-pattern is observed. The scattering of low
energy electrons in a diffraction like pattern were reported by C. Davisson and
L.H. Germer in 1927, suggesting to confirm the de Broglie hypothesis[23].

Working principle

The de Broglie hypothesis tells that matter that propagates act as waves, the wave-
length corresponding to a particle of mass m and kinetic energy Ekin is given by

λ = h

p
= h√

2mEkin
(2.3)

3If employing IV-LEED, where the intensity of the diffraction spots are recorded as a function
of the electron acceleration voltage, it is possible to determine structures.
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where h is the Planck constant, p is the particle’s momentum, and m is the par-
ticle’s mass. Thus by varying the kinetic energy of the electron, the diffraction
pattern is measured for different wavelengths.

The probing depth depends on the inelastic mean free path for the electrons, Λ.
The intensity from depth d is given by

I(d,Ekin) = I0 exp (−d/Λ (Ekin)) (2.4)

where the inelastic mean free path depends on the kinetic energy of the electrons. As
a diffraction method, the Laue condition must be met in order to obtain diffraction
spots. For LEED, probing 2D objects, the Laue conditions are written for the 2D
case, see below.[24] Where only the contribution parallel to the surface is regarded
since the probing depth is shallow

~k‖ − ~k‖0 = ~Ghk = h~a∗ + k~b∗

where the wave vectors ~k‖0 and ~k‖ are for the incident electrons and the scattered
electrons, respectively. Since it is the elastically scattered electrons that are re-
garded, |~k‖0 | = |~k‖|.

Instrumentation
A schematic sketch of the setup for a LEED-experiment is shown in Figure 2.4. The
electron gun emits electrons with a determined kinetic energy towards the grounded
sample. The electrons that scatter backwards at the surface travel towards the grids
and the fluorescent screen. The grids’ task is to focus electrons onto the fluorescent
screen and to filter out inelastically scattered electrons. This is done by applying
different voltages to the grids, note that the grid closest to the sample is grounded.
When electrons hit the fluorescent screen, light is emitted. Locations were many
electrons end up becomes bright and areas where few electrons end up remain dark.

Interpretation of LEED-patterns
A LEED-pattern consists of contribution from all parts of the surface that is cov-
ered by the electron beam spot, that can be rather big compared to domains of
different structures on the surface. This means contribution from different rota-
tional domains, mirror domains and/or regions with unit cells of different size and
shape will contribute to the LEED-pattern. These contributions have then to be
disentangled from each other. A method to identify the different contributions is
to assume solutions in real space and translate them into the reciprocal space. The
assumed solution contains the unit vectors of the surface structure, which includes
the unit cell’s size, shape, and orientation relative the (1×1)-structure.
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Electron gun
Sample

Grids

Fluorescent screen

Figure 2.4: Schematic sketch of the LEED-apparatus. The electron gun shots electrons
onto the sample and the scattered electrons from the surface enters the grids. The electrons
that are not filtered out by the grids hit the fluorescent screen, where the LEED-pattern
is observed. The arrows correspond to electron paths.

Real space to reciprocal space

As diffraction methods are providing information of the studied system in the recip-
rocal space rather than the real space, conversion between real space and reciprocal
space has to be made to obtain real-space periodicities. Considering a surface in
real space, it has a set of base vectors and a set of vectors for the surface unit cell.
The base vectors are those describing the unit cell of the non-reconstructed bulk
terminated surface (the (1×1)-pattern) and the surface structure vectors are those
describing the pattern on the surface (e.g. reconstruction pattern or moiré pattern).
Transformation of the vectors (~a and ~b) from real space to reciprocal space (~a∗ and
~b∗) is done by [25]

~a∗ = 2π
~b× n̂

n̂ · (~a×~b)

~b∗ = 2π n̂× ~a
n̂ · (~a×~b)

where n̂ is the surface’s unit normal vector. Since ~a×~b = |~a||~b| sin (θ), the distances
between diffraction spots in the reciprocal space depend both on the length of the
vectors in real space and on the angle between the vectors in real space.

Labeling convention of LEED-pattern

There are two main notations for naming LEED-patterns; the matrix notation and
the Wood’s notation. In the matrix notation, the superstructure’s unit vectors are
described by multiples of the unreconstructed bulk terminated surface’s unit vec-
tors. The matrix form is illustrated below, where b1 and b2 are the superstructure’s
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unit vectors, a1 and a2 are the bulk terminated surface’s unit vectors, and Tij are
the elements of the matrix T to describe the relation.(

b1
b2

)
=
(
T11 T12
T21 T22

)(
a1
a2

)
The matrix notation is more general than the Wood’s notation and can always
be used. The Wood’s notation requires the angle between the superpattern’s unit
vectors to be equal the angle between the bulk terminated surface’s unit vectors.
The Wood’s notation is written on the form X(n×m), where X is p (principle) or
c (centered), the letters n and m are integers (multiples of the bulk terminated
surface’s unit vectors). Principle means that the superpattern follows the same
pattern as the bulk terminated surface. For the centered pattern, there is an addi-
tional atom/molecules/feature in the center of the principle pattern. The difference
between principle and centered is illustrated in Figure 2.5 for (2×2) periodicity. It
should be noticed that when the centered structure is on the form c(n×n), it can
also be written on the form (

√
n×
√
n)RX°. R stands for rotation and the angle X

depends on the symmetry of the surface structure, it is half the angle between the
unit vectors.

Incommensurate

Not all surface structures and thin films repeat themselves in integer multiples
of the substrate’s surface unit vectors. This results in LEED-patterns were the
superpattern does not coincide with the bulk spots. These patterns are called
incommensurate and can be described by the matrix-notation.

2.3 Synchrotron radiation

The light used in the photoelectron spectroscopy (PES) and near-edge X-ray ab-
sorption fine structure (NEXAFS) experiments in this thesis came from a syn-
chrotron radiation source. Two major advantages over traditional X-ray tubes (that
produces e.g. Al k-α hν = 1486.7 eV) are that the light intensity is significantly
higher and that the light frequency (and thereby its energy) can be continuously set.

In a synchrotron radiation facility, electrons are commonly accelerated close to
the velocity of light before they finally are stored in a storage ring. A storage
ring is schematically drawn in Figure 2.6, it has a polygonal shape. The storage
ring consists of straight sections with bending magnets between them, the bending
magnets bends the electron path so that the electrons travel around the ring. Even
though bending magnets produces light, it is not enough for many experiments
and so-called insertion devices, located at the straight sections, were developed.
Insertion devices are e.g. wigglers and undulators. Since the light generation takes
energy from the electrons, the energy loss has to be compensated for. This is done
by giving the electrons energy from rf-cavities that are located around the ring.
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Figure 2.5: Illustration of p(2×2) and c(2×2) for a square symmetry. The real space
periodicities are on the left hand side and the reciprocal periodicities are on the right
hand side. Gray filled circles denote the substrate’s periodicity and the black circles the
superstructure’s periodicity.

Without adding energy to the electrons at the rf-cavities to compensate for their
energy loss the electrons would not make their way around the storage ring but they
would hit the storage ring’s walls and no longer contribute to the light generation.

Synchrotron radiation is produced when an electron’s path is altered, i.e. the elec-
tron is accelerated out of its current path. The produced light is emitted along the
path of the electron. The undulator, the insertion device that has been used to
produce light in this thesis, consists of two stacks of magnets (for linear polarized
light) with altering polarity that sandwiches the electrons path, see Figure 2.7.
When the electrons travel through the undulator, their paths are bend back and
forth and at each bend light is emitted. The light produced by an undulator has
intensity peaks for wavelengths were there is constructive interference of light from
the different bends. The wavelength for constructive interference depends on the
magnetic field and the distance between two magnets in the array of magnets. The
magnetic field can be adjusted by changing the gap between the magnetic stacks.
The light intensity depends on the number of magnets in the array, N, and is pro-
portional to N2. Where one factor N comes from adding the light emitted each
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Bending magnet

Insertion device

Light to beamline

Figure 2.6: Illustration of a storage ring. The electrons move clockwise around the ring.

time the electron beam is deflected and one factor from that the light cone gets
narrower with increasing number of magnets in the array.[26].

