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Abstract
This work presents a detailed study of ultrathin lms of FeO, iron silicate, and iron germanate on Ru(0001).

These two-dimensional structures are suitable model systems for

catalytically active structures, such as zeolites, which are known for their good catalytic
properties, for instance as molecular sieves or selective catalysts. This work applies the
methods of LEEM,

µLEED, µXPS

and XPEEM for a detailed and comprehensive investi-

gation of chemical and physical properties of these lms. The temperature dependent lm
formation is studied in real-time and in situ.
Ultrathin FeO lms were prepared by direct deposition of iron onto a Ru(0001) single crystal support at elevated temperatures. Dependent on the oxygen pressure monolayer-thick
or bilayer-thick FeO lms are found to grow in a Stranski-Krastanov growth, i.e. a complete wetting layer followed by three-dimensional islands, whereas the latter grow as Fe3 O4
crystallites. Dierent metastable sub-phases are structurally and chemically characterized
and their transformation into other more stable phases is addressed.
Ultrathin iron silicate lms consist of a monolayer of silica on top of a monolayer of iron
oxide. The work, presented in this thesis, brought new insights into the structure of these
layers.

In particular, the measurements suggest that the number of iron atoms per sil-

ica unit cell in the iron oxide layer is two and that an additional oxygen layer at the
iron/ruthenium interface is present.

The Fe-Fe distance is found to be adapted to the

Si-O-Si distance in unstrained silicates, rather than being inuenced by the ruthenium
substrate.

Four dierent preparation methods have been developed in order to study

the lm formation in dependence of temperature and oxygen pressure.

The lms were

characterized with regard to their thermal stability and chemical and physical properties.
Moreover, the iron silicate structure was varied and prepared with two layers of iron oxide
or two layers of silica, respectively. Both additional layers are found to be stable if grown
as complete layers, and adapted to the monolayer iron silicate lm structure. The study of
incomplete layers brought new insights into the dynamic processes and thermal stability.
In particular, iron migration was found to start at iron silicate domains, when silicon was
deposited on top of FeO islands. The migrating iron binds to silica in initially iron-free
domains, where again iron silicate is formed. For monolayer-thick FeO lms this takes in
form of about 50 nm small isolated islands. In bilayer-thick FeO lms a two-step process
is found: First a rim is formed consisting of monolayer-thick iron silicate. In a second step
small isolated islands are formed additionally.
Ultrathin iron germanate lms are found to have almost the same structure as iron silicate lms, i.e.

a monolayer of germania is bound on top of a monolayer of iron oxide.

However, the Fe-Fe distance is adapted to the length of Ge-O-Ge bonds in unstrained germanates. Dierent preparation methods show that these lms are energetically stable in

−6 mbar)

the investigated temperature (between 300 K and 840 K) and pressure (up to 10
range.
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Zusammenfassung
Diese Arbeit präsentiert eine detaillierte Studie ultradünner Filme auf Ru(0001), wie FeO,
Eisensilikat und Eisengermanat. Diese zweidimensionalen Strukturen sind geeignete Modellsysteme für katalytisch aktive Strukturen wie Zeolite, welche für ihre guten katalytischen
Eigenschaften bekannt sind, z.B. als molekulares Sieb oder selektiver Katalysator. In dieser
Arbeit werden die Methoden LEEM,

µLEED, µXPS und XPEEM für eine detaillierte und

umfassende Untersuchung der chemischen und physikalischen Eigenschaften dieser Filme
verwendet. Ihre temperaturabhängige Filmentstehung wurde in Echtzeit und

in situ

un-

tersucht.
Ultradünne FeO Filme wurden durch Aufdampfen von Eisen direkt auf eine Ru(0001)
Einheitskristallunterlage bei hohen Temperaturen präpariert. Abhängig von dem Sauerstodruck wachsen monolagen- oder bilagendicke Filme im Stranski-Krastanov Wachstum,
d.h. in Form einer Benetzungslage, gefolgt von dreidimensionalen Inseln. Letztere wachsen als Fe3 O4 Kristallite. Verschiedene metastabile Unterphasen werden strukturell und
chemisch charakterisiert und deren Umwandlung in andere, stabilere Unterphasen behandelt.
Ultradünne Eisensilikatlme bestehen aus einer Monolage Silikat auf einer Monolage Eisenoxid.

Die hier präsentierte Arbeit brachte neue Einblicke in die Struktur dieser Lagen.

Insbesondere deuten die Messungen darauf hin, dass die Anzahl der Eisenatome pro Einheitszelle des Silikats in der Eisenoxidlage zwei ist und dass eine zusätzliche Sauerstoage
am Eisen/Ruthenium Übergang existiert. Zudem passt sich der Eisen-Eisen Abstand eher
an den Si-O-Si Abstand in ungespannten Silikaten an, als dass es von dem Ruthenium Substrat beeinusst wird. Vier verschiedene Präparationsmethoden wurden entwickelt, um die
Filmausbildung in Abhängigkeit von der Temperatur und des Sauerstodrucks zu untersuchen. Die Filme wurden charakterisiert im Hinblick auf ihre thermische Stabilität, sowie
ihren chemischen und physikalischen Eigenschaften. Desweiteren wurde die Eisensilikatstruktur variiiert und jeweils mit zwei Lagen Eisenoxid oder zwei Lagen Silikat präpariert.
Beide zusätzlichen Lagen sind stabil bei geschlossenen Filmen und angepasst an die Struktur der Eisensilikatmonolage.

Die Studie ungeschlossener Filme brachte neue Einblicke

in die dynamischen Prozesse und thermische Stabilität dieser. Eisenmigration von Eisensilikatinseln wurde in Filmen gefunden, bei denen Silizium auf FeO aufgedampft wurde.
Das migrierende Eisen bindet an Silikat in ursprünglich eisenfreien Domänen, wodurch
erneut Eisensilikat geformt wird. Für monolagendicke FeO Filme geschieht dies in Form
von 50 nm kleinen isolierten Inseln. In bilagendicken FeO Filmen gibt es einen zweistugen
Prozess: Erst bildet sich ein Rand aus monolagendickem Eisensilikat.

In einem zweiten

Schritt werden zusätzlich kleine isolierte Inseln geformt.
Ultradünne Eisengermanatlme haben fast die gleiche Struktur wie Eisensilikatlme, d.h.
eine Monolage Germania ist auf einer Monolage Eisenoxid gebunden. Die Eisen-Eisen Abstände sind jedoch an die Ge-O-Ge Bindungslängen in stressfreien Germanaten angepasst.
Verschiedene Präparationsmethoden zeigen, dass diese Filme energetisch stabil in dem

−6 mbar) sind.

untersuchten Temperatur- (300 K - 840 K) und Druckbereich (≤ 10
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Chapter 1

Introduction
1.1 Importance of silicates in industry and nature
Silica and silicates belong to the most abundant materials on earth. They are found as sand
and rocks, and constitute a major part of the earth crust and mantle [36]. They can be
easily puried, and large crystals with low impurities can be grown [18]. This accessibility
makes them perfect candidates for functional materials.
In many of these appearances pure silica (silicon dioxide) is present in its diversity of
crystal structures, while in others, compounds of silicon and silica with other materials are
observed. Silicon can take over the cationic part (for instance in SiP2 O7 ) or it can take
over the anionic part as part of silicon dioxide (for instance Mg2 [SiO4 ]) [55]. The latter are
termed silicates, and many include metal atoms. Since silica itself is inert, the addition of
metal atoms makes it catalytically more active and the high diversity of silicate structures
leads to industrial applications, adapted to the individual eld of application.
Silica and silicates can be found in many geological forms and crystal structures, crystalline,
polycrystalline and amorphous (vitreous) [40].

Moreover they have a large number of

compelling characteristics like large thermal conductivity, excellent mechanical properties,
moderate ionization energies, and high dielectric strength [18]. These characteristics make
them suitable for a diversity of industrial applications.

Besides the use as construction

materials like glass, cement, clay and ceramics they are employed in microelectronics as
material for semiconductor devices like transistors [18, 40, 108]. Moreover they are found
in optical bers and telescope glasses.
A special form of silicates is zeolites. Zeolites are known for their variable porous structure,
which gives them a large catalytically active surface and a size selectivity for atoms and
molecules.

Thus they are used as molecular sieves.

They consist of three-dimensional

frameworks of interconnected tetrahedrons which typically contain silicon, aluminium, and
oxygen atoms.

4+ atoms are

In aluminosilicates it is common that 1/3 of the silicon Si

3+ atoms, which results in a slightly higher electronegativity of the crystal.
exchanged by Al
+
2+ , Mg2+
This electronegativity can be compensated by positive cations [38] like Na , Ca
2+ , which are located in the voids between the tetrahedrons. These active cations can

or Fe

be substituted with other cations (ion exchangers). For instance sodium aluminosilicate
(zeolite A) is used as water softener in detergents. In this case, calcium, responsible for
limescale in the water, is bound to the zeolites and in return sodium is released to the
water.
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The incorporation of iron in zeolites enhances strongly the catalytic activity in many
reactions such as the oxidation of benzene to phenol with nitrous oxide [32] or the reduction
of nitrogen oxides [52, 73] in catalysis. Iron zeolites have demonstrated the applicability as
selective catalysts (in the form of Fe-ZSM-5) and as molecular sieves (Fe-MCM-41) [71].
In silicates iron is known to avoid tetrahedral sites of a silicate framework [71] and is often
found in interstitial places like in fayalites Fe2 SiO4 ; or they form layers as in phyllosilicate
nontronite with Fe:Si ratio of 1:2 [19].

1.2 Silicates as model systems
The structures and chemical reactions in industrial catalytic processes are complex in most
cases. A way to understand the relevant catalytic processes is to prepare a simplied model
system with reduced complexity on a 2D basis. With these models it is possible to learn
more about the individual characteristics such as bonding strength, structural formation
and structure-reactivity relations. Moreover due to the reduced dimensionality, properties
can be explored that are due to the unique structure of 2D materials. Due to the thickness
in the regime of single atomic layers, two-dimensional structures have an extraordinarily
high surface to bulk ratio, or in the case of a monolayer, only surface properties.

Key

properties, such as electronic conguration or physical stability are strongly inuenced by
the surface.

They can be selectively addressed and analyzed under UHV conditions.

A

comprehensive understanding of these properties allows a functionalization and a transfer
to ambient conditions and utilization.
Metal substrates have proved to be a good basis for ultrathin two-dimensional silica layers.
The rst crystalline silica layer was prepared in 2000 on Mo(112) by Schroeder et al. [87].
Later, a preparation on Ru(0001) was successfully performed by Yang et al. in 2012 [107].
The structure of a silica monolayer consists of corner sharing tetrahedrons with oxygen
atoms positioned in the corner of these tetrahedrons. Hereby, three oxygen atoms are in
plane, building a top triangle of the tetrahedron, and the fourth oxygen atom binds perpendicular to the metal substrate [77, 101]. Viewed from the top the silica layer is forming
six-coordinated ring structures, giving rise to a (2x2) structure in LEED [87]. This silica
monolayer is strongly bound to the substrate via the oxygen bridge [107].
While on Mo(112) only a silica monolayer is formed, on Pd(111) [97] and Pt(111) [109]
only silica bilayer lms can be prepared. In contrast to the monolayer the crystalline silica
bilayer lacks the oxygen bridge between the silica layer and the substrate. In contrast, the
oxygen binds within the two silica layers and thus, saturates itself. This results in an only
van-der-Waals bound double layer [107]. It is furthermore possible to transfer the silica
bilayer from the as-prepared metal atom to a dierent substrate [9, 11], making it applicable for industrial applications. The silica bilayer can be crystalline, zig-zag structured or
vitreous [49] yielding the according diraction patterns in the form of a (2x2) structure,
a star, or an isotropic ring shape. In the vitreous form, the coordination number varies
between 4 up to 9-fold rings. On Pd(111) [97] only the crystalline and on Pt(111) [109]
only the vitreous bilayer was found. Whether a lm can be crystalline, vitreous or both is
dened by the lattice mismatch between the substrate and the unperturbed bond distance
in the silica bilayer [97]. The monolayer only forms a crystalline structure due to the strong
bonding to the substrate.
The strength of the metal-oxygen bond was found to be decisive for the presence of a
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monolayer, bilayer or both [89]. Compared to the strong Mo-O bond , the Pt-O bond is
very weak. Ruthenium has an intermediate Ru-O bond strength. In fact, on Ru(0001) the
complete variety of phases can be found: crystalline monolayer lms, as well as crystalline,
zig-zag and vitreous bilayer silica lms [49]. In case of the silica bilayer, the zig-zag bilayer
can be transformed into the crystalline bilayer by oxidation. Subsequently, the vitreous
phases can be produced through phase transitions from the crystalline bilayer. Important
for the individual arrangement of the two-dimensional silica lms is the oxygen layer between the Ru(0001) substrate and the silica layer. For instance a depletion of the oxygen
layer in silica monolayer lms changes the arrangement of the layer regarding the Ru(0001)
substrate from a (2x2) orientation to a (2x2)R30
The silica mono- and bilayers are inert.

◦ orientation [44].

In analogy to three-dimensional silicates, the

addition of metal atoms can enhance catalytic activity of the lms and approach the industrially used systems. The rst addition to the silica system was aluminum in 2012 [13]
in order to prepare aluminosilicate bilayer lms. Depending on the Al:Si ratio, domains are
found that either contain aluminum or are aluminum free. The aluminum atoms substitute
silicon atoms in the upper and in the lower level of such a bilayer. However, Loewenstein's
rule permits Al-O-Al bonds [56], so that aluminum atoms are never found next to each
other within one layer. In aluminum-containing domains aluminum is homogeneously distributed [13].
In 2013 the addition of iron to silica lms was studied by Wªodarczyk et al. [103]. Unlike
aluminum, iron does not simply substitute silicon atoms. In the DFT calculations by Wªodarczyk et al., a silica bilayer is used as a basis and one iron atom per unit cell per time
is added to the matrix. The calculations indicated that iron substitutes silicon atoms only
in the lower level of a silica bilayer. Every additional iron atom favors a position close to
already existing iron atoms. The close-packed situation indicates that the lower level of
such a silica bilayer is completely lled with iron. As a result the iron layer shifts relative
to the silica layer on top.

In contrast, actual measurements showed no (2x2) structure

◦ rotated structure, as well as Moiré spots.

as suggested by simulations, but rather a 30

Moreover IRAS and XPS results indicate a two-layered lm with silica on top of an iron
oxide layer. The same kind of layer structure was found for Ti-atoms [25]. Moreover pure
silica domains were found to be more likely in crystalline form, when in contact to iron
silicate [53].

A combination of iron and aluminum showed the separation of pure iron

silicate and aluminosilicate domains. Only for high Fe/(Si+Al) molar ratios iron silicate
forms aluminium clusters on top [96].
Up to now only the nal structure of these ultrathin iron silicate lms has been reported.
The formation process, energetic dependencies and the real structure remain unknown. The
main part of this thesis concentrates on these open questions using the methods LEEM,

µLEED, µXPS

and XPEEM. They are addressed in chapter 4.
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1.3 Germanates
Germanium is part of the group IV materials and one period higher than silicon. Group
IV materials in general are interesting for many applications, for instance in optoelectronics [79] and electronic memory [16]. Germania, as well as silica, can be found in quartzand vitreous forms [69] and turn out to have similar bonding lengths. Moreover the ionization potentials and electronegativities are similar [29]. Thus, germania can be seen as
an excellent chemical and structural analogue to silica [98]. Germanates at ambient conditions can even be used as model structures for high pressure silicates [29]. As a dierence
the refraction index of germania and its electron mobility are larger than those of silica.
Germanium can be integrated into a silica matrix, either by doping or by the preparation
of mixed glasses. Examples for doping are optical bers, in which the silica core is doped
by germanium in order to increase the refractive index, while the cladding material is pure
silica [76]. Already in the 1950s mixed GeO2 -SiO2 glasses have been investigated. It was
found that individual tetrahedra of GeO4 and SiO4 build a corner-linked network, with
Ge-O-Ge, Ge-O-Si and Si-O-Si bonds. In average the Ge-O-Ge and Ge-O-Si bonds have
mean angles similar to that in pure GeO2 glasses [57], which shows how nicely germania
integrates into silica glasses. Moreover, silica glasses containing germanium have a lower
amount of small size rings, i.e. fewer defect lines. The mixing of germanium and silicon can
be performed in dierent material types, like the olivine type [78], willemite type [37] and
zeolite type [5, 6]. Apart from intermixed silicon-germanium systems, silicon can also be
completely exchanged by germanium. For instance, the usage of germanium in MOSFETS
could lead to a performance increase, due to the higher electron and hole mobility of germanium in contrast to silicon [64, 111].
While these mixed glasses often are three-dimensional networks, the investigation of ultrathin two-dimensional lms opens the possibility to study model systems.

As dis-

cussed in the previous section ultrathin layers of silica have been investigated extensively [10, 15, 39, 45, 90]. Lately, ultrathin monolayer lms of germania have been produced
on Ru(0001) [51].

The germania monolayer consists of corner-sharing GeO4 tetrahedra.

Similar to the silica monolayer the germania monolayer consists of six-fold coordinated
ring systems in plane which are linked via oxygen atoms to the Ru(0001). The monolayer
is strongly bound to the Ru(0001) substrate. In contrast to ultrathin silica monolayer the
germania monolayer has more variations in the angular arrangement of the tetrahedral
building units and a more graded interaction of the lms system with Ru(0001) [51].
Using the knowledge of ultrathin germania layers on Ru(0001), the next step is to substitute silicon in iron silicate lms by germanium. Due to the similar properties and bond
lengths this is expected to be possible. Chapter 5 in this work investigates ultrathin layers
of iron germanate on a Ru(0001) substrate.

1.4. Structure of this thesis
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1.4 Structure of this thesis
This work is divided into three main parts.
Chapter 3 investigates ultrathin FeO layer on Ru(0001).

As it turns out a high variety

of FeO phases can be formed due to small variations in the pressure regime. It is known
that a monolayer and bilayer of FeO can grown by direct iron deposition dependent on the
oxygen pressure [68]. This work investigates the individual phases within a monolayer or
a bilayer of FeO, as well as their chemical structure. Section 3.1 investigates the dierent
phases of monolayer FeO layers, section 3.2 bilayer phases and section 3.3 investigates a
pressure regime where both phases grow simultaneously.
Chapter 4 is the main chapter of this work and investigates ultrathin layer of iron silicate on Ru(0001). The specic formation process of iron silicate is followed in situ and is
analyzed in real time. In chapters 4.1-4.2 four dierent preparation methods are investigated giving rise to detailed information about lm formation and their dependencies. The
preparation methods are devided into two sections: In chapter 4.1 combined preparation
methods are used, i.e. iron and silicon are deposited in the same condition. In section 4.2
stepwise preparation methods are shown, whereby either FeO or SiO2 are pre-prepared before silicon or iron is deposited, respectively. In chapter 4.3 multiple layers of either FeO or
SiO2 are investigated, with only one layer of silicon or iron, respectively (section4.3.1: ML
SiO2 /BL FeO/Ru(0001) and section 4.3.2: BL SiO2 /ML FeO/Ru(0001)). In both cases a
stepwise preparation method is used. Apart from the possibility of multilayer lms and
their properties, these investigations give insight in the bonding strength of the Fe-O-Si
bond. In chapter 4.4 incomplete layers are shown using dierent preparation methods. In
section 4.4.1 the combined preparation method is used, making free arrangement of iron
and silicon possible. In section 4.4.2 and 4.4.3 the stepwise preparation method is used,
i.e. utilizing islands of monolayer (section 4.4.2) and bilayer FeO islands (section 4.4.3) as
a basis for silicon deposition and thus, iron silicate formation. Here, the energetic stability
and the border conditions can be investigated.
Finally, Chapter 5 investigates ultrathin iron germanate lms on Ru(0001) for the rst
time. It will be shown that these lms exist. The lms will be characterized in correlation
to their dierences and similarities to iron silicate lms.

6
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Chapter 2

Methods and theory
2.1 Setup: SMART instrument
The experiments presented in this thesis have been carried out with the so-called SMART
instrument (Spectro-Microscope with Aberration correction for Many Relevant Techniques).
The instrument is located at the synchrotron BESSY II (Helmholtz Center Berlin) and is
attached to the high ux-density undulator beamline UE49-PGM. Complementary to the
soft x-rays from the synchrotron light source the sample can be illuminated by electrons
using an electron gun. As a result, the instrument combines microscopic, diraction and
spectroscopic information of reected and photoemitted electrons at the identical sample
position. These dierent approaches were combined to employ the following experimental
methods in this thesis:

Electron gun :

LEEM (Low Energy Electron Microscopy), DF-LEEM (Dark-Field LEEM),

LEEM-IV (intensity vs. voltage LEEM),µLEED (Micro spot Low Energy Electron Diraction), LEED-IV (intensity vs. voltage LEED).

Synchrotron light :

XPEEM (X-ray Photoemission Electron Microscopy),

µXPS

(Micro

spot X-ray Photoelectron Spectroscopy.
The methods used in this thesis will be explained in this chapter in more detail.
To achieve the world records for lateral resolution (2.6 nm in LEEM [86]), aberration correction and energy ltering was employed in the imaging column of the instrument. The
energy resolution is 180 meV [24]. The range of magnication is 500  100000, i.e. a eld
of view of 80 µm up to 0.4 µm.
The experiments are performed in situ and can be observed in real-time quasi in video
rate. Using the electron gun a maximum pressure of up to

1.0 · 10−4

mbar can be applied

in the vicinity of the sample. For the use of synchrotron light, the pressure must be lower
than

1.0 · 10−7

mbar in order to open the valve to the beamline. The base pressure of the

instruments main chamber is

2.0 · 10−10 mbar.

The sample is mounted on a transferable

commercial elmitec sample holder. The sample temperature can be increased up to more
than 1600 K, whereby the temperature is measured either by a spot-welded thermocouple
on the sample holder or by an external infrared pyrometer. Typically the temperature is
determined by the combination of both methods, where the TC is employed at temperatures below 520 K and the pyrometer above.
The scheme of the SMART-instrument is depicted in Fig. 2.1. A general overview of the
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Figure 2.1

Schematic visualization of the SMART instrument.

individual parts of this instrument can be found in [8, 102].
In this instrument either electrons or synchrotron light can be used for the measurements.
Both situations will be explained in more detail in the following sections.
For LEEM, DF-LEEM, LEEM-IV,

µ-LEED

and LEED-IV an electron beam is directed

onto the sample. This electron beam is produced by a eld emitter electron gun, making
use of the Schottky eect. Electrons are produced by thermionic emission from a tungsten
eld emitter tip, which is zirconium oxide coated.

The emitter potential is -15 kV. The

tip points through a hole in Wehnelt cylinder focusing the electron beam. In 0.7 mm in
front of the tip the extractor electrode is located with a potential of about +6 kV regarding the tip.

The strong eld together with the small tip radius enables the eld eect,

which bends the vacuum level down, thus reducing the work function. This enables a high
electron emission already at 1800 K, the used temperature for the emitter. The advantage
of the Schottky eld eect emitter are (i) small energy broadening between 0.3 and 0.5 eV
(compared to 0.7  1 eV at a LaB6 cathode) and (ii) high brilliance (intensity per emission
area and per emission angle). Finally the beam is accelerated to the anode, an aperture
at ground potential about 2 mm in front of the extractor, where the electrons reach the
maximum kinetic energy of 15 keV.
Electrons leaving this electron emitter pass the illumination column in which the beam
diameter is set by lenses and focused as a parallel electron beam into the magnetic beam
splitter.

The beam splitter consists of four sectors, in each magnetic elds are produce

◦ deection of the electrons without

by three coils with specic shape, which enables a 90

dispersion. The special focusing of the beam splitter transfers the image at the entrance
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one to one to the exit plane, whereas the divergence of the beam in not changed.

The

double symmetry of the system leads to a vanishing of second-order aberrations [62, 102].
Direction and strength of the deection is dened by the Lorentz force
Here, q is the charge of the electrons,

~v

the corresponding velocity and

~ .
FL = q(~v × B)
~ the magnetic
B

eld, produced by the coils. In the following, the electrons are introduced to the so-called
cathode lens [33]. The cathode lens is composed by the objective lens, which is directly located at the beam splitter, and the sample, which acts as a lens as well. The sample voltage
is -15 kV superimposed by small variation, which can be varied between -4 and +1000 V.
This variation is called start voltage (StV) and creates a dierence between the emitter
voltage of the electron gun and the sample voltage (including work function dierence),
but also a potential dierence between sample and energy analyzer, which will be discussed
later. Thus, the electrons are exposed to an eective potential which inuences how the
electrons approach the sample. The electron beam homogenously illuminates an area of
approximately 5 µm on the sample. As a result all information is taken only from this particular area. If the applied StV is not high enough to overcome the workfunction barrier
of the sample, the electrons are back reected, without interaction inside of the sample.
This mode is called "mirror electron microscopy" (MEM). For higher values of StV the
electrons can overcome this barrier and interact with the sample and are (elastically and
inelastically) back-scattered and diracted. Due to the low energies the mean free path of
the electrons is in the order of 0.5-5 nm and provides a reduced interaction of the electron
in one volume element with the neighboring volume element. The emitted electrons can
be used for imaging in the mode of "low energy electron microscopy" (LEEM). The energetic border between these modes is addressed to as MEM-LEEM border. From this the
workfunction can be determined. The utilized substrate in this thesis is Ru(0001). The
workfunction of a Ru(0001) substrate known in literature [12] is 5.44 eV. The measured
MEM-LEEM border in our instrument is 2.58 eV. Thus, our measured MEM-LEEM border
has to be corrected by an oset of +2.86 eV in order to get the real workfunction. This
oset is the same for all measurements and therefore allows the determination of absolute
work function values for other surfaces.

◦

The synchrotron light illuminates the sample at grazing incidence under an angle of 20 ,
increasing the illuminated area, and reducing the penetration depth of the x-rays. Due to
the interaction of the X-rays with the illuminated matter, electrons are emitted due to the
photoelectric eect. Depending on the incident photon energy hν and the binding energy
EB of the electrons, the emitted electrons have a certain kinetic energy which is determined
by

Ekin = hν − EB − φ

with the binding energy EB and

φ

the work function. By tuning

the photon energy such that the resulting kinetic energy is in the range of 50 to 100 eV,
the mean free path of the emitted electrons in the material is minimal according to the
universal curve [88]. This results in making this experimental method not only chemically
selective, but also very surface sensitive.
The electrodes of the objective lens are at ground potential. Thus, the electrons leaving
the sample are accelerated in the direction of the objective lens, reaching a kinetic energy
of 15 kV. Afterwards the electrons pass the beam splitter again and are transferred to a
tetrode mirror [72, 80]. The objective lens causes aberrations, which leads to a decreased
lateral resolution. In the tetrode mirror spherical and chromatic aberrations are corrected.
It consists of several equipotential surfaces in a curved form. Electrons with dierent kinetic energies are back reected on dierent equipotential surfaces. Moreover due to their
curved shape the beam is focused, similar to a parabolic mirror for light rays. Here, the
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tetrode mirror also introduces spherical and chromatic aberrations, but with opposite sign.
By choosing the proper potentials in the mirror, theses aberrations can compensate the
aberrations of the objective lens. Therefore, the overall aberrations can be canceled out
up to the third order for spherical and rst order for chromatic aberrations.
Due to the intersection of incoming and outgoing electron beams, the electron per volume
concentration is the highest in this area of the instrument. The same charge of the electrons leads to a repulsion of nearby electrons, preventing an arbitrary high concentration
of electrons per volume. This eect is called space charge eect and leads to a decreased
lateral resolution.
Since the synchrotron light produces much more electrons than the incoming electrons in
LEEM mode (with much lower energy), the XPEEM image has a worse resolution limit
(18 nm) than the LEEM image (2.6 nm). One possibility to overcome this drawback is the
introduction of an additional aperture in the beam splitter to lter out the high amount
of secondary electrons, and let only the core electrons pass. This approach is followed by
our group within the development of the SMART II instrument.
The aberration corrected electrons pass the beam splitter for a third time and enter the
transfer optics.

With the transfer optics the operation modes (microscopy, diraction,

spectroscopy) and the individual magnication can be dened.

Additionally a contrast

aperture is attached, which is in the image of the back focal plane for LEEM. By changing
the optical setting, the intermediate image can be placed into the same aperture, this time
acting as a selective area aperture for

µLEED. In the following, the electrons pass a special

imaging energy analyzer, the omega lter [81]. It consists of four magnetic sector elds,

◦

each deecting the electrons by about 90 . With this geometry all second rank aberrations
are canceled out by symmetry and a 1:1 image at the entrance and the exit of the energy
lter are achieved. Additional hexapoles in the energy lter increase the energy resolution.
Only electrons with a specic energy can be chosen to pass the energy lter.

Electrons

with a dierent energy vary in their trajectory through the lter and thus cannot pass.
The energy selection is done by an exit slit, which in turn denes the energy resolution
and is usually in the regime of 500 meV energy bandwidth. Afterwards the electrons are
guided through projection units onto a channel plate, which amplies the amount of electrons. Behind that a phosphorous screen converts the electrons to photons, which are then
detected by a CCD camera.

2.2 Structure and diraction
Diraction theory
LEEM and LEED both make use of low energy electrons interacting with the sample
surface.

In the following the theoretical background of LEED method is discussed.

A

more detailed description can be found in [4, 43, 66].
First, an ideal three dimensional lattice should be considered. Every atom in this lattice
can be addressed by using the translational vector

T~

T~ = n1 a~1 + n2 a~2 + n3 a~3

(E 1)
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Real space vs. reciprocal space of a (100) lattice (a-b) and a (111) lattice (c-d)
for two dimensions.
Figure 2.2

Here,

a~1 ,a~1

and

a~1

n1 , n2 and n3
ρ(~r) = ρ(~r + T~ ),

are the basis vectors and

periodic lattice has the electron density

any integer. Every point in the
whereby

the lattice. Using a Fourier series the electron density at the point

ρ(~r) =

X

~r can be any point
~r is found to be

~

nG eiG~r

in

(E 2)

~
G
While

~r

denes a point in real space,

~
G

addresses the reciprocal space.

The reciprocal

lattice vector is dened as

~ = hb~1 + k b~2 + lb~3
G
Hereby,

b~1 , b~1

and

b~1

(E 3)

are the reciprocal basis vectors and h,k and l any integer.

These

lattice vectors are referred to as Miller indices. The real and reciprocal basis vectors are
connected as follows

a~2 × a~3
a~3 × a~1
a~1 × a~2
b~1 = 2π
; b~2 = 2π
; b~3 = 2π
;
a~1 · a~2 × a~3
a~1 · a~3 × a~3
a~1 · a~3 × a~3
In particular the following rule is applied:

a~i · b~j = 2πδij

for

i 6= j

and

δij = 1

(E 4)

for

i = j.

Examples for the lattice vectors in real space and their corresponding reciprocal space are
given in Fig. 2.2. The lattice vector

a~i

is perpendicular on the reciprocal lattice vector

b~j .

In LEED a surface is illuminated with an electron beam. As a result (elastic and inelastic)
scattering and diraction takes place. First electron diraction (or elastic scattering) in
real space is discussed. For the following description it is useful to describe the beam of
electrons by their wave character after De Broglie with a wavelength

λ = h/p

λ
(E 5)
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a) Two rays of one wave front being reected by an angle ϕ on two atoms. The
path dierence between these two rays is 2f . Depiction of the incoming and outgoing wave
vectors b) and their absolute values c) and introduction wave vector K.
Figure 2.3

Hereby, h is the Plancks constant and p the momentum of an electron.
absolute value of the wave

vector ~
k

Moreover, the

of these electrons can be described as

~k = 2π
λ

(E 6)

In the following an elastic scattering event is discussed. The situation is depicted in Fig. 2.3.
A wave front with wave vector

P1

and

P2

k~in

is reected on two atoms in two dierent lattice planes

of a crystal, respectively. The distance between these lattice planes is d. The

back reected wave has the wave vector

P1

and lattice plane

P2 ,

k~out .

a path dierence of

interference this path dierence

2f

Comparing the rays meeting lattice plane

2f

is found (see Fig. 2.3. For constructive

has to be a multiple n of the wavelength

λ.