Figure 2.7: Basic schematic sketch of the magnets in an undulator. The two arrays of
magnets sandwiches the electrons’ path. The arrow illustrates the electron path and the
yellow cones are emitted light.

Along the beamline towards the experimental endstation, the light passes through
a monochromator. The monochromator is used to select the wavelength (or energy)
of the light for the experiment.

2.4 X-ray photoelectron spectroscopy (XPS)

General introduction
Photoelectron spectroscopy is an experimental method using the photoelectric ef-
fect, incoming light onto a sample’s surface leads to emission of electrons. By
monochromating the incoming light and measuring the kinetic energy of the emit-
ted electrons, the binding energy of the orbital that electron belonged to can be
determined (eq. (2.5)), where hν is the photon energy, Ekin is the kinetic en-
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ergy of the emitted electron, and φ is the analyzer’s work function. Depending on
the wavelength (or energy) of the light, the method can be divided into different
subgroups: Hard X-ray photoelectron spectroscopy (HAXPES), (soft) X-ray pho-
toelectron spectroscopy (XPS), Ultra-violet photoelectron spectroscopy (UPS), and
Vacuum ultra-violet photoelectron spectroscopy (VUVPES). The method was de-
veloped as Electron Spectroscopy for Chemical Analysis (ESCA) by Kai Siegbahn,
who was awarded the Nobel Prize for it in 1981.

Ebin = hν − Ekin − φ (2.5)

One of the strengths of photoelectron spectroscopy, beside the ability of measuring
and discriminate core-levels of different elements (and thereby identify the composi-
tion of a sample), is that chemical shifts of a core-level can be probed. The chemical
shift of an element depends on its chemical environment. By identifying the en-
ergy shifts, it is possible to extract information on e.g. chemical species on a surface.

The naming of the peaks in photoelectron spectroscopy follows the conventional
name scheme for orbitals. Using the core-level Xnlj as example; X is the element,
n is the principal quantum number, l is the azimuthal quantum number (0, 1, 2,
3, ... = s, p, d, f, ...), and j is the total angular momentum (given by j = l + s).
Which means for azimuthal quantum number of 1 and higher have multiple dif-
ferent total angular momentum available and hence there is spin-orbit splitting
(e.g. Fe2 p1/2 and Fe2 p3/2). Note that for principle quantum number 0 (s state),
there is no spin-orbit split. An example of XPS spectrum is given in Figure 2.8
together with some energy levels explicitly marked, note that the Auger peaks
(Ebin ≈ 150 eV− 350 eV)4 are not labeled.

4Auger electrons have constant kinetic energy and where they end up on the binding energy
scale depends on the photon energy used.
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Figure 2.8: The left part shows a schematic sketch of the XPS-process where a photon
excites an electron out of the sample and leaving a core-hole. On the right side is an
example of XPS-spectrum (overview spectrum) for clean Fe(100). Note that the gap
between vacuum level (Evac) and the Fermi level (EF) (the work function) is not in scale
with the XPS-spectrum, this is for illustration purposes.
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Working principles
The basic principle used in photoelectron spectroscopy is the photoelectric effect,
where electrons are emitted from a material upon light is shining onto it. Despite
the basic principle sounds easy, there are multiple factors involved that affects the
acquired spectrum. Considering one photon, its interaction results in the process
M + hv −−→ M+ + e–. Where the initial state has the material M and a photon.
The final state has material that is ionized (+e) and a free electron.

The light that interacts with the material will not interact with each electronic
state equally. The electron-photon interaction depends on the electronic state and
the photon energy, the likelihood for an event where the photon excites the electron
is described by the photonization cross-section.[27] The higher the photonization
cross-section is, the more electrons will be emitted. This means the selection of the
photon energy affects the intensity of the acquired spectrum.

How deeply in a material that can be probed depends on the photon energy used.
This since the inelastic mean free path of the electrons depends on their kinetic
energy that in turn depends on the photon energy. By varying the photon energy,
the surface sensitivity can be adjusted. The intensity from depth d is given by

I(d) = I0 exp (−d/λ) (2.6)

where I0 is the initial signal strength at the atom at depth d and λ is the inelastic
mean free path. Using grazing emission, illustrated in Figure 2.9, the intensity from
depth d and angle θ is given by

I(d, θ) = I0 exp
(
− d

cos(θ)× λ

)
(2.7)

Normal emission Grazing emission

θd

Figure 2.9: Emission of electron from depth d. Escape paths through normal emission
and θ grazing emission.

Electrons may also interact with other electrons by interchanging energy, leading
to a second electron transits between different energy states. There are number of
different such processes. A shake-up process is when the first electron gives energy
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to a second electron, that will make a transition to a higher unoccupied energy
state. This results in a shake-up peak on the high binding energy side of the main
peak (EB = hν − (Ekin − ESU) − φ). A shake-down process is the opposite, an
electron transition is made from a higher energy state to a lower and the energy is
given to the photoelectron, which results in a peak on the low binding energy side
of the main peak(EB = hν − (Ekin +ESD)− φ). The shake-off process is similar to
the shake-up process but the second electron is lifted over the vacuum level. This
gives a continuous tail on the high binding energy side.

Auger electrons, electrons that are emitted after energy transfer from another elec-
tron, that makes a transition from a higher to a lower energy state, do also occur
in the photoelectron spectra. The kinetic energy of the Auger electrons is constant,
in contrast to the other electrons, when changing the photon energy. This means
they appear to change binding energy when varying the photon energy. Thus, by
varying the photon energy, unwanted Auger peaks can be moved out of the region
of interest in the photoelectron spectrum.

Instrumentation
In order to collect a photoelectron spectrum, both a light source and an electron
analyzer with a detector are needed. It is beneficial to have a light source that is
both monochromated, ideally only one frequency of light reaches the sample, and
bright. The brighter the light is, the shorter acquisition time is needed to obtain a
spectrum with good enough statistics. Time is an important factor since even under
ultra-high vacuum conditions the sample will get contaminated with time. That the
light is monochrome enables to use the equation (2.5) and the more monochrome
the light is the better is the experimental resolution.

There are different kinds of electron analyzers, a common kind of analyzer, that also
is used in this study, is the hemispherical analyzer (a schematic sketch is shown in
Figure 2.10). Handwavy, the hemispherical analyzer can be described as it consists
of three major parts; a set of electron lenses, the hemispherical analyzer itself, and
the electron detector. To collect a spectrum, the analyzer has to sweep over the
photoelectrons’ kinetic energies that are in interest for the study. The hemispher-
ical analyzer itself works as an energy filter by only permitting electrons within a
certain kinetic energy window to pass through to the detector. The lens system
is used to adjust the velocity of the electrons so that they can pass through the
analyzer when acquiring a spectrum, i.e. the lens system makes it possible to sweep
the energy scale. After the hemispherical analyzer, the electrons hit the detector.
There are different kinds of detectors, e.g. the multichannel plate detector (MCP).

It should further be noticed that the work function used for the photoelectron spec-
troscopy experiment when converting the energy scale to binding energy is not the
sample’s work function but the analyzers work function, see equation (2.5). This
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Figure 2.10: Schematic sketch of the hemispherical analyzer. The photoelectrons that
makes it to the analyzer will first go through the lens system, then they are filtered by the
hemispherical analyzer before they (if having the right kinetic energy) reach the detector.

follows from that the electron’s kinetic energy is different when leaving the sample
and when entering the analyzer. The difference in kinetic energy is the difference in
work function between the two, ∆φ = φanalyser − φsample. The difference in kinetic
energy then gives the binding energy according to

Ekin,analyser = Ekin,sample −∆φ→ Ebind = hν − Ekin,analyser − φanalyser (2.8)

Data analysis
A peak in an acquired photoelectron spectrum may consist of multiple components.
The peak shape does not always tell by itself whether there are multiple compo-
nents or how many components there are. Sometimes, the components are clearly
distinguishable or the peak shape suggests multiple components. Each component
can be fitted using a function of convoluted Lorentzian and Gaussian distributions,
that is called a Voigt function.[27] The Lorentzian and Gaussian distributions rep-
resent different factors of the experiment. The Lorentzian distribution corresponds
to the life time of the final state (the core-hole when the electron has been emit-
ted). If asymmetry is needed, it can be introduced in agreement with the Doniach-
Sunjic distribution. The Gaussian distribution describes the impact of experimental
resolution.[27]

Beside the peak profile of the components, the background electrons also need to be
accounted for. The background electrons origins from inelastic scattering events of
the excited electrons within the material before they leave as photoelectrons. There
are a number of different methods to account for the background electrons. One
way is to assume a linear background, which often is a good enough approximation
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for many peaks. However, a more realistic approach is to consider the number of
electrons with higher kinetic energy for each energy value where the background is
calculated, i.e. the integrated area underneath the curve. This means, underneath
a peak, the background is not increasing linearly. Shirley backgrounds do consider
the amount of electrons that can contribute to the background for each binding
energy value.[27]

In this work, data fitting has been carried out using a linear background and Voigt
functions with Doniach-Sunjic distributions for all peaks.

2.5 Near-edge X-ray absorption fine structure (NEXAFS)

General introduction

In contrast to XPS, the incoming photon in near-edge X-ray absorption fine struc-
ture (NEXAFS) does not have enough energy to create a photoelectron but lifts the
electrons into the unoccupied electronic levels above the Fermi level. The objective
is to obtain chemical information of the system; energy levels around the Fermi
level are heavily affected by the chemical environment.

Working principle

In NEXAFS, the photon energy has to be swept in order to excite the core-level elec-
trons to different energy states above the Fermi level. By monitoring the amount
of transitions per unit time for each photon energy in the region of interest, nor-
malized to the photon flux, a spectrum is obtained. Large peaks in the absorption
spectra mean great overlap of the energy states (M + hν and M*, where * denotes
the final excited state).

Instrumentation

The light source used for NEXAFS-measurements needs to be monochromatized
and being tunable in order to be able to sweep the photon energy. That the light
source gives polarized light enables probing directional dependencies of electronic
states in the sample and the orientation of adsorbates on the surface. There are
different ways to measure a NEXAFS-spectrum. In this thesis, the Auger yield
mode is used. In Auger yield mode, one monitors the Auger electrons that are
emitted when electrons are going from a higher energy level to the core level from
where the first electron was excited from.
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2.6 Low-energy electron microscopy (LEEM)

General introduction

The low energy electron microscope (LEEM) is an electron microscope, that means
electrons are used to image the surface instead of photons. In contrast to scanning
electron microscopy (SEM), another electron microscopy technique, the entire im-
age is acquired at once. This means the image is not built by sweeping the electron
beam over the surface. Common resolution for a LEEM is a few nanometers and
the time to acquire an image is within seconds (the time depends on the required
statistics).[28] By acquiring multiple images in a row, time resolved measurements
can be carried out for studying the evolution of a system in time. The sample’s
surface must not be too rough since high voltage is applied in the microscope and
a rough surface would distort the electric field at the surface.

Similar as for low energy electron diffraction (LEED), the sample is exposed to
a beam of monochromatic electrons with a low kinetic energy. The electrons that
are elastically backscattered are used to construct the image. Depending on the
settings for the electron lenses, either the imaging plane or the diffraction plane
can be focused on the electron detector. This means the LEEM can also provide
LEED-images. It is possible to vary the electron spot size, which affects the area
to analyze. This provides the possibility to acquire LEED-patterns from smaller
areas of the surface than in a conventional LEED, a technique sometimes referred
to as µLEED.

In a collected image, regions of different contrast may be observed. The contrast
difference may occur if e.g. regions of different surface reconstruction are present.
Regions of different rotational domains or mirror domains of the same structure
will not provide different contrast. An ability of the LEEM is to run so-called dark
field-LEEM where regions that have different LEED-pattern can be separated. This
enables separation of both different surface structures and different rotational and
mirror domains.

Instrumentation

A schematic sketch of a low energy electron microscope is shown in Figure 2.11.
It consists of some vital parts: the electron gun, the electron beam separator,
the sample, the electron detector, and electromagnetic lenses. The electron beam
separator bends the electron beam from the electron gun towards the sample and
the electron beam from the sample towards the electron analyzer. This means the
electron gun and the electron analyzer are spatially separated. Since the sample
acts as an electron source for the second part of the setup, the one between the
sample and the electron detector, the objective lens works as a condenser lens for
the electrons leaving the surface. The low energy electron microscope is sensitive
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Figure 2.11: Schematic sketch of the LEEM-apparatus.

to both mechanical vibrations and electrical noise. The later will e.g. affect the
lenses that are focusing the electrons. Both factors will lower the resolution that
can be achieved.

Working principle

The impinging electrons can either be adsorbed by the material or reflected back.
Electrons with energy and k-vector that matches the material’s electron bands
(E(k)) can propagate in the material, otherwise they are in forbidden E(k)-region
and will backscatter.[29] However, it is possible that an electron interacts with a
phonon and thereby changes its k-vector in way that the E(k) is fulfilled, which
results in lower intensity of the backscattered electrons.[29]

The probe depth is determined by the inelastic mean free path of the electrons,
which varies with material and the kinetic energy of the electron. The de Broglie
wavelength of the electrons is given by E =

√
1.5/λ, where E is in eV and λ is in

nm. As the electrons can be considered as waves, the height of steps on the surface,
d, can be determined in bright-field LEEM-images. Varying the electron’s kinetic
energy, one wants to find when 2d = (2n + 1)λ, i.e. when the contrast difference
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is as largest.

For the dark-field LEEM-images, the electrons corresponding to the (0,0)-spot in
the diffraction plane are not considered as they are for bright-field LEEM. Instead,
the electrons that correspond to a diffraction spot of interest are let through to the
image-plane. The collected dark-field LEEM-image gives a spatial information of
where on the surface different surface structures are located. By using an electron
spot size that fits within a bright region in a dark-field LEEM-image, the LEED-
patten of that area can be measured. Using a small spot size when measuring
LEED is called µLEED. µLEED can be used to disentangle different contributions
to a LEED-pattern if the regions of different structures are big enough.





Chapter 3

Oxide film growth

3.1 Oxidation of metals

Oxidation is commonly defined as a process where an atom gives away an elec-
tron to another atom, that gets reduced. The oxidation number is the number of
electrons an atom has given to other atoms. It is possible for atoms of the same
element within a thin film or a bulk crystal to have different oxidation numbers.
An example is Fe3O4 where there are iron atoms with oxidation number 2 and 3.
In this thesis, oxidation of iron by oxygen is of interest. For the oxidation process
to proceed, the oxygen gas molecules have to adsorb to the surface and there disso-
ciate. For the thin film growth, metal ions have to diffuse from the bulk iron to the
surface of the thin film and/or oxygen ions have to diffuse through the thin film to
the metal/metal oxide-interface. The thin film growth depends on the temperature
and gas pressure.