2f = 2d · sin ϕ = nλ

(E 7)

Only in case of constructive interference a diraction spot is present.

This equation is

called Bragg-condition. A Bragg-reex can only be present for wavelengths

λ ≤ 2d.

The

vector subtraction of the incoming and outgoing wave vector leads to a new wave vector

∆~k = k~in − k~out

(see Fig. 2.3b). For an elastic scattering process

be identical. Thus, the absolute value

∆~k

k~in

and

k~out

must

can be determined by Fig. 2.3c) as:

2π
∆~k = 2 sin ϕ k~i = 2 sin ϕ
λ

(E 8)

In fact, if the Bragg condition is valid and constructive interference is present it follows

2π
~
= G
∆~k = n
d
Here

~
G

(E 9)

is the already introduced reciprocal lattice vector. This equation is called Laue

condition.
The Bragg equation is a simplied model to describe diraction. For precise description a
scattering model should be applied (see also [43]). Nevertheless the outcome is the same,
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a) Construction of the Ewald sphere for incoming and outgoing wave vectors following the Laue condition in reciprocal space. The rods depict the atomic planes in z-direction.
The individual rods are numbered by their hk value (hk) and thus indentify the individual
atomic order. The right hemisphere equals the commercial uorescent LEED screen. b) LEED
image of a Ru(0001) crystal as measured in the SMART system. StV = 42 eV.
Figure 2.4

i.e. the Laue condition.
A possibility to construct the Laue condition is to draw the so-called Ewald sphere, as
depicted in Fig.

2.4a.

In this case surface instead of bulk structures are investigates.

Therefore the points in the reciprocal space become rods, perpendicular to the surface.
The intercepts of the Ewald sphere with theses rods illustrate the points of constructive
interference in reciprocal space.

The right hemisphere illustrates a typical uorescent

LEED screen, as it is used in a commercial LEED apparatus. A typical LEED image as
measured with the SMART instrument is shown in Fig.
energy the diameter of the Ewald sphere is enlarged.

2.4b.

With increasing kinetic

Thus, higher order spots become

visible. In a commercial LEED system, the angle of the diracted electrons are displayed,
thus the LEED spots move towards the center of the screen when the energy is increased.
In a cathode lens system with a quasi-homogeneous electric acceleration eld in front of
the surface, the momentum of the electrons is imaged onto the detector.

Therefore the

positions of the surface LEED spots do not change if the electron energy is changed.

LEEM, DF-LEEM and µLEED realization in the apparatus
In a commercial LEED system an electron gun is attached directly in front of the sample
Surrounding the gun a uorescent screen is used in order to detect the back diracted
electrons. The (00) spot is covered by the electron gun (so-called back view system).
In 1962 Ernst Bauer invented a combined LEEM-LEED system.

LEEM is hereby the

imaging counterpart of LEED. Similar to the commercial LEED apparatus, the sample
is illuminated by an electron gun.

However, dierent to the commercial LEED system,

incoming and outgoing electron beams are separated by using a magnetic beam splitter.
With this, all electrons coming from the sample are used for detection, including the elastically backscattered electrons, which give rise to the (00) spot.
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The electrons are guided through a lens system, whereby the rst lens is the so-called
objective lens (see section 2.1). The electron beam is focused in the back focal plane of the
objective lens, i.e., here the LEED image is produced (reciprocal space). Behind this point
the electron beam widen again, giving rise to the LEEM image (real space). Depending
on the setting of transfer lenses the position of the back focal plane can be varied, and
with this it can be dened, whether the LEED pattern or LEEM image is displayed at the
detector.
In the SMART system a contrast aperture is implemented. In the LEEM mode the back
focal plane set to the position of this aperture, so that a selection of a specic LEED spot
is possible. For the so-called Bright-eld LEEM only the (00) spot passes the aperture.
Other k-contributions are blocked. By choosing only the elastically scattered electron (condensed in the (00) spot), the lateral resolution can be enhanced. In the following chapters
this mode is addressed to as LEEM mode. By changing a deector in front of the sample
a diraction spot with a dierent k-vector can be chosen to pass the contrast aperture.
This mode is called Dark-eld LEEM (DF-LEEM). In the following chapters this mode
is addressed to as dark-eld analysis.

When using this mode only the areas giving rise

to this specic diraction spot is bright. In the LEED mode of the SMART instrument,
the intermediate image plane is transferred into the plane of the contrast aperture, and a
small surface area is selected. With the magnication of M=20 for this intermediate image
plane, and the aperture size of typically 30 µm, the size of the selected area dAoI = 30 µm/
M = 1.5 µm. Now, with this set-up, all LEED spots can pass this aperture and the complete
LEED pattern can be detected. The positions of the LEED spots remain constant, even
if the Ewald sphere increases at higher energy. Due to these settings the modes can be
easily switched between the method of LEEM and LEED during the measurement without
mechanical change of apertures.
The contrast in a LEEM image results from either the phase contrast or the amplitude
contrast. Electrons coming from dierent terraces have a phase contrast. In case this phase
dierence is
of

λ/2

λ,

the dierence between the terraces is invisible, however, a path dierence

is visible. For instance, step bunches are found as black lines in the image, due to

destructive interference. In the amplitude contrast dierences in diraction conditions lead
to a contrast between dierent materials or facets in a material. In the dark-eld LEEM
only areas corresponding to a specic LEED spot are bright.

Therefore the individual

LEED pattern of a specic domain visible in LEEM can be deduced. Moreover symmetries for LEED pattern of a specic superstructure can be found, by using neighboring
LEED spots of a specic pattern, for instance a (2x2) pattern. One example is the structure of a 2O-Ru(0001) vs.

the 3O-Ru(0001) coverage.

While both LEED pattern show

a (2x2) structure, they dier in their symmetry of the spot intensity. The 2O-Ru(0001)
structure has a 2-fold symmetry, while the 3O-Ru(0001) structure has a 3-fold symmetry
and can thus be distinguished from each other. The spot position in LEED images gives
information about the atomic structure, the size and shape of the unit cell or simply the
presence of a superstructure. Moreover it can be used to judge the sample quality. In order
to determine the atomic arrangement within the unit cell, one has to perform LEED-IV
measurements and analysis.
The variation of the start voltage (StV) of the electrons gives rise to a characteristic intensity curve. Hereby both, individual LEED spots, as well as dened areas in the LEEM
image can be used. The corresponding curves are called LEED-IV and LEEM-IV, respectively. LEEM-IV has the advantage to select specic areas in the eld of view and thus
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get information of a specied regions, which might be either to choose (defect-free) terraces or also to address dierent domains. Typically energies lower than 50 eV are used
for LEEM-IV analysis, since the intensity drops strongly and with this the signal-to-noise
ratio increases.
In LEED-IV the characteristic curves for individual LEED spots can be measured. The
main information is found in the (00) spots, however also the superstructure curves have
a characteristic structure. In LEED-IV typically energies up to several hundred eV can be
choosen. The LEEM-IV and LEED-IV curve intensity evolution of the individual diractions spots can be described as

I(k~in , k~out ) = F (k~in , k~out ) · G(k~in , k~out )
Hereby,

F (k~in , k~out )

factor.

The intensity form factor gives information about the lateral periodicity of the

is the intensity structure factor and

G(k~in , k~out )

(E 10)
the intensity form

surface and the surface defect structure smaller than the resolution limit of LEEM. It
mainly requires the kinetic theory of diraction. Here, mainly the diraction spot position
and the shape of the spots is included. In the intensity structure factor the atomic structure
of a surface is probed, thus the atomic positions within the lateral periodicity units can be
extracted. Here, the relative intensities of the diraction spots are probed.
A simulation of LEEM-IV or LEED-IV curve requires several eects to be considered.
While a theory based on elastic scattering gives good results for energies larger than 200 eV
[95], for lower energies the curves cannot be reproduced. For energies lower than 100 eV,
which is typically used for LEEM-IV no agreement is achieved. To achieve good results in
this energy regime multiple scattering, inelastic scattering and in particular losses through
inelastic scattering have to be taken into account [8, 26].

Especially for energies lower

than 100 eV a very detailed angular distribution of the scattering by the individual atoms
need to be fully considered. Good results are achieved by using material-specic dielectric
functions. Nevertheless, the energy range below 10 eV shows large derivations. Additionally
surface eects, like the shape of the boundary between vacuum and the condensed matter
cause deviations.

In the simplest model a sharp planar interface is present, which is

polarizable and has the dielectric constant

.

Here incident electrons can produce an image

charge in the medium [8, 50, 93] and thus a image potential
For ideal metals with

 = −∞ follows (z) = −1/4z .

(z) = ( − 1)/( + 1) · 1/4z

.

Hereby z is the distance in z-direction.

Such an image charge also has an inuence on the position of the MEM-LEEM border.
For instance a material with high electronegativity in the top most layer increases the
MEM-LEEM border to higher energies. In this work a Ru(0001) substrate is used. The
MEM-LEEM border is found to be at 2.58 eV (work function: 5.44 eV [12]). If the surface
is 3O-oxygen terminated the border is strongly increased up to 3.5 eV. Another eect that
is found to be reproduced in a LEEM-IV or LEED-IV spectrum is the quantum size eect
for thin lms with parallel boundary conditions. Analogue to the Fabry-Perot etalon for
optical light, individual intensity oscillations in the LEEM-IV spectra correspond to the
interference at the individual interfaces of each layer [7]. The number of these intensity
oscillations in the LEEM-IV or LEED-IV spectra corresponds to the number of atomic
layers. Multiple orders of this eect can be present, also in the low energy region

≤10 eV.

As described, the large number of inuences on the LEEM-IV and LEED-IV structure
makes a simulation of these curves rather dicult. However, since all these eect create
a very element and arrangement specic curve, it can be used as a ngerprint in order to
check the similarity of the prepared lms.
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2.3 Spectroscopy
In the last chapter the methods using the electron gun were described. In this chapter the
synchrotron light is used. In the following the methods of XPEEM and

µ-spot

XPS will

be discussed.
Both methods are based on the photoelectric eect. The energy of an incident photon hν
is absorbed by an atom and excites an electron. If the photon energy is greater than the
binding energy EB and the workfunction

φSample

the electron can leave the sample.

If only the sample is taken into account, then the following energy conservation is true:

Schematic representation of the energy levels in sample and spectrometer (adapted
from [3]). Hereby EF is the Fermi level of the sample, Evac the vacuum level and φSample
and φSpec the workfunction of the sample and spectrometer, respectively. EB indicates the
binding energy corresponding to a specic energy level Ex .
Figure 2.5

hν = Ekin,1 + EB + φSample
For the respective energy level see Fig. 2.5.
measured using a spectrometer.

(E 11)

However, the energies of the sample are

Due to dierent vacuum levels of the sample and the

spectrometer Evac the kinetic energy measured in the spectrometer corresponds to the
vacuum level of the spectrometer, not the sample. Thus, what is measured is

hν = Ekin + EB + φSpec

(E 12)

EB = hν − Ekin − φSpec

(E 13)

or
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A scheme of a typical XPS spectra is shown in Fig. 2.6. Hereby the intensity is plotted
in dependence on the (measured) kinetic energy Ekin or binding energy (BE) which can
be calculated using equation E 13.

The signal intensity correlates with the number of

emitters.
The dominant intensity in XPS spectra results of electrons losing their energy while leaving

Schematic XPS spectrum including the Secondary electron edge SE, the core level
CL, the Auger electrons AE, the valence band VB, the Fermi edge EF and shake-ups (adapted
from [30]).
Figure 2.6

the sample due to inelastic scattering processes. Most electrons have just slightly enough
kinetic energy to overcome the work function of a sample. They sum up to a very strong
intensity at low kinetic energies, the so-called secondary electron edge SE. By tting the
SE edge on the lower kinetic energy site the relative workfunction of the sample can be
determined. Ineleastically scattered electrons with higher kinetic energy contribute to a
secondary electron tail, which decreases with increasing kinetic energy. Additional intensity in discrete lines can be found in core electron levels CL, Auger transitions AE and
shake ups.

The core levels give rise to element specic information.

these lines give information about the chemical surrounding.

Energetic shifts of

Auger electrons are found

for states corresponding to Auger transitions. The Auger-eect can be described in three
steps: (i) an electron A is excited by either electrons or photons from the energy level E1
into an unoccupied state, leaving behind a vacancy in level E1 . (ii) A second electron B
in a higher energy level E2 falls down into the level E1 , releasing the energy E2 -E1 . (iii)
A third electron C in level E3 may take this energy and is emitted. The electron C is the
Auger electron. It has an element typical kinetic energy, and this energy does not depend
on the energy of the primary excitation, as long as the energy was sucient high enough
to create the vacancy in E1 . The Auger transition are commonly named by the involed
core levels E1 , E2 , E3 , e.g. KLL.
While core electrons correspond to the individual binding energy of a specic energy level,
the Auger electrons have the kinetic energy tting to a specic energetic dierence between
two specic energy levels

E2 -E1 -EB .

Thus, core level can be distinguished from Auger level
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by variation of the photon energy. While the kinetic energy of the core electrons shift with
the photon energy (see equation E 13), the kinetic energy of the Auger electrons remains
constant. The part of the diagram with highest kinetic energy is the valence band. For
metals the valence band edge is the Fermi energy EF and follows the Fermi-Dirac distribution.

XPEEM and µXPS realization with the SMART instrument
The method of XPS is very surface sensitive, due to the utilized (low) kinetic energy.
The electron inelastic mean free path depends on the kinetic energy and is typically estimated by the so-called "universal curve" [88]. In the kinetic energy range between 50 eV
and 120 eV the technique is surface sensitive to the topmost layer only (around 6 Å). A
great advantage of the synchrotron light is the possibility to vary the photon energy and
therefore to tune the kinetic energy of the photo-emitted electrons.

At the UE49-PGM

beamline of BESSY II the energy can be varied between 90 eV up to 1200 eV. This provides the possibility for depth prole analysis, i.e. to measure the same element line with
a surface sensitive energy (e.g. 70 eV) and a higher kinetic energy (e.g. 250 eV). Since in
this work a layered material is investigated the individual inuence of the rst and second
layer can be distinguished in that way. The measured kinetic energies can be transformed
into the binding energy by using equation E 13. In our instrument the work function of
the detector is not known, however the valence band edge can be measured. The valence
band is typically not in the kinetic energy range for surface sensitive probing. In this work
ultrathin lms on a Ru(0001) crystal are investigated. Thus, the main inuence on the
measured valence band edge is coming from the Ru(0001) crystal. Since ruthenium is a
metal, it has no present band gap between the occupied and the unoccupied bands. As
a result, the valence band edge of the occupied states can be assumed to be at the same
position as the Fermi edge. This can be used to calibrate the binding energy out of the
measured kinetic energy (see Fig. 2.6. This has been done for every measured XPS spectra
in this work.
In the SMART instrument

µXPS

is measured in the so-called dispersive plane mode. For

this mode a eld aperture is set in front of the energy lter. The exit slit present for the
ne selection of the energy is taken out of the system. As a result the electron beam can be
dispersed with a detectable energy range of 17 eV in the energy lter. This energy-dispersed
beam prole can then be mapped on the screen and gives the intensity as a function of
the electrons kinetic energy. The StV (start voltage) set denes the energy in the center
of this image, i.e. StV

±

8.5 eV. Hereby, the horizontal axis shows the energy dispersion,

while the vertical axis shows the lateral distribution of the specic sample surface. While

2 is illuminated by the synchrotron light, a special aperture can
2
be set to select only information of a circular area of 5 µm or even smaller, depending on

a sample surface of 50 µm

apperture size and image magnication.
Furthermore, the core electrons can be used in the imaging mode, i.e.

XPEEM mode.

Hereby, a specic energy can be selected with the exit slit set behind the energy lter.
With varying the StV at the sample, it is possible to scan the kinetic energy of the emitted
photoelectrons and a complete XPS core level spectra with lateral resolution is obtained.
Hereby, detailed information about the element concentration in neighboring domains can
be analyzed. Therefore, not only an element-specic mapping is possible, but also the in-
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dividual core level shape can be measured directly and thus, allows the distinction between
dierent species of the same element (e.g. the elucidation of dierent oxidation states).
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Chapter 3

Ultrathin layers of FeO on Ru(0001)
The main topic of this work is iron silicate.

It can be described as a FeO-like layer on

Ru(0001) with a silica monolayer on top. These two layers are bond through oxygen (FeO-Si bond). Apart from preparing iron silicate by sequential deposition of both, Si and
Fe (in chapter 4.1), it can also be prepared by the deposition of silicon on a pre-prepared
FeO monolayer (see chapter 4.2.1). Moreover, in section 4.3.1, it will be shown that also
a FeO bilayer can be used as start. In the mentioned chapters complete layers of FeSiOx
are used on the basis of complete layers of FeO. This is a useful approach in order to gain
general information about the chemical and structural properties of iron silicate lms. In
contrast, in sections 4.4.2 and 4.4.3 incomplete FeO layers are utilized. With this dynamic
processes and stabilities can be investigated.

In order to understand the nature of the

FeO-like (complete and incomplete) layer as part of iron silicate, the individual properties
of FeO are of interest. They will be discussed in this chapter.
In general dierent iron oxide phases exist, highly dependent on the preparation conditions
such as oxidation gas pressure, temperature and iron concentration. Here, the oxidation
kinetics during epitaxial growth is of high interest. At RT four thermodynamically stable
iron oxide phases are known: FeO1+x (wüstite), Fe3 O4 (magnetite),
and

γ-

α-Fe2 O3

(haematite)

Fe2 O3 (maghemite). Structural models for rst three phases are given in Fig. 3.1.

α-Fe2 O3

is the thermodynamically most stable form at RT for all oxygen pressures.

It

consists of a closed-packed hexagonal structure with lattice constants a = 5.034 Å and

3+ state. Fe O has an inverse spinel structure,
3 4
2+ state and also octahedriwhich comprises iron atoms tetrahedrically coordinated in Fe
3+
cally coordinated in Fe
state. As a result an alternative expression is FeO·Fe2 O3 with an
2+ : Fe3+ of 1:2 [105]. On Ru(0001) they are known to grow in triangular
atomic ratio of Fe
c = 13.752 Å. The iron atoms are in the Fe

shaped islands as a third layer of FeO [83].
Of main interest for the later iron silicate lms are the properties and growth conditions of
ultrathin layers of FeO1+x . FeO1+x consists of a stack of alternating layers of Fe

2− anions.
and O

Both are arranged in a hexagonal lattice form.

2+ cations

With increasing iron

content the lattice constant increases from 4.28 Å to 4.32 Å [100] in high oxygen pressures.
On a Ru(0001) support up to four atomic layers are stable [41] in contrast to Pt(111) with
only two stable atomic layers [100]. At higher iron amount Fe3 O4 occurs. The reason is
the higher anity of Ru to iron and oxygen as compared to platinum, as well as a higher
surface free energy of Ru and a gain of Madelung energy [41]. On Ru(0001) the interlayer
distance shrinks with increasing layer number from 1.25 Å (bulk) to 0.6 Å (three and four
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Atomic arrangement of the following iron oxide phases: a) FeO, b) Fe3 O4 and
c) α-Fe2 O3 . Image based on [42].

Figure 3.1

monolayer) in order to minimize the dipole moment and thus, stabilize the lm [41].
The standard method to prepare FeO1+x on Ru(0001) is the deposition of iron at RT in
UHV, followed by an oxidation in

1.0 · 10−6 mbar to 900-1000 K. Ketteler et al.

have shown

that FeO1+x may be produced by one-turn deposition, i.e. the deposition of the complete
iron amount at once or by cumulative iron deposition. While in one-turn deposition layers
of a maximum of four monolayer height can be grown, in the cumulative method FeO1+x

3.1. Monolayer growth
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grows only monolayer thick (when in the rst step less than a monolayer of FeO is deposited). Continued cumulative growth is leading to the formation of Fe3 O4 . With both
methods monolayer thick FeO1+x islands can be formed. The structure of FeO1+x on the
Ru(0001) or the Pt(111) support is a Moiré pattern. When prepared with the as described
method a Moiré reconstruction of "7 on 8" atoms is found for the rst two layer, meaning
that 7 iron atoms t commensurably on 8 Ru(0001) atoms [41]. For three or four monolayers a structure of "6 on 8" is produced, due to a relaxation within one layer to 3.58 Å,
which enables the shortened interlayer distance and thus, the minimized dipole moment.
De la Figuera et al. [68] have shown that FeO1+x can also be prepared by deposition at
elevated temperature in oxygen atmosphere. Here, the Ru(0001) substrate is covered with
oxygen even before iron is landing on the surface.

The rst FeO1+x layer grows in the

form of islands that continue to grow until the rst layer is closed.

The precise oxygen

background pressure proved to be very critical for the lm growth.

In an oxygen back-

ground pressure of

10−8 mbar

a monolayer FeO1+x lm grows, while in

10−7 mbar

directly

a bilayer FeO1+x lm grows. The authors have judged the layer thickness by deposition
time and STM measurements.

The Moiré structure exhibits a "6 on 7" reconstruction.

De la Figuera et al. performed a LEEM, LEED and STM study. However, spectroscopic
results are missing.
In the present work, monolayer (section 3.1) and bilayer FeO1+x lms (section 3.2) have
been prepared using the second method, namely the deposition of iron at elevated temperature in oxygen atmosphere.

3.1 Monolayer growth
This chapter discusses the monolayer lms of FeO1+x . For this, iron is deposited at 800 K
in an oxygen pressure of low

10−8 mbar.

At these conditions iron oxide starts to grow at

step edges and impurities, rst growing on individual terraces before growing over step
edges.

The monolayer of FeO1+x is dened with the closure of these lms.

A typical

growth is shown in Fig. 3.2. For a detailed analysis such as XPS, LEEM-IV etc. the lms
were cooled down rapidly without applying additional oxygen.

−8 mbar and
pressure of 1.0 · 10

The growth mode for a

2.0 · 10−8 mbar seems to be very similar, when observed in

LEEM. Also the necessary time to form a closed layer matches. However, their structure
diers strongly, as could be seen in their diraction patterns Fig. 3.3a and b.
At a pressure of

1.0 · 10−8 mbar rotational domains are growing simultaneously.

image is shown in Fig. 3.3a.
arated in Fig. 3.4.

The LEED

The individual structures superimposed in LEED are sep-

Two rotated structures with Moiré spots are present, together with

a (very blurry) (2x2) structure.

The rotated structures have a 1.15 times larger unit

◦

cell than Ru(0001) and are rotated by an angle of +/- 17 , respectively (Wood notation:

◦
◦
(1.15x1.15)R17 and (1.15x1.15)R163 , respectively). For future reference this phase (dened as the sum of all growing structures) is called ML1. The structural models of the two
rotated domains are shown in Fig. 3.5a and b.
A slightly higher pressure of

2.0 · 10−8 mbar leads to a Moiré pattern, surrounding the (0,0)

spot and the substrate spots (Fig. 3.3b). This LEED pattern is well known for FeO1+x
lms on Ru(0001) showing the "6 on 7" reconstruction. The structural model is given in
Fig. 3.5c. For further reference this phase will be called ML2.
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A chemical comparison between phase ML1 and ML2 is shown in Fig. 3.7. The XPS
data is taken from closed lms of the individual phase.

As it turns out, their chemical

2+ conguration (53.6 eV).

composition is the same for both phases. The Fe 3p shows an Fe

This correlates nicely with the LEED pattern that suggested the presence of FeO1+x . The
O 1s lines have a maximum at 528.9 eV. Since their chemical composition is the same, the
only dierence between ML1 and ML2 must be their structure.
The LEEM-IV curve of both phases is shown in Fig. 3.6.

Phase ML1 and ML2 share

nearly the same MEM-LEEM-border at 2.56 eV(ML1) vs. 2.54 eV (ML2), indicating the
same dipole moment or arrangement of oxygen in the top most layer. This value matches
the value of a clean Ru(0001) substrate [44]. In LEEM-IV up to 13.7 eV the characteristics
are similar: Both have a very broad peak at 4.4 eV (ML1) and 4.7 eV (ML2) and a very
distinct peak at 12.6 eV, which is characteristic for a monolayer. Only for higher energies
the curves dier.

ML1 shows a broad peak around 15.8 eV and a maximum at 19.2 eV.

ML2 shows a small peak at 14 eV a dip at 15.6 eV and nally a peak at 20.1 eV.

LEEM images during Fe deposition at 800 K in 1.0 · 10−8 mbar (phase ML1). The
images are taken at 20 eV. The intensity scaling is kept constant.
Figure 3.2

3.1. Monolayer growth

LEED images of the individual monolayer FeO phases. a) ML1, b) ML2 and
c) ML3. All images are taken at 42 eV.
Figure 3.3

3.4 Rotated domains marked in the LEED image of ML1 (see 3.3a) at 42 eV.
a) Superposition of all identied domains. The individual domains are given in b)-d). b)
and c) rotated phases. d) (2x2) phase.
Figure

Top view on monolayer iron oxide lms grown at 800 K in a)-b) 1.0 · 10−8 mbar
(monolayer phase ML1) and c) 2.0 · 10−8 mbar (monolayer phase ML2). The structures
are based on the measured LEED images in Fig. 3.3a for the monolayer phase ML1 and
3.3b for monolayer phase ML2. The LEED image of the monolayer phase ML1 shows the
superposition of several domains as shown in Fig. 3.4. In Wood notation: a) (1.15x1.15)R17◦ ,
b) (1.15x1.15)R163◦ , c) (1.17x1.17) and Moiré structure. Red: Oxygen. Violet: Iron. Gray:
Ruthenium.
Figure 3.5
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Characteristics for the individual monolayer phases. a) LEEM-IV curve and
b) MEM-LEEM border. The lines in a) indicate the characteristic peaks present for all
monolayer FeO phases.
Figure 3.6

Figure 3.7

XPS curves of phases ML1 and ML2. a) Fe 3p line. b) O 1s line.

Before the layer of ML2 closes in some cases iron oxide transforms into a third phase.
In Fig. 3.8 such a transformation is shown. The gray phase corresponds to ML2 and the
dark gray phase to ML3. The transformation can be very fast, as images show at 6 min
52 s and 6 min 54 s. Between these two seconds a complete terrace of several micrometer in
size transforms. Due to these fast changes it can be assumed that the amount of material
remains constant. However slight structural changes or changes in the oxygen termination
are likely. Indeed, the LEED pattern shows additional (2x2) spots. The LEED pattern
was taken in an area containing both, the ML2 and ML3 phases. In order to prove that
the (2x2) spots correspond strictly to ML3 a dark eld analysis was performed as shown
in Fig. 3.9. The MEM-LEEM border of ML3 is at 2.28 eV, i.e. nealy 0.3 eV smaller than
ML1, ML2, and the bare Ru(0001) substrate (2.58 eV [44]). This indicates that more oxygen atoms are underneath the iron layer than on top. The LEEM-IV curve (Fig. 3.6) shows
similar to ML1 and ML2 a main peak at 4.4 eV and a sharp peak at 12.5 eV. For higher
energies it is strongly dierent, showing a peak at 14 eV and 15 eV, as well as a broad
peak at 20.4 eV. In Fig. 3.10 a model for the ML3 phase in comparison to the ML2 phase
is proposed.

Here, the (2x2) spots can be realized by a switching of the oxygen atoms

underneath the lm, so that the remaining oxygen atoms on top of the lm are ordered

3.1. Monolayer growth

Figure 3.8
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Transformation of ML2 (gray) into ML3 (dark gray) during iron deposition in

2.0 · 10−8 mbar at 800 K. LEEM images taken at 20 eV.

Film containing phase ML2 and ML3. a) LEED image at 42 eV of an area containing both phases. b) Bright eld LEEM at 20 eV. The bright and dark grey phase corresponds
to ML2 and ML3, respectively. c)-d) Dark eld images at 42 eV using the (2x2) spots indicated in a). The individual images correspond to the lower left (c) and upper right (d) spots
marked by red circles.
Figure 3.9

in a (2x2) reconstruction. In fact, the switching of oxygen atoms from on top of the iron
layer to underneath the iron layer would lower the dipole moment on the surface and thus,
explains the drastic decrease of the MEM-LEEM border.
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Figure 3.10

side view.

Proposed model for the monolayer FeO phases ML2 (a) and ML3 (b) in top and

Oxidation of the FeO monolayer
In the following, the inuence of oxygen pressure and temperature on the as-prepared
monolayer of FeO1+x is discussed. In chapter 4 iron silicate is investigated. Dierent preparation methods are shown, however they all combine an oxidation step in
at elevated temperatures.

1.0 · 10−6 mbar

Therefore the question is important, how stable the FeO1+x

monolayer is upon oxidation.

As a result it is possible to nd conditions for a stable

FeO1+x lm and thus, the inuence of silicon in the later experiments. The two monolayer
phases ML1 and ML2 are chemically identical, as shown in Fig. 3.7. From this point of
view both phases could be used for the oxidation experiment. However, the structures of
ML1 (rotational domains) and ML2 (Moiré structure) are very dierent. Since the Moiré
structure is the typical (optimal) FeO structure it is interesting to clarify, whether ML1 can
be transformed into ML2 through oxidation. Therefore the following oxidation experiment
was performed with ML1.
In the following data of the oxidized closed monolayer phase ML1 are shown. Hereby the
as-deposited lm is oxidized at RT, at 660 K and nally at 800 K in an oxygen pressure of

1.0 · 10−6 mbar.

The evolution of the lm due to oxidation is shown in LEED and LEEM in

Fig. 3.11. As will be shown dierent domains appear. Their individual LEEM-IV curves
are given in Fig. 3.12. In Fig. 3.14 the XPS results, taken from the sum of all domains at
one surface are given.
The as-prepared monolayer phase ML1 consists of two rotational domains having a 1.5 times
larger unit cell than Ru(0001). The layer chosen for this experiment is closed and is homogeneous in LEEM. The LEEM-IV curve (Fig. 3.12) shows a maximum at 4.4 eV and
the typical distinct peak at 12.6 eV. The curve continues with at relatively broad peak at
15.8 eV with maximum at 19.2 eV. The MEM-LEEM border is found at 2.56 eV. Iron is in

2+ state with its maximum at 53.6 eV (see Fig. 3.14a). In Fig. 3.14b the O 1s line is

the Fe

shown. The maximum is found at 529.9 eV.
First, the lm is oxidized at RT in

1.0 · 10−6 mbar

for 15 min. The LEED pattern remains

unchanged (Fig. 3.11b). However, in LEEM two dierent domains are visible that can be

3.1. Monolayer growth

Oxidation states of ML1. a, e) after deposition. b, f) oxidation at RT. c, g) Oxidation at 660 K. d, h) Oxidation at 800 K. The LEED images are taken at 42 eV. The LEEM
images e-g) are taken at 17 eV and image h) at 20 eV.

Figure 3.11

LEEM-IV curves of a) homogeneous layer of monolayer phase ML1. b-d) Individual domains developing after oxidation in 1.0 · 10−6 mbar at b) RT, c) 660 K and d) 800 K.
Figure 3.12
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Darkeld analysis after oxidation in 1.0 · 10−6 mbar at 660 K. a) LEED at 20 eV.
Darkeld images of the in a) indicated spots (clock-wise) at 20 eV of b-c) Moiré spots and
d-e) (2x2) spots. f) LEEM at 17 eV.
Figure 3.13

found on dierent terraces.

The LEEM image at 17 eV is given in Fig. 3.11f ).

At this

energy one phase is dark (addressed to as domain A), while the other is gray (domain B).
The LEEM-IV curve of domain A indicates that this phase has changed upon oxidation.
The energy for the MEM-LEEM transition is slightly increased to 2.69 eV, corresponding
to a work function change of 0.13 eV, which indicates a higher number of oxygen atoms on
top of iron. The most prominent change is the missing of the prior sharp peak at 12.6 eV,
which is replaced by a broad peak with maximum at 10 eV. Thus, the characteristics typical
for all monolayer phases are missing. Apart from that the peaks at 5 eV and 19 eV remain
with slightly dierent shape. Contrary to domain A, domain B still shows the same characteristics as the as-prepared lm. As a result structural changes can be excluded. The

3+ state (Fe 3p line

oxidation of the lm is visible in the emergence of iron atoms in the Fe

2+ state strongly decreases. Thus,
given in Fig. 3.14a). The number of iron atoms in the Fe
the higher availability of oxygen inuences the iron atoms to bind additionally to another
oxygen atom per iron atom. The O 1s line has increased in intensity, the peak position is
nearly unchanged (see Fig. 3.14b).
The oxidation at RT has already shown that some areas (domain A) change upon oxidation. However, other remains unchanged. Now, the inuence of temperature is evaluated.
For this the lm is oxidized at 660 K in

1.0 · 10−6 mbar.

image changes drastically (see Fig. 3.11c).