The oxidation process was described theoretically by Fromhold and Cook in a series
of articles between 1966-1967 [30, 31, 32], where the oxidation process is modeled by
a coupled current of positively charged metal ions and electrons that travel through
the oxide film from the metal/metal oxide interface to the metal oxide surface. The
net current is zero. At the surface, oxygen molecules dissociate and bind to the
metal ions. Hence, by the model, the metal oxide film grows at the surface of the
metal oxide film. For the Fromhold-Cook theory to be valid, the oxide film’s thick-
ness must increase homogeneously across the surface. The rates at which metal
ions and and electrons travel through the oxide film are the growth rate limiting
parameters. The validity of the Fromhold-Cook theory has experimentally been
proven for a few systems, e.g. oxidation of Fe(100)[33].

25
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3.2 Thin film growth modes

The epitaxial growth of thin films on crystalline surfaces can be divided into three
different growth modes depending on how the film is formed. These three growth
modes are schematically illustrated in Figure 3.1. In Figure 3.1a, the film grow
layer-by-layer, which is named Frank-van der Merwe mode. In Figure 3.1b, the film
is grown by forming islands on the surface, which is named Volmer-Weber mode.
In Figure 3.1c, the film growth starts as layer-by-layer but transforms into island
growth as the film gets thicker, which is named Stranski-Krastanov mode.[34]

(a) (b) (c)

Figure 3.1: Growth modes for epitaxial films. (a) Frank-van der Merwe. (b) Volmer-
Weber. (c) Stranski-Krastanov.



Chapter 4

Materials and molecules

4.1 Metal oxides

A brief description of different iron oxides and copper oxides that are relevant for
this thesis is given in this part of the thesis.

Iron and iron oxides
Iron is a transition metal that has a body-centered cubic crystal structure with a
lattice parameter of 2.87 Å. It has the electronic structure [Ar]3d64s2 and the com-
mon oxidation states are +2 and +3. The atom density of the low-index surfaces
(100), (110), and (111) are 12.14 nm−2, 17.17 nm−2, and 9.91 nm−2, respectively.
There are three common stoichiometries of bulk iron oxide: FeO (Fe2+ cations),
Fe2O3 (Fe3+ cations), and Fe3O4 (Fe2+ and Fe3+ cations). Ultra-thin films of iron
oxide may have other stoichiometries. For this thesis, however, the FeO and Fe3O4
stoichiometries are of interest.

FeO has a rocksalt crystal structure, see Figure 4.1a, with a lattice parameter
of 4.34 Å. [35] In the [111]-direction, the atomic planes of oxygen and iron are
alternating each other. The (111) surface has a hexagonal atomic structure with
atomic separation of 3.04 Å.

Fe3O4 has a cubic inverse spinel (Fe2+Fe3+
2 O2–

4 ) crystal structure. In Figure 4.1b,
the crystal structure is shown using a cell that is four times larger than the primitive
cell, it contains 32 oxygen atoms and 24 iron atoms and has a lattice parameter of
8.396 Å.[36] It has 32 O2– anions and 8 Fe2+ cations and 16 Fe3+ cations. There are
two different sites for the cations, called A and B. The A sites are coordinated to
four oxygen anions and consists of Fe3+ cations while the B sites are coordinated to
six oxygen anions and consists of both Fe3+ and Fe2+ cations. The (111)-surface has
a hexagonal atomic structure with multiple different possible terminations [37, 38].
In the [100]-direction, there are alternating atomic planes called A and B. The
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(a) FeO (b) Fe3O4 (c) Cu2O

Figure 4.1: Crystal structures. (a) FeO. (b) Fe3O4. (c) Cu2O. Gray balls are iron,
orange balls are copper, and red balls oxygen.

B-termination is the common termination, it has a square unit cell of periodicity
(
√

2 ×
√

2)R45° and the surface layer reconstruct.[39, 40, 41] Scanning tunneling
microscopy studies show atomic rows that can be described as wavy and there are
two equal but 90° rotated layers of the B-termination.[41, 42, 43, 44, 45, 46].

Copper and copper oxides

Copper is a transition metal that has a face-centered cubic structure with lattice
parameter of 3.61 Å. The electronic structure is [Ar]3d104s1 and its most common
oxidation states are +1 and +2. The most common form of copper oxide, Cu2O,
has a cubic unit cell that comprises two sublattices of oxygen and copper with
six atoms in total, see Figure 4.1c. The oxygen atoms form body-centered cubic
structure and the copper atoms form a face-centered cubic structure. The lattice
parameter is 4.27 Å.

In the [111]-direction, the crystal structure forms Cu-O-Cu layers. The (111)-
surface can either be oxygen terminated or copper terminated. A theoretical study
by Islam et. al has shown that the copper terminated surface is polar while the
oxygen terminated surface is non-polar and that the non-polar surface is the most
stable one of the two.[47] It has experimentally been shown that the (111)-surface
may either be (1×1) or reconstruct by (

√
3×
√

3)R30°, see e.g. [48, 49]. It has been
suggested that the (

√
3×
√

3)R30°-surface has an terminating oxygen layer that is
missing 1/3 ML.

The (100)-termination of the Cu2O has been subject for a number of experimental
[49] and theoretical studies [50, 51, 52, 53]. Experimentally, surface structures with
LEED-patterns (1×1) and (3

√
2×
√

2)R45° (with many missing spots) have been
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reported [49]1.

4.2 Molecules used in this thesis

Sulfur dioxide (SO2)
As a free molecule, sulfur dioxide is a bent molecule with angle 119.5° and S-O bond
lengths of 1.43 Å. [54] In Figure 4.2, the two resonant structures of the neutrally
charged sulfur dioxide molecule is shown, it is drawn after the results in [55]. The
image shows the polarity of the sulfur dioxide molecule.

S
+

O
-

O

S
+

O
-

O

Figure 4.2: The two resonant configurations of the SO2-molecule. The image is drawn
after the results in [55]

The interaction of sulfur dioxide with metal surfaces includes the early work by
Vernon on e.g. copper [56] and iron [57]. Recent studies of sulfur dioxide on
transition metal oxide surfaces inclucde Cu2O(111)[58], Fe3O4(100)[59], aluminum
oxide[60], titanium oxide[61, 62, 63, 64], magnesium oxide [65], and zinc oxide [66].

1A study included in this thesis has suggests another interpretation of the (3
√

2×
√

2)R45°
surface structure





Chapter 5

Results and discussion

5.1 Surface structures

Oxidation of low-index surfaces of iron

Oxidation of the low-index iron surfaces (100) and (110) has been studied at 400 °C
in oxygen gas. There are differences in the oxidation process between the two sur-
faces. On Fe(100), initially there is an oxygen (1×1)-structure formed, which turns
into Fe3O4(100) with further oxidation. This iron oxide film grows layer-by-layer.
On Fe(110), a zigzag-shaped adsorbate structure is formed before a FeO(111)-film is
formed. Further oxidation leads to a phase change and the iron oxide film changes
into Fe3O4(111). The FeO(111)-film grows layer-by-layer while the Fe3O4(111)-
films grows by island growth. Below, more detailed descriptions of the oxidation of
the two iron surfaces are given.

Oxidation of Fe(100)

The oxidation of the Fe(100)-surface in oxygen gas in the dose interval 25 L - 1000
L has been studied. By XPS, the oxygen coverage of the oxide thin film was esti-
mated for each dose of oxygen gas, see Figure 5.1. The oxygen coverage is presented
both in units of oxygen atoms per iron atom on the Fe(100)-surface and in number
of Fe3O4 cubic unit cells. The cubic unit cell of Fe3O4 is illustrated as an inset.
It is observed that the film growth rate is logarithmic. LEED-patterns and STM-
images for the different doses of oxygen gas are shown in Figure 5.2 and Figure 5.3,
respectively.

For the 25 L dose of oxygen, only a (1×1) LEED-pattern is observed (not shown
in a Figure 5.2) suggesting an adsorbate monolayer of oxygen on the surface. From
the oxygen coverage XPS measurements, see Figure 5.1, the oxygen coverage cor-
responds roughly to 1.3 oxygen atoms per Fe(100) iron atom.
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Figure 5.1: Oxygen coverage measured by XPS with photon energy 870 eV.

(a) 100 L 60 eV (b) 250 L 60 eV (c) 500 L 55 eV (d) 1000 L 60 eV

Figure 5.2: LEED-images. The strongest spots indicate the Fe(100) (1×1)-structure.
The (0,0)-spot is located behind the electron gun. In (a) a combination of (2×1)- and
(1×2)-patterns is seen. In (b)-(d) c(4×4)-patterns are observed.

When the oxygen gas dose is increased to 100 L, the oxygen coverage is estimated to
roughly 2.65 oxygen atoms per iron atom on the Fe(100)-surface or 0.75 Fe3O4(100)
unit cells. This suggests a thin film has started to being formed. NEXAFS-data
suggests the stoichiometry of the thin film to be Fe3O4. The LEED-pattern, see
Figure 5.2a, shows two 90° rotational domains of a p(2×1)-pattern (or equivalent
a combination of p(2×1) and p(1×2)). It should be noticed that the Fe(100)-
surface has 90° rotational symmetry. The p(2×1)-structure is also observed by
STM, see Figure 5.3a where the surface unit cell is indicated by a red rectangle.
The p(2×1)-structure is here suggested to be the unreconstructed B-layer termi-
nated Fe3O4(100)-film.
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(a) 100 L, V = 499.050 mV,
I = 0.305 nA

(b) 250 L, V = 365.759 mV,
I = 0.657 nA

(c) 250 L, V = -946.192 mV,
I = 0.761 nA

(d) 500 L, V = 1965.64 mV,
I = 1.269 nA

Figure 5.3: STM-images. (a) The red rectangle indicate the surface unit cell. (b) The
red arrows shows the directions the structure follow. (c) The inset is a 2× magnification
of the dimers seen in the image. (d) Large scale image of the oxide structure with multiple
growth defects.

Increasing the oxygen gas dose to 250 L renders an oxide film with a thickness
that is equal to approximately one cubic unit cell of Fe3O4. The corresponding
LEED-pattern is shown in Figure 5.2b, which exhibits a c(4×4)-pattern. Since the
NEXAFS-data shows a stoichiometry of Fe3O4, as for the 100 L O2 dose, the surface
structure is different for the thicker film. It is further noticed that the diffraction
spots relating to a c(2×2)-pattern are stronger than the remaining c(4×4)-spots.
The c(4×4)-pattern implies a periodicity that is

√
8 times the Fe(100) lattice pa-

rameter and rotated 45° off the principle lattice directions of the Fe(100) surface.
The periodicity of the surface structure is hence approximately 8.1 Å, which is close
to the lattice parameter of the Fe3O4 cubic unit cell that is 8.398 Å[39]. This sug-
gests that the termination of the Fe3O4-film is (100). STM-images of the surface,
see Figure 5.3b, show wiggling atomic rows similar to what has been reported for
the Fe3O4(100) surface. The atomic rows, indicated with red arrows in the fig-
ure, are oriented in two different directions, 90° rotated relative each other. In the
figure, it is observed that the direction shifts for every terrace, suggesting the ter-
race height to equal the distance between two B-planes in the Fe3O4 cubic unit cell.
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Annealing the Fe3O4(100)-like surface structure obtained with the 250 L O2 dose
to 500-550 °C for 5 min, another surface structure emerges. The surface struc-
ture can be described as dimers and is shown in Figure 5.3c. This is in agreement
with other studies where an Fe3O4-film on Fe(100) is annealed to 500 °C and has
been explained as iron ions propagating through the iron oxide film during the
annealing.[67] This renders an iron rich surface.

For the 500 L dose of oxygen gas, which renders an oxide film with a thickness
of 1.35 cubic unit cells of Fe3O4, the same LEED-pattern as for 250 L of oxygen
gas is observed and the STM-images show the same surface structure. In addi-
tion to what was observed for the 250 L dose of oxygen gas, a number of different
surface defects can be spotted in the STM-images of the 500 L film, see Figure 5.3d.

X-ray photoelectron spectroscopy measurements of the Fe 2p-region for the dif-
ferent doses of oxygen gas are shown in Figure 5.4. The binding energy of the oxide
peak that grows with increased oxygen gas dose fits the expected binding energy
for Fe3O4. Furthermore, no satellites corresponding to FeO or Fe2O3 can be ob-
served. X-ray absorption spectroscopy measurements of the oxygen K-edge, shown
in Figure 5.5, also show that the oxide film beyond the adsorbate structure that
develops during the oxidation has the stoichiometry of Fe3O4.
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Figure 5.4: XPS-results of the Fe 2p-region for different doses of oxygen gas. The
reference data for the different iron oxide peak positions are taken from ref [68].
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Figure 5.5: NEXAFS oxygen K-edge spectra for oxygen gas doses 10 L – 1500 L. Red
lines correspond to in-plane polarization (normal incidence) and black lines to 25° off the
surface normal vector (65° grazing incidence).
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Oxidation of Fe(110)

The oxidation of the Fe(110) surface was carried out with oxygen gas doses between
25 L and 10000 L at 400 °C. Estimations of the oxygen coverage for each dose of
oxygen gas was carried out and presented in Figure 5.6. The coverages were esti-
mated by integrating the signal of the XPS O 1s-region and comparing that to the
known oxygen coverage of Pt(111)-O(2×2)[69]. Throughout the oxidation series,
four different surface structures were observed. One adsorbate structure and three
iron oxide thin films. The LEED-patterns to these structures are shown in Figure
5.7.
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Figure 5.6: Average oxygen coverage in the iron oxide film, determined by the integrated
O 1s signal measured with XPS using a photon energy of 870 eV, in terms of number of
FeO(111) layers and number of oxygen atoms per Fe(110) surface iron atom.

An STM-image of the oxygen adsorbate structure, that is observed to be the dom-
inating structure at an oxygen gas dose of 25 L, is shown in Figure 5.8a. In STM,
the shape of structure is one dimensional zigzag chains that are always directed
in one direction. In LEED, Figure 5.7b, it is observed that the zigzag-structure
has an unit cell that is 10.2 Å long in the [110]-direction and 17.4 Å long in the
[001]-direction.

As the local oxygen coverage increases to 2.3 oxygen atoms per Fe(110) iron atom,
the adsorbate structure turns into a thin iron oxide film that is FeO(111)-like. The
surface shows a large moiré-structure shaped as parallelograms, a high resolution
STM-image of the parallelogram-structure is shown in Figure 5.8b. There are two
mirror domains of the parallelogram-structure, these are shown in Figure 5.8c to-
gether with the zigzag-structure. It is noticed that the two mirror domains of
the parallelogram-structure are mirror symmetric along the direction of the zigzag-
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(a) Clean Fe(110) (b) Zigag-structure (c) Parallelogram-
structure

(d) Ball-structure (e) Triangular-structure

Figure 5.7: LEED-images of the oxidation process taken with an electron beam energy
of 80 eV. In (a), the reciprocal lattice directions are indicated and a real space ball model
of Fe(110) is shown.