During this step the LEED

The rotational structure disappeared and a

non-rotated Moiré structure has formed surrounding the (0,0) spot. Close to the substrate
spots three rotational domains are visible.

◦

The angle between these domains is 6 , re-

spectively. Additionally a relatively weak (2x2) structure is present. Also in LEEM three
dierent domains are visible. The LEEM image at 17 eV is given in Fig. 3.11g). At this
energy domain A is gray, domain B is dark and domain C is bright. Domain C is only visible at the border of domain A. The transition energy from MEM to LEEM for domain A,
domain B and domain C are 2.73 eV, 2.86 eV and 2.83 eV, respectively, corresponding to

3.1. Monolayer growth
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XPS analysis of monolayer FeO phase ML1 oxidized in 1.0 · 10−6 mbar at the
indicated temperatures. a) Fe 3p, hν = 175 eV. b) O 1s, hν = 600 eV.
Figure 3.14

work function dierences of 0.15 eV, 0.28 eV and 0.25 eV referred to Ru(0001), respectively.
Thus, this oxidation step has increased the MEM-LEEM border for all domains in comparison to the oxidation step at RT. LEEM-IV curves of domain A and domain C are very
similar, showing only minor shifts. In fact, the number and position of their peaks resemble strongly domain A at RT. The LEEM-IV curve of domain B has stronger pronounced
peaks. Many characteristics are similar, like the peak at 5 eV and the dip at 16.6 eV. The
main dierences are very intense, broad peaks in the energy range between 6.5 and 10.5 eV.
The surface is mostly covered with domain A. In fact, the size of the domains resembles
strongly domain A after oxidation at RT. In the LEED pattern, both a Moiré structure

◦

(with three domains rotated by 6 ) and a (2x2) structure are visible. By dark eld measurements the individual LEED spots can be assigned to individual domains visible in
LEEM. Unfortunately the (10) spots of the substrate are not accessible at the low energy
used. Nevertheless, domains giving rise to the (2x2) structure can be dierentiated from
domains with a Moiré structure. Dark eld measurements are shown in Fig. 3.13. As it
turns out the (2x2) structure and the Moiré structure correspond to dierent domains.
Domain A gives rise to a Moiré structure, while domain B gives rise to the (2x2) structure.
Oxygen covered Ru(0001) gives rise to a (2x2) structure, thus the (2x2) structure present
here can be already a sign for that.

The LEEM-IV structure of domain B might be in

turn interpreted as an overlap of a 3O-covered Ru(0001) structure with the presence of
iron oxide. Domain C is located at the border of domain A and contains both structures.
It can be interpreted as an intermediate structure. Both, dark eld images using the (2x2)
spots and Moiré spots show a contrast change, when switching between neighboring LEED
spots.

This is an inuence of the individual terrace, being either the A or the B type

terrace of the ABAB stacking structure of the Ru support. With the help of the dark eld
analysis domain A can be assigned to the Moiré structure, while domain B gives rise to a
(2x2) structure. The Fe 3p line (see Fig. 3.14a) shows that iron is only present in the Fe

3+

state. This seems to be the energetically most stable state. The O 1s line in Fig. 3.14b
is minimally shifted to higher binding energy and much more intense than the previous
measurement after oxidation at RT.
For the nal oxidation, the temperature was increased to 800 K, staying at
oxygen pressure.

1.0 · 10−6 mbar

As a consequence the intensity of the (2x2) spots strongly increased

and three dierent domains in the Moiré pattern at 660 K emerged to only one phase (see
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Fig. 3.11d and h). Additionally higher order spots are present, indicating a good long range
order. In LEEM one very large domain (domain A) and a very small domain (domain B)
are visible. The corresponding LEEM-IV curve identies domain B clearly as 3O-covered
Ru(0001), i.e. as holes in the lm. They are mainly present at step edges. The desorption
of iron is also visible in the decrease in the Fe 3p line and O 1s line.
In summary, a monolayer of FeO is not stable upon oxidation at elevated temperatures.
The process during oxidation is shown as model in Fig. 3.15.

While originally the FeO

monolayer (phase ML1) is closed (Fig. 3.15a), after the oxidation at RT two dierent areas
are found (Fig. 3.15b): Domain A and domain B. Domain A transforms through oxidation
already at RT. During this process in LEEM-IV the peak at 12.6 eV, characteristic for the
monolayer FeO lms, disappears. At the same time the oxidation state of iron increases

2+ to Fe3+ . With elevated temperatures (see Fig. 3.15c) for the oxidation at 660 K)

from Fe

this domain grows and changes its structure (as visible in LEED). The multiple rotated
domains of ML1 originally having an angle of +/- 17

◦ corresponding to Ru(0001) rotate.

◦
◦
As a result rotational domains with an angle of -6 , 0, +6 ) regarding Ru(0001) are found
at 660 K. Domain B is unchanged at RT (still showing the original ngerprint), but at
660 K iron is reduced in this domain. As an result, in domain B small iron-rich (FeO) and
iron-free (holes down to the 3O-covered Ru(0001) substrate) are found. The holes give rise
to a (2x2) structure. The border region between domain A and B is an intermediate region
(domain C), where characteristics of domain A and B are found. At 800 K (Fig. 3.15d)
domain A is the largest domain and has the typical LEED pattern for FeO on Ru(0001).

Model for the oxidized FeO monolayer (oxygen pressure 1.0·10−6 mbar). a) Closed
layer of FeO (phase ML1). b) Oxidation at RT. Domain A transforms structurally (LEEMIV ngerprint changes) and partially chemically from the Fe2+ into Fe3+ oxidation state.
Domain B remains unchanged. c) Oxidation at 660 K. Domain A similar to b). In domain B
the iron amount is reduced and small holes down to the Ru(0001) substrate appear. At the
border between domain A and domain B exists an intermediate region assigned as domain C.
d) Oxidation at 800 K. Domain A is dominantly found. In domain B iron is vanished, i.e.
domain B are holes in the lm down to the 3O-covered Ru(0001) substrate.
Figure 3.15
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In contrast, domain B is iron free, i.e. a hole down to the 3O-covered Ru(0001) substrate.
Since domain A enlarged, while domain B loses its iron amount, it can be assumed that
iron migrates from domain B into domain A.

3.2 Bilayer growth

FeO coverage during iron deposition in an oxygen pressure of 2.0 · 10−8 mbar
and 1.0 · 10−7 mbar. The individual time for the deposition in 1.0 · 10−7 mbar is divided by
a factor of 1.8.
Figure 3.16

The growth mode of iron oxide at elevated temperatures (i.e. 800 K) depends strongly on

1.0−2.0·10−8 mbar lead to a monolayer growth of
−7 mbar FeO
FeO1+x , as was shown in section 3.1. In a pressure of 1.0 · 10
1+x grows directly
−7
as a bilayer. Indeed the iron deposition time in 1.0 · 10
mbar is twice that in 1.0 − 2.0 ·
10−8 mbar. Furthermore, STM images published by the group of de la Figuera et al. [68]
the oxygen pressure. Oxygen pressures of

show that islands prepared in this way have twice the apparent height as those expected
for a monolayer of FeO. In this chapter the growth mode and the characteristics of these
bilayer FeO1+x lm are investigated.
The growth of iron oxide at 800 K in

1.0 · 10−7 mbar

is shown in Fig. 3.17. Step edges and

impurities are nucleation centers for the adsorbed iron atoms.

Two dierent phases are

growing as seen by LEEM (at 20 eV): a gray phase and a dark phase. For future reference
they will be addressed as BL1 and BL2, respectively. BL1 is found in a much higher amount
than BL2, so it can be considered as the main phase. Both phases continue to grow until
the layer is closed.
rate in

1.0 ·

Compared to the deposition in

1.0 − 2.0 · 10−8 mbar

the deposition

10−7 mbar is 1.8 times longer (see Fig. 3.16). In Fig. 3.18a the superimposed

LEED pattern (including both phases, BL1 and BL2) is given. A Moiré pattern with a
"6 on 7" reconstruction is formed. The distances of the LEED spots t nicely to those of
the monolayer phase ML2 (see Fig. 3.3b). However, the bilayer phases show more spots of
higher order.
In Fig. 3.18b the LEEM-IV curve is shown. For both phases BL1 and BL2 the MEM-
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Iron deposition in an oxygen pressure of 1.0 · 10−7 mbar at 800 K. After 2 min
two dierent phases are growing. The gray one is addressed as BL1, the dark one as BL2.
The intensity scaling is kept constant for all images.
Figure 3.17

LEEM transition is identical at 2.4 eV. For comparison, the MEM-LEEM transition for
clean Ru(0001) is at 2.58 eV. Thus, the oxygen concentration on top is smaller than the iron
concentration. Up to 12 eV the LEEM-IV curves of BL1 and BL2 match. Characteristic
for BL1 is a broad band with two peaks at 17.3 eV and 19.6 eV. BL2 on the other hand has
one peak at 19 eV and a relatively broad peak at 25 eV. The shared peak at 12 eV is typical
for the bilayer phase. In contrast, all monolayer phases share a distinct peak at 12.6 eV.
XPS results are shown in Fig. 3.19 taken in a region, which contained both phases, BL1 and
BL2. The peak positions for BL1 and BL2 match. Individual dierences will be addressed

3+ and Fe2+ states

later in this chapter. The Fe 3p shows a broad peak with overlapped Fe

at 55.6 eV and 53.6 eV, respectively. This is a clear dierence to the monolayer preparation,

2+ state is found. Moreover, the typical FeO
1+x layer does only contain

where only a Fe
a Fe

2+ state. As a result, the iron oxide layer prepared in this way does have the same

structure as a typical FeO bilayer (as could be seen in LEED), however the concentration
of oxygen is higher. This indicates an additional oxygen layer. The O 1s line shows one

3.2. Bilayer growth

Structural characterization of the FeO bilayer deposited at 1.0 · 10−7 mbar.
a) Overall LEED image at 42 eV. b) LEEM-IV curves of phase BL1 and BL2. The lines
indicate the characteristic peaks present in all bilayer FeO layers.
Figure 3.18

XPS characterization of the FeO bilayer. a) Fe 3p line, hν = 175 eV. b) O 1s line,
hν = 600 eV.
Figure 3.19

Structural model of a bilayer of FeO, as grown at 800 K in 1.0 · 10−7 mbar. In
this structure the measured LEED image (Fig. 3.18a), the deposition rate (Fig. 3.16) and the
XPS results (Fig. 3.19) are included. a) x-direction, b) y-direction and c) z-direction. Gray:
Ru. Red: O. Violet: Fe.

Figure 3.20
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peak at 529.4 eV. This is slightly shifted to the monolayer preparation.
Phase BL2 can be transformed into BL1.
at once.

Typically the complete island is transformed

A transformation of BL2 to BL1 happens very often already during the iron

deposition as is shown in Fig. 3.21. Here, the transforming islands are marked with red,
green and violet circles. In all three marked islands the switching is visible from one image
to the next (delay time 2 s per image).
islands switch, while others remain.

However, it still remains a mystery why some

The retransformation from BL1 into BL2 was not

observed, which indicates that BL1 is energetically favorable in these conditions.

Transformation of BL2 (black phase) to BL1 (dark gray phase). The series of
LEEM images were taken at 20 eV during iron deposition at 800 K in 1.0 · 10−7 mbar.
Figure 3.21

Oxidation of the FeO bilayer
The inuence of oxygen can be measured by raising the oxygen pressure up to

1.0 · 10−6 mbar.

A sequence during this process at 800 K is shown in Fig. 3.22. As a basis a bilayer is grown
at 800 eV in

1.0·10−7 mbar.

(see Fig. 3.22).

The bilayer contains both BL1 (gray) and BL2 (dark) domains

Subsequently, the pressure is increased up to

temperature was kept constant.

1.0 · 10−6 mbar,

while the

During this pressure increasesome of the BL2 domains

switch to BL1, however, most of the BL2 domains remain stable at rst. When staying at
this pressure some areas of BL1 become slightly darker (Fig. 3.22b) and act as origin for
the presence of a white domain, which can be identied as holes in the lm down to the Ru
support (white areas in Fig. 3.22c). With continued oxidation at

1.0·10−6 mbar these holes

increase and at the same time domains of BL2 transform to BL1 (Fig. 3.22d). As a result
the increase of the holes correlates directly with the transformation of BL2 to BL1. One
reason might be that the intercalation of oxygen enables the transformation of BL2 to BL1
either through a shift in stacking or via enhancing the oxygen amount in the BL2 phase. A
further explanation might be a dierence in the iron amount between BL1 and BL2. Thus
the iron atoms missing in the holes might increase the iron amount in phase BL2, which
in turn transforms the BL2 to BL1. In Fig. 3.22e the transformation of all domains from
BL2 to BL1 is complete. The size of the holes is unchanged. After some more minutes of
oxidation a new kind of domains appears, having a triangular shape, which are growing in
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Oxidation of a closed bilayer of FeO1+x in 1.0 · 10−6 mbar. a) After deposition of
iron in 1.0 · 10−7 mbar at 800 K. b-f) Oxidation in 1.0 · 10−6 mbar at 800 K. b) 3 min and 30 s,
c) 4 min, d) 5 min 22 s, e) 6 min and f) 10 min. g-h) Increase in temperature in 1.0 · 10−6 mbar
to g) 860 K and h) 900 K. LEEM images taken at 20 eV.
Figure 3.22

size. The positions of the triangles cannot be associated with the earlier positions of BL2.
With prolonged oxidation the triangles are growing and at the same time the surrounding
iron is consumed, as can be seen in the increase of holes in the lm.

In the Fig. 3.22g

and h the temperature is increased to 860 K and 900 K, respectively. The triangles grow
faster at higher temperature. A triangular shape is typical for Fe3 O4 formation [83]. As
already discussed, Fe3 O4 consists of three layers. Here, the formation of BL1 into Fe3 O4
with consumption of surrounding iron atoms shows that BL1 is indeed a bilayer and diers
from the monolayer phase in section 3.1. For the monolayer a transformation to Fe3 O4 or
the presence of triangles of this kind was not observed, even if the lm was oxidized at
800 K in

1.0 · 10−6 mbar.

In fact the appearance of triangles grown on top of a closed layer of the bilayer FeO1+x
phase was also observed for continued deposition of iron after the completion of the rst
layer (see Fig. 3.17 at 28 min of iron deposition). This again indicates the nature of the
lm, directly grown as a bilayer.

3.3 Intermediate pressure regime
1.0 − 2.0 ·
5.0 · 10−8 mbar both,

The monolayer and bilayer phases can be separated by using either a pressure

10−8 mbar or 1.0 · 10−7 mbar.

However in an intermediate pressure of

the monolayer phase ML1 and the bilayer phases BL1 and BL2 are growing. Such a growth
is shown in Fig. 3.23. First, the bilayer phases BL1 and BL2 grow, starting at step edges.
The concentrations of BL1 and BL2 do not dier in comparison to the deposition in an
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oxygen pressure of

1.0 · 10−7 mbar.

After 4 min a new phase appears, growing at step edges

and mostly on the upper or lower terrace next to a bilayer phase island. This can be either
a BL1 or a BL2 phase, however in most cases it grows in contact to BL1. The monolayer
phase grows much faster than the bilayer phase, which is understandable by the dierent
number of FeO1+x layers. Thus, the closed lm (containing monolayer and bilayer phases)
contains mostly the monolayer phase.

The time span before monolayer phase starts to

grow can be varied by increasing/decreasing the oxygen pressure. The reason whether a
monolayer, a bilayer or both grows might be the oxygen amount present on the surface
before iron lands on the surface [63, 68].
In Fig. 3.24a a LEEM image at 14 eV of such a nearly closed layer is shown. In contrast
to the LEEM-image at 20 eV (as used in Fig. 3.23) the individual phases have a more pronounced contrast. As will be justied below, the darkest phase consists of holes down to the

FeO1+x growth at a pressure of 5.0 · 10−8 mbar. The LEEM images were taken
at 20 eV at the indicated times during iron deposition at 800 K.
Figure 3.23

a) LEEM and b-d) XPEEM images of a preparation with bilayer and monolayer
FeO1+x phases. a) LEEM image at 14 eV. The individual phases are marked with black
(BL1), red (ML2), green (BL2) and blue (Ru-substrate). XPEEM images of the b) Fe 3p line
(Ekin = 117.7 eV, hν = 175 eV), c) O 1s line (Ekin = 117.5 eV, hν = 650 eV) and d) Ru 3d5/2
line (Ekin = 117.5 eV, hν = 400 eV).
Figure 3.24
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Ru-substrate (indicated with a blue square). The dominating dark gray domains consist
of the monolayer ML2 domain (red square). The bright gray domains (black square) and
bright domains (green square) are the bilayer FeO1+x domains BL1 and BL2, respectively.
This is shown by the XPEEM images of the same spot in Fig. 3.24b-d. XPEEM is a useful
tool not only to measure the XPS characteristics of a specic domain, but also to compare
directly the individual amounts of the elements in dierent domains. XPEEM scans taken
at domains marked in Fig. 3.24 are shown in Fig. 3.25. In Fig. 3.25a the Fe 3p line is given.
The violet curve of the Ru-substrate does not show any iron, which conrms the absence
of an iron oxide layer between the grown domains. As shown for the XPS Fe 3p lines of
the individual phase, shifts between the bilayer phases BL1 and BL2 and the monolayer

2+ state,

phase ML2 are obvious. In the monolayer phase ML2 iron atoms are in the Fe
while the bilayer phases have additional iron atoms in Fe

3+ state. The dierence in the

iron amount in the individual phase is especially interesting. First of all, the peak intensity of the ML2 phase is approximately half peak that of the BL1 phase. This ts nicely
to the allocation of monolayer vs. bilayer phase FeO1+x phase. However, the dierence
between the BL1 and BL2 phase is more interesting. The intensity of the Fe 3p line of

Figure 3.25 XPEEM scan of the a) Fe 3p line (hν = 175 eV), b) O 1s line (hν = 650 eV)
and c) Ru 3d5/2 line (hν = 400 eV). In Fig. 3.24 selected XPEEM images are shown. The
corresponding energy is indicated as a dotted line. In Fig. 3.24a the individual monolayer
and bilayer phases are indicated in LEEM and XPEEM by color.
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the BL2 phase is much lower than the one of the BL1 phase. In fact, the intensity of the
BL2 phase is very similar to the monolayer phase ML2. In Fig. 3.25b the O 1s lines for
the individual phases are given. Similar to the individual XPS measurements of the pure
bilayer and monolayer phases the shift between the monolayer ML2 and bilayer phases are
reproduced.

Also the oxygen amount, given by the peak intensity, of the bilayer phase

BL1 is considerably higher than the peak intensity of the monolayer phase ML1, as would
be expected for one oxygen layer in the monolayer vs.

two oxygen layer in the bilayer.

The line corresponding to the Ru-substrate shows dierent peak positions at 117.25 eV
and 118.25 eV. The slightly decreased intensity at 117.25 eV might correspond to intensity
variations in form of background noise. The dierence between BL1 and BL2 is evident.
While the peak position of the O 1s line is the same, the oxygen amount of BL2 is much
higher than the oxygen amount in BL1. This would indicate, that the iron reduction in
BL2 might correspond to damping. However, the energy for the MEM-LEEM transition
and therefore the work function is the same for BL1 and BL2 as was shown in Fig. 3.18b.
Thus, the top most layer has an identical dipole moment.

It should also be mentioned

that BL2 contains much more oxygen atoms than the monolayer phase.

This indicates

that there must be an additional (oxygen) layer. In Fig. 3.25 the Ru 3d5/2 is shown, which
should give insight into the overall damping. The free Ru substrate has the highest line
intensity, since the signal is undamped. Bilayer phase BL2 and ML1 damp the Ru signal
nearly equally strong. The BL1 is damping the Ru signal most strongly.
The XPEEM results of the bilayer phases BL1 and BL2 dier strongly. On one hand, the
Ru 3d line indicates a stronger damping of the BL1 phase compared to the BL2 phase.
Moreover, the Fe 3p line is larger for BL1 than for BL2. Both lines indicate a higher iron
amount in BL1 than BL2. One the other hand, BL2 shows a much more pronounced O 1s
line than BL1. This indicates a higher oxygen content in BL2.
There might be three possible explanations at this point: A) The BL2 phase is in fact a
higher oxidized monolayer phase.

B) The BL2 phase is a bilayer phase, but contains a

dierent unit cell than the BL1 phase. C) The oxygen atoms are dierently positioned in
the BL1 and BL2 phases and thus lead to dierent damping.
The oxygen amount is higher and thus, the damping of the second iron layer is higher.
Explanation A suggest that BL2 has the same amount of iron as a monolayer phase, but
an additional oxygen layer, i.e. the iron layer is enclosed by two oxygen layer. While the
XPEEM data t very well to this explanation (similar intensity in the Fe 3p and Ru 3d
line), the very fast transformation from BL2 to BL1 cannot be explained. Moreover, the
characteristic LEEM-IV peak at 12.6 eV for monolayer phases (compare Fig. 3.6a) is not
present in the LEEM-IV curve of BL2 (see Fig. 3.18b). This indicates that BL2 is indeed
a bilayer FeO phase.
Explanation B suggests that the lateral iron concentration in BL1 and BL2 is dierent.
However, a dierent structure is expected to lead to a dierent LEED pattern. Since in
BL1 and BL2 the same LEED pattern is found, this explanation seems to be unlikely.
Explanation C suggests that dierently oriented oxygen lead to dierent damping of the
iron and oxygen signal. For instance a dierent damping would be expected for oxygen
positioned in top or hcp adsorption sides. This explanation requires only small dierences
between the BL1 and BL2 phase, which ts to the very fast transformation from BL2 to
BL1.Thus, this explanation seems be this explanation the most promising one.
In summary, a mixture of FeO monolayer and bilayer phases grow if the pressure is set

3.4. Summary and conclusion of ultrathin FeO layers
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The higher the pressure the higher the amount

of bilayer compounds. In this intermediate range grows rst bilayer phases BL1 and BL2.
After a pressure dependent time (the higher the pressure, the longer the time) domains
with monolayer phase ML1 grow next to the bilayer phases.

As was already observed

in chapters 3.1 and 3.2 domains with monolayer phase ML1 grow nearly twice as fast as
domains with bilayer phases. XPEEM results enable direct comparison of oxygen and iron
contents of the individual phases. As expected, contains ML1 less iron and less oxygen as

2+

the bilayer phases (in particular BL1). Moreover the ML1 phase does contain only Fe

2+ and Fe3+ states. The O 1s line does not only
states, while the bilayer phases contain Fe
show that the ML1 phase contains less oxygen, but also a signicant shift is found between
the O 1s line in ML1 and BL1. This ts to the asumption that the bilayer is enclosed by
oxygen layer on top and underneath iron (O/Fe/O/Fe/O/Ru(0001)), while the monolayer
in contains only one oxygen layer on top (O/Fe/Ru) (see chapters 3.1 and 3.2 for further
information. The two bilayer phases BL1 and BL2 dier strongly in their elemental intensities in XPEEM, but not positions. Dierent explanations for the dierent XPEEM
results are discussed.

Since BL2 is fastly tranformed into BL1, the dierences between

these two phases must be small. Thus, most reasonable explanation is a dierence in the
position of oxygen, which leads to dierent damping of either oxygen or iron.

3.4 Summary of mono- and bilayer FeO Films
In this chapter monolayer and bilayer FeO lms on Ru(0001) are investigated. The lms
are prepared by direct deposition at 800 K. As it turns out, the necessary oxygen amount is
very critical for the grown phases. An overview of the individual phases is given in tabular
3.1.
The monolayer FeO1+x lm (section 3.1) exhibits three dierent phases. A deposition in

1.0 · 10−8 mbar

leads to rotated hexagonal domains (phase ML1). A deposition at slightly

higher pressures of

2.0 · 10−8 mbar

leads to a Moiré structure (phase ML2) with a "6 on 7"

Monolayer phases

Bilayer phases

ML1

ML2

ML3

BL1

BL2

1.0 · 10−8

2.0 · 10−8

2.0 · 10−8

1.0 · 10−7

1.0 · 10−7

Pressure
in mbar

Rotational

Moiré+

Structure

domains

Moiré

(2x2)

Moiré

Moiré

Transformation

-

into ML3

-

-

into BL1

Fe oxidation
state

Fe

2+

Fe

2+ and Fe3+

MEM-LEEM

2.56 eV

2.54 eV

2.28 eV

2.4 eV

2.4 eV

Workfunction

5.42 eV

5.40 eV

5.14 eV

5.26 eV

5.26 eV

Overview of the individual monolayer and bilayer phases of FeO, prepared by direct
iron deposition at 800 K in oxygen background (pressure as indicated).
Table 3.1
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reconstruction.

2+

Both structures are identical in their chemical state, showing the Fe

state typical for FeO. The reason for the formation of phase ML1 or ML2 is most likely the
oxygen amount present on the surface before iron is landing; or alternatively the precise
available oxygen amount in the surrounding.

Phase ML2 can switch to another phase

(ML3). The transformation is very fast and possible for domains of several micrometers.
The LEED pattern of ML3 shows additionally to the Moiré structure (2x2) spots. Most
likely a change in the oxygen termination produces a buckling of the lm and thus, the
(2x2) structure. A transformation of ML1 into ML2 was not observed, even if the amount
of available oxygen is increased. The oxidation of the monolayer phase ML1 is leading to

3+ accompanied by holes in the lm.

an iron oxidation state of Fe
In a pressure of

1.0 · 10−7 mbar during iron deposition a bilayer-thick lm grows.

In section

3.2 its characteristics are described in detail. Dierent from the monolayer growth not one
homogeneous phase, but two phases grow simultaneously (phases BL1 and BL2).

Both

3+

phases give rise to Moiré structures. However, in contrast to a typical FeO1+x layer a Fe

state is detected. Thus, we propose an additional layer of oxygen positioned between the
last iron layer and the Ru(0001) substrate. BL2 can transform to BL1 either self-contained
during iron-deposition or mediated through increased oxygen pressure. Here also complete
domains switch within two seconds. The reason might be the dierence in oxygen termination between Phase BL2 and BL1. An oxidation in an oxygen pressure of

1.0 · 10−6 mbar

transforms rst BL2 into BL1, before the formation of triangles becomes evident. In the
surrounding of the triangles holes are formed, indicating the consumption of iron in order
to increase the size of the triangles. The growth of Fe3 O4 as triangles on top of a bilayer
of FeO is known [83] and most likely the case also for the present observation.
At intermediate pressure of

5.0·10−8 mbar both, monolayer and bilayer domains are formed

(section 3.3). When the iron deposition starts bilayer domains are growing. After some
time additionally monolayer domains form.

The time at which the monolayer domains

start to grow is varied with a change in the pressure. A pressure of

6.0 · 10−8 mbar prolongs

the necessary time. Both domains continue to grow until the layer is closed.

Chapter 4

Ultrathin layers of FeSiOx on
Ru(0001)
Iron oxides and silicates are one of the most abundant materials on earth. Iron silicates are
found in the earth crust and mantle as fayalites Fe2 SiO4 or under even higher pressures as
perovskite structures (Fex Mg1−x )SiO3 [58]. In industries iron silicates are found in cement
and as a by-products in construction materials, i.e in Chalkopyrit (CuFeS2 ) together with
Sand SiO2 and recycling material. There it can be crystalline or amorphous and be used
as ll material in construction works.
Iron in silicates can take over various tasks. In aluminosilicate zeolites iron atoms can serve
as cations.

In aluminosilicate the Si

4+ is replaced by Al3+ . The cationic iron can then

compensate the electronegativity introduced by the Al. In natural zeolites however, iron is
rather a contamination than eectively taking over the cationic part. In articial zeolites
on the other side iron can be included purposeful to act as the desired charge compensator.
Two examples are Fe-ZSM-5 and Fe-MCM-41 [71].
Dierent to aluminium, iron mostly avoids being part of the tetrahedral framework built
by silica. Either it is acts as counterions, for instance in the pores of zeolites, or it can
even form a layer, if the iron ratio is large enough as in phyllosilicate nontronite [71]. Only
in rare cases they are found in tetrahedral sites like in ferriannite [71]. The reason for this
dierent behaviour of aluminium and iron is believed to be their dierent ionic radii diers
in the tetrahedral environment (Al

3+ : 0.39 Å, Fe3+ : 0.49 Å [91]).

The results found for three-dimensional zeolites, proved to be also true in the two-dimensional case. Aluminium substitutes silicon atoms in the upper and lower level of a silica
bilayer. Theoretical models suggest, that iron is only found in the lower level of the silica
bilayer. Experimentally it turns out, that iron is not simply substituting silicon atoms, but
a two-layered system is formed [103]. In contact to the Ru(0001) substrate a layer of iron
oxide forms (having Fe-O-Fe bonds in XPS). On top of this iron oxide layer a monolayer
of silica exists (Si-O-Si bonds), which give rise to a by 30

◦ rotated structure. The silicon

atoms are bound through oxygen to the iron atoms underneath (Si-O-Fe bonds) [96].
As Wªodarczyk et al. [103] have shown, iron silicate can be grown by subsequent deposition of Si and Fe on a 3O-(2x2)-Ru(0001) substrate, followed by an oxidation step. In the
following this preparation method will be called "combined preparation" method, due to
the subsequential deposition of silicon and iron in the same conditions. Since the nal iron
silicate lms of R. Wªodarczyk et al. were analysed with XPS and STM, there were no
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information presented about the growth and formation process of these iron silicate lms.
Furthermore, information about the lm homogeneity on micrometer scale is not easily
accessible with STM technique. In the approach in this work iron silicate will be prepared
using the techniques of LEEM,

µLEED,

XPEEM and

µXPS.

The SMART instrument en-

ables to prepare the lm not only in situ, but also to observe the individual lm formation
in real time.
In section 4.1.1 a similar approach as in Wªodarczyk et al. [103] is chosen in order to check
comparability of the results given with STM data. In section 4.1.2 the recipe is adapted
by the deposition of iron and silicon (in this order) in UHV conditions and without 3O
treatment. As a consequence only a small amount of oxygen (mostly residual in surrounding UHV conditions) is available upon iron and silicon deposition. The inuence of oxygen
during the rst contact of iron, silicon and the Ru substrate should be evaluated. This
preparation method will be called "combined UHV preparation".
Iron silicate is described as a silica monolayer on top of an iron oxide layer. In order to
prove this assumption in chapter 4.2.1 iron silicate is prepared by the deposition of silicon
on top of a pre-prepared FeO monolayer.

Since in this preparation two separate steps

are performed (rst FeO production, second iron silicate formation) this method will be
called "stepwise preparation" method in the following. In section 4.2.2 this preparation
is reversed by the pre-preparation of a monolayer of silica, before in a second step iron is
deposited. This preparation method will be addressed as "stepwise reversed preparation"
method.
In chapter 4.3 the "stepwise preparation" method is used to prepare iron silicate with multiple layer of either FeO (section 4.3.1) or silica (section 4.3.2). This oers the possibility
to investigate the strength of the Fe-O-Si bond and the inuence on the additional layer.
In chapters 4.1, 4.2 and 4.3 complete layers of iron silicate are produced. This oers the
possibility to check the homogeneity of the lm. XPS and LEED are typically taken out
of an area of four micrometer size. As a result the measured data is only taken in areas
of homogeneous iron silicate. However incomplete lms oer the possibility to investigate
the kinetic and structure of the lm and elucidates the energetically favoured arrangement
of the iron silicate lms. The possibility for iron and silicon to arrange freely is given using the "combined preparation" method (section 4.4.1). Domain formation of iron silicate
is found, whereby the domain size and form is dened by energetic minimization of the
lm. In section 4.4.2 the "stepwise preparation" method is used. Here, the domain size
is dened by the production of FeO monolayer islands, before silicon is deposited. Hereby
it is possible to compare iron silicate islands with the FeO islands pre-prepared. As these
FeO islands are well known (see section 3.1) in their number of iron atoms per unit cell, a
variation of size might directly give a hint on the composition and number of iron atoms
per unit cell of the iron oxide layer in iron silicate. Finally in section 4.4.3 bilayer-thick FeO
islands are prepared before silicon is deposited. Similar to section 4.4.2 the bilayer-thick
FeO islands are well known (compare section 3.2) and thus, a variation gives direct insight
into the present iron silicate structure.

4.1. "Combined" approach
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4.1 "Combined" approach
This chapter concentrates on the so called "combined" approach, meaning that iron and
silicon are deposited subsequential in the same conditions. In section 4.1.1 silicon and iron
are deposited on a 3O-covered Ru(0001) substrate in oxygen gas pressure.

As a result

during the deposition process both silicon and iron become oxidized. Since this preparation method equals the one used in literature [103], the result can be nicely compared with
LEED, STM and IRAS measurements. In this work the ngerprint in LEEM-IV, LEED-IV
and XPS are determined.
Up to now only information about the nal iron silicate lm are known. The measurements
in this work concentrate on the preparation process. In fact the individual temperatures
for oxidation and structural arrangement are determined.

This enables to achieve more

information about the bonding mechanism and structure of ultrathin iron silicate layer.
Furthermore, the preparation details give information about the structure of the lm. Up
to now the structure of the iron oxide layer in iron silicate is not well known. In particular
the number of iron atoms per unit cell is of interest. Additional DFT simulations in order
to t the iron silicate structure better are given in collaborations with R. Wªodarczyk and
J. Sauer.
In section 4.1.2 the preparation is varied in order to evaluate the inuence of oxygen on the
lm formation. Therefore, iron and silicon are deposited in UHV conditions on a freshly
cleaned Ru(0001) substrate. This preparation method will be addressed to as "combined
UHV preparation" method.

4.1.1

Combined preparation method
(Si+Fe/3O-Ru(0001))

This section focuses on the "combined preparation" method, meaning silicon and iron are
deposited at the same preparation step. As a very rst step, the Ru(0001) crystal is prepared to produce a 3O-(2x2) oxygen termination. For this the Ru(0001) crystal is oxidized
at 1170 K for 10 min in

1.0 · 10−6 mbar

oxygen pressure. Afterwards the sample is cooled

down in oxygen to RT (room temperature). The result is a closed-packed oxygen coverage on top of Ru, giving rise to a (2x2) structure. In dark-eld experiments a three-fold
symmetry is found, when choosing neighbouring (2x2) spots (see Fig. 4.1a. Since a SiO2
layer on Ru(0001) is also giving rise to a (2x2) structure, it is important to distinguish
between this and (2x2) structure caused by 3O. The corresponding ngerprint (LEEM-IV
curve) is given in Fig. 4.1b. Characteristic for a 3O-(2x2) structure is its disappearance at
temperature exceeding 620 K. The reason is its large mobility at this temperature. Apart
from the 3O structure on a Ru(0001) crystal 1O, 2O and 4O structures are possible. Their
formation is highly dependent on temperature and oxygen dose [35, 44, 70, 74]. The 1O and
3O structures give both rise to a p(2x2) structure, the 2O structure to a (2x1) structure
and the 4O to a (1x1) structure [44]. Apart from changes in the LEEM-IV signature the
p(2x2) and p(2x1) can be distinguished by dark eld analysis, since the (2x2) structure is
three-fold and the (2x1) structure is two-fold.
At RT Si is deposited on the 3O-(2x2)-Ru(0001) substrate in

2.0 · 10−7

mbar. The Si

amount equals the amount necessary to form a ML of SiO2 . As a result the (2x2) structure
of the oxygen coverage becomes blurry and very weak (Fig. 4.2a). The reason is that Si
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Figure 4.1

Ru-(2x2)-3O characteristics. a) LEED at 42 eV and b) LEEM-IV curve.

is very disordered after deposition at RT. This can also be seen in the LEEM-IV curve
(Fig. 4.4a). Apart from one main peak at 6.5 eV the spectrum is rather unobtrusive. The
MEM-LEEM border is present at 3.05 eV (Fig. 4.4b). The XPS spectra of the O 1s, Fe 3p
and Si 2p line are given in Fig. 4.6a-b, c-d and e-f, respectively. The Si 2p line indicates

4+ state. The FWHM is rather broad (1.9 eV), i.e.

that Si is completely oxidized in the Si

dierent Si bonds are present. This might be Si bound to Ru through oxygen (Si-O-Ru) or
Si bound to other Si atoms (Si-O-Si). In fact the O 1s XPS spectrum shows the presence of
2 peaks at 529.3 eV and 531 eV. It is known that Si-O-Si is found at 531 eV, while 529.3 eV
corresponds to oxygen bound to Ru (O-Ru) [44].

Depth prole shows that the ratio of

the intensities I(529.3 eV) : I(531.0 eV) is increased when using a photon energy of 780 eV,

LEED study of iron silicate for the "combined preparation" method (Si+Fe/
3O-Ru(0001)). The images are taken at RT. The (2x2) spots for 900 and 1000 K are only
present for temperature lower than 620 K. As a conclusion, it must be oxygen-related. All
images are taken at 42 eV.
Figure 4.2
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√

√

Spot intensity of the (00), Moiré and ( 3 × 3)R30◦ spot during annealing
√ √ of iron
silicate using the "combined preparation" method (Si+Fe/3O-Ru(0001)). The ( 3× 3)R30◦
structure refers to a silica structure that is rotated by 30◦ regarding a complete iron oxide
layer. The oxygen pressure during temperature increase is 1.0 · 10−6 mbar.
Figure 4.3

instead of 600 eV. Thus, the component 529.3 eV is closer to the Ru(0001) substrate than
the one at 531 eV. This conrms the earlier assignment. Silicon binds already at RT to the
available oxygen. As shown recently [44] the 3O-coverage on the Ru(0001) surface is not
sucient to completely oxidize a the silicon amount necessary to form a monolayer silicon.
However, the surrounding oxygen is necessary for complete oxidation. For a higher silicon
amount the additional silicon atoms are reduced, as visible in the Si 2p line.
Subsequently to silicon deposition iron is deposited in

2.0 · 10−7 mbar

of oxygen.

The

residual (2x2) spots disappear, only the (00) spot remains (Fig. 4.2b). The MEM-LEEM
border is strongly lowered to 2.71 eV (Fig. 4.4b).

This indicates a lower dipole on the

surface. However, the LEEM-IV curve (4.4a is rather unchanged. Altogether iron is disordered, similar to silicon.

In XPS the O 1s component at 529.3 eV, which corresponds

to iron oxide, is strongly increased. This positions ts also to pure FeO on Ru(0001). At
780 eV photon energy the ratio of I(529.3 eV): I(531.0 eV) is even stronger. The Si 2p line

4+ state even after iron deposition.

shows that silicon remains completely oxidized in the Si

The reason is the higher dissociation energy of the Si-O bond (798 kJ/mol), compared to
the Fe-O bond (409 kJ/mol) [2, 17]. The Fe 3p line shows that iron is in the Fe
state.

2+ and Fe0

As already discussed, iron can only bind to oxygen available in the surrounding,

since Si-O bonds are not broken. As a result it is only partially oxidized.
The lms is oxidized in

1.0 · 10−6 mbar

at RT for 30 min. The structure does not change

during this step, as is visible by the unchanged LEEM-IV curve and MEM-LEEM border
(Fig. 4.4). LEED shows a blurry halo surrounding the (00) spot (Fig. 4.2c). The main
impact of this oxidation step is visible in the iron layer. Iron binds to the available oxygen,
which reduces strongly the number of metallic iron.

Most of the iron atoms are in the

2+ state, but also a clear amount of iron atoms are in the Fe3+ state. This eect is also
Fe
visible in a further increased ratio of I(529.3 eV): I(531.0 eV). Hereby, only the component
at 529.3 eV is rising, while the other is unchanged. These results t to the unchanged Si 2p
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line.
As follows, the lm is annealed in

1.0 · 10−6 mbar.

The lm was annealed stepwise up

to 660 K, 800 K, 900 K and 1000 K in LEED conditions. The individual LEED images are
shown in Fig. 4.2d-g. The evolution of the intensity of the (00) spot, one Moiré spot and

◦ rotated spots are given in Fig. 4.3. In case the iron oxide layer equals in
√
√
its number of iron atoms a FeO layer, these spots may be identied a ( 3 ×
3)R30◦

a the by 30

structure resulting from silica on top of an iron oxide layer. For each step the lms is held
at the specic temperature for 30 min before cooling the sample fast. Measurements, such
as XPS, LEEM-IV and LEEM were performed at RT. The temperature is slowly increased
with approximately 2 K per second.

LEEM-IV curve for the individual preparation steps of iron silicate using the
"combined preparation" method (Si+Fe/3O-Ru(0001)). Silicon and iron are deposited in
2.0 · 10−7 mbar. The oxidation was done in a pressure of 1.0 · 10−6 mbar.
Figure 4.4

Preparation step

Energetic position of the

Workfunction (eV)

MEM-LEEM border (eV)

(referenced to clean
Ru(0001) with 5.44 eV [12])

3O-(2x2)-Ru(0001)

3.5

6.36

Si deposition

3.05

5.91

Fe deposition

2.71

5.57

Oxidation at RT

2.78

5.64

Oxidation at 660 K

3.24

6.10

Oxidation at 800 K

3.27

6.13

Oxidation at 900 K

3.17

6.03

Oxidation at 1000 K

2.97

5.83

Overview on the MEM-LEEM border evolution for the individual preparation
steps of the "combined preparation" method (Si+Fe/3O-Ru(0001)).The MEM-LEEM values
are measured with an accuracy of ± 0.02 eV.
Table 4.1
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MEM-LEEM border evolution for the individual preparation steps of iron silicate using the "combined preparation" method (Si+Fe/3O-Ru(0001)). Silicon and iron are
deposited in 2.0 · 10−7 mbar. The oxidation was done in a pressure of 1.0 · 10−6 mbar.
Figure 4.5

First the sample is annealed up to 660 K. At this temperature the lm starts to arrange,
as the formation of a superstructure indicates. At 660 K intensity in the distance of (2x2)
spots starts to agglomerate in a circular form.

With increasing time blurry spots are

◦ regarding the Ru(0001) substrate. At the same time

formed, which are rotated by 30

surrounding the (00) spot the halo increases in intensity and starts to form a Moiré pattern. After 30 min the spots still did not develop completely, but are still blurry. Thus, the
formation process is still not nished. The LEEM-IV curve shows the formation progress.
It is strongly altered. The LEEM-IV curve shows a strong dip at 4.6 eV. The former peak
at 6.5 eV is shifted to 7.5 eV being broader and developed. Furthermore a strong peak with
nearly half the intensity as the one at 7.5 eV is present at 13 eV. The MEM-LEEM border
is strongly increased from 2.71 eV (oxidation at RT) up to 3.24 eV and thus, even higher
than the one after silicon deposition (3.05 eV), but not as high as for a 3O-coverage. This
indicates an increased surface dipole.

The O 1s line undergoes a strong increase.

Now,

a third component at 530 eV is present, additional to the one at 531.0 eV (Si-O-Si bond)
and 529.3 eV (Fe-O-Ru, Fe-O-Fe, Ru-O). Since this peak is positioned energetically intermediate to the Si-O-Si and Fe-O-Fe bond. IRAS measurements in Wªodarczyk et al. [103]
indicate the presence of a Fe-O-Si bond, additional to the Si-O-Si and Fe-O-Fe bond.
Thus, this intermediate XPS peak corresponds most likely to the Fe-O-Si line [103] and
will be addressed in such way from now on. The intensity of the Si-O-Si line is strongly
increased. This might indicates, that especially the Si atoms start to arrange, optimizing
their bonding.

4+

The Si 2p line is shifted to lower binding energy and is still in the Si

conguration. The shift correlates with the workfunction increase. The Fe 3p line shows

3+ component is now the

a lower peak intensity compared to the oxidation at RT. The Fe

2+ decreased strongly.
strongest component, the number of Fe
The next temperature step is 800 K. During annealing the spots become more sharp and
intense. Surrounding the (00) spots and close to the substrate spots a Moiré pattern de-

◦ are present, again surrounded by Moiré

velops. Additionally (2x2) spots rotated by 30
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Temperature dependent XPS analysis of iron silicate using the "combined preparation" method (Si+Fe/3O-Ru(0001)). O 1s line for a photon energy of a) 600 eV and b) 780 eV.
Fe 3p line for a photon energy of c) 175 eV and d) 350 eV. Si 2p line for a photon energy of
e) 175 eV and f) 350 eV. The measurements are taken at RT.
Figure 4.6
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Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line
at 600 eV (Fig. 4.6a) of an iron silicate lm using the "combined preparation" method
(Si+Fe/3O-Ru(0001)).
Figure 4.7

◦ rotated (2x2) spots and Moiré pattern is equally strong.

spots. The intensity of the 30

The improved arrangement is visible in the LEED curve and by the increase of the specic
peaks in the LEEM-IV curve. The features at 7.5 eV and 13.0 eV increase and a third peak
evolves at 20.5 eV. In the range close to the MEM-LEEM border, the main dip at 4.5 eV is
rather unchanged, but a shoulder develops at 5.5 eV. In XPS, the O 1s line shows a decrease
in the Fe-O-Fe component and a slight increase of the Si-O-Si component. The Fe-O-Si
component is slightly increased. Varying the photon energy to 780 eV, it turns out that the
Si-O-Si line and the Fe-O-Fe line are equally strong. In comparison to 660 K at the photon
energy of 780 eV mainly the Si-O-Si line is increased. The Fe 3p line is unchanged. The
unchanged Fe 3p line shows that the overall iron content remains constant. As a result
the decrease in the Fe-O-Fe line is not due to loss of iron by evaporation but rather due
to iron rearrangement.

For instance a damping might be an explanation.

One possible

explanation is the migration of iron underneath silicon.
As follows the temperature is increased up to 900 K. First, the (2x2) spots rotated by

◦ become more intense, then the surrounding Moiré spots increase their intensity. As a

30

remark, the (2x2) spots, visible in Fig. 4.2f, are due to oxygen on the surface and thus, do
not exist at 900 K. This indicates the presence of holes in the lm, as also seen in LEEM. In
LEEM-IV the peaks already present at 800 eV become more pronounced. Apart from that
the shoulder at 5.5 eV, present already at 800 eV develops into a dip. The MEM-LEEM
border decreases to 3.17 eV (-0.1 eV). The O 1s line shows that the Fe-O-Fe component
is further decreased, while the Si-O-Si is increased. This is accompanied with a decrease

2+ component in the Fe 3p line as well. The Fe3+ component remains constant.
2+ component of the Fe 3p line are also
The decrease of the Fe-O-Fe component and the Fe

of the Fe

present at photon energies with a higher free mean path (i.e. a photon energy of 780 eV
for O 1s and 350 eV for Fe 3p). Apart from rearrangement of iron and silicon, like iron
migrating closer to the substrate and thus, being damped by silicon on top, a loss of iron
should be considered, since the temperature exceeds the one of stable iron oxide (without
silicon).
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For 1000 K LEED the spot width becomes smaller, the Moiré spots and (2x2) spots rotated by 30

◦ are equally intense.

long-range order.

Higher order spots are appearing, indicating a good

The MEM-LEEM border is further decreased to 2.97 eV. Apart from

that the LEEM-IV curve is unchanged. The same is true for the XPS O 1s line. Only the

2+

Fe-O-Fe line is slightly increased, when using higher photon energy of 780 eV. The Fe

3+ component rises.
component in the Fe 3p line decreases further, while the Fe

Summary of the formation process for the "combined preparation" method

4.8 Iron silicate formation process using the "combined preparation" method
(Si+Fe/3O-Ru(0001)). a) 3O-covered Ru(0001) substrate. b) Silicon and subsequential iron
deposition at RT. Silicon is in the Si4+ state (completely oxidized), iron only partially oxidized.The lm is disordered. c) Oxidation at 660 K. Iron migrates underneath the silicon
layer. The iron silicate arrangement begins to form. d) Oxidation at 1000 K. Final lm. Red:
Oxygen. Violet: Iron. Yellow: Silicon.
Figure

In summary a monolayer of iron silicate was prepared by using the so-called "combined
preparation" method. The temperature dependent lm formation is depicted in Fig. 4.8).
First, the Ru(0001) substrate is oxidized at 900 K in

1.0·10−6 mbar.

As a result a 3O-(2x2)

oxygen layer forms on the Ru(0001) substrate (Fig. 4.8a). At RT a monolayer of silicon is
deposited in

2.0 · 10−7 mbar.

Due to the oxygen layer on the substrate and the surrounding

4+ state. Subsequential

oxygen in the chamber silicon becomes completely oxidized in the Si

a monolayer of iron is deposited in the same oxygen pressure (Fig. 4.8b). Iron is only par-

0 and Fe2+ components, while silicon remains completely oxidized.
−6 mbar. Already at
The resulting lm is disordered. Finally the lm is oxidized in 1.0 · 10
tially oxidized with Fe

660 K the latter iron silicate ngerprint, as well as the corresponding LEED pattern starts
to develop: a Moiré pattern, together with (2x2) spots rotated by 30

◦ (Fig. 4.8c). Both the

Moiré structure as well as the rotated (2x2) spots is appearing at the same time. In the
O 1s line three dierent components are visible: Si-O-Si, Si-O-Fe and Fe-O-Fe/ Fe-O-Ru.
At higher temperatures than 660 K only the crystallinity is improves, which can be seen
by the decreased spot size of the LEED structure with increasing intensity, as well as the
increase in the LEEM-IV peaks regarding the MEM intensity. With increasing crystallinity
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(improved LEED structure) the Fe-O-Fe/Fe-O-Ru component decreases. This can be explained by migration of iron atoms underneath silicon, and thus increased damping of the
iron atoms by the silicon layer on top. This indicates the separation of an iron oxide and a
silica layer, as proposed in Wªodarczyk et al. [103]. This eect is strongest between 660 K
and 800 K. At 1000 K the nal iron silicate layer is found (Fig. 4.8d).

4.1.2

Combined UHV preparation method
(Fe+Si(UHV)/Ru(0001))

Iron silicate is formed as oxygen bonds between Fe-O-Fe, Si-O-Si and Fe-O-Si. Thus, individual oxygen bonds and their formation are crucial for lm formation. The "combined
preparation" method in section 4.1.1 oers a many surrounding oxygen even before silicon
or iron are deposited. On the one hand the Ru(0001) surface was already covered by a
closed-packed oxygen 3O-(2x2) layer and on the other hand silicon and iron are deposited
in an oxygen surrounding of

2.0 · 10−7 mbar.

sition silicon is completely oxidized.

As it turned out, directly after its depo-

Thus, in the moment iron was deposited onto the

surface the silicon bonds are already present.

Due to its higher bonding strength, only

some iron atoms are partly oxidized. Most likely this is due to the surrounding oxygen.
In this chapter neither iron, nor silicon are oxygen saturation when they get in contact.
In the "combined UHV method" rst iron and subsequently silicon are deposited at RT
on a freshly cleaned Ru(0001) substrate.

No 3O-coverage has been prepared.

However,

residual oxygen is present on the surface and in the surrounding (background pressure

7.0 · 10−9 mbar).

A shallow (2x2) structure is visible after cleaning the surface.

The LEED after iron deposition shows a six-fold star pattern, rotated by 30

◦ with respect

to the substrate spots (Fig. 4.2a. This pattern is only present in case of very low amount
of oxygen . Here, it should be prevented for silicon to be oxidized before iron is deposited.
Thus, iron is deposited rst in UHV conditions. Directly afterwards, silicon is deposited.
As a result the LEED pattern converts into a shallow (2x2) structure (Fig. 4.2b). This
indicates, that either silicon is already slightly ordered or alternatively oxygen. Since iron
as well as silicon is deposited without adding an oxygen background most likely oxygen
is not the reason.

In the O 1s line (Fig. 4.13 a) two peaks are present at 529.8 eV and

530.8 eV. From their position they correspond to Si-O-Si and Si-O-Fe bonds, respectively.
Fe-O-Fe or Fe-O-Ru bonds are not detected. The intensity of the O 1s line is rather low.
This is in agreement with the XPS results of silicon (Si 2p line Fig. 4.13c) and iron (Fe 3p
line Fig. 4.13b). Iron atoms are found in the metallic and Fe

2+ state. Silicon atoms are

2+ state. Thus one silicon atom is bound to two oxygen atoms in
mainly found in the Si
average. Apart from that some silicon atoms are also less oxidized. As visible in depth
prole (i.e. using a photon energy of 350 eV instead of 175 eV), the species that are only
in the Si

1+ or even metallic state are mainly present in contact to iron, rather than on top

of the lm. The large oxygen anity of silicon is mirrored in these results. Moreover the
residual oxygen on the Ru(0001) sample proves to be rather low. Thus the main inuence
seems to have the residual oxygen in the chamber that enables silicon to partially oxidize
during its deposition. The MEM-LEEM border is at 2.3 eV (see Fig. 4.11b), i.e. the value
is lower as for a 1O-covered Ru(0001) surface [44].
The lm is oxidized in

1.0 · 10−6 mbar

for 30 min, without further oxidation. The former

(2x2) spots become blurry with oxidation time (Fig. 4.9c). As a result, the (2x2) spots
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Preparation step

Energetic position of the

Workfunction (eV)

MEM-LEEM border (eV)

(referenced to clean
Ru(0001) with 5.44 eV [12])

Fe + Si deposition

2.30

5.16

Oxidation at RT

2.32

5.18

Oxidation at 650 K

2.89

5.75

Oxidation at 900 K

2.97

5.83

Overview on the MEM-LEEM border evolution for the individual preparation steps
of the "combined UHV preparation" method (Fe+Si (UHV)/Ru(0001)). The MEM-LEEM
values are measured with an accuracy of ± 0.02 eV.
Table 4.2

must result from Fe-Si bonds, which are broken as soon as more oxygen is available. During
this step oxygen is able to intercalate through silicon. This results in a O 1s component at
529.0 eV that can be either Fe-O-Fe or Fe-O-Ru or O-Ru bonds. The Fe 3p line conrms

2+ , while the Fe0 component is minimized.

that iron is oxidized. The main component is Fe

3+ components are present, which might either imply an additional oxygen bond
Even Fe
of iron to either Ru or Si. Similar to iron, silicon is strongly oxidized. The Si 2p line shows

4+ and Si2+ components. This means some silicon atoms are still relatively free,
2+ state, while the main part of
i.e. not bond in a matrix of silica and thus, are in the Si

both Si

silicon atoms are already bond to 4 other oxygen atoms in structural compound. The O 1s
line shows a strong rise of the Si-O-Si line that is in great alignment to the ndings in the
Si 2p line (twice the intensity as before). Moreover the Si-O-Fe line has also improved (by

LEED pattern of the individual preparation steps iron silicate using the "combined
UHV preparation" method (Fe+Si(UHV)/Ru(0001)). Iron and silicon are deposited in UHV
conditions. The oxidation is done in 1.0 · 10−6 mbar. All LEED images are taken at 42 eV
and RT.

Figure 4.9
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√

√

Spot intensities of the (00), Moiré and ( 3 × 3)R30◦ spots during the oxidation
−6
in 1.0 · 10 mbar of an iron silicate
√ using the "combined UHV preparation" method
√ layer
(Fe+Si(UHV)/Ru(0001)). The ( 3 × 3)R30◦ structure refers to a silica structure that is
rotated by 30◦ regarding a complete iron oxide layer. Iron and silicon are deposited subsequent
in UHV conditions.
Figure 4.10

LEEM-IV characteristics for iron silicate using the "combined UHV preparation"
method (Fe+Si(UHV)/Ru(0001)). Iron and silicon are deposited in UHV conditions and
subsequently oxidized in 1.0 · 10−6 mbar. LEEM-IV curves measured at RT.
Figure 4.11

3+ component corresponds at least

a factor of three). This already indicates that the Fe

partially to Si-O-Fe bonds. Even though the lm is strongly oxidized, the MEM-LEEM
border is unchanged at 2.3 eV. The reason might be that the temperature is not sucient
for silicon and iron to rearrange.
The temperature is increased in

1.0 · 10−6 mbar.

The oxidation was followed in LEED. The

intensity behavior of the individual spots is given in Fig. 4.10.

At 570 K iron begins to

order forming a Moiré pattern surrounding the (00) spots. Shortly after Moiré spots appear nearby substrate spots. This is nearly 100 K below the temperature, where the Moiré
spots appear for the "combined preparation" method. This might correspond to fact, that
iron must not diuse to get in contact to Ru(0001). At 650 K by 30

◦ rotated (2x2) spots,
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MEM-LEEM border for the individual preparation steps of iron silicate using
the "combined UHV preparation" method (Fe+Si(UHV)/Ru(0001)). Iron and silicon are
deposited at RT in UHV conditions. The oxygen pressure during oxidation is 1.0 · 10−6 mbar.
The MEM-LEEM values are determined by a t of the MEM-LEEM border presented in
Fig. 4.11b. The error of this t is 0.02 eV.
Figure 4.12

together with their surrounding Moiré spots start to develop. After 10 min at 650 K the

◦ rotated (2x2) spots are nicely visible (Fig. 4.9d). The

Moiré pattern as well as the by 30

rotated (2x2) spots are even more pronounced as the surrounding Moiré pattern.

They

indicate the arrangement of the SiO2 layer. The intensity and sharpness of the LEED spots
are better than for the "combined preparation" step at similar temperatures. One reason
might be the opposite deposition order of Si and Fe. However, the main reason is likely
to be the strong Si-O-Si bonds that are present before iron is deposited in the "combined
preparation" method. As a consequence they have to be broken before they can rearrange
and bind to iron atoms. Thus, a higher temperature (i.e. thermal activation) is needed.
The MEM-LEEM border is strongly shifted to 2.89 eV. The LEEM-IV curve has developed
several characteristic peaks at 6.5 eV, 12.5 eV and 18 eV. Moreover the characteristic dip
at 4 eV is present. All of these peaks are shifted by 0.5 eV regarding the nal iron silicate
characteristic. Moreover the tail for energies above 18.0 eV is dierent to the nal structure, as well as the LEEM-IV characteristic for the "combined preparation" method at a
similar temperature. Apart from the structure the O 1s line indicates a increase in all three
components. The Si-O-Si component has doubled its intensity and the Si 2p line shows

4+ state. This corresponds to the
2+ as well as the
arrangement of silicon atoms. The Fe 3p line indicates that both the Fe
3+ component is increased. Also the Si-O-Fe bond of the O 1s line barely changed. This
Fe
that now all Si atoms are completely oxidized in the Si

indicates that all available bonds between silicon and iron are already saturated at RT.
In the nal oxidation step up to 900 K all spots increase their intensity and sharpness.
The corresponding LEED image is shown in Fig. 4.9e. Thus the structure improves its homogeneity. The MEM-LEEM border is further increased up to 2.97 eV (Fig. 4.11b). The
LEEM-IV curve matches perfectly the one for the "combined preparation" method. The
Si-O-Si and the Fe-O-Fe line is further increased. However, the Fe-O-Si remains unchanged.

3+

Again this indicates that the possible Fe-O-Si links are already saturated at RT. The Fe
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XPS analysis of iron silicate using the "combined UHV preparation" method
(Fe+Si(UHV)/Ru(0001)). O 1s line for a photon energy of a) 600 eV and b) 780 eV. Fe 3p
line for a photon energy of c) 175 eV and d) 350 eV. Si 2p line for a photon energy of e) 175 eV
and f) 350 eV. The measurements are taken at RT.

Figure 4.13
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Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line at
600 eV (Fig. 4.13a) of an iron silicate lm using the "combined UHV preparation" method
(Fe+Si(UHV)/Ru(0001)).
Figure 4.14

2+ line decreases. The higher oxidation

component increased in its intensity, while the Fe

number corresponds to the increase in Fe-O-Fe and Fe-O-Ru line. Since the Fe-O-Si line
is unchanged the rise in the oxidation number corresponds most likely to Fe-O-Ru bonds.

Summary of the formation process for the "combined UHV preparation" method
The formation process of iron silicate using the "combined UHV preparation" method is
depicted in Fig. 4.15. Iron and silicon are deposited at RT in UHV conditions (Fig. 4.15a).
Due to the residual oxygen atoms in the chamber some iron and silicon atoms are oxidized.
However, all oxygen bonds are either Si-O-Si or Si-O-Fe bonds.

No Fe-O-Fe/Fe-O-Ru

bonds are detected. The layer is disordered. At RT the layer is oxidized in

1.0 · 10−6 mbar.

Oxygen can intercalate to the iron layer and Fe-O-Fe/Fe-O-Ru bonds are formed.

Also

4+ and Si2+ bonds are present. Afterwards
−6 mbar. Already at 570 K
the lm is further oxidized in elevated temperatures in 1.0 · 10
silicon becomes better oxidized, so that only Si

the iron oxide layer orders in form of a Moiré structure with "8 on 9" reconstruction
(Fig. 4.15c). Silicon is still disordered. At 650 K the silica layer orders and the rotated
(2x2) structure is visible (Fig. 4.15d). With increasing temperature the crystallinity of the
layer improves. At 900 K the same iron silicate signature as for the "combined preparation"
method (section 4.1.1) is found (Fig. 4.15e).
The nal iron silicate structure prepared with the "combined UHV preparation" method
ts nicely to the one achieved with the "combined preparation" method.

In Fig. 4.16

the LEEM-IV and in Fig. 4.17 the LEED-IV ngerprints are compared for the individual
preparation method. The LEEM-IV curves for both preparations match each other nearly
perfectly for the nal structure. However, for the "combined preparation" method the lm
needs to be annealed to 1000 K to t the MEM-LEEM border and with this to the exact
positions of the peaks and dips in the spectra for the "combined UHV preparation" at
900 K. The LEED-IV curves show for both preparation methods the same dips and peaks.
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Iron silicate formation process using the "combined UHV preparation" method
(Fe+Si/Ru(0001)). a) Iron and silicon deposition at RT in UHV conditions. The layer is
disordered. The residual oxygen in the surrounding oxidizes silicon partially, so that only
silicon related oxygen bonds are detected ( Si-O-Si and Si-O-Fe bonds, no Fe-O-Fe/Fe-O-Ru
bonds). b-e) lm formation during oxidation in 1.0 · 10−6 mbar. b) Oxidation at RT. Iron
and silicon become better oxidized. Now also Fe-O-Fe/Fe-O-Ru bonds form. c) Oxidiation at
570 K. Iron arranges in a Moiré pattern. The silicon layer is still disordered. d) Oxidation at
650 K. Silicon arranges in a rotated (2x2) structure. Complete oxidation of silicon (Si4+ ) and
iron (Fe2+ and Fe3+ ). e) Oxidation at 900 K. Final iron silicate lm. Red: Oxygen. Violet:
Iron. Yellow: Silicon.
Figure 4.15

The individual peak intensities, however, vary for the "combined preparation" method
between 900 K and 1000 K. Similar to the LEEM-IV curves, the LEED-IV curve for the
"combined UHV preparation" at 900 K t better to the LEED-IV curve of the "combined
preparation" method at 1000 K than for 900 K. Thus, the "combined preparation" method
needs 100 K higher annealing temperatures compared to the preparation in UHV. Most
likely this results out of a strong Si-O-Si bond that forms in the "combined preparation"
method already at RT and needs to broken in order to form Si-O-Fe bonds. Thus, higher
activation temperatures are needed.
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LEEM-IV characteristics comparing iron silicate layer prepared with the "combined preparation" method (Si+Fe/3O-Ru(0001)) and the "combined UHV preparation"
method (Fe+Si(UHV)/Ru(0001)).
Figure 4.16

LEED-IV curves comparing the ngerprints of iron silicate prepared with the
"combined preparation" method (Si+Fe/3O-Ru(0001)) and the "combined UHV preparation"
method (Fe+Si(UHV)/Ru(0001)).
The chosen LEED spots are a) the (00) spot, b) a Moiré
√
√
spot and c) a ( 3 × 3)R30◦ spot regarding a complete iron oxide layer. The oxidation
temperature for both preparation methods is 900 K.
Figure 4.17
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Summary and conclusion of the "combined" approach

The "combined UHV preparation" method (section 4.1.2) leads to the same iron silicate
lm, as can be seen by the LEEM-IV and LEED-IV ngerprints. The characteristic ngerprints in LEEM-IV and LEED-IV are given in g. 4.18 and 4.19. The iron silicate layer
will be referred in the following as FeSiOx .
While the nal lm structure is similar for both preparation methods, the necessary tem-

LEEM-IV ngerprint of iron silicate on Ru(0001). The data shown here is for
1000 K for the "combined preparation" method (Si+Fe/3O-Ru(0001)).
Figure 4.18

perature diers by 100 K. Exactly the same lm structure is found at 1000 K and 900 K
for the "combined preparation" vs. "combined UHV preparation" method, respectively,
judging by the LEEM-IV and LEED-IV ngerprint. In both preparation methods rst, the
iron oxide layer forms, before the silica layer arranges, as can be seen by the subsequent
appearance of the Moiré spots and silica superstructure spots.