(a) (b) (c)

Figure 5.8: (a) Typical zigzag-structure. 150 Å × 150 Å, V = 0.34 V, I = 0.15 nA.
(b) parallelogram-structure imaged by empty states with its FFT-image as inset. 90 Å ×
90 Å, V = 87.9 mV, I = 0.37 nA. (c) Coexistence of parallelogram- and zigzag-structures.
800 Å × 800 Å, V = 0.42 V, I = 0.32 nA. The lines drawn indicate the orientation of the
superstructures. The inset compares the orientations of the parallelogram-structure (blue
and green) to the orientation of the zigzag-structure (red).

chains. The LEED-pattern for the parallelogram-structure is shown in Figure 5.7c.
To disentangle the LEED-pattern into the components of the two mirror symmet-
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ric domains, LEEM and µLEED was used, see Figure 5.9. The strongest spots in
the µLEED-patterns correspond to the atomic configuration of the surface layer.
It shows a slightly elongated hexagonal structure, assuming a hexagonal structure
gives a real space atomic separation of 3.2 Å. This to compare to FeO(111) that is
hexagonal and has an atomic separation of 3.04 Å.

(a) Bright-field LEEM (b) Dark-field LEEM (c) Dark-field LEEM

9

55

22

(d) µLEED, region A

B

A

(e) LEED

9

5

5

2

2

(f) µLEED, region B

Figure 5.9: Bright-field (a) and dark-field ((b) and (c)) LEEM-images of the
parallelogram-shaped moiré-structure, field of view is 15 µm. The LEED-image in (a)
was measured using a spot diameter of 4.5 µm and the µLEED-images in (b) and (c) were
measured using a electron beam spot diameter of 0.45 µm, showing the two differently
oriented domains. All images were collected at a start voltage of 40 V. The µLEED-
images are taken at a start voltage of 40 V. The arrows drawn in (e) represent the 9 times
periodicity in the two µLEED-images ((d) and (f)).

As the local oxygen coverage increases further, the moiré-structure turns from a
parallelogram-shaped structure to a ball-shaped structure. STM-images of the ball-
shaped moiré-structure are shown in Figure 5.10. In Figure 5.10b, nucleation of
the ball-shaped structure is observed on the parallelogram structure. No differences
in apparent height between the two moiré-structures could be observed and their
LEED-patterns show that their surface atomic structures are equal. This suggest
the additional oxygen atoms have diffused into the oxide film.

For oxygen gas doses above 2000 L, it is by STM noticed that the surface structure
changes. In large scale STM-images, as in Figure 5.11a, the landscape is more cor-
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(a) 500 L O2, 300 Å × 14.7 Å, V = 64.4 mV, I
= 0.51 nA.

(b) 1000 L O2, 700 Å ×
700 Å, V = -1.22 V, I =
1.29 nA.

Figure 5.10: STM-images of the ball-like structure. (a) Ball-like structure at atomic
resolution. The ball-to-ball distances are I = 19.7 Å, II = 18.4 Å, and III = 13.2 Å. (b)
Ball-like structures (gray) formed around surface defects in the parallelogram-structure
(orange), the drawn lines indicate the directions of the superstructure. The blue lines
indicate the directions of the parallelogram-structure and the black lines the directions of
the ball-like structure.

rugated than for the lower doses. This suggest the growth mode has turned from
Frank-van der Merwe mode to Stranski-Krastanov mode. The XPS- and NEXAFS-
data suggest that the oxide film has transformed from FeO-like to Fe3O4-like.
Furthermore, the high-resolution STM-images reveals a triangular shaped struc-
ture, see Figure 5.11b. This compares to literature on bistable termination of the
Fe3O4(111)-surface.[70]

(a) 2 kL O2, V = -1.22 V, I = 1.37 nA. (b) 5 kL O2, V = -1.02 V, I = 1.29
nA.

Figure 5.11: STM-images of the triangular-structure. (a) Large scale image showing the
surface’s morphology. (b) The two different bistable triangular terminations (marked A
and B). The triangles’ interior structures are different, the corners show a clear difference
compared to the triangles.
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Bulk oxide surfaces

Cu2O(100)

Experimental studies of the (100)-termination of the Cu2O bulk crystal provided
three different surface structures; the structures have periodicies described by (1×1),
c(2×2), and (3,0;1,1). These structures are shown in Figure 5.12 and Figure 5.13
for LEED- and STM-images, respectively. The STM-images do also include den-
sity functional theory (DFT)-calculated1 STM-images with overlayer of optimized
atomic models as ball-structures. It should be be noticed that the (1×1)-structure
was not exclusively observation by LEED. The observed structures are the same
structures as observed by Schulz and Cox[49], their interpretation of the (3,0;1,1)-
structure differ from the interpretation made here. Energetically, from calculations,
the structures are ordered with increasing energy: (3,0;1,1), c(2×2), and (1×1).

Figure 5.12: LEED-images of (a) the reconstructed (3,0;1,1) surface taken at an electron
beam energy of 40.0 eV (b) c(2×2)-surface structure taken at an electron beam energy of
37.8 eV (c) coexistence of the (3,0;1,1)- and c(2×2)-surface structures taken at an electron
beam energy of 23.5 eV. The Black arrows indicate the (1×1)-spots, the blue and red
spots indicate the two rotational domains of the (3,0;1,1)-structure and the yellow spots
indicate the c(2×2)-structure. The (0,0) spot is located behind the electron gun at the
center of the screen.

Experimentally, it was not possible by STM to resolve the (3,0;1,1)-structure in
greater details than one large spot per unit cell, see Figure 5.13(c). The DFT-
calculations permits greater resolution than what was experimentally achievable.
The (3,0;1,1)-structure consists of two equal but 90° rotated rotational domains. In
STM, the two rotational domains were found to both coexist on the same terrace
and on separate terraces, see Figure 5.14. When on different terraces, the rotational
domains alternate every second terrace. In XPS, the O1s-region for the (3,0;1,1)-
structure shows a shoulder on the low binding energy side of the bulk oxide peak,
see Figure 5.15. By DFT-calculations, it is shown that the experimentally observed
shoulder does origin from oxygen atoms in the two surface most layer of the re-

1The author has not carried out any of the DFT-calculations in this thesis.
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Figure 5.13: STM-images (46 Å × 46 Å) of the surface structures. Experimental STM:
(a) (1×1) collected at V= -1.79 V, I = 0.46 nA. (b) c(2×2) V = 1.06 V, I = 0.14 nA, (c)
(3,0;1,1) V= 2.78 V, I = 0.31 nA. DFT-STM settings: (a) at V = -3 V bias and probe d
= 1.9 Å, (b) V = 1 V, d = 2.4 Å and (c) V = 3 V, d = 2.9 Å. Bright areas correspond to
protrusions. Note in (b) that the experimental STM image is distorted by instrumental
drift.

constructed surface. In literature, the low-binding energy shoulder on Cu2O(111)
has been suggested to origin from surface oxygen atoms.[58] It has been shown by
Schulz and Cox that the LEED-pattern of the (3,0;1,1)-structure disappears upon
adsorption of atomic hydrogen.[71] It has further been found that the shoulder
in XPS O 1s vanishes upon adsorption of water (result not shown in this thesis).
Both these observations adds weight to the interpretation that the shoulder on the
low-binding energy side of the bulk oxide peak indeed corresponds to the surface
reconstruction.

The surface structure that here is determined as (3,0;1,1) is the same structure
as Schulz and Cox reported as (3

√
2 ×
√

2)R45°, which in matrix-notation can be
written as (1,0;1.5,1.5). In Figure 5.16, these two matrices are compared, both in
real space and in reciprocal space. Comparing Figure 5.16(b), the (1,0;1.5,1.5)-
structure, to Figure 5.12(c), it seems that Schulz and Cox may have misinterpreted
diffraction spots from the c(2×2)-structure as (1×1)-structure spots. A consequence
of the erroneously assigned unit cell is that many theoretical studies, both of the
surface structure and molecular interaction with the surface, have been carried out
with the an unit cell that is too small and has wrong orientation. The sizes and
orientations of the unit cells in real space are shown in Figure 5.16(a).
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Figure 5.14: Two 90° rotational domains of the reconstructed surface. (a) Different
rotational domains on the same terrace with many domain boundaries. V = 2.59 V, I
= 0.28 nA. (b) Different rotational domains on every second terrace. The step height is
measured to 2.3 Å. V = -1.18 V, I = 0.97 nA.