In the "combined UHV

preparation" method iron arranges already at 570 K. The silicon atoms arrange at 650 K.
In the "combined preparation" method both iron and silicon start to arrange at 660 K.
Since Si-O-Si and Si-O-Ru bonds need to be broken, before iron can intercalate to the
silicon/ruthenium interface in order to form iron oxide, a higher temperature is needed.
The individual temperature dependencies are shown in table 4.3.
The "combined preparation" method uses the same preparation principle as described
in [103]. As a result the iron silicate lm in this chapter can be directly compared with the
STM, XPS and IRAS results given in this paper. The LEED pattern shows the superpo-

◦

sition of a Moiré pattern and (2x2) spots rotated by 30 . Pure FeO monolayer lms (see
section 3.1) share the existence of a Moiré pattern with the iron silicate lms. In contrast,

◦ only appears if silicon is present.

the (2x2) pattern rotated by 30

This indicates that

iron silicate can indeed be described by a silica monolayer on top of a FeO-like iron oxide

◦ regarding the iron oxide layer. However the

layer, where the silica layer is rotated by 30

dimensions of the iron oxide layer dier from a pure FeO layer.
A Moiré pattern is the result of two lattices that are similar and interfere with each other.
The distances of the Moiré spots in iron silicate give rise to a "8 on 9" structure, meaning

Chapter 4. Ultrathin layers of FeSiOx on Ru(0001)

62

LEED-IV ngerprint of iron silicate. The data shown here is corresponds to
the 1000 K for the "combined preparation" method (Si+Fe/3O-Ru(0001)) after
at
√
√ oxidation
1000 K. a) (00) spot, marked black in d). b) Moiré spot, marked red in d). c) ( 3 × 3)R30◦
regarding a complete iron oxide layer, marked blue in d). d) LEED image at 20 eV.
Figure 4.19

that 8 atoms of the superlattice t commensurable on 9 atoms of the sublattice. In analogy
to FeO on Ru(0001) this means, 8 Fe atoms t commensurable on 9 Ru atoms. The RuRu distance for a Ru(0001) substrate is 2.706 Å. As a result the Fe-Fe distance in the iron
oxide layer in iron silicate can be calculated as 3.044 Å. The pure FeO monolayer is found
to have a "6 on 7" reconstruction (see section 3.1), and thus a Fe-Fe distance of 3.157 Å.
This shows that the FeO-like layer of iron silicate is strongly compressed in comparison to
silicon free FeO lms on Ru(0001). The compression of the FeO-like layer indicates that
the silicon layer does not simply grow on top of a FeO layer that was built independently
from silicon.

This suggests that silicon has a great inuence on the formation process

(Fe-Fe distance) of the FeO-like layer and that the Si-O-Fe bond is stronger than expected.
R. Wªodarczyk et al. [103] simulated the implementation of iron atoms into a SiO2 bilayer.
The simulations are based on a pristine SiO2 bilayer unit cell and added one iron atom
per unit cell per time. In these calculations it turned out, that iron tends to substitute
silicon atoms only in the lower level of the silica bilayer. Taking this into account it is likely
that iron is migrating underneath silicon, when the temperature is sucient for optimal
mobility of the iron atoms.
In contrast to the calculations performed in [103] iron does not simply substitute silicon
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Combined

Combined UHV

Si, Fe

Si, Fe

subsequently

subsequently

at RT on 3O-Ru in

at RT in UHV

preparation

2.0 ·

10−7 mbar

Si+Fe/3O-Ru(0001)

Fe+Si(UHV)/Ru(0001)

1000 K

900 K

660 K

570 K

660 K

650 K

800 K

660 K

800 K

660 K

Necessary T
Appearance of
Moiré spots
Appearance of

√
√
( 3 × 3)R30◦

spots

Strongest intensity rise
of Moiré spots
Strongest intensity rise
of

√
√
( 3 × 3)R30◦

spots

Temperature
dependencies of preparation methods using the "combined" ap√ √
proach.The ( 3× 3)R30◦ structure refers to a silica structure that is rotated by 30◦ regarding
a complete iron oxide layer.
Table 4.3

and remains in the matrix of a silica bilayer. If this would be the case, both, an unrotated
(2x2) structure and no Moiré pattern would be expected. The existence of a Moiré pattern
indicates that the iron oxide layer is on top of the Ru(0001) substrate. As a consequence
silica must be on top of the iron oxide layer. Moreover, XPS measurements of the O 1s lines
indicate individual components for the Si-O-Si and Fe-O-Fe or Fe-O-Ru line. Additional a
Si-O-Fe bond is found, which connects the iron oxide and silica layer. Taking a closer look

◦

on the (2x2) spots rotated by 30 , they can also be interpreted as silica monolayer oriented

√

commensurable in form of a

( 3×

√

3)R30◦

regarding a complete iron oxide layer under-

neath (see Fig. 4.23). This ts also the IRAS measurements shown in [103]. The authors

−1 , which increases with rising Fe:Si

state that iron silicate shows only one line at 1005 cm

−1 and 674 cm−1 ) decrease without shift.
ratio, while the lines typical for silica (1300 cm
This is a sign for a two-component lm and t to the ndings in this work.
The lattice constant of a free-standing silica bilayer is computed to be 5.24 [27] - 5.32 Å [89].
The lattice constant of a silica monolayer and bilayer should be identical. A silica layer
on Ru(0001) (without iron) gives rise to a (2x2) structure. As a result, a silica layer on
Ru(0001) has a unit cell with a size of 5.41 Å (=2

√

of iron silicate, silica orders in a

( 3×

√

·

2.706 Å). Following the LEED pattern

3)R30◦ reconstruction regarding a complete iron

oxide layer underneath (see Fig. 4.20a for silica unit cell). The iron atoms itself have a
"8 on 9" reconstruction on Ru(0001), i.e. an Fe-Fe distance of 3.044 Å. From this the size
of the silica unit cell can be calculated to be 5.48 Å. Therefore the SiO2 layer in iron silicate
is slightly more stretched as the SiO2 layer on pure Ru(0001) compared to the computed
free-standing bilayer. In Fig. 4.20b the geometry of an unstrained Si-O-Si bond is shown
from evaluation of existing structures. The value of 3.06 Å for the Si-O-Si distance is found
by evaluation of 141 nearest-neighbor Si· · · Si distances in silicates and silica [67], judging
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by the highest occurrence.

In more recent DFT calculations of the free-standing silica

bilayer, a similar value of 3.07 Å is computed [59].

◦ [67]. The

The intermediate angle for these unstrained Si-O-Si bonds is found to be 144

reason for this wide angle is assumed to be the combination of Si· · · Si repulsion and overlap
of the Si 3d and O 2p orbitals [55]. In principle the Si-O-Si angle can be between 120

◦ and

◦ and the Si-O distance between 1.57 Å and 1.72 Å [55]. However energy is required
◦
to expand or compress the Si-O bond. In case of 144 and a Si· · · Si-distance of 3.06 Å,
180

the Si-O distance can be calculated to 1.61 Å (see Fig. 4.20b). These values can be seen
as an optimal Si-O-Si arrangement in real conditions. In fact, the value of an unstrained
Si· · · Si distance of 3.06 Å ts nicely to the Fe-Fe distance, suggested by our measurements,
of 3.044 Å ("8 on 9" reconstruction). This shows that the iron atoms arrange accordingly
to an optimal Si-O-Si distance (compression of 0.5% only regarding the unstrained Si-O-Si
distance).
The XPS measurements of the O 1s line (see Fig. 4.6a and Fig. 4.7) indicate the existence
of a Fe-O-Si bond.

The electronegativity (χM ), of the individual metal atom M has a

large inuence on the position of the electron density maxima in a Si-O-M bond [55] and
thus changes the ionicity of a Si-O bond.
determined as

χF e = 1.64

[84].

The electronegativity of iron in Fe2 [Si2 O6 ] is

In this system also a Si-O(A) -Si-O(B) -M bond is found,

which makes the system comparable to the iron silicate lm in this work (here, Si-O(A) -Si
is found in plane of the silica layer, while the Si-O(B) -Fe bond is perpendicular). However,
while the order of magnitude is assumed to be similar, the precise value will be dierent. The electronegativity of six-coordinated silicon, which is the case for Fe2 [Si2 O6 ], is

χSi

= 1.74 [55]. For four-coordinated silicon, the electronegativity is slightly higher with

1.81 [29]. Since the electronegativity of iron is lower than the one of silicon, iron transfers
more electrons to the intermediate oxygen atom in the Fe-O-Si bond than silicon. Therefore the electron density maximum is shifted between the silicon atom and oxygen atom
O(B) towards the Si atom. Nevertheless, the electronegativities of silicon and iron are not
very dierent, therefore this shift is not very large.
What remains an open question is the exact packing situation of the FeO-like layer. The
calculated model in [103] started with the silica bilayer. Since in this model iron atoms

Geometry of the a) in black unit cell of the silica layer in the proposed iron silicate
structure with complete iron oxide layer (three iron atoms per silica unit cell). Green: unit
cell used in the calculation by R. Wªodarczyk. b) Si-O-Si distances (adapted from [67]) for
an unstrained Si-O-Si group. Red: Oxygen. Violet: Iron. Yellow: Silicon. Gray: Ruthenium.
Figure 4.20
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only substitute silicon in the lower level of the silica bilayer the highest amount are two
iron atoms per silica unit cell. A FeO layer on the other side contains three iron atoms
per silica unit cell. In collaboration with R. Wªodarczyk DFT calculations have been performed using the Vienna Ab initio Simulation Package (VASP) [47, 48], varying the iron
content underneath. As output calculated IRAS results are given, which in turn, can be
compared with the measured IRAS results in [103].
The actual unit cell of iron silicate includes an iron oxide layer with "8 on 9" reconstruc-

◦

tion on Ru(0001) and a monolayer of silica on top, which is rotated by 30 . However, this
unit cell is very large and would thus need a high wall clock time for the calculations. In
order to reduce this time, the unit cell has been minimized assuming the silica monolayer is
unrotated regarding the iron oxide layer. Two dierent cases have been chosen for two vs.
three iron atoms per silica unit cell: Case I and case II. In case I the iron silicate adlayer
is unrotated regarding the Ru(0001) substrate, while in case II the adlayer is rotated by

◦ regarding the Ru(0001) layer.

30

Case I and case II are calculated for two and three

iron atoms per silica unit cell. These cases are assigned as follows: I2, I3 and II2 and II3.
The letter assigns the assumed orientation of the adlayer, while the number addresses the
number of iron atoms per unit cell (two or three). Models for the individual calculations

Top and side views of the individual calculated models by R. Wªodarczyk and
J. Sauer. Red: Oxygen. Violet: Iron. Yellow: Silicon.
Figure 4.21
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Figure 4.22 Calculated IRAS spectra tting to the indicated models by R. Wªodarczyk and
J. Sauer. The latter assigns the assumed orientation of the adlayer (see text for more details),
while the number addresses the number of iron atoms per unit cell in the iron oxide layer in
iron silicate (three or two).

are shown in Fig. 4.21. The corresponding calculated IRAS results are given in Fig. 4.22.
The main goal of this calculation is to decide, whether it is more likely to have a three iron
atoms per unit cell, as it is the case for a monolayer of FeO or whether the number iron
atoms is reduced to two iron atoms per unit cell.

−1 [103]. The calculated values for this line
−1 , 977 cm−1 , 979 cm−1 , 990 cm−1 ,
using the calculated cases I2, I3, II2 and II3 are 1002 cm
The measured IRAS line is found at 1005 cm

respectively (see Fig. 4.22). As it turns out all results lie in the error of the DFT calculation and are therefore not signicantly dierent. Thus, it cannot be decided, whether the
iron oxide layer underneath is closed-packed with three iron atoms per silica unit cell or
whether it contains only two iron atoms per silica unit cell.
Furthermore, the energetic stability of the models I2 vs. I3 are calculated by R. Wªodarczyk
and J. Sauer. For these calculations a unit cell is chosen, which has twice the size of the
primitive unit cell (see Fig. 4.20, green unit cell). Thus, in this unit cell the FeO layer has
six iron atoms and in the reduced case four iron atoms. First the energy dierence for iron
silicate containing four iron atoms per unit cell on Ru(0001) (Fe4 Si4 O16 ·2O/Ru(0001))
are addressed.

If two additional iron atoms (2Febulk ) are added iron silicate is formed,

whereby these two iron atoms are incorporated into the iron oxide unit cell (i.e. having
now six iron atoms per unit cell).

F e4 Si4 O16 · 2O/Ru(0001) + 2F ebulk → F e6 Si4 O18 /Ru(0001)
The energy dierence

∆E

(E 1)

is found to be -1.5 eV, i.e. energy is needed, but an excess of

iron might be accepted. As a second calculation two iron atoms are taken out of an iron
silicate lm with six iron atoms per unit cell on Ru(0001) (6 Fe4 Si4 O16 ·2O/Ru(0001)) in

4.1. "Combined" approach

67

order to form an iron silicate lm with only four iron atoms per unit cell on Ru(0001)
(4 Fe6 Si4 O18 /Ru(0001)).

6F e4 Si4 O16 · 2O/Ru(0001) →
4F e6 Si4 O18 /Ru(0001) + (SiO2 )8 · 8O/Ru(0001) + 8O/Ru(0001) + 2O2
Here,

(E 2)

additionally pristine silica ((SiO2 )8 ·8O/Ru(0001)) and a pure metal substrate

(8O/Ru(0001)) needed to be considered to keep the mass balance.

In fact, this reac-

tion inuences the system to gain energy of 6.6 eV. Following this calculation a reduction
of iron atoms would be preferable. However, the utilized models do not t exactly to our
complete structure and thus, a precise decision cannot be made by these results. At this
point the question regarding the structure remains open and will be point of discussion in
chapter 4.4.
From the measurements shown in section 4.1.1 an atomic structure for iron silicate can be
proposed. On Ru(0001) an iron oxide layer is present with a Moiré structure of "8 on 9"
regarding the Ru(0001) substrate. Since the Moiré structure resembles a FeO monolayer
(with adapted Fe-Fe distances), a FeO structure is assumed for the iron atoms.

Up to

now both, a closed FeO layer (i.e. three iron atoms per silica unit cell) is as possible as
a reduced number of two iron atoms per silica unit cell. Therefore, two models are considered for each case. The iron oxide layer is bound through a Si-O-Fe bond to a silica

√ √
( 3 × 3)R30◦

monolayer on top of the iron oxide layer. The silica layer has a structure of

regarding a complete iron oxide layer underneath (see Fig. 4.23a-c). In fact, in case the

◦ rotated structure results already

number of iron atoms per silica unit cell is two, the by 30

from the holes in the iron oxide layer (i.e. positions of missing iron atoms compared to
a closed layer). The silica layer on top is in this case unrotated regarding the iron oxide
layer. Moreover DFT results indicate a shift between the silica layer on top and the iron
oxide layer underneath (see Fig.

4.23d-f.

◦ rotated spots

In order to refer to the by 30

and the actual structure in a uniform way, in the following these spot are refered to as

√
√
( 3 × 3)R30◦
not only Fe

regarding a complete iron oxide layer. In contrast to FeO in iron silicate

2+ , but also Fe3+ components are found in the XPS Fe 3p spectrum.

This

indicates an additional oxygen layer between iron and ruthenium. The proposed models
using the measured results are shown in Fig. 4.23.
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Proposed models for iron silicate based on the results of the "combined preparation" method (Si+Fe/3O-Ru(0001)). a-c) assuming three iron atoms per unit cell in the
iron oxide layer. d-f) assuming two iron atoms per unit cell in the iron oxide layer. a, d)
x-direction. b, e) y-direction and c, f) z-direction. The individual unit cell of silica, iron oxide
and ruthenium are indicated in black, blue and green, respectively. Red: Oxygen. Violet:
Iron. Yellow: Silicon. Gray: Ruthenium.

Figure 4.23
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4.2 "Stepwise" approach
The iron silicate structure shows a Moiré pattern in LEED that resembles strongly the one
of FeO on Ru(0001). Thus, iron silicate is assumed to be a two-layer lm with a monolayer of silica on top of a FeO-like layer (see section 4.1.3). Depth prole XPS results in
this work (section 4.1.3), as well as IRAS measurements and simulations in [103] conrm
the separation of silica and iron oxide. The rotated (2x2) spots can be interpreted as a

√
√
( 3 × 3)R30◦

regarding a complete FeO-like layer underneath. In case the iron oxide

◦ rotated spots arise by the position of the

layer contains less iron atoms than the by 30

"missing" iron atoms relative to a complete iron oxide layer.
In chapter 4.1 silicon and iron were deposited at the same preparation step in the so called
combined preparation. However, if the presented model is valid, it should also be possible
to prepare a silica ML on top of a well prepared FeO layer. The necessary energy to form
iron silicate is assumed to be strongly reduced in this preparation, since FeO is already
present and silicon must mainly arrange on top of this layer.

This preparation method

will be called "stepwise preparation" in the following and the results are shown in section
4.2.1.
In section 4.2.2 the opposite approach was used: The deposition of iron on top of a wellprepared ML of silica. This preparation method will be called "stepwise reversed preparation" in the following. The silica ML is known to be chemically bond to the Ru(0001)
substrate [34, 107], forming oxygen bonds between silicon and ruthenium atoms. In section
4.1.1 was already discussed that the Si-O bond is relatively strong, even if the silica layer is
disordered. Since Ru has also a high oxygen anity, the Si-O-Ru bond is also very strong.
As a result, the formation of iron silicate is assumed to aord much higher (thermal) energy
to break the Si-O-Ru bond in favour of iron diusion underneath the silica layer.

4.2.1

Stepwise preparation
(ML FeO + ML SiO2 )

In this chapter iron silicate is prepared in a two-step preparation. First a ML of FeO is
prepared on Ru(0001) by direct deposition of iron at 800 K in

2.0 · 10−8 mbar.

A detailed

description of the FeO preparation is given in chapter 3.1. For the following iron silicate
preparation monolayer phase ML2 is used. This FeO phase shows the typical Moiré pattern
with a "6 on 7" reconstruction (see Fig. 4.25a), meaning that six iron atoms are commensurable positioned on seven ruthenium atoms. The characteristic LEEM-IV ngerprint of
this phase can be found in Fig. 3.6 of chapter 3.1. The MEM-LEEM border is found at
2.72 eV. The XPS Fe 3p and O 1s line are given in Fig. 4.24. The Fe 3p line shows that
the iron atoms are in the Fe

2+ conguration. Moreover only one O 1s line is present at

528.8 eV. This line the Fe-O-Fe and Fe-O-Ru component overlap.
In principle also the monolayer phase ML1 (rotational domains) can be used (compare
chapter 3.1). The nal iron silicate lm shows the same characteristics for using the iron
oxide monolayer phases ML1 and ML2.
The FeO layer is cooled down to RT (without further oxygen dose to maintain the as
deposited state) and subsequently oxidized in

2.0 · 10−7 mbar.

The intensity of the lm is

decreasing as can be followed in LEEM until the FeO layer is saturated. The oxidation step
is necessary to dierentiate between the inuence of the increase of surrounding oxygen
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XPS characteristics of FeO as prepared and oxidized in 2.0 · 10−7 mbar for the
a) Fe 3p line (hν = 175 eV) and b) O 1s line (hν = 600 eV).
Figure 4.24

and the addition of silicon atoms. The XPS spectra show only subtle changes in the Fe 3p
and O 1s line during this step. Hereby, the peak position is not altered, but the intensity
of the peaks is slightly increased. In Fig. 4.24 the corresponding XPS Fe 3p and O 1s lines
are given for the FeO monolayer phase ML2 as prepared and oxidized in

2.0 · 10−7 mbar.

The oxidation at RT of the FeO layer shows only a minor inuence in the LEEM-IV curve
and only a minimal reduction in the MEM-LEEM border to 2.64 eV. The O 1s and Fe 3p
line show nearly no change regarding the as prepared FeO layer.

The Moiré pattern is

unchanged.

−7 mbar) as was used for the FeO

Silicon is deposited in the same oxygen pressure (2.0 · 10

oxidation. The silicon amount used equals the amount necessary to form a monolayer of
silica. Finally the lm was oxidized in

1.0 · 10−6 mbar,

rst at RT and then stepwise up

to 660 K, 800 K, 900 K and 1000 K. The sample was oxidized for 30 min at 660 K and at
higher temperatures for 15 min at the individual temperatures.

After each temperature

step the lm was cooled down to RT without introducing additional oxygen and analyzed
with LEED (Fig. 4.25), LEEM-IV (Fig. 4.27) and XPS (Fig. 4.29).
Si deposition extinguishes the Moiré pattern. In LEED mainly the (00) spot, surrounded
by a corona is present and, very weakly, a blurry star like feature from the (00) spot towards the position of the

√
√
( 3 × 3)R30◦

spots (see Fig. 4.25b). The MEM-LEEM border

is decreased by 0.14 eV to 2.63 eV (Fig. 4.4b), thus the dipole (present for FeO) is reduced.
The LEEM-IV curve resembles strongly the LEEM-IV curve for the "combined preparation" method (section 4.1.1) after silicon and iron are deposited. It shows one main peak
at 6 eV. Thus, silicon is disordered on top of the FeO layer. The Fe 3p line shows a partial

0 state), while the

reduction of iron, i.e. half of the iron atoms are in the metallic state (Fe

2+ state. The strong overall reduction of the peak is due to

other half remains in the Fe

damping of the iron signal by the silicon overlayer. On the contrary silicon is completely
oxidized in the Si

4+ state. Thus, silicon breaks Fe-O bonds in order to oxidize silicon atoms.

Metallic iron remains. Also for silicon deposition on top of a 3O-(2x2)-Ru(0001) substrate
it was shown, that the available oxygen amount on the surface in consumed [44]. However,
the available oxygen on the substrate was not sucient to completely oxidize a monolayer

−7

of silicon (silica). It was shown, that the surrounding oxygen (pO2 = 2.0 · 10
mbar) is
necessary for a complete oxidation. The same is most likely true for the present case, since

4.2. "Stepwise" approach

71

LEED evolution for the individual preparation steps for iron silicate prepared with
the "stepwise preparation" method (Si/FeO/Ru(0001)). a) iron oxide monolayer before Si
evaporation (see chapter 3.1). b) Directly after Si deposition. c-h) oxidation in 1.0·10−6 mbar
at c) RT, d) 660 K, e) 800 K, f) 900 K, g) 1000 K. The kinetic energy is 42 eV. Measurements
are taken at RT.
Figure 4.25

√

√

Spot intensity of the (00), Moiré and ( 3 × 3)R30◦ spot during oxidation in
−6
1.0 · 10
√ mbar
√ of iron silicate using the "stepwise preparation" method (Si/FeO/Ru(0001)).
The ( 3 × 3)R30◦ structure refers to a silica structure that is rotated by 30◦ regarding a
complete iron oxide layer.
Figure 4.26
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LEEM-IV evolution for the individual preparation steps of iron silicate using the
"stepwise preparation" method (Si/FeO/Ru(0001)). a) LEEM-IV, b) MEM-LEEM transition.
Si is deposited on the FeO layer in 1.0 · 10−7 mbar. The oxidation was done in 1.0 · 10−6 mbar.
Measurements are taken at RT.
Figure 4.27

the oxygen density for FeO on Ru(0001) is lower than for 3O on Ru(0001). The O 1s line
conrms the reduction of Fe-O bonds in favor of Si-O bonds. The Fe-O-Fe/ Fe-O-Ru line
is nearly not present anymore, but the Si-O-Si line is very prominent. Additionally the FeO-Si line is strongly present. Using a surface sensitive photon energy of 600 eV the Si-O-Si
line has nearly double the intensity of the Fe-O-Si peak. Increasing the probing depth to a
photon energy of 780 eV, the intensity ratio I(Si-O-Si):I(Fe-O-Si) shrinks strongly, so that
they nearly have the same intensities. This indicates that at RT (as it is expected) the
two-layer separation remains as deposited.
The oxidation in

1.0 · 10−6 mbar

for 30 min has mainly inuence on the oxidation of iron.

2+ component is slightly increased and the Fe0 compo-

The Fe 3p line (Fig. 4.29a) the Fe

nent decreased. The O 1s line (Fig. 4.29b) shows an increase in the Fe-O-Fe line, which
is especially visible with a higher electron probing depth using a photon energy of 780 eV.

Preparation step

Energetic position of the

Workfunction (eV)

MEM-LEEM border (eV)

(referenced to clean
Ru(0001) with 5.44 eV [12])

FeO

2.72

5.58

Si deposition

2.63

5.49

Oxidation at RT

2.77

5.63

Oxidation at 660 K

3.24

6.10

Oxidation at 800 K

3.30

6.16

Oxidation at 900 K

3.24

6.10

Oxidation at 1000 K

3.08

5.94

Overview on the MEM-LEEM border evolution for the individual preparation
steps of the "stepwise preparation" method (Si/ FeO/ Ru(0001)). The MEM-LEEM values
are measured with an accuracy of ± 0.02 eV.
Table 4.4
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MEM-LEEM border for the individual preparation steps of the "stepwise preparation" method (Si/FeO/Ru(0001)). The FeO monolayer is produced by iron deposition at
800 K in 2.0 · 10−8 mbar (see chapter 3.1). Si is deposited in 2.0 · 10−7 mbar at RT and the
lm is oxidized in 1.0 · 10−6 mbar.
Figure 4.28

Structurally the LEEM-IV curve remains nearly unchanged. Only the MEM-LEEM border
is increased to 2.77 eV, i.e. nearly the same value as for FeO before Si was deposited. In
the LEED pattern the intensity of the rotated (2x2) spots increases, but the spot shape is
still very blurry and thus, the silicon dioxide layer very disordered.
In the next step the lm is oxidized at elevated temperatures.
individual LEED spots during oxidation are shown in Fig. 4.26.

√

( 3×

√

The intensities of the
At around 575 K the

3)R30◦ spots increase in intensity and the connection to the (00) spots dissolves

(before it had a star-like shape).

40 K higher at 645 K the corona surrounding the (00)

spot intensies until the individual Moiré spots are distinguishable. Finally at 660 K the
sample temperature is kept constant and after 6 min an additional corona surrounding
the

√
√
( 3 × 3)R30◦

spots appears und develops to distinct Moiré spots during additional

8 min. However these spots remain lower intense as the

√
√
( 3 × 3)R30◦

spots. The sam-

ple is held for 30 min at 660 K and subsequently cooled down fast without further oxygen
dose. The characteristic LEED pattern for iron silicate is already present, but the spots
are still slightly blurred. The Moiré spots surrounding the (00) spot are much more intense
as all other spots (excluding the (00) spot).

The LEEM-IV curve shows the prominent

dip at 4.5 eV and peaks at 7.5 eV, 13 eV and 20.4 eV. The MEM-LEEM-border is raised to
3.24 eV. Altogether, this resembles the ngerprint at 800 K, when iron silicate is prepared
with the "combined preparation" method (section 4.1.1). Chemically the strongest change
is visible in the Fe 3p line, which shows that iron is mainly in the Fe

3+ state and, with

2+ state. In order to achieve a Fe3+ state, the number of oxygen atoms
lower intensity, Fe
bound to iron is higher than the number of iron atoms.
atoms share 2 oxygen atoms, each iron atoms binds to

1
2

If it is assumed, that two iron

+

1
2

= 1,

which is true for FeO.

From XPS results before the lm was annealed a Si-O-Fe component was measurement.
Therefore Fe-O-Fe bonds are replaced by Fe-O-Si bonds.
remains and thus the Fe

The number of oxygen bonds

2+ conguration. In order to achieve a Fe3+ conguration oxygen

must therefore intercalate between the iron oxide and Ru(0001) layer. The O 1s line shows
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Temperature dependent XPS analysis of iron silicate prepared with the "stepwise
preparation" method (Si/FeO/Ru(0001)). O 1s line for a photon energy of a) 600 eV and
b) 780 eV. Fe 3p line for a photon energy of c) 175 eV and d) 350 eV. Si 2p line for a photon
energy of e) 175 eV and f) 350 eV. The measurements are taken at RT.
Figure 4.29
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Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line
at 600 eV (Fig. 4.29a) of an iron silicate lm using the "stepwise preparation" method
(Si/FeO/Ru(0001)).
Figure 4.30

the increase in all three components (Si-O-Si, Fe-O-Si and Fe-O-Fe/Fe-O-Ru), whereby the
strongest increase is found in the Si-O-Si line, when using the photon energy of 600 eV.
Depth prole (photon energy of 780 eV) on the other hand, shows that the Si-O-Si and
Fe-O-Fe component nearly at the same intensity. This again conrms the two-layer nature
of the system with iron oxide closer to the Ru(0001) substrate.
As a next step the lm was annealed in steps to 800 K, 900 K and nally 1000 K. The iron
silicate LEED pattern, already present at 660 K becomes more intense and the individual
spots become sharper (Fig. 4.25g). This indicates a better ordering of the lm. Chemi-

3+ signal up to 800 K (for a photon energy of hν =

cally, there is a slight increase for the Fe

175 eV). This indicates a ongoing oxidation at the Fe/Ru(0001) interface. In comparison
with a higher photon energy of hν = 350 eV, a clear reduction of the Fe

2+ component is

2+ to the Fe3+ state.
evident, showing that iron atoms at the interface transform from a Fe
For higher temperatures than 800 K, the intensity of the Fe 3p line is minimal reduced for
photon energies of 175 eV and 350 eV. Also the Fe-O-Fe/Fe-O-Ru component of the XPS
O 1s line decreases, when using less surface sensitive photon energies (hν = 780 eV). Since
iron diusion into the Ru crystal was never observed (or its reappearance) the material is
most likely evaporated. Using surface sensitive energies the Fe-O-Si and Fe-O-Fe/Fe-O-Ru
lines appear rather unchanged. However, the Si-O-Si line increases strongly with increasing
temperature. Between 900 K and 1000 K the increase is strongest.
In Fig. 4.31 the LEEM-IV curves for 660 K, 800 K and 900 K are given in the range of
2-30 eV. As can be seen neither the shape nor the peak positions are changing between
6.5 and 30 eV. Also the MEM-LEEM border does not change anymore up to 900 K. At
1000 K the MEM-LEEM border is again decreased to 3.08 eV. However, with increasing
temperature and improved intensity of the iron silicate LEED pattern an additional dip
develops at 5.5 eV. The presence of this dip is can therefore be seen as a measure for the
quality of the lm.
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LEEM-IV ngerprints of iron silicate prepared with the "stepwise preparation"
method (Si/FeO/Ru(0001)) at a) 660 K, b) 800 K and c) 900 K. The ratio of the dips at 4.5 eV
and 5.5 eV indicates the state of lm evolution. A well developed dip at 5.5 eV is typical for an
optimal iron silicate layer of a nominal monolayer of iron and a nominal monolayer of silica.
This process is also found in other preparation methods discussed in sections 4.1 and 4.2.2.
Figure 4.31

As discussed a slight decrease in the Fe-O-Fe/Fe-O-Ru line is present for temperatures
higher than 800 K. Moreover, the strong increase of the Si-O-Si lines correlates nicely with
the sharpness of the

√
√
( 3 × 3)R30◦

LEED spots and results out of an increased ordering

of the Silica layer. Therefore it can be assumed that the iron reduction is necessary for
an optimal iron silicate layer. As a result the reduction of iron might correlate with the
occurrence and development of the additional dip at 5.5 eV in the LEEM-IV curve.

Summary of the formation process for the "stepwise preparation" method
The formation process of iron silicate using the "stepwise preparation" method is given in
Fig. 4.32. First a monolayer of FeO is prepared (Fig. 4.32a) giving rise to a "6 on 7" Moiré
pattern.

The FeO layer is oxygen terminated as visible by the MEM-LEEM transition.

Silicon is deposited on top (Fig. 4.32b) at RT in an oxygen background of

2.0 · 10−7 mbar.

Silicon binds to the oxygen atoms of the FeO layer, which leads to a partial reduction of
iron. Moreover the FeO Moiré pattern disappears. Due to the oxygen atoms on the surface
and the surrounding oxygen in the chamber silicon is completely oxidized in the Si

−6 mbar. Already at 460 K the
The lm is oxidized in 1.0 · 10

√
√
( 3 × 3)R30◦

4+ state.

spots appear,

i.e. the silica layer starts to order (Fig. 4.32c). In contrast to other preparation methods,
shown in chapter 4.1 this temperature is very low.

Hence, the pre-ordering of the iron

atoms in form of FeO reduces the activation energy.

The Moiré spots surrounding the

(00) spot, resulting from ordered iron oxide, reappear at 645 K (Fig. 4.32d). The Moiré
reconstruction is "8 on 9".
Finally, at 660 K also the Moiré spots surrounding the

√
√
( 3 × 3)R30◦

spots are visible

and with this the characteristic LEED pattern and the typical ngerprint of iron silicate as
observed in chapter 4.1 is present. The XPS Fe 3p line indicates a Fe

3+ component, which

can be correlated to an additional oxygen layer between iron and the Ru(0001) substrate
(Fig. 4.32d). For higher temperatures the iron amount decreases slightly and the LEED
pattern improves in sharpness and intensity of the LEED spots. In the LEEM-IV curve
a additional dip at 5.5 eV develops, which can be used as indication for the quality of the
lm, which might correlate with the minimal iron loss.

At 900 K (Fig. 4.32e) the same
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Individual steps during oxidation of iron silicate prepared with the "stepwise
preparation" method (Si/FeO/Ru(0001)). a) FeO monolayer with "6 on 7" reconstruction,
b) Si deposition inuences the reduction of the iron oxide layer. Si is completely oxidized but
disordered. c) Arrangement of the silica layer starting at 460 K. d) Intercalation of oxygen to
the iron layer starting at 645 K and arrangement in a "8 on 9" reconstruction. e) Final iron
silicate lm present at 900 K. Red: Oxygen. Violet: Iron. Yellow: Silicon.
Figure 4.32

ngerprint as for the iron silicate preparation using the "combined preparation" method
at 1000 K (section 4.1.1) and the "combined UHV preparation" method at 900 K (section
4.1.2) is achieved.

4.2.2

Stepwise reversed preparation
(ML SiO2 + ML Fe)

In the last section 4.2.1 it was shown that iron silicate can be prepared stepwise, when
starting with a well-ordered monolayer of FeO. In this chapter the contrary approach is
used: First a well-ordered monolayer of Silica is prepared and as a second step iron is
deposited.

The "combined preparation" method showed that a pre-oxidation of silicon

(even if it is disordered) before iron is deposited has a major inuence on the necessary
(thermal) energy to form iron silicate, since Si-O-Ru bonds need to be broken in order to
rearrange silicon and iron diusion under the silicon layer. The dierence to the (nearly)
not oxidized silicon is shown in the "combined UHV preparation". The temperature difference has proven to be 100 K.
In this chapter silicon dioxide is not only oxidized, but also well ordered.

In chapter

"combined preparation" silicon was deposited at RT on an oxygen pre-covered Ru(0001)
substrate (3O-(2x2)-Ru(0001), i.e.
background pressure of

three oxygen atoms per Ru unit cell) in an oxygen

2.0 · 10−7 mbar.

For the preparation of well-ordered silica this

silicon-oxide layer needs to be further oxidized in

1.0 · 10−6 mbar

up to 1050 K for 10 min.

Subsequently the lm is cooled down to RT in the same oxygen background pressure.
The LEED pattern of (ordered) silica is a (2x2) reconstruction on top of Ru(0001) (see
Fig. 4.33a). At the same time a characteristic LEEM-IV curve evolves, much dierent to
the disordered silica layer. The MEM-LEEM border is increased from 3.05 eV (disordered)
to 3.43 eV (ordered), showing the enhanced oxidation (see Tab. 4.5 and Fig. 4.36).
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The monolayer of Silica is known to be chemically bond to the Ru(0001) substrate through
Si-O-Ru bonds [34, 107]. Thus, a higher eort (higher thermal energy) is expected to be
necessary in order to form iron silicate in comparison to disordered silicon-dioxde.

The

O 1s line of SiO2 disordered (as deposited) and ordered are shown in Fig. 4.37a. The O 1s
line consists of two lines: One line at 529.1 eV and the other at 530.7 eV. The rst line

LEED pattern of the individual preparation steps of iron silicate prepared with
the "stepwise reversed preparation" method (Fe/SiO2 /Ru(0001)). All LEED images are taken
at 42 eV. a), b), d) and e) are measured at RT. c) is measured at 650 K. Iron is deposited at
RT in 2.0 · 10−7 mbar. The oxidation is done in 1.0 · 10−6 mbar.
Figure 4.33

√

√

Spot intensities of the (00), Moiré, ( 3 × 3)R30◦ and (2x2) spots during the
oxidation in 1.0 · 10−6 mbar of iron silicate
prepared with the "stepwise reversed preparation"
√
√
method (Fe/SiO2 /Ru(0001)). The ( 3 × 3)R30◦ structure refers to a silica structure that
is rotated by 30◦ regarding a complete iron oxide layer.

Figure 4.34
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can be assigned oxygen bound to Ru (Si-O-Ru or O-Ru) and the later to Si-O-Si bonds.
Comparing the spectra of disordered and ordered Silica the dierence in the intensity ratio
I(Si-O-Ru): I(Si-O-Si) is evident, being much higher for ordered silica as for disordered
silica. This indicates that most Si-O-Ru bonds are developed during the nal oxidation
step to 1050 K. As already shown in chapter "combined preparation" method silicon is already completely oxidized after deposition, as a combination of binding to oxygen present
on the Ru(0001) substrate and the surrounding oxygen pressure of

2.0 · 10−7 mbar

[44].

4+ state) for both, the
Correlated to this the Si 2p line shows only one peak at 102.5 eV (Si
disordered and ordered silica layer.
At RT iron is deposited on the silica monolayer in

2.0 · 10−7 mbar.

The (2x2) LEED spots

of the Silica layer become weaker, but are still present after iron deposition (Fig. 4.33b).
However, the LEEM-IV curve is strongly damped compared to the one of the silica monolayer and resembles strongly the one of disordered (as deposited) silicon. The MEM-LEEM
border is strongly decreased to 2.48 eV, matching the one for a clean Ru(0001) substrate.
Thus, an earlier dipole on the surface is not present anymore. Chemically, iron has only
a minor inuence on the peak distribution of the O 1s line. Still there are two peaks visi-

4.35
LEEM-IV curve for the individual preparation steps of iron silicate prepared with the "stepwise reversed preparation" method (Fe/SiO2 /Ru(0001)).
a) LEEM-IV curve, b) MEM-LEEM border. The oxidation is done in 1.0 · 10−6 mbar.
Figure

Preparation step

Energetic position of the

Workfunction (eV)

MEM-LEEM border (eV)

(referenced to clean
Ru(0001) with 5.44 eV [12])

Si deposition

3.05

5.91

SiO2

3.43

6.29

Fe deposition

2.48

5.34

Oxidation at 900 K

3.18

6.04

Oxidation at 1000 K

3.09

5.95

Overview on the MEM-LEEM border evolution for the individual preparation steps
of the "stepwise reversed preparation" method (Fe/ SiO2 / Ru(0001)). The MEM-LEEM
values are measured with an accuracy of ± 0.02 eV.
Table 4.5
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Figure 4.36 MEM-LEEM border for the individual preparation steps of iron silicate using the
"stepwise reversed preparation" method (Fe/SiO2 /Ru(0001)). The oxidation takes is done in
1.0 · 10−6 mbar. The MEM-LEEM values are determined by a t of the MEM-LEEM border
presented in Fig. 4.35b. The error of this t is 0.02 eV.

ble one at 529 eV and one at 531 eV. The peak intensity of the line at 529 eV is increased
through iron deposition, since the Fe-O-Fe line is matching the position of the O-Ru line.
The silica layer appears to be rather unchanged, as the still visible (2x2) structure, O 1s
non-altered Si-O-Si line and the remaining Si

4+ state in the Si 2p line indicate. Iron atoms

2+ conguration, which results most likely from the surrounding
are found to be in the Fe
oxygen in the chamber. For the FeO monolayer on Ru(0001) (section 3.1) it was shown

2.0 · 10−8 mbar was sucient for iron to be in the Fe2+ state. In the
−7 mbar).
the pressure is even one order of magnitude higher (2.0 · 10

that even a pressure of
present preparation

Moreover, the silicon atoms remain completely oxidized during iron deposition.
The lm is oxidized in

1.0 · 10−6 mbar

rst at RT, stepwise to 900 K and nally up to

1000 K. The temperature of 900 K was held constant for 30 min and the nal temperature of 1000 K was held for 10 min. The oxidation was followed in LEED. The intensity
evolution of the individual LEED spots is shown in Fig. 4.34. The corresponding LEED
images after cooling down to RT after oxidation to 900 K and 1000 K are given in Fig. 4.33d
and e, respectively. After iron deposition the (2x2) spots of the silica monolayer are still
present. During the oxidation the (2x2) spots start to increase in intensity at 570 K and
continue to gain intensity up to 900 K. While the temperature of 900 K was kept constant
the (2x2) spots drastically decrease its intensity. When the sample was annealed further
up to 1000 K, they diminish even further, until they nearly disappear. Especially during
the constant oxidation at 1000 K this is the case. When the sample was cooled down, the
(2x2) spots reappeared at temperatures

≤

500 K. Moiré spots surrounding the (00) spots

appear at 525 K. The Moiré pattern indicates an ordering of iron. With rising temperature
the Moiré pattern increases in intensity and sharpness of the spots.
At 825 K

√
√
( 3 × 3)R30◦

develop, directly surrounded by Moiré spots. This temperature

is much higher than was observed for the other preparation methods.

√

intensity strongly enhanced, whereby the

( 3×

√

Up to 900 K the

3)R30◦ spots become much more intense
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XPS analysis of iron silicate prepared with the "stepwise reversed preparation"
method (Fe/SiO2 /Ru(0001)). O 1s line for a photon energy of a) 600 eV and b) 780 eV. Fe 3p
line for a photon energy of c) 175 eV and d) 350 eV. Si 2p line for a photon energy of e) 175 eV
and f) 350 eV. The measurements are performed at RT.
Figure 4.37
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Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line
at 600 eV (Fig. 4.37a) of iron silicate using the "stepwise reversed preparation" method
(Fe/SiO2 /Ru(0001)).
Figure 4.38

than the Moiré spots surrounding them.

Especially during the constant temperature of

900 K they gain strongly intensity, which is continued for further annealing up to 1000 K.
Only during the constant oxidation at 1000 K the intensity of the
again decreased. The intensity increase of the
the intensity decrease of the (2x2) spots.

√
√
( 3 × 3)R30◦

√
√
( 3 × 3)R30◦

spots is

spots correlates nicely with

In LEEM the presence of domains are visible

after oxidation to 900 K. By dark eld imaging (Fig. 4.39) the individual domains can be
assigned either to a

√
√
( 3 × 3)R30◦

structure or a (2x2) structure. The domains giving

rise to a (2x2) structure appear to be very small. From this information together with the
evolution of the individual LEED spots it can be concluded that the monolayer of silica
(with iron atoms on top) are transformed to domains of iron silicate simultaneously everywhere on the surface. The transformation starts slowly at 825 K and is faster the higher
the temperature is. During the constant temperature of 900 K this transformation seems
to be very eective. The Moiré structure is present everywhere on the surface (Fig. 4.39c
and d) showing the eect of the dierent terraces of Ru(0001) (by bright-dark contrast
change, when choosing neighbouring spots). The LEEM-IV characteristics are shown in
Fig. 4.35 (as a sum of all domains) for 900 K and 1000 K. The LEEM-IV curves are showing
nicely the characteristics of the nal of iron silicate structure, as seen already in the earlier
presented preparation methods in chapters 4.1 and 4.2.1. Since, the domains with (2x2)
structure are very small and in much lower concentration as the iron silicate domains, the
presented LEEM-IV curves (Fig. 4.35) account to iron silicate only. All characteristic peaks
at 7.5 eV, 13 eV and 20.4 eV are present and moreover both dips at 4.5 eV and 5.5 eV. For
900 K and 1000 K a MEM-LEEM border of 3.18 eV and 3.09 eV, respectively are measured.
This ts nicely to similar temperatures for the "stepwise preparation" method in section
4.1.1. The chemical XPS data for 900 K and 1000 K are very similar. The Si 2p line shows
that silicon remains in the Si

4+ state. The Si-O-Si bond is the strongest component in the

O 1s for surface sensitive photon energies (600 eV). The Fe-O-Fe/Fe-O-Ru line has a much
lower intensity of the Si-O-Si bond. However, at a photon energy of 780 eV both lines have
nearly same intensity. This again is a sign of the two-layer system with silicon-dioxide on
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Dark eld analysis of iron silicate oxidized at 900 K prepared with the "stepwise
reversed preparation" method (Fe/SiO2 /Ru(0001)). LEEM image at 20 eV (a), LEED image
at 20 eV (b) and dark eld analysis at 21 eV (c-h) using the in b) indicated spots anticlock-wise.
Figure 4.39

top of iron oxide.

The Fe-O-Si bond between the two layers is present.

The Fe 3p line

3+ and moreover Fe2+ components. The Fe2+ component is
√ √
◦
decreased at 1000 K in contrast to the XPS spectra at 900 K. At 1000 K the ( 3× 3)R30
shows as main component Fe

LEED spots decrease in intensity. The XPS O 1s, as well as Fe 3p line show a small decrease of the iron component. This indicates iron dissociation from the surface.

Summary of the formation process for the "stepwise reversed preparation"
method
The formation process of iron silicate with the "stepwise reversed preparation" method
is depicted in Fig. 4.40.

The basis is a monolayer of silica on the Ru(0001) substrate

(Fig. 4.40a). Iron is deposited at RT in

2.0 · 10−7 mbar

(Fig. 4.40b). After the depoistion

2+ and Fe3+ . The silica layer is unchanged with silicon
iron is already oxidized in the Fe
4+
atoms in the Si
state. Moreover XPS O 1s measurements indicate that no Si-O-Fe bond
is established. The lm is oxidized in

1.0 · 10−6 mbar

at RT, 900 K and 1000 K. At 525 K

the Moiré pattern typical for iron oxide on Ru(0001) is formed, which indicates a diusion
of iron to the interface (Fig. 4.40c). From the silica layer no spots are found. At 825 K
(2x2) spots and

√
√
( 3 × 3)R30◦

appear.

Both pattern correspond to silica.

pattern corresponds to the inital silica monolayer on Ru(0001) and the

√The (2x2)
( 3 × 3)R30◦ to
√

iron silicate formation (Fig. 4.40d). In the XPS O 1s line also Si-O-Fe bonds are present.
Dark eld analysis indicates that the domain size is in the range of 100 nm, respectively.
With an oxidation temperature of 1000 K the transformation of the strongly bound silica
monolayer (+Fe) towards iron silicate is enhanced until nearly all domains transformed to
iron silicate layer.
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Iron silicate formation process using the "stepwise reversed preparation" method
(Fe/SiO2 /Ru(0001)). a) Silica monolayer. b) Iron deposition at RT in 2.0 · 10−7 mbar. Silicon
remains in the Si4+ state, iron is in the Fe2+ and Fe3+ state. No Si-O-Fe bond present.
c-e) Oxidation in 1.0 · 10−6 mbar. c) Oxidation at 525 K. Iron diuses underneath the silica
layer and orders in a "8 on 9" Moiré pattern. Silica on top is disordered. Domains with silica
bound to Ru remain. d) Oxidation at 825 K. Transformation of more
√ silica
√ domains (with
Fe) to iron silicate. Silica on top of iron oxide orders in form of a ( 3 × 3)R30◦ pattern.
e) Oxidation at 1000 K. Homogeneous layer of iron silicate nearly reached. Red: Oxygen.
Violet: Iron. Yellow: Silicon.
Figure 4.40

4.2.3

Summary of the "stepwise" approach

In this chapter it is shown that iron silicate can be prepared with a "stepwise" approach,
i.e. the transformation of either a ML of FeO (section 4.2.1) or a ML of SiO2 (section 4.2.2)
to iron silicate by addition of silicon or iron, respectively. The resulting ngerprints match
the ones found for the "combined" approach in chapter 4.1. This shows that ultrathin iron
silicate is the energetically most stable phase. In table 4.6 an overview of the necessary
temperatures for the formation of Moiré and the

√
√
( 3 × 3)R30◦

spots, as well as the

necessary temperature to t the iron silicate ngerprint are given.
In section 4.2.1 a ML of FeO is used as a basis in the so-called "stepwise preparation"
method. The FeO monolayer is oxygen terminated and arranged in a "6 on 7" conguration on Ru(0001) (more details are discussed in chapter 3.1). The iron silicate layer can
be described as a two-layered system with a silica monolayer on top of an iron oxide layer,
which is FeO-like. Thus, this preparation method enables to investigate how the iron oxide
layer must be modied in order to match the iron oxide layer as part of iron silicate. With
silicon deposition the Fe-O bonds are broken in favor of Si-O-Si and Si-O-Fe bonds and
the Moiré pattern disappears. The reason is the large bond dissociation energy of the Si-O
bond of 798 kJ/mol. The bond dissociation energy of Fe-O and Ru-O is 409 kJ/mol and
481 kJ/mol, respectively [2]. Thus, the system gains energy by forming Si-O bonds instead
of Fe-O bonds. Already at 460 K the Moiré pattern recovers, however the Fe-O-Fe bonds
are minimized to a "8 on 9" reconstruction, tting to the optimal Si-O-Si bond length [67].
This shows that the silica layer on top has a major inuence on the FeO-like layer under-

2+ oxidation state. In contrast in iron silicate

neath. In a pure FeO ML iron is in the Fe
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preparation

Stepwise

Stepwise reversed

Monolayer FeO

Monolayer SiO2

+Si at RT in

+ Fe at RT in

2.0 ·

10−7 mbar

2.0 · 10−7 mbar

Si/FeO/Ru(0001)

Fe/SiO2 /Ru(0001)

900 K

1000 K

645 K

525 K

460 K

825 K

660 K

900 K

660 K

900 K

Necessary T
Appearance of
Moiré spots
Appearance of

√
√
( 3 × 3)R30◦

spots

Strongest intensity rise
of Moiré spots
Strongest intensity rise
of

√
√
( 3 × 3)R30◦

spots

dependencies of preparation methods using the "stepwise" approach.
√ Temperature
√
The ( 3 × 3)R30◦ structure refers to a silica structure that is rotated by 30◦ regarding a
complete iron oxide layer.
Table 4.6

3+ oxidation state.

most iron atoms are found in the Fe

3+ :Fe2+ ratio increases

The Fe

with oxidation time and temperature. The reason is assumed to be oxygen intercalation to
the iron/ruthenium interface. The necessary energy for iron silicate formation is strongly
reduced regarding the "combined preparation" method (section 4.1.1).
The ngerprint for the "stepwise preparation" method at 660 K is the same as for the
"combined preparation" method at 800 K. The reason is assumed to be the pre-ordering
of the iron-oxide layer and the fact that no Si-O-Si bonds need to be broken before iron
silicate arranges.

At temperatures higher than 660 K a small reduction of iron is found

with increased oxidation temperature. This indicates that the nal iron silicate layer has
lower iron content as the pure FeO layer. In chapter 4.1 it was discussed, whether three
(as in FeO) or only two iron atoms per silica unit cell are present in iron silicate.

The

measured reduction of iron is an indication that only two iron atoms per silica unit cell
are likely. However, the iron reduction is too low to be certain. In the same temperature
range in the LEEM-IV curve a dip at 5.5 eV develops. The rest of the LEEM-IV spectra
(between 6.5 and 30 eV) is unchanged, apart from an intensity increase of the individual
peaks.

If the iron content is reduced in order to form iron silicate, also the LEEM-IV

ngerprint should be varied. Since the dip at 5.5 eV is the only visible change, it seems to
be a good measure for the condition of the iron silicate lm.
The "stepwise reversed preparation" method in section 4.2.2 has shown that iron silicate
is energetically favoured, even if a well-prepared monolayer of silica is present before iron
deposition. As already assumed, the (thermal) energy to form iron silicate is much higher
than in other preparation methods and in particular 30 K higher than for the disordered
silicon layer in the "combined preparation" method (see section 4.1.2).

Thus, a broken

Si-O bond needs much higher energies (or temperatures) as a broken Fe-O bond, as it
would be the case for the "stepwise preparation" (section 4.2.1) and the "combined UHV
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preparation" method (section 4.1.2). The transformation process from silica (with iron)
to iron silicate is starting everywhere on the surface in small domains. This conrms that
Si-O-Si bonds or Si-O-Ru bonds need be broken, before iron silicate can be formed. The
necessary oxidation temperature for the characteristic iron silicate ngerprint is 1000 K,
similar as for the "combined preparation" method.

4.3 Multiple layers
In the previous chapters 4.1-4.2 iron silicate layers proved to be stable with dierent preparation methods. Irrespective whether silicon and iron were deposited together or whether
FeO or SiO2 was pre-prepared, the resulting nal lm was identical. Iron silicate is a twolayer lm with an FeO-like monolayer on top of Ru(0001) giving rise to a Moiré pattern,

◦ rotated spots are present. As discussed in
√
√
section 4.1.3 these might either arise from silica arranged in a ( 3 ×
3)R30◦ structure

and a silica monolayer on top. In LEED by 30

relative to a complete iron oxide layer (three iron atoms per silica unit cell) or in case of
two iron atoms per silica unit cell, from the position of the "missing" iron atoms in respect
to a complete layer. The individual preparation methods inuenced the order of ideal layer
formation (rst FeO vs. rst SiO2 ) and the necessary temperatures (activation energy) to
form the nal lm diered strongly. The "stepwise preparation" method proved optimal
for the iron silicate formation, since the preordered FeO layer decreases the necessary activation energy (temperature) strongly. Apart from the pre-given structure of the iron oxide
layer, no energy is necessary for diusion of iron and more importantly, no silicon dioxide
bonds need to be broken in order to form Fe-O-Si bonds (see sections 4.1.1 and 4.2.2).
In the stepwise preparation method, rst FeO is prepared by iron deposition at elevated
temperatures (800 K). The preparation of the FeO layer is described in detail in chapter 3.
At RT silicon is deposited, and subsequently the lm is oxidized up to 900-1000 K.
In the following chapters the iron or silicon amount is increased.

Since only one of the

two elements is varied the results can be well compared to the pure iron silicate layer from
section 4.2.1.
In section 4.3.1 a bilayer of FeO is used as basis for iron silicate formation. With this the
inuence of the Ru(0001) substrate is smaller. In section 4.2.1 it was found that the silica
monolayer stabilizes the underlaying FeO layer to much higher temperatures than without
silicon (compare section 3.1).

The reason is most likely the strong Fe-O-Si bond.

The

Moiré pattern of iron silicate indicates a smaller Fe-Fe distance in the iron oxide layer as
part of iron silicate (3.044 Å) versus the freshly prepared FeO layer (3.157 Å). Thus, the
silicon layer has a strong inuence on the underlying iron atoms. In section 4.3.1 two layers
of FeO are present. Thus, it will be investigated how strong the inuence of the silica layer
is on the second FeO layer. One possibility might be a weak inuence. As a result the
second FeO layer might dissolve and the iron atoms could evaporate. Moreover the Moiré
pattern is dened by the superposition of iron atoms on top of Ru(0001) atoms. In case
the second layer is disordered or remains in the original "6 on 7" arrangement this should
be visible in the LEED pattern. Furthermore, the arrangement of silicon is of interest.
In section 4.3.2 the silicon amount necessary to form a bilayer of SiO2 is deposited on a
monolayer of FeO. Here the question arises how strong the Fe-O-Si bond is. A pure silica
monolayer on Ru(0001) is strongly chemically bound to the substrate, whereas a bilayer is
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only Van der Waals-bound and lifts up from the substrate [107]. For metal single crystals
it was found that the metal-oxygen bond decides whether a strongly bound monolayer or a
physisorbed silica bilayer is formed [89, 109]. Molybdenum has a high heat of dissociative
adsorption of O2 (554 kJ/mol). On Mo(112) only a silica monolayer is formed. In contrast
Pt has a low heat of dissociative adsorption of O2 (133 kJ/mol). On Pt(111) only a silica
bilayer is formed independent of the deposited material.

On Ru(0001) both, monolayer

and bilayer exist and the heat of O2 dissociative adsorption is intermediate (220 kJ/mol).
In this work an ultrathin layer of FeO can be seen as the "substrate" for silicon deposition.
Its heat value of O2 dissociative adsorption is 534 kJ/mol and thus very similar to Mo.
Hence, only monolayer formation is expected. The given values for heat of O2 dissociative
adsorption are taken from [75]. In the presented study it will be of interest how strong
the Si-O-Fe bond is and how the inuence on the additional material is. It might be that
iron silicate is formed with a monolayer of silica only and the second layer separates from
this layer. The iron oxide layer should thus t in its Fe-Fe dimensions to the iron silicate
lms presented in chapters 4.1-4.2. It will also be interesting how the silicon layer orders
in this scenario. It might either follow the underlying silica layer or form a dierent structure. Alternatively the additional silicon material might also bind to the iron oxide layer
in form of two or three strongly bound silica layer on iron oxide.

Moreover a variation

in the necessary energy (temperature) might be possible, since a pure silica bilayer needs
clearly higher temperatures (1100 K), when formed on Ru(0001). Since iron is catalytically
reducing the silicon oxidation temperature, the iron silicate formation needs much lower
temperatures. It will be interesting whether this is also true for a higher silicon amount.

4.3.1

Stepwise (bilayer FeO) preparation

This chapter concentrates on the iron silicate formation on the basis of a bilayer of FeO
using the "stepwise preparation" method. For this a bilayer of FeO is prepared by iron
deposition at 800 K in

1.0 · 10−7 mbar.

At these conditions FeO is formed in a layer-like

growth, so that the closed layer can be easily estimated. Moreover XPS results showed not

2+ component but also an Fe3+ component. As a result the grown bilayer of

only an Fe

FeO (as is visible by the structure in LEED) has an additional oxygen layer (assumed as
oxygen-iron-oxygen-iron-oxygen-layer). Further information is given in section 3.2. At RT
a monolayer of silicon is deposited in

1.0 ·

2.0 · 10−7 mbar.

Afterwards the lm is oxidized in

10−6 mbar. For better clarication the preparation in this chapter is addressed to as

"iron(bilayer) silicate", while the preparation from section 4.2.1 with a monolayer of FeO
is addressed to as "iron(monolayer) silicate".

In both cases the "stepwise preparation"

method is used, which includes the preparation of well-ordered FeO rst, before silicon is
deposited at RT.
The data shown here are taken from an intermixed FeO template with bilayer and monolayer FeO domains. The whole surface is closed with FeO. The bilayer FeO phase is considerably larger than the monolayer areas. Thus, the measured characteristics correspond
mainly to the bilayer-thick FeO domains. The LEEM-IV curves are taken solely from the
bilayer-thick iron silicate areas (Fig. 4.43), while the LEED images and XPS curves are a
superposition of both domains. The monolayer-thick iron silicate areas show the expected
behavior from section 4.2.1 and are not further discussed. The analysis in this section will
correspond to the iron(bilayer) silicate areas.
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In Fig. 4.41 the LEED images for the individual preparation steps are shown. The temperature dependent intensity behavior of the (00), a Moiré and a

√
√
( 3 × 3)R30◦

spot

are depicted in Fig. 4.42. The individual LEEM-IV curves are shown together with their
enlarged energy range for MEM-LEEM transition in Fig. 4.43a and b, respectively. The energy values of the MEM-LEEM transition and their graphical curve are given in Fig. 4.44.
XPS curves of the O 1s at 600 eV and 780 eV are shown in Fig. 4.45a and b, the Fe 3p
line at 175 eV and 350 eV in Fig. 4.45c and d and the Si 2p line at 175 eV and 350 eV in
Fig. 4.45e and f, respectively. The individual XPS lines are given for a surface sensitive
kinetic energy of 70 eV (for Fe 3p: 120 eV) and a less surface sensitive kinetic energy of
250 eV (for Fe 3p: 295 eV). The O 1s line can be de-convoluted into three components:
Fe-O-Fe at 529 eV, Fe-O-Si at 530 eV and Si-O-Si at 531 eV. The individual contributions
are shown for dierent temperatures in Fig. 4.46.
The LEED pattern of the bilayer-thick FeO template is given in Fig. 4.41a. The typical Moiré pattern for FeO with higher order spots is visible. The Moiré pattern shows a
"6 on 7" reconstruction, meaning that six iron atoms t commensurably on seven ruthenium atoms. The Moiré spots arise due to the fact that the lattice constants of iron oxide
and ruthenium are quite similar. In fact in the "6 on 7" reconstruction the lattice constants
dier by 16 percent.
A silicon amount equal to a monolayer of silica is deposited at RT in

2.0 · 10−7 mbar

of

oxygen. In LEED the Moiré spots surrounding the (00) spot of the underlying iron-oxide
layer remain (see Fig. 4.41b) and their distances to the (00) spot do not change.

The

LEEM-IV curve in Fig. 4.43 exhibits the characteristics for a disordered silicon layer with
peaks at 6.6 eV and 12.5 eV. Their intensity referred to the intensity of MEM (energies

LEED study of individual preparation steps of an iron(bilayer) silicate lm
(ML SiO2 /BL FeO/Ru(0001)). The FeO layer is prepared by iron deposition at 800 K in
1.0 · 10−7 mbar. Si is deposited in 2.0 · 10−7 mbar and the oxidation steps in 1.0 · 10−6 mbar.
The LEED images are taken at RT and 42 eV.
Figure 4.41
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√

√

Spot intensities of the (00), Moiré and ( 3 × 3)R30◦ spots during the oxida−6
tion
The
√ in√1.0 · 10◦ mbar of an iron(bilayer) silicate lm (ML SiO2 /BL FeO/Ru(0001)).
( 3 × 3)R30 structure refers to a silica structure that is rotated by 30◦ regarding a complete iron oxide layer. Several steps at a specic temperature indicate how the intensity
behaves while keeping the temperature constant.
Figure 4.42

Figure 4.43 LEEM-IV curve for the individual preparation steps of a iron(bilayer) silicate
lm (ML SiO2 /BL FeO/Ru(0001)). The individual curves are measured at RT.