Figure 5.15: Photoelectron spectra of the O 1s-region with a linear background sub-
tracted for the (3,0;1,1) termination of Cu2O(100). The blue and red bars represent the
calculated surface core level shifts relative the main peak (gray bar) for surface most
oxygen atoms and the subsurface oxygen atoms, respectively.

For the (1×1)- and c(2×2)-structures, no deviations from previously reported ex-
periments are observed. DFT-calculations provide a deeper insight in the atomic
configuration of the two structures, see Figure 5.13(a) and Figure 5.13(b) for the
(1×1)-structure and the c(2×2)-structure, respectively. The (1×1)-structure is, by
calculations, found to be oxygen terminated under the present experimental condi-
tions.
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Figure 5.16: Illustration of unit cell of the reconstructed surface. (a) Real space
representation of the orientation and sizes of the unit cells. The blue cells are those
proposed by Shultz and Cox. The green cells are those proposed by this study. (b) The
two rotational domains of the (1,0;1.5,1.5)-structure (blue and red squares). Black dots
represent the (1×1)-pattern. (c) The two rotational domains of the (3,0;1,1)-structure
(blue and red filled circles). Black dots represent the (1×1)-pattern.
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5.2 Interaction with sulfur dioxide (SO2)

Oxidized Fe(100) and Fe(110)

The (100)- and (110)-surfaces of iron were oxidized with 25 L O2 and 250 L O2 to
obtain thin films of iron oxide of different thicknesses and stoichiometries. The
Fe(100)/25 L O2-surface has a monolayer of oxygen atoms that bind in four-
fold hollow positions and the Fe(110)/25 L O2-surface has a zigzag-shaped re-
constructed oxygen adsorbate structure. For 250 L O2, the iron oxide films are
Fe(100)/Fe3O4(100) and Fe(110)/FeO(111). These oxide surfaces were exposed to
sulfur dioxide, the XPS S 2p- and O 1s-regions for the 25 L O2- and 250 L O2-oxide
films are shown in Figure 5.17 and Figure 5.18, respectively. The 25 L O2-surfaces
were exposed to 5 L SO2 at a gas pressure of 5×10−8 mbar at room temperature
and were then subsequently annealed to 150 °C. The 250 L O2-surfaces were ex-
posed to two different doses of sulfur dioxide, 5 L and 10 L, at a gas pressure of
5×10−8 mbar at room temperature. For all preparations, it is observed that the
SO2-molecules adsorb as SO4-species. This means two surface lattice oxygen atoms
are involved in each SO4-species and that the SO2-molecules bind in bridged po-
sition. In addition to the SO4-species, sulfur contributions from dissociated sulfur
dioxide molecules are observed. For all preparations, FeS2 can be observed while
atomic sulfur is only observed for the Fe(110)/25 L O2-surface.

For the 25 L O2-surfaces, the binding energies for the S 2p3/2-component for the
SO4-species are 168.1 eV and 168.2 eV for Fe(100)/25 L O2 and Fe(110)/25 L O2,
respectively. The binding energies of the FeS2-component are 162.7 eV and 162.6
eV for Fe(100)/25 L O2 and Fe(110)/25 L O2, respectively. For the Fe(110)/25 L
O2-surface, atomic sulfur is observed with a binding energy of 163.5 eV. Comparing
the spectra, it is further observed that the total amount of sulfur, in any form,
is higher for the Fe(110)/25 L O2-surface than for the Fe(100)/25 L O2-surface.
For both surfaces, some amounts of the sulfur dioxide molecules dissociate upon
adsorption at room temperature. Annealing to 150 °C leads to dissociation of more
adsorbed sulfur dioxide molecules for both surfaces compared to at room tempera-
ture. However, the dissociation caused by the annealing is higher for the Fe(110)/25
L O2-surface than for the Fe(100)/25 L O2-surface.

For the 250 L O2-surfaces, the amount of dissociated sulfur dioxide molecules rela-
tive the SO4-species is significantly lower for both surfaces compared to the 25 L O2
prepared surfaces. The low coverage of dissociated species suggests that the disso-
ciation occurs at surface defects. The ratio of dissociated species and SO4-species
does not change significantly between the 5 L and 10 L doses of sulfur dioxide for
any of the two surfaces. The binding energy for the S 2p3/2-component for the SO4-
species are 168.3 eV for both surfaces. The amount of adsorbed sulfur dioxide is
higher on the Fe(100)/250 L O2-surface compared to the Fe(110)/250 L O2-surface.
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Figure 5.17: XPS S 2p- and O 1s-regions of SO2 on iron oxide thin films prepared by
25 L oxygen gas.

It is concluded that both the monolayer oxygen film on Fe(100) (prepared with
25 L O2) and the oxygen terminating Fe(110)/FeO(111)-film (prepared with 250 L
O2) are more passive to adsorption of sulfur dioxide than the other two surfaces
where access to iron also is possible at the surface. The iron oxide that adsorbs
most sulfur dioxide is the Fe(100)/Fe3O4(100)-film, where the adsorption site is
suggested to be bridged between two oxygen atoms in the atomic rows.
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Figure 5.18: XPS S 2p- and O 1s-regions of SO2 on iron oxide thin films prepared by
250 L oxygen gas.
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Bulk oxide surfaces of Cu2O(100) and Cu2O(111)

The Cu2O(100) (3,0;1,1) surface structure and the Cu2O(111) (
√

3×
√

3)R30° sur-
face structure were exposed to 25 L of sulfur dioxide at room temperature. The
XPS S 2p-region for both surfaces is shown in Figure 5.19. The binding energies
suggest that the sulfur dioxide molecules bind as SO3-species on both surfaces.
This means one surface lattice oxygen atom has to participate in each SO3-specie.
The (100)-surface possesses a narrower full-width-half-maximum (FWHM) for the
S 2p-components than the (111)-surface. This suggests a higher ordering on the
(100)-surface or that the (111)-surface has multiple adsorption sites of slightly dif-
ferent binding energy. In Figure 5.20, the O 1s-region is shown for both surfaces
at different stages of the experiment. It is observed that the contribution from
under-coordinated surface oxygen atoms decreases, or completely vanishes, upon
adsorption of sulfur dioxide. This at the same time as a component grows at the
high binding energy side of the bulk oxide component, this component origins from
the formed SO3-species. The under-coordinated surface atoms that are involved in
the SO3-species have shifted their binding energy from the surface-component to
the SO3-component.
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Figure 5.19: XPS S2p-region after dosing 25 L SO2 in UHV. (a) Cu2O(100). (b)
Cu2O(111).