≤2.6 eV)

is much weaker than for iron(monolayer) silicate lms at the same preparation

step. The MEM-LEEM transition energy increased by 0.2 eV to 2.61 eV, most likely due to
the additional oxygen (clean Ru(0001): 2.58 eV). The XPS analysis is given in Fig. 4.45.
The surface sensitive O 1s spectrum (hν = 600 eV) consists of three components: Fe-O-Fe
at 529 eV, Fe-O-Si at 530 eV and Si-O-Si at 531 eV. The strongest component is the Fe-O-Si
line. Thus, the silicon atoms form directly bonds to the underlying iron-oxide layer. During
this process the iron atoms are not reduced, as it was the case for iron(monolayer)-silicate.
The Fe-O-Fe line is clearly observable. This indicates that interlayer oxygen atoms must
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Preparation step

Energetic position of the

Workfunction (eV)

MEM-LEEM border (eV)

(referenced to clean
Ru(0001) with 5.44 eV [12])

FeO bilayer

2.41

5.27

Si deposition

2.61

5.47

Oxidation at RT

2.94

5.80

Oxidation at 660 K

3.15

6.01

Oxidation at 800 K

3.17

6.02

Oxidation at 900 K

3.18

6.03

Oxidation at 1000 K

2.79

5.65

Overview on the MEM-LEEM border evolution for the individual preparation
steps of iron(bilayer) silicate (ML SiO2 / BL FeO/ Ru(0001)). The MEM-LEEM values are
measured with an accuracy of ± 0.02 eV.
Table 4.7

MEM-LEEM border for the individual preparation steps of an iron(bilayer)
silicate lm (ML SiO2 /BL FeO/Ru(0001)). The Si deposition is performed in 2.0 · 10−7 mbar,
the oxidation steps at 1.0 · 10−6 mbar. The MEM-LEEM values are determined by a t of the
MEM-LEEM border presented in Fig. 4.43b. The error of this t is ± 0.02 eV.
Figure 4.44

exist and be able to oxidize the rst iron oxide layer. As the still visible Moiré spots indicate, the second layer is most likely unchanged. Using a less surface sensitive photon energy
of 780 eV the high iron oxide amount is visible. The Si-O-Si line is clearly less intense than
the Fe-O-Si and Fe-O-Fe components. In the Fe 3p line Fe

2+ and Fe3+ components are

present, but slightly damped due to the additional silicon layer.

Finally, the Si 2p line

4+ state. The FWHM is relatively broad
shows that silicon is completely oxidized to the Si
with 2.05 eV, which might correspond to the disordering of the silicon atoms. Taken all
these results into account, it is found that silicon atoms bind directly to the iron atoms
underneath in a Fe-O-Si bond. Due to the oxygen atoms on top of the iron oxide layer, and
the available oxygen in the surrounding silicon is completely oxidized, but disordered. The
second FeO layer is unchanged as shown by the still visible Moiré spots. In contrast to the
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iron(monolayer) silicate preparation, iron is not reduced during this step. This indicates
that a sucient amount of oxygen atoms must be present in the iron-iron interlayer.
After silicon is deposited the lm is oxidized in hν mbar at RT for 15 min. The inuence
of oxygen can be disentangled from the temperature inuence at this step. The Moiré pattern in Fig. 4.41c becomes less intense and the distance to the (00) spot becomes smaller.
In fact, a rearrangement of iron atoms must take place during the oxidation, as now a
"7 on 8" Moiré pattern is seen.

The distances between the iron atoms decrease from

3.157 Å ("6 on 7") to 3.093 Å ("7 on 8"). The MEM-LEEM border increases strongly by
0.3 eV to 2.94 eV. Apart from this shift the LEEM-IV curve is unchanged. The O 1s line
shows an increase in the Fe-O-Si line. Most likely the silicon atoms, binding more and more
to iron, support the decrease in the Fe-Fe distances. The Fe 3p line shows an increase in the
Fe

3+ component, accompanied with a slight decrease of the Fe2+ component. Thus, iron

atoms become more strongly oxidized by the surrounding oxygen. Using the less surface

2+ line is decreased

sensitive energy of hν = 350 eV it becomes evident that mainly the Fe
in comparison to the last preparation step.

Thus, also in the second iron-oxide layer a

higher oxidation state is reached. The FWHM is slightly decreased to 1.98 eV (-0.07 eV).
The increase of available oxygen during this preparation step enhances the number of
Si-O-Fe bonds.

This and the freshly available oxygen atoms lead to an adaption of the

iron-oxide layer underneath by minimizing their Fe-Fe distances. An intercalation of the
oxygen atoms to the second iron oxide layer is possible and leads to an increase in the
Fe

3+ line intensity (with a corresponding decrease in Fe2+ state). Since only one kind of

Moiré spots is present, it can be assumed that the second iron oxide layer does equally
decrease their Fe-Fe distances. The oxidation leads furthermore to a strong increase in the
MEM-LEEM border, which indicates a stronger surface dipole and increased presence of
oxygen atoms at the surface. In the iron(monolayer) silicate the MEM-LEEM border was
only increased by half this value (0.14 eV) during the oxidation at RT. This again indicates
the oxidation in both iron oxide layers, so that also the second iron oxide layer has an
impact on the overall surface dipole.
The lm is oxidized at 660 K in

√

a

√

( 3×

1.0 · 10−6 mbar of oxygen for 30 min.

3)R30◦ pattern develops.

At 660 K (Fig. 4.41d)

First the spots are very blurry, and after 10 min

additional Moiré spots surrounding these

√
√
( 3 × 3)R30◦

form. The

√
√
( 3 × 3)R30◦

corre-

sponds to the formation of an ordered silica structure. The Moiré pattern surrounding the
(00) spot was present during the complete oxidation process. The distances of the Moiré
spots to the (00) spot are further decreased and indicate a "8 on 9" reconstruction, i.e.
the Fe-Fe distance of 3.044 Å. As a result, the distances and LEED spots mirror the one of
iron(monolayer)-silicate. The MEM-LEEM border increases further to 3.15 eV (+ 0.2 eV).
In LEEM-IV two pronounced peaks at 7.3 eV and 13 eV exist, which are at similar positions
as for iron(monolayer) silicate. However the characteristic peak at 4 eV is missing. In XPS,
the intensity of O 1s line (see Fig. 4.46), corresponding to the Si-O-Si bonding increases
strongly during this oxidation step. This ts to the formation of the

√
√
( 3 × 3)R30◦

struc-

ture as observed in LEED. There is a slight increase in the O1s line corresponding to the
Fe-O-Si bonding, but no change in the Fe-O-Fe line. This shows that the iron-oxide layer
is not only ordered but also optimally oxidized (saturated).

At 780 eV (Fig. 4.45b) the

intensity of the Si-O-Si line is still lower than the Fe-O-Si and Fe-O-Fe component. Thus,
the two layers of iron oxide are still present. The Fe 3p line (Fig. 4.45c) shows an increase

3+ component, while the Fe2+ line is decreased. Even though silicon begins to

in the Fe

re-arrange (as seen in LEED), the FWHM of the Si 2p line remains nearly unchanged at
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Temperature dependent XPS analysis of an iron(bilayer) silicate lm (ML SiO2 /
BL FeO/Ru(0001)). O 1s line for a photon energy of a) 600 eV and b) 780 eV. Fe 3p line for
a photon energy of c) 175 eV and d) 350 eV. Si 2p line for a photon energy of e) 175 eV and
f) 350 eV. The measurements are taken at RT.
Figure 4.45

1.95 eV. As a conclusion, during the oxidation at 660 K mainly the silica layer starts to
form. This is visible by the increase in the Si-O-Si line and the formation of LEED spots
at the

√
√
( 3 × 3)R30◦

position. At the same time, the Fe-Fe distance of the iron oxide
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Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line at
600 eV (Fig. 4.45 a) of an iron(bilayer) silicate lm (ML SiO2 /BL FeO/Ru(0001)).
Figure 4.46

layer is decreased to 3.044 Å ("8 on 9" reconstruction). Most iron atoms are now in the
Fe

3+ state. At this step the structure resembles strongly that of iron(monolayer) silicate.

Subsequently, the lm is oxidized at 800 K in
nealing process the

√
√
( 3 × 3)R30◦

1.0 · 10−6 mbar

for 15 min. During the an-

spots become more intense (at around 770 K) (see

Fig. 4.41e). At 800 K the intensity rises for all LEED spots. For the (00) spot and the
Moiré spots surrounding the (00) spot this is the strongest intensity increase (see Fig. 4.42).
The Moiré spots correspond to the ordering of the iron oxide layer underneath. Thus, at
this temperature the arrangement of the atoms in the iron silicate layer is optimized. The
MEM-LEEM border remains unchanged, but the peaks at 8 eV and 13 eV are much more
pronounced. Thus, the structure becomes better ordered. Additionally, a peak at 21.1 eV
is visible. Moreover, a new peak arises at low energies (4.3 eV), which is accompanied by
dips at 3.8 eV and 5.0 eV. Additionally a shoulder at 5.9 eV develops.

In the O 1s XPS

components (Fig. 4.46) the trend visible at 660 K continues: The Si-O-Si line increases
strongly, while the Fe-O-Fe line is unchanged. Both layers of iron-oxide are still present
as is visible in the lower Si-O-Si line (in contrast to the Fe-O-Si and Fe-O-Fe line), when
using the less surface sensitive photon energy of 780 eV (Fig. 4.45b).

In the Fe 3p line

no change is observed. Moreover the FWHM of the Si 2p line is decreased by 0.1 eV to
1.85 eV, which indicates a better homogeneity of the silica layer.

In this oxidation step

mainly the silicon atoms arrange, as is visible by the increased Si-O-Si line and improved
LEED spots.

The iron oxide layer seems to be rather unchanged in its oxidation level.

However, the strong increase in the Moiré pattern (surrounding the (00) spot) indicates
an improved iron ordering (Fig. 4.41e). The second iron oxide layer still exists.
Subsequently the sample is oxidized at 900 K in

1.0 · 10−6 mbar

pattern is given in Fig. 4.41f ).

√
√
( 3 × 3)R30◦

for 15 min.

The LEED

During this process all LEED spots become sharp and

intense A Moiré pattern is visible, together with

spots (assigned to the

iron oxide layer). All these spots were present for the iron(monolayer) silicate lms, too.
Additionally, a new pattern is visible: a (3x3) structure relative to the iron oxide spot
(not the Ru substrate). A further discussion of this superstructure is given later in this
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chapter.

The MEM-LEEM border as well as the peak positions of the LEEM-IV curve

are unchanged (Fig. 4.43). Only the peak intensity is enhanced, indicating again a better
homogeneity. The O 1s curve (Fig. 4.46) shows a strong Si-O-Si enhancement, which indicates an improved arrangement of the silicon layer. This correlates with the decreased
FWHM of the Si 2p (Fig. 4.45e) line by 0.16 eV (now: 1.69 eV). The Fe 3p line (Fig. 4.45c)
is rather unchanged. As a conclusion, at this temperature on one hand the iron oxide layer
is unchanged. On the other hand the silica layer optimizes further.
The oxidation at 1000 K enhances the intensity and sharpness of all spots (see Fig. 4.41g).
The MEM-LEEM border (Fig. 4.44) decreases to 2.79 eV. The LEEM-IV peaks (Fig. 4.43a)
mentioned before are further enhanced and the prior shoulder at 5.9 eV separates as a peak.
In XPS, the O 1s line (Fig. 4.45 a) is unchanged in intensity and shape, but slightly shifted.
This might be a result of the observed work function shift. The Si 2p line (Fig. 4.45 e)

3+ component is
3+ signal is
slightly increased. Using a less surface sensitive photon energy of 350 eV the Fe
3+
smaller (Fig. 4.45d). This shows that the Fe
component is present mainly close to the
is also unchanged. In the Fe 3p line (Fig. 4.45c) at hν = 175 eV the Fe

surface (rst iron oxide layer).

Summary and conclusion of the formation process of iron(bilayer) silicate
In summary, stable iron(bilayer) silicate exists.
the a "8 on 9" Moiré reconstruction, a

√
√ The LEED pattern is a combination of
( 3 × 3)R30◦ and additionally a (3x3) structure.

The LEEM-IV ngerprint and the intensity of the O 1s XPS components in comparison
to an iron(monolayer) silicate lm indicate that still both iron oxide layers are present.
Since only one Moiré pattern is present, it can be assumed that both layers arrange in a
similar way. Thus, the silica layer on top decreases the distances of both iron oxide layers
from 3.157 Å to 3.044 Å ("6 on 7" reconstruction in the pure FeO bilayer and "8 on 9"
reconstruction in the later iron(bilayer) silicate lm). Since, these spots are not present in
the typical iron(monolayer) silicate pattern (i.e.

√
√
( 3 × 3)R30◦

pattern and Moiré spots)

the (3x3) structure must be a result of the second iron oxide layer. A possible explanation
might be that iron atoms diuse from the two iron layer up to the top. In fact the (3x3)
structure ts commensurably to one iron atom in every silica six-fold ring. Either these
iron atoms are positioned on top of the silica layer or maybe just underneath as a "third

Structural model of an iron(bilayer) silicate (ML SiO2 / ML FeO/ Ru(0001))
lm in a) x-direction, b) y-direction and c) z-direction. In this model the iron oxide layer is
depicted with three iron atoms per silica unit cell. However, the number of iron atoms per
silica unit cell may also be reduced to two. Red: Oxygen. Yellow: Silicon. Violet: Iron.
Gray: Ruthenium.

Figure 4.47
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Since the silica layer can be assumed as a diusion barrier, the

latter seems more likely. A model for this arrangement is given in Fig. 4.47. Here, iron
atoms arrange between the last iron oxide layer and the silica layer in a (3x3) structure, i.e.
one iron atom per silica six-fold ring. LEED only gives information about the structure
of specic layer, but not their translation regarding the other layer. Thus, it cannot be
decided whether the iron atom might be positioned in the center of a six-fold silica ring
or underneath a silica atom. In the given model in Fig. 4.47 the additional iron atoms are
positioned underneath a silica atom. The silica layer follows the iron corrugation underneath, and is thus buckled in form of a (3x3) structure.
In Fig. 4.48 the oxidation and structural arrangement of the individual preparation steps
are depicted.

Both iron oxide layers remain intact up to 1000 K. At this step it is not

clear whether this depends on the border condition (closed layer) or whether incomplete
lms are also stable. In order to investigate this question further, in section 4.4.3 incomplete layers will be analyzed. Interestingly, the Fe-Fe distances in both iron oxide layers
is decreased from 3.157 Å to 3.044 Å, which is the same value as for the iron-oxide layer
in iron(monolayer) silicate (see section 4.2.1).
very strong.

This shows that the inuence of silica is

Most likely the reason is a combination of the very strong in-layer Si-O-Si

bond dening the optimum distances of the silicon atoms, together with a strong Fe-O-Si
bond which transfers the in-layer silica bond distance to that of the iron oxide layer underneath. It is found that oxygen supports the change in Fe-Fe distance. Already at RT
a rearrangement of the iron atoms is visible.

For iron(monolayer) silicate it was found

that the deposited silicon layer reduces the iron atoms. As a result silicon is completely
oxidized after its deposition.

In iron(bilayer) silicate silicon is completely oxidized after

deposition as well, but iron is not reduced. This indicates that oxygen might be strongly
present between the two iron oxide layer. As a result, oxygen atoms on top can be bound
to silicon without a reduction of iron atoms. At 660 K

√
√
( 3 × 3)R30◦

spoots regarding

a complete iron oxide layer apper, which indicates that silica atoms order. Also the iron
atoms are already completely oxidized at this temperature and arranged in the "8 on 9"
Moiré pattern. For temperatures higher than 850 K an additional superstructure appears
with a (3x3) reconstruction regarding the iron atoms.

Model for the individual steps of iron(bilayer) silicate (ML SiO2 / BL FeO/
Ru(0001)) using the stepwise preparation method. a) FeO bilayer with "6 on 7" reconstruction. b) after Si deposition. The position of the iron atoms is unchanged. Silicon is disordered
and forms Fe-O-Si bonds. c) Oxidation at 660 K. Iron oxide layer with "8 on 9" reconstruction. Si begins to order. Iron is completely oxidized. d) Oxidation at 900 K. Silicon and
iron are optimally arranged. The second iron-oxide layer is still present. Additionally a (3x3)
reconstruction is present due to iron migration between the rst iron oxide layer and the silica
lm.
Figure 4.48
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4.3.2

Stepwise (bilayer SiO2 ) preparation

When silica is prepared directly on a 3O-covered Ru(0001) substrate, the silica monolayer
diers strongly from a silica bilayer in their bonding properties. The silica monolayer is
very strongly bound to the Ru(0001) substrate, while the silica bilayer is only Van der
Waals-bound [107]. As a consequence the silica bilayer lifts o from the substrate and is
relatively inert. Lately it was even shown that the silica bilayer can be fully separated from
the surface and placed onto another substrate [11]. The strength of the metal-oxygen bond
decides whether a monolayer or a bilayer of silica can form on a specic substrate. Metals
with high oxygen adsorption energy favor a monolayer network, while on noble metals only
bilayers are formed [89, 109]. As an example only a monolayer is formed on Mo(112), while
on Pt(111) only the bilayer is found.

Ru(0001) has an intermediate oxygen adsorption

energy. As a result both, a monolayer and a bilayer exist. The heats of dissociative adsorption for Mo, Ru and Pt are 554 kJ/mol, 220 kJ/mol and 133 kJ/mol, respectively [75].
In the presented studies, the substrate is a FeO monolayer on Ru(0001). The heat of O2
dissociative adsorption of Fe is 534 kJ/mol [75], which is similar to that of Mo.

Thus,

following this model only the monolayer formation is expected, but not the bilayer.

In

this chapter two layers of silicon are deposited in order to prove whether this nding also
applies to ultrathin lms on metal substrates.
In the previous chapter 4.1-4.2 a very strong Fe-O-Si bond was found to inuence the lm
formation. Iron silicate is a two-phase material with an iron oxide layer on Ru(0001) and
a monolayer of silica on top. The iron oxide layer gives rise to a Moiré pattern that has a
"8 on 9" reconstruction, i.e. eight iron atoms are commensurate to nine ruthenium atoms.
The pure FeO pattern shows a "6 on 7" reconstruction.

As a result, the Si-O-Fe bond

causes a shrinking of the Fe-Fe bond from 3.157 Å to 3.044 Å. This happens even when the
FeO layer is pre-prepared, before silicon is deposited (see section 4.2.1). This preparation
can be used for comparison reasons of the lm formation of iron silicate with two layers of
silica. In the following the individual preparations of iron silicate with silicon deposition
equal to one and two layers of silica will be addressed as iron silicate(monolayer) and iron
silicate(bilayer), respectively. It is of interest, how the second layer of silicon binds to the
iron oxide lm. It can be imagined that only one layer binds to the iron oxide layer, while
the second layer is only physisorbed and nally evaporates. Alternatively both layers might
be strongly bound. Iron silicate is prepared using the "stepwise preparation" method, thus
preparing a monolayer of FeO on Ru(0001). Silicon is deposited at RT in

2.0 · 10−7 mbar

of oxygen. The amount of Si necessary to form a bilayer of SiO2 is used. Finally, the lm
is oxidized in

1.0 · 10−6 mbar

of oxygen in temperature steps up to 1000 K. The individual

preparation steps will be discussed. The corresponding LEED, LEEM-IV, XPS results are
given in Fig. 4.49, 4.51 and 4.53. The intensity evolution of the (00), a Moiré spot and a

√
√
( 3 × 3)R30◦

spot are shown in Fig. 4.50.

The LEED pattern of the FeO structure is given in Fig. 4.49a.

The typical "6 on 7"

reconstruction is visible in form of a Moiré pattern. This Moiré pattern vanishes through
silicon deposition. Only the (00) spot remains visible. One reason is the disordered silicon
layer. However, in section 4.3.1 it was shown that a Moiré pattern can remain even if the
silicon layer on top is disordered. In the iron silicate(monolayer) it was found that silicon
binds to the oxygen atoms of the FeO layer underneath. As a consequence the Fe

2+ atoms

become reduced to metallic iron, and the Moiré pattern disappears. When two layers of
FeO are present (see section 4.3.1) not all Fe-O-Fe bonds are broken. Only the top-most
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LEED evolution at 42 eV for the individual preparation steps for iron silicate(bilayer) (BL SiO2 /ML FeO/Ru(0001)) using the "stepwise preparation" method. LEED
images are taken at a-b) RT and c-h) at the indicated temperatures.
Figure 4.49

√

√

◦
Spot intensity of the (00), a Moiré and a ( 3 × 3)R30
√ spot
√ during annealing
of an iron silicate(bilayer) (BL SiO2 /ML FeO/Ru(0001)). The ( 3 × 3)R30◦ structure
refers to a silica structure that is rotated by 30◦ regarding a complete iron oxide layer. The
oxidation takes place in an oxygen pressure of 1.0 · 10−6 mbar.
Figure 4.50

oxygen atoms bind to silicon, while the interlayer Fe-O-Fe bonds are still present. As a
result the Moiré pattern surrounding the (00) spot remains. The MEM-LEEM border of
the iron silicate(bilayer) lm increases strongly through silicon deposition by 0.5 eV (now:
3.24 eV). For iron silicate(monolayer) this was not observed, but instead a decrease of the
MEM-LEEM border of 0.1 eV. The reason might be the double deposition time for two
layers in contrast to one layer of silicon. Since the iron oxide layer has a very low oxygen
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amount the incorporated oxygen atoms are mainly in the silicon layer. As a result a surface dipole increases the MEM-LEEM border. The LEEM-IV curve (Fig. 4.51) shows only
one very broad peak at 6 eV, due to the disordered silicon layer. The O 1s line is given
in Fig. 4.53a). Two lines are found at 531.8 eV and 530.6 eV, respectively. In comparison
to the typical lines for iron silicate(monolayer) these two lines are clearly shifted relative
to the typical energies of the Si-O-Si line (typically at 531.0 eV) and the Si-O-Fe line (at
530.0 eV), respectively. The reason must be the high silicon amount, which gives rise to
more complex Si-O-Si bond angles and the strong workfunction shift.
(Fe-O-Fe) is not found.

A line at 529 eV

This conrms the assumption that iron is reduced during the

silicon deposition. Similar to the iron silicate(monolayer) preparation the Fe-O-Si bond is
present. The Si 2p line in Fig. 4.53b) shows that silicon is not completely oxidized, but
shows reduced components. The deposition of the same amount of silicon on 3O covered
Ru(0001) shows also reduced components [44]. A monolayer of silicon is oxidized both by
the present oxygen on the Ru(0001) substrate and the surrounding gaseous oxygen. Both
oxygen resources are necessary for a completely oxidized silicon monolayer lm. However,
for the silicon atoms of the second layer the oxygen reservoir on the substrate is missing.
As a consequence a high number of silicon atoms remain non-oxidized or only partially
oxidized. In case of iron silicate(bilayer) one can argue similarly. The FWHM of the Si 2p
line is with 1.7 eV relatively broad, due to the disordered lm and thus varying bonding
surroundings of the silicon atoms.
An oxidation in

1.0·10−6 mbar at RT is sucient to oxidize the silicon (bilayer) completely.

However, the O 1s line is unchanged. This shows that the oxygen atoms cannot intercalate
to the iron layer underneath silicon (no Fe-O-Fe line). The structure remains unchanged
as can be seen in LEED.
In the following the temperature is increased in an oxygen pressure of

√

weak intensity at the

( 3×

√

1.0 · 10−6 mbar.

Very

3)R30◦ distance develops starting at 555 K. In comparison

to iron silicate(monolayer) this can be correlated to a beginning ordering of the silica layer.
At 645 K the individual spots are recognizable. Subsequently, the sample was held at a
temperature of 660 K for 15 min. At this temperature the spots become more pronounced
and more intense.

An increased temperature of 755 K enhances the silica arrangement

even more. At this temperature the substrate spots become visible (see Fig. 4.49d). The
iron layer is still disordered, which is indicated by the missing Moiré spots. The ordering
and oxidation of the silicon atoms decrease the MEM-LEEM border by 0.2 eV to 3.05 eV
(Fig. 4.52). In LEEM-IV (Fig. 4.43a) two peaks are visible at 6.2 eV and 12.5 eV. In comparison the LEEM-IV curve of iron silicate(monolayer) shows two peaks at 7.3 eV and 13 eV
for similar preparation conditions. In the O 1s curve an additional component at 528.9 eV
is present. As a conclusion, oxygen must be able to intercalate to the iron layer, which
starts to be oxidized. Even though an ordering of the silica layer is found, the Si 2p line is
unchanged (same FWHM) (Fig. 4.53b).
At a temperature of 800 K intensity surrounding the (00) spots is found, which can be
interpreted as a beginning Moiré formation and thus iron re-arrangement. With increasing
oxygen intercalation to the iron oxide layer the MEM-LEEM border (Fig. 4.52) decreases
to 2.77 eV (-0.3 eV). The surface dipole is reduced due to the more homogeneous oxygen
distribution within the lm. The LEEM-IV curve (Fig. 4.43a) has not only more intense
peaks, but also additional peaks for energies larger than 8 eV. The second silicon layer must
still be present, since the LEEM-IV curve is very dierent compared to the one of iron
silicate(monolayer). The O 1s line (Fig. 4.53a) conrms that the intercalation of oxygen
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corresponds to the ordering of the iron oxide layer. The peak at 530.5 eV (Fe-O-Si) and
528.9 eV (Fe-O-Fe) are enhanced. The Si-O-Si line is unchanged, as well as the Si 2p line
(Fig. 4.53b).
With increasing temperature up to 965 K a Moiré structure is formed, surrounding the
(00) spot and the

√
√
( 3 × 3)R30◦

spots (Fig. 4.49h). A strong intensity increase in the

Moiré area starts already at 890 K. Interestingly, the Moiré pattern indicates a "8 on 9"
structure, and thus an Fe-Fe distance of 3.044 Å, i.e.
sitioned as in the iron silicate(monolayer).

the iron atoms are similarly po-

The MEM-LEEM border (Fig. 4.52) is at

2.88 eV (+0.1 eV), which seems to results from the iron arrangement. The LEEM-IV characteristics (Fig. 4.51a) show a high number of peaks, completely dierent from the iron
silicate(monolayer). In chapters 4.1-4.2 it was shown that very dierent preparation methods for iron silicate(monolayer) lead to the same LEEM-IV curve and structure. Since in

Reectivity characteristics of an iron silicate(bilayer) (BL SiO2 / ML FeO/
Ru(0001)) The Si deposition is performed in 2.0 · 10−7 mbar, the oxidation steps at
1.0 · 10−6 mbar. The measurements are taken at RT. a) LEEM-IV curve. b) MEM-LEEM
border.

Figure 4.51

Preparation step

Energetic position of the

Workfunction (eV)

MEM-LEEM border (eV)

(referenced to clean
Ru(0001) with 5.44 eV [12])

FeO monolayer

2.72

5.58

Si deposition

3.24

6.10

Oxidation at 775 K

3.05

5.91

Oxidation at 800 K

2.77

5.63

Oxidation at 965 K

2.88

5.74

Oxidation at 1000 K

2.88

5.74

Tabular of the MEM-LEEM border in the individual preparation step for iron
silicate(bilayer) (BL SiO2 / ML FeO/ Ru(0001)). The MEM-LEEM values are measured with
an accuracy of ± 0.02 eV.
Table 4.8
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the iron silicate(bilayer) preparation the structure diers from the iron silicate(monolayer),
it can be assumed that the deposited two layers of silica are still present. The XPS O 1s
line is unchanged (Fig. 4.53a). Thus, while the iron oxide layer orders, no dierence in the
oxidation level results. In contrast the Si 2p line has a 0.2 eV lower FWHM (1.5 eV). This
indicates that the silica layer becomes more homogeneous.
A further oxidation at 1000 K leads to a intensity decrease in the O 1s and Si 2p line

MEM-LEEM border for the individual preparation step of an iron silicate(bilayer)
(BL SiO2 /ML FeO/Ru(0001)). The Si deposition is performed in 2.0·10−7 mbar, the oxidation
steps at 1.0 · 10−6 mbar. The MEM-LEEM values are determined by a t of the MEM-LEEM
border presented in Fig. 4.51b. The error of this t is ± 0.02 eV.

Figure 4.52

Figure 4.53 XPS study of the individual preparation steps of an iron silicate(bilayer)
(BL SiO2 /ML FeO/Ru(0001)). The Si deposition is performed in 2.0 · 10−7 mbar, the oxidation steps at 1.0 · 10−6 mbar. The measurements are taken at RT. a) O 1s, hν = 600 eV.
b) Si 2p, hν = 175 eV.
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(Fig. 4.53a, b and e, f ). This indicates that silicon evaporates. As a result slight changes
in the LEEM-IV curve are present (Fig. 4.51a). The MEM-LEEM border (Fig. 4.51b) is
unchanged. The LEED-structure is unchanged as well. A further oxidation up to 1170 K
does not reveal a ring structure in LEED indicating a transformation to a vitreous silica
bilayer.

Summary and conclusion of the formation process of iron silicate(bilayer)
As summary, an ordered iron silicate(bilayer) exists.

A silica bilayer is arranged on a

monolayer of FeO on Ru(0001). The iron oxide layer gives rise to a Moiré pattern with
"8 on 9" reconstruction regarding the Ru(0001) substrate. The silica bilayer is still present
as indicated by the dierence of the LEEM-IV ngerprints of iron silicate(monolayer) and

◦ rotated spots are present, either coming

iron silicate(bilayer) lms. Moreover the by 30

◦ on a complete iron oxide layer (three iron atoms per silica unit

from silica rotated by 30

cell) or by the positions of the "missing" iron atoms in the iron oxide layer for two iron
atoms per silica unit cell (see also section 4.1.3).

Thus, the LEED pattern of the iron

silicate(bilayer) matches the LEED pattern of the iron silicate(monolayer).
As indicated in the beginning the heat of dissociative O2 adsorption on Fe is similar to
that on Mo and thus, (for an iron crystal) only the formation of a silica monolayer formation is expected. Here, only one layer of iron oxide is used. This must be the reason
why a silica bilayer is found in contrast to the expectation.

The pure silica bilayer on

Ru(0001) is inert and only Van der Waals-bound to the Ru(0001) substrate. This is not
the case for the present iron silicate(bilayer) lm, where a Fe-O-Si bond is indicated in the
O 1s line. Another indication is the "8 on 9" reconstruction of the iron oxide layer, which
diers from a pure FeO layer on Ru(0001) ("6 on 7"reconstruction) and demonstrates the
inuence of the silica layer on the iron oxide layer.

Moreover, no vitreous phase of the

silica bilayer can be achieved, even by oxidation to high temperatures (1220 K) as is the
case for a silica bilayer on Ru(0001) and Pt(111). The model shown in Fig. 4.54 combines

Structural model of the proposed structure of the nal iron silicate(bilayer)
lm. In this model the iron oxide layer is depicted with three iron atoms per silica unit cell.
However, the number of iron atoms per silica unit cell may also be reduced to two. Every
second silicon atom binds either up or down, i.e. either to the other silica layer or the metal
substrate. The presented cuts are in a) x-direction, b) y-direction and c) z-direction. Red:
Oxygen. Violet: Iron. Yellow: Silicon. Gray: Ruthenium.

Figure 4.54
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the formation of a silica bilayer with the strong Fe-O-Si. The silicon atoms bind vertically,
alternately to the metal substrate and the other silica layer. In fact, a similar structure
is found for three-dimensional crystalline silicate structures (as an example see Fig. 4.7.b
in [55]). Nevertheless, in the proposed structure dangling bonds are present on top of the
iron silicate(bilayer). If this is the case then it is likely that these structures are saturated
by OH groups, always present in a UHV chamber.
The process of oxidation and structural arrangement during the preparation is depicted
in Fig. 4.55. Similar to the deposition on top of Ru(0001) silicon is partially reduced and
disordered after the silicon is deposited (Fig. 4.55b). The iron atoms are reduced during
the silicon deposition.

An oxidation at RT oxidized silicon completely, but the oxygen

atoms cannot intercalate to the iron layer, which remains non-oxidized (Fig. 4.55 c). Silicon binds directly to iron via a Si-O-Fe bond. At 555 K the silicon atoms start to arrange
in a

√
√
( 3 × 3)R30◦

structure (Fig. 4.55d). At 755 K low amounts of oxygen are able to in-

tercalate to the iron oxide layer underneath, which can be seen by the Fe-O-Fe component
in the O 1s line (Fig. 4.55e). However, the iron oxide layer is still disordered (Fig. 4.55e).
Finally at 800 K, iron becomes better oxidized and begins to order slowly. At 955 K nally
a Moiré pattern with "8 on 9" reconstruction is formed (Fig. 4.55f ).
starts to desorb partially.