Dosing water in UHV-conditions on the sulfur dioxide exposed Cu2O-surfaces lead
to no reactions. At near-ambient pressure conditions, formation of Cu2S was ob-
served at the same time as the coverage of SO3-species decreased. In Figure 5.21,
the S 2p-region is shown for both surfaces post water dosing at near-ambient pres-
sures. It is observed that the major part of the sulfur atoms present on the surface
has shifted from SO3-species to Cu2S. The O 1s-region, Figure 5.20, confirms that
the SO3-component has decreased. The lack of under-coordinated surface oxygen
atoms may suggest that the sulfur atoms of Cu2S have replaced the surface oxygen
atoms during the water exposure. In Figure 5.22, a time resolved graph of the
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Figure 5.20: XPS O 1s-region the clean Cu2O-surfaces (bottom), 25 L SO2 dosed
surfaces (middle), and post ambient-pressure of water dosing (top). (a) Cu2O(100). (b)
Cu2O(111).

water dosing experiment for the Cu2O(100)-surface is shown. The graph on the
right hand side shows the relative coverage of SO3-species and Cu2S on the surface,
which shows a water dose dependence in the formation of Cu2S.
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Figure 5.21: XPS S 2p-region after ambient-pressure of water dosing. (a) Cu2O(100).
(b) Cu2O(111).
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Chapter 6

Conclusions

6.1 Oxidation of iron

The two iron surfaces show differences in the oxidation process, this in terms of
oxidation rate and in what oxide films that are formed. On the Fe(100)-surface, a
Fe3O40(100)-film is formed after the initial oxygen adsorbate structure. The sur-
face structure depends on the oxide film thickness, after the c(4×1)-structure is
formed no further changes are observed beside the increased film thickness. The
Fe(110)-surface shows differences to the Fe(100)-surface. Beyond the initial adsor-
bate structures, a FeO(111)-film is formed. This film shows two different moiré-
structures depending on the oxide film thickness. Further oxidation shows a change
in stoichiometry from FeO to Fe3O4. The Fe3O4-film has a (111)-termination com-
pared to the (100)-termination of the Fe3O4-film grown on Fe(100).

6.2 Cu2O(100)

There were three different surface structures identified on the Cu2O(100) surface
depending on the preparation parameters. The most common and most energet-
ically beneficial structure was the (3,0;1,1)-structure. The (3,0;1,1)-structure has
previously been reported as (3

√
2 ×
√

2)R45°, which here has been found to be
incorrect. The (3,0;1,1)-structure exists in two equal but 90° rotated domains. The
two domains may coexist on the same terrace or alternating on different terraces.
Furthermore, DFT calculations showed that the low-binding energy component in
the PES O 1s-region correspond to surface oxygen atoms. The c(2×2)- and (1×1)-
structures are in agreement with previous studies.
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6.3 Interaction with SO2

Iron oxide thin films
For all preparations of thin iron oxide films, SO4-species were observed as the sulfur
dioxide molecules created bonds to the surface. This suggests that the sulfur dioxide
molecules bind to two surface lattice oxygen atoms in bridge-position when forming
SO4-species. It was furthermore observed that parts of the sulfur dioxide molecules
did dissociate and FeS2 was formed.

Bulk copper oxide surfaces
The sulfur dioxide molecules adsorbed as SO3-species on both Cu2O(100) and
Cu2O(111) when dosing in UHV. No dissociation of sulfur dioxide molecules was
observed upon adsorption on any surface. Water interaction with the sulfur dioxide
exposed surfaces in UHV lead to no reactions. When dosing water at near-ambient
pressures, sulfur in the SO3-species shifted into Cu2S with increasing dose. It is
suggested that the sulfur atoms replaces surface lattice oxygen atoms.



Chapter 7

Future work

Suggestions to future work related the topics within this thesis:

• The atomic structure of the Cu2O(111) (
√

3×
√

3)R30°-surface is not yet de-
termined. There is a suggestion that the surface structure is due to a missing
1/3 monolayer of oxygen atoms rather than a reconstruction of atoms at the
surface. To determine the actual atomic structure, surface X-ray diffraction
techniques in combination with theoretical calculations may be one way to
go.

• As the reaction paths for shifting sulfur from SO3-species on the Cu2O-
surfaces to Cu2S has not been established, a possible future experiment is
to use in-situ vibrational spectroscopy to try to identify reaction intermedi-
ates.

• Exposing the Fe3O4(111)-film on Fe(110) to sulfur dioxide to compare the in-
teraction with sulfur dioxide between the Fe(100)/Fe3O4(100)- and Fe(110)/Fe3O4(111)-
surfaces.

• Determine the adsorption sites for sulfur dioxide on both copper oxide and
iron oxide surfaces by STM.

• In-situ near-ambient pressure XPS of sulfur dioxide exposure to monitor how
larger doses and higher pressures may differ from saturation doses under UHV
conditions.
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Summary of appended publications

Paper 1 – Oxidation of Fe(100) in oxygen gas at 400 °C

The oxidation of Fe(100) was studied at an oxygen gas pressure of 1× 10−6 mbar
and a temperature of 400 °C. The main findings is that the oxide film, beyond oxy-
gen adsorbate structure, is formed by layer-by-layer growth and has a Fe3O4(100)
termination.

My contribution: Participated in planning the study, doing the experiments,
analyzing of experimental data, and writing the first draft of the manuscript.

Paper 2 – Oxidation of Fe(110) in oxygen gas at 400 °C

The oxidation of Fe(110) was studied at an oxygen gas pressure of 1× 10−6 mbar
and a temperature of 400 °C. The main findings is that the oxide film first has a
stoichiometry of FeO, which turns into Fe3O4 when the film grows thicker. When
the iron oxide the film has a stoichiometry of FeO, it grows layer-by-layer and
two different moiré-structures are observed; these correspond to different oxide film
thickness. When the stoichiometry is Fe3O4, the growth mode is island growth and
the termination of the film is (111).

My contribution: Participated in planning the study, doing the experiments,
analyzing of experimental data, and writing the first draft of the manuscript.

Paper 3 – A well-ordered surface oxide on Fe(110)

In this paper, the parallelogram shaped moiré-structure on the FeO(111)-film is
studied. The LEED-pattern is disentangled by using dark-field LEEM and µLEED.
The two contributions are from mirror-symmetric domains. The LEED-pattern of
each domain is related to the STM-images by shape, size, and orientation.

My contribution: Participated in planning the study, doing the experiments,
analyzing of experimental data, and writing the first draft of the manuscript.
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Paper 4 – The Surface Structure of Cu2O(100)

The surface structures of Cu2O(100) are studied experimentally using LEED and
STM. Three structures with unit cells described by the matrix (3,0;1,1) and the
Wood’s notation c(2×2) and (1×1) are found. Density functional theory (DFT)
calculations show that the (3,0;1,1) structure is the most energetically favorable
structure. DFT calculations of the surface core-level shifts of PES O 1s-region
shows that the low-binding energy side component origins from surface oxygen
atoms.

My contribution: Participated in planning the study, doing the experiments,
analyzing of experimental data, and writing the first draft of the manuscript (except
for the theoretical part).

Paper 5 – Cuprous oxide surfaces exposed to sulfur dioxide
and near-ambient pressures of water

The interaction of sulfur dioxide with Cu2O(100) and Cu2O(111) at ultra-high vac-
uum is studied. It is found that on both surfaces, the sulfur dioxide molecules
bind as SO3-species. Dosing water in UHV does not impact the SO3-species at the
doses used. When dosing water at near-ambient pressure conditions, however, it
is observed that the sulfur in the SO3-species shifts to Cu2S when monitoring the
PES S 2p-region.

My contribution: Participated in planning the study, doing the experiments,
analyzing of experimental data, and writing the first draft of the manuscript.

Paper 6 – Sulfur dioxide interaction with oxidized low-index
iron surfaces

Sulfur dioxide was dosed on thin iron oxides grown on Fe(100) and Fe(110) (from
Paper 1 and Paper 2). It is found that the sulfur dioxide molecules adsorb as SO4-
species at room temperature and that some of the adsorbed molecules dissociate
upon adsorption and forming FeS2. The oxides corresponding to the lowest doses
of oxygen gas in Paper 1 and Paper 2 were annealed after the sulfur dioxide dos-
ing, resulting in increased amount of dissociated molecules. The thicker oxides, on
both surfaces were exposed to another dose of sulfur dioxide, the change of sulfur
coverages show that the surfaces are almost saturated.

My contribution: Participated in planning the study, doing the experiments,
analyzing of experimental data, and writing the first draft of the manuscript.