At 1000 K silicon

In agreement with earlier results, the oxygen atoms are very

Schematic model of the structural arrangement and oxidation of the individual
layer of a iron silicate(bilayer) (BL SiO2 /ML FeO/Ru(0001)) in the specic preparation steps.
a) FeO layer with "6 on 7" reconstruction. b) Si deposition. Iron becomes reduced and the
upper silicon layer is partially reduced. Fe-O-Si bonds are established. c) Oxidation
√ √ at RT
oxidizes silicon, but not iron. d) Oxidation at 660 K. Silicon begins to order in a ( 3× 3)R30◦
pattern. Iron is still not oxidized and disordered. e) Oxidation at 755 K. Oxygen intercalates
to the iron layer. Iron begins to be oxidized, but remains disordered. f) Oxidation at 955 K.
Iron-oxide ordered in a "8 on 9" reconstruction. SiO2 bilayer ordered. Red: Oxygen. Violet:
Iron. Yellow: Silicon. Gray: Ruthenium.
Figure 4.55
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important for the iron oxide formation. Without intercalating oxygen, the lm does not
order. Up to 965 K this seems to be also stable. At 1000 K a loss of silicon material begins.
This can either be the second layer or additional silicon atoms.

4.3.3

Summary and conclusion of multiple layers

This chapter discusses iron silicate preparation with multiple layer of either FeO or silica.
The focus lies on the structural formation and stability of the additional layer, since iron
silicate with only a ML of FeO and a ML of silica proved to be stable for all preparations
discussed in chapters 4.1-4.2. Since the "stepwise preparation" method (compare section
4.2.1) proved to be ideal to build iron silicate, this method is adapted in this chapter.
An overview on characteristic temperatures of the individual preparations are given in
Tab. 4.9.
In section 4.3.1 the amount needed for a silica monolayer is deposited on a FeO bilayer.
The characteristics of the bilayer are well known from chapter 3.2. In the following the
lm is addressed to as iron(bilayer) silicate. The normal iron silicate layer, as prepared in
chapters 4.1-4.2, is addressed in this context as iron(monolayer) silicate.
Iron(bilayer) silicate forms a stable structure up to 1000 K. The second iron oxide layer is
preserved as visible by the LEEM-IV curve dierent to iron(monolayer) silicate. In principle
the silica layer orders on top of the iron oxide layer in the same way as for iron(monolayer)

◦ rotated spots may either arise from the silica layer rotated re-

silicate. Thus, the by 30

garding a complete iron oxide layer (three iron atoms per silica unit cell) or by the position
of the "missing" iron atoms in respect to a complete iron oxide layer (two iron atoms per

Iron(bilayer) silicate

Iron silicate(bilayer)

stepwise preparation

stepwise preparation

ML Si/BL FeO/Ru(0001)

BL Si/ML FeO/Ru(0001)

Stability T

1000 K

965 K

Appearance

"6 on 7": Deposition

of

"7 on 8": RT

Moiré spots

"8 on 9": 660 K

"8 on 9": 900 K

660 K

645 K

800 K

800 K

800 K

755 K

(3x3)

-

Preparation

Appearance of

√
√
( 3 × 3)R30◦

spots

Strongest intensity rise
of Moiré spots
Strongest intensity rise
of

√
√
( 3 × 3)R30◦

spots

Additional
LEED structure

√
√ Temperature dependencies of preparation methods with multiple layers. The
( 3 × 3)R30◦ structure refers to a silica structure that is rotated by 30◦ regarding a comTable 4.9

plete iron oxide layer.
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silica unit cell). Moreover both iron oxide layer adapt to the optimal Si-O-Si distance, as
discussed in in chapter 4.1.3 and thus reduce their Fe-Fe distance from of 3.157 Å (pure FeO
BL) to 3.044 Å, i.e. the Moiré pattern changes from a "6 on 7" reconstruction to a "8 on 9"
reconstruction. This indicates that the Si-O-Si bonds and Si-O-Fe bonds have even a strong
inuence on the second iron oxide layer. Additional to the typical iron(monolayer) silicate
LEED pattern, a (3x3) structure develops. In chapter 4.2.1 a small reduction of iron was
found when oxidized at elevated temperatures. Therefore it can be assumed that some iron
atoms are free to move. Hence, the (3x3) spots might result out of iron, which is either
migrating to the top of the layer or single iron atoms from the top most iron oxide layer
rearrange. In the previous chapters the silica layer was found to stabilize the iron oxide
layers underneath. Therefore it can be assumed that iron does not intercalate through the
silica layer and remains underneath. If this is the case the iron atoms giving rise to a (3x3)
structure on top would then lead to a buckling of the overlaying silica layer. In section
4.3.2 a bilayer of silica is prepared on top of a monolayer of FeO. These lms are addressed
to as iron silicate(bilayer). For comparison reason the normal iron silicate layer with one
ML of FeO and one ML of silica is called iron silicate(monolayer), when directly compared.
The iron silicate(bilayer) shows the same LEED structure as the iron silicate(monolayer).
However, the LEED spots related to the silica layer on top, a

√
√
( 3 × 3)R30◦

pattern,

are much more intense than the Moiré spots. Moreover the LEEM-IV curve is dierent
to the characteristic iron silicate(monolayer) ngerprint and the XPS curve shows a much
higher Si-O-Si component than for iron silicate(monolayer). All these components indicate
that the second silica layer remains. In fact, the lm is stable up to 965 K, before silicon
evaporates.

Silicon binds to the oxygen atoms of the FeO layer.

Before the iron oxide

layer can be completely reoxidized temperatures of 755 K are necessary, most likely due to
oxygen intercalation through the silica bilayer. The results indicate that the silica bilayer
on top is both, stable and thus, the upper and lower silica layer must be bound through
a Si-O-Si bond, and moreover strongly bound to the iron oxide layer underneath (Fe-O-Si
bonds). These determining factors indicate a structure found also for three-dimensional
crystalline silicate structures (for an example see Fig. 4.7.b in [55]).

In the lower silica

structure every second bond is either a Fe-O-Si bond to the iron oxide layer or a Si-O-Si
bond to the second silica layer. In the upper silica layer this structure is followed, however
the Si-O bonds showing upwards are unsaturated.

However OH groups that are always

present in the chamber might bind to these dangling bonds.

4.4 Incomplete layers
In the previous chapters complete layers of iron silicate were investigated. In chapters 4.1
and 4.2 dierent preparation methods showed that the silicon and iron amounts necessary
for one monolayer of SiO2 and FeO, respectively, lead to a complete and homogenous
monolayer of iron silicate. In chapter 4.3 the utilized amount of material was increased
either for iron or for silicon. As a result complete layers were formed. In contrast to the
previous chapters, in this chapter the iron amount is lower than necessary for a complete
monolayer of FeO. As a result incomplete layers of iron silicate lms are formed.

The

utilized silicon amount equals in most cases a monolayer SiO2 . The formation process of
incomplete iron silicate layers is followed in situ and in real-time and thus, gives access to
the dynamic processes of the individual lms.
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In the following the inuence of dierent preparation methods on the lm formation is
analyzed.

One interest is the structural distribution of iron.

Either the formation of

iron-rich and iron-poor domains or alternatively, a homogenous distribution of iron within
the SiO2 layer is possible.
lms [14].

The latter has been observed for incomplete aluminosilicate

In case iron is concentrated in separate domains, the inuence on the iron-

free areas is of interest.

It should be investigated, whether for silicon it is energetically

favorable to bind to iron or alternatively to the Ru(0001) substrate. And if silicon covers
the iron-rich areas, it is of interest whether iron has an inuence on the growth mode in
neighboring iron-free areas. For instance, it should be checked whether silicon oxidizes in
iron-free and iron-rich areas at the same temperatures or whether iron acts as a catalyst.
Moreover, the inuence of temperature on the stability of separate iron silicate areas is to
be determined. In section 3.1 it was reported that a FeO monolayer is not stable under
oxidation at 800 K in

1.0 · 10−6 mbar.

Nevertheless, complete layers of iron silicate lms

have proved to be stable to temperatures above 1100 K. Thus, silicon is stabilizing the
iron oxide layer underneath. In complete layers of iron silicate, the iron atoms are in an
encapsulated area.

In contrast, in incomplete lms they have more degrees of freedom.

Thus, an ideal structure can be formed. Up to now it is unclear, whether the number of
iron atoms in iron silicate equals the number of iron atoms in a pure FeO layer, or whether
the iron amount is reduced. In section 4.1.1 calculations of R. Wªodarczyk and J. Sauer
were shown. The intention of these calculations was to nd out which phase is energetically
favored and ts to the experimental IRAS results in [103]. As it turns out the calculated
IRAS lines do not show signicant changes for three iron atoms per silica unit cell (i.e.
unchanged number of iron atoms as in a FeO layer) and two iron atoms per silica unit
cell (reduced situation). In the calculation, both structures are stable. Only the generated
energy gained by transformation of iron silicate with three iron atoms per silica unit cell
to two iron atoms per silica unit cell is higher than for the opposite case. Up to now the
utilized preparation methods in [96, 103] have not been able to solve this question which
of the two structures is formed.

Thus, in situ measurements with real-time observation

are necessary in order to give the possibility to observe individual islands upon oxidation
at elevated temperatures. A migration of iron from a specic iron silicate domain would
mean a reduction of the iron-content in this specic island. Moreover, the ngerprint of
individual iron silicate islands enables a direct comparison with complete layers of iron
silicate from the chapters 4.1-4.2.

As a result the information on isolated iron silicate

islands can be transferred easily to complete layers.
In order to clarify these questions three dierent preparation methods are used for iron
silicate formation: the "combined preparation"method (section 4.4.1), and the "stepwise
preparation" method for monolayer FeO islands (section 4.4.2) and bilayer FeO islands
(section 4.4.3).

4.4.1

Incomplete layers with "combined preparation" method

In chapter 4.1.1 it was shown that a complete layer of iron silicate can be prepared with
1 ML of Si and 1 ML of Fe.

To prepare this, rst silicon and subsequently iron are de-

posited onto a 3O-covered Ru(0001) substrate in

2.0 · 10−7 mbar

and nally oxidized in

1.0 · 10−6 mbar. In this chapter the same preparation recipe is used, however the individual
amount of iron and silicon is reduced. Two dierent cases are discussed in this chapter.
In case A only the iron amount is reduced, while the silicon amount still covers the whole
surface (Data shown for 1 ML of Si and 0.7 ML of Fe). In cases B both, the silicon and
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the iron amount is not sucient to cover the surface (Data shown for 0.7 ML of Si and
0.5 ML of Fe). Overview LEEM images for case A and case B are shown in Fig. 4.56a and
b, respectively. In Fig. 4.56c a zoom of case A is shown. As marked in the image, three
dierent domains co-exist on the surface: type

α,

type

β

and type

γ.

Domains of type

β

are isolated island-like domains (bright in Fig. 4.56c). In contrast, domains of type

typically large domains well connected over the whole surface (dark in Fig. 4.56c).
mains of type
type

β

γ

exist always close to domains of type

α

α

are
Do-

and in contact to domains with

(gray in Fig. 4.56c). The three domains can be assigned to the following structures:

Domains of type

α

are pure silica monolayer lms with a (2x2) orientation.

is not completely oxidized at the used temperature. Domains of type

β

The layer

are iron silicate,

similar to the complete lms described in chapters 4.1-4.2. Domains of type

γ

are pure

◦
silica bilayer lms, with a (2x2)R30 orientation, i.e. the same orientation as the silica
layer of the iron silicate phase. A model of the individual domains is given in Fig. 4.61. In
the following the experimental data are shown for identifying the individual domains.
In Fig. 4.57b the overall LEED pattern is given for case A. In LEED the characteristic pat-

√

tern for iron silicate ((

3×

√

3)R30◦

spots and a Moiré pattern) are visible. Additionally,

a (2x2) structure is present. A (2x2) structure is characteristic for 3O-(2x2)-Ru(0001) [31],
i.e. holes in the lm, but also for a mono- or bilayer of pure SiO2 [107]. Dark eld measurements in Fig. 4.57 show nicely that these (2x2) spots corresponds to domains with type

α.

Comparing neighboring LEED spots of the same kind (Fig. 4.57c and d) show a contrast
inversion, depending on the individual terrace. This eect is well known for the 3O covered
Ru(0001) substrate [23] but also for the mono- and bilayer of SiO2 [44]. This eect arises
from the ABAB stacking of the hexagonally close-packed Ru substrate. As neighboring
terraces contain dierent surface terminations (either A or B type) a dierent contrast in
the dark eld imaging is achieved. In fact the presence of this eect identies areas which
form depending on the underlying Ru(0001) substrate.

The same intensity inversion is

present for adjacent LEED spots of the Moiré pattern surrounding the (00) spot. A Moiré
pattern results from a superposition of two lattices with very similar unit cells.

Thus,

the inuence of the Ru(0001) substrate is to be expected. As visible in Fig. 4.57e and f,
domains of type

β

and type

γ

give rise to the Moiré structure. However, only domain

shows the discussed contrast inversion between neighboring spots. Domains of type

γ

β

have

the same intensity for all energies in the investigated energy range of 10-30 eV. In fact,

LEEM images of incomplete layers using the "combined preparation" method.
a) case A (1 ML Si and 0.7 ML Fe) at 4 eV and b) case B (0.7 ML Si and 0.5 ML Fe) at 15 eV.
c) Zoom of case A at 14.5 eV reveals the presence of domains of three types: α, β , γ as marked
in the inset). The contrast of the visible domains is the same for all chosen energies in a-c).
Figure 4.56
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Structure of the individual domains of incomplete iron silicate lms using the
"combined preparation" method (Si+Fe/3O-Ru(0001)): a) LEEM image at 14.5 eV. b) LEED
at 20 eV. c-h) Dark eld images of the spots labeled in LEED (b). c-d) (2x2) structure (marked
in red), e-f) Moiré structure (marked in green) and g-h) by 30◦ rotated spots (marked in blue).
Figure 4.57

the intensity of domains of type

γ

(independent of the individual terrace) resembles the

√
√ β for the terrace with the lower reectivity. Both, type β and
( 3 × 3)R30◦ spots. As a conclusion, both, types β and type γ share

intensity of domains of type

γ

give rise to the

the same long-range Moiré structure, as well as the same orientation and distances as the

√ √
( 3 × 3)R30◦

structure. We note that the denition of the

√ √
( 3x 3)R30◦

corresponds to

a silica layer corresponding to a complete iron oxide layer underneath (iron silicate phase).
However, if one of the types is pure silica, the LEED pattern should be addressed to as

◦ regarding the Ru(0001) substrate.

(2x2)R30

In Fig. 4.58 LEEM-IV curves corresponding to the domains of the individual types are
given. As discussed before, LEEM-IV depends on the backscattering coecient of a specic element and the specic structural information [7, 46]. Due to these multiple dependencies it is suitable to be used as a ngerprint. The characteristic LEEM-IV curves of
the individual domains of type

α, β

and

γ

are given in Fig. 4.58a, b and c, respectively.

Additionally, reference spectra are added. The comparison to the reference spectra reveals
the nature of the individual phase.
type

α

is given (in red).

In Fig. 4.58a the characteristic LEEM-IV curve of

As was shown before this type gives rise to a (2x2) structure

and is sensitive to the individual Ru terrace, when using neighboring spots.

However,

these characteristics are similar for both a 3O-(2x2) Ru(0001), as well as for silica (monoand bilayer). The LEEM-IV curves of these three possibilities are added for comparison.
The LEEM-IV curve of the (2x2) monolayer SiO2 is very similar to the ngerprint of the
3O-(2x2)-Ru(0001) substrate.
print of type

α,

They dier mainly in their peak intensities.

The nger-

resembles both of them. The ngerprint of the (2x2)-bilayer SiO2 is very

dierent and can be excluded.

The MEM-LEEM borders of domain

α,

(2x2)-ML SiO2

and 3O-(2x2)-Ru(0001) are 3.10 eV, 3.43 eV and 3.75 eV, respectively. So type

α

being the
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monolayer silica layer is more likely. Nevertheless, a nal conclusion is not possible at this
point.
Fig. 4.58b shows the ngerprint of domain

β.

As it turns out, it is the ngerprint of iron

silicate consisting of 1 ML of SiO2 and 1 ML of FeO. In chapters 4.1 and 4.2 this ngerprint
was found for all four preparation methods of complete layers of iron silicate. As an example, Fig. 4.58b displays the ngerprint of a complete layer of iron silicate, prepared with
the same method as these incomplete lms ("combined preparation" method). Finally, the
ngerprint of type

γ

is shown in Fig. 4.58c). Dark eld imaging exhibits that the LEED

◦
structure by 30 rotated (2x2) structure of this phase is the same as for type

β

(the iron

silicate phase). However, the LEEM-IV curve is very dierent. Since the coverage of silicon
exceeds the iron content it can be assumed that type
Silica prepared on Ru(0001) by oxidation in

γ

is pure silica.

1.0 · 10−6 mbar

typically gives rise to a (2x2)

structure for both, the mono- and the bilayer of silica. The monolayer of SiO2 is strongly
bound to the Ru-surface, while the bilayer is only van-der-Waals bound [107]. In the formation of the (2x2) structure of the silica monolayer the interfacial oxygen O(2x2) between
the SiO2 and the Ru(0001) surface has a severe impact in the arrangement of the lm [106].
An annealing in UHV conditions removes this oxygen layer, which leads to a rotation of

◦

the silica monolayer lm by 30 . This is possibly due to the large exibility of the Si-O
bonds and thus, an additional degree of freedom [106]. The corresponding LEED structure

◦ pattern, together with a Moiré structure [44]. The unit

in such a lm shows a (2x2)R30

cell of silica in this conguration is twice the unit cell of the Ru(0001) substrate (5.42 Å
for silica vs. 2.71 Å for ruthenium) [44]. Due to this similar unit cell and the rotation of
the lattices the Moiré pattern exists. Also in bilayer silica lms a (2x2)R30

◦ structure is

found [45]. Here, this structure often appears in a state, when transforming a crystalline
(2x2) silica bilayer into a vitreous layer (ring in LEED pattern).

During this process it

may happen that single domains, homogenously distributed in a silica bilayer lm, rotate
rst by 30

◦ [45], before the rest of the lm transforms into a variation of silica rings in

the size of four up to eight-membered silica rings [54]. Additionally the LEEM-IV curve
of a vitreous bilayer silica lm is given. Since the signature of the vitreous bilayer is much
stronger than that of a crystalline bilayer, the LEEM-IV curve of the partially rotated
bilayer is very similar to a completely vitreous lm. The corresponding ngerprints of a
mono- and a bilayer lm with a (2x2)R30

◦ conguration and the vitreous silica bilayer

lm are added together with the ngerprint of type

γ

in Fig. 4.58c. The direct comparison

shows that type

γ

is a silica bilayer lm.

Domains of type

γ

are nearly always found in contact to phase

β

This and the fact that the

pure silica layer has the same distances and orientation as the silica layer of iron silicate
indicates that the pure silica layer determines the lm structure of the silica monolayer as
part of iron silicate. Thus, it can be concluded that silicon covers areas with iron oxide
rst, and then continues to form a silica layer right next to the iron silicate island. As a
consequence it must be energetically preferred for silicon to bind to iron rather than to
Ru(0001). An additional reason might be a lack of oxygen in close surrounding to the iron
silicate layer, which might inuence the rotation of the silica bilayer.
The XPEEM results of case A and case B are given in Fig. 4.59 and 4.60, respectively.
In Fig. 4.59a and 4.60a the individual LEEM images are given. At the chosen energies
for both preparations the contrast of the domains is inverted.
domains are marked with boxes. In both cases domain

α

Therefore the individual

is indicated in violet, while do-
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a-c) LEEM-IV curves for the domain types α, β and γ , respectively, observed in
LEEM. Additional reference data is given for the identication of the individual domains.

Figure 4.58

main

β

is indicated in red. The corresponding XPEEM images are found in Fig. 4.59b-e

for case A and in Fig. 4.60b-c in case B. Additionally corresponding XPEEM scans taken
at the indicated squares are shown for case A in Fig. 4.59f-h for the Si 2p, Fe 3p and Ru
3d5/2 line.

For case B the Si 2p line is given in Fig.

resolution in these images, domain type

γ

α

Due to the limited lateral

cannot be resolved.

The Fe 3p signal can only be found in domain
Fig. 4.58b, in domain

4.60d.

β,

which ts nicely to the ngerprint in

only the background signal is present. Although the Ru signal is
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XPEEM study of a iron silicate preparation with 1 ML Si and 0.7 ML Fe.
a) LEEM image at 4 eV. b-e) XPEEM images. b-c) Si 2p at BE = 104.5 eV (b) and BE
= 102.5 eV (c) (hν = 175 eV), d) Fe 3p line at BE = 54.75 eV (hν = 125 eV) and e) Ru 3d5/2
line at BE = 280.5 eV (hν = 353 eV). f-h) XPEEM scans of the domains indicated in (b-e).
f) Si 2p line (hν = 175 eV), g) Fe 3p line (hν = 125 eV) and h) Ru 3d5/2 line (hν = 353 eV).
Figure 4.59

detected in both domains, the signal is much stronger in the domains of type

α.

The reason

can be explained by higher damping properties of the iron silicate. In case A, enough Si
material was deposited in order to cover the whole surface. Indeed the overall intensity
in the Si 2p line is the same for both domains.

Thus, domain

α

can be identied as a

(2x2)-SiO2 monolayer. The local degree of oxidation diers in the two types, though. In
type

β

only a single Si 2p line is visible at 104.25 eV (red line). Thus, all silicon atoms are

completely oxidized in the iron silicate phase. The pure silicon monolayer has two contributions at 104.65 eV and 102.5 eV binding energy, which correspond to fully oxidized silicon

4+ state) and to partially reduced species, respectively. The small dierence of
4+ state between type α and β , corresponds to the dierent bonding
the of 0.4 eV in the Si
atoms (Si

surroundings for silicon atoms in type

α

(Ru-substrate) and type

β

(FeO-like layer). For

interfacial oxygen it is observed that an increase of the interface dipole causes a decrease
in binding energy [104]. This seems to be the case for the silicon atoms on top of the iron
oxide layer as well. For case B (Si amount smaller than 1 ML), the same peak positions
are found as for case A for the Si 2p line. However, the silicon amount in domains with
type

β

exceeds clearly the silicon amount of domains with type

α.

As a result, silicon
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XPEEM study of a iron silicate preparation with 0.7 ML Si and 0.5 ML Fe.
a) LEEM image at 145 eV. b-c) XPEEM images of the same region. b) Si 2p line at 104 eV
(hν = 200 eV), c) Fe 3p line at 55 eV (hν = 200 eV). d) XPEEM scan of the areas marked in
a-c). Si 2p line at hν = 200 eV.
Figure 4.60

prefers to bind to iron than covering the Ru(0001) substrate.

The nding that silicon

is fully oxidized in the iron oxide containing domains, but not in the iron-free domains,
is remarkable. This indicates that iron decreases the oxidation temperature of SiO2 . In
fact, also for complete layers of iron silicate the temperature reduction was already found.
While silicon needs to be annealed at 1050 K [44], the nal temperature of the lms could
be signicantly reduced to 900-1000 K, depending on the preparation method (see chapters
4.1-4.2). In preparation methods "combined preparation", "combined UHV preparation"
and "stepwise preparation" silicon was already completely oxidized at RT (but not well
ordered).

Summary of incomplete iron silicate layers using the "combined preparation"
method
In summary, three dierent domains

α, β

and

γ

are found for incomplete layers of iron

silicate prepared with the "combined preparation" method.
domains are indicated. i) type
ii) type

β

α is a monolayer silica lm,

In Fig.

4.61 the individual

giving rise to a (2x2) structure.

is iron silicate, having the same ngerprint as complete layers, as discussed in

chapters 4.1-4.2. iii) type

γ

is crystalline silica bilayer, which is rotated by 30

◦ and thus,

has the same structure as the silica layer in iron silicate. As can be seen in LEED the silica
monolayer in iron silicate is arranged at lower temperatures than necessary for a silica
monolayer on Ru(0001). Moreover iron decreases the oxidation temperature for complete
oxidation of silica, as is visible in XPEEM. These ndings lead to the conclusion that iron
silicate formation is energetically preferred in contrast to direct silica formation on the
Ru(0001) substrate. In fact, if the silica amount is lower than necessary for a complete
layer of silica, the silicon amount in iron silicate exceeds the one on pure Ru(0001). Silica
bilayer domains are nearly always found in contact to iron silicate domains. Therefore it
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Figure 4.61 Schematic model for the individual domains on the surface for an incomplete
layer of iron silicate using the "combined preparation" method. Red: Oxygen. Blue: Iron.
Yellow: Silicon.

can be concluded that silica is formed on iron rst and then continues to grow in contact
to iron with the same structure as a rotated silica bilayer. The silica monolayer (type

α)

is a result of silicon agglomerates on nucleation centers.

4.4.2

Incomplete layers with "stepwise preparation" method:
Monolayer FeO

The previous section 4.4.1 focused on the self-arrangement of iron silicate islands.

This

was achieved by applying the "combined preparation" method, where silicon and iron are
deposited in oxygen environment, forming disordered layers. The arrangement of the individual materials and the later formation of domains are solely determined by energetic
optimization during the nal oxidation process.
In this section monolayer-thick FeO islands have already been prepared, before silicon is
deposited. With this "stepwise preparation" method the shape of the FeO islands, as well
as the structural arrangement of iron and oxygen atoms, are already pre-dened. Changes
in the layer can nicely be compared with a well-known initial state of FeO. In order to
prepare monolayer-thick FeO islands, iron is deposited in an O2 pressure of

2.0 · 10−8 mbar

at 800 K. At these conditions FeO grows in layer-like mode. By variation of the deposition
time, the average size of the FeO islands can be controlled. In LEED a Moiré pattern is visible, due to the commensurable superposition of 6 iron atoms on 7 Ru atoms (the so-called
"ML2" phase). Further information about the growth characteristics of monolayer-thick
FeO is given in section 3.1. On top of the pre-prepared FeO islands, silicon is deposited
in an oxygen pressure of
of

1.0 ·

2.0 · 10−7 mbar

at RT. Finally, the layer is oxidized in a pressure

10−6 mbar. For the lms discussed in this chapter a nal oxidation temperature

of 900-920 K was used. Information about a complete layer of iron silicate using the same
preparation method, has been given in section 4.2.1.
It will be shown that the percentage of the FeO covered area has a major impact on the
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nal lm. In this chapter two dierent cases are discussed. In case A less than 60 % of the
surface are covered with FeO, while in case B the FeO coverage is higher than 80 %. In
both cases a migration of iron towards the initially iron-free areas is observed. In case A
small isolated islands with the size about 50 nm form, having similar structural properties
as the originally iron-rich areas. In case B a growing front is visible, migrating towards
the center of the originally iron-free holes.

In both cases the migrating iron forms only

small domains, which are intermixed with small domains of a silica monolayer with (2x2)
ordering. The migration of iron out of the iron silicate islands based on monolayer thick
FeO shows that the optimal iron silicate lm contains less iron atoms than a FeO layer.
Following calculations the iron amount per silica unit cell is reduced from three to two iron
atoms.
In Fig. 4.62a series of dierent preparation steps are shown for case A (Fig. 4.62a-f, 54 %
of the surface covered with FeO and 2/3 ML of SiO2 ) and case B (Fig. 4.62g-h, 87 % of the
surface covered with FeO and 1 ML of SiO2 ) in LEEM and LEED.
In Fig. 4.62a-b) the incomplete FeO layer is shown before Si is deposited.

The LEEM

α) and iron-free areas
α is pure monolayer-thick

image at 17.2 eV reveals iron-rich areas (from now on called domains
(domain

β ) in bright and dark, respectively.

At this step domain

FeO, giving rise to the Moiré spots in LEED and domains

β

the oxygen covered Ru(0001)

substrate with a (2x2) structure. In Fig. 4.62c-d) the same layer is shown after the deposition of silicon (2/3 ML). Due to the covering silicon layer the Moiré spots disappear. In
LEEM the contrast between domains

α

and domains

β

is inverted and depleted.

In Fig. 4.62e-f ) the lm after the nal oxidation step for case A is shown. The inset shows
a zoom-in of a domain of type

β,

surrounded by a domain of type

α.

During the oxidation

Preparation steps for an incomplete layer of iron silicate using the "stepwise
preparation" method. a-f) Case A (iron oxide coverage of 58 %). a-b) FeO islands (domain α
bright) as-prepared, c-d) after Si deposition of 2/3 ML (domain α dark) and e-f) oxidized at
920 K (domain α bright). g-h) Case B (iron oxide coverage of 87 %, silicon coverage of 1 ML)
after oxidation to 900 K. LEEM images at 17.2 eV and LEED images at 42 eV. Images are
taken at dierent surface spots.
Figure 4.62
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process the contrast in domain

β

changes with time and temperature. A mixture of dier-

ent image intensities is visible in domain

β:

bright gray, gray and dark. The main intensity

is still low, as the intensity of the entire domain

β

was before the nal oxidation step took

place. The bright gray and gray intensities are new, and resemble the reectivity of the surrounding domain

α.

The LEED pattern reveals the superposition of Moiré,

√ √
( 3× 3)R30◦

and (2x2) spots. In order to assign the individual LEED structures to the in LEEM visible
areas a dark eld analysis of the same lm is given in Fig. 4.63. In Fig. 4.63c-d) Moiré

√
√
(2x2) spots are probed. Domain α
( 3 × 3)R30◦ spots
√ and
√ in 4.63g-h)
Moiré spots and the ( 3 ×
3)R30◦ structure. The dark-eld imaging using

spots, in 4.63e-f )
gives rise to

Moiré pattern spots shows a contrast inversion between neighboring substrate terraces,
when probing neighboring LEED spots. As already discussed in previous chapters this indicates a dependency on the A or B terraces of the ABAB structured Ru(0001) substrate.
In contrast to the Moiré spots the reectivity of all terraces is similar when neighboring

√
√
( 3 × 3)R30◦ spots

are chosen. This ts nicely to the ndings of complete layers of iron

silicate. Thus, in domain

α

iron silicate is formed. Further evidence will be given later in

this chapter by analysis of the LEEM-IV curve. The small isolated islands in domain
appearing bright gray in LEEM at 17.2 eV, share the same structure as domain
Moiré spots overlapped with
in domain

β

√
√
( 3 × 3)R30◦ spots.

α,

β

namely

In contrast, the gray and dark areas

give rise to the (2x2) structure. Hereby, some areas have a higher reectivity

than others, which indicates less defects.
The oxidation step for case B is shown in Fig. 4.64. At the shown example 87 % of the
surface is covered with FeO islands. As a result domains of type

β

(iron-free areas) are

relatively small, while the available iron amount is large. In the center of the images of
sequence a)-e) in Fig. 4.64 a domain of type

β

(dark) is shown, surrounded by type

Dark eld analysis of an incomplete iron silicate lm prepared with the "stepwise
preparation" method for an iron coverage of 58% (Case A). The lm was oxidized at 920 K.
a) LEEM image at 17.2 eV, b) LEED image
20 eV, c-h) dark eld images of the LEED
√ at √
spots marked in b. c-d) Moiré spots, e-f) ( 3 × 3)R30◦ spots and g-h) (2x2) spots.
Figure 4.63

α
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(gray). During the temperature rise in an oxygen atmosphere of
appears, starting at the border of domain

1.0 · 10−6 mbar

a front

α and moves towards the center of domain β .

In

Fig. 4.64 the ongoing front is visible. In Fig. 4.64a) the front has crossed half of the area
of domain

β,

thus three dierent contrasts area visible. The individual areas are marked

with green and red squares in domain
is the area of domain

β

β

and a black square in domain

which the front has already passed.

α.

The red area

The green area is still un-

changed. The intensity evolution at the positions marked by colored squares in Fig. 4.64h
are plotted in Fig. 4.64g. The corresponding LEEM images at selected temperatures are
given in Fig. 4.64a-f.

The heating rate was 0.15 K/s in average.

During the oxidation

process from 665 K up to 680 K the front continues towards the center of domain
domain

β

when the front passes through.
slope.

β

until

is completely covered. The intensity in the green-marked area rises drastically
Afterwards the intensity increases linearly with a lower

Similarly the already changed red-marked area undergoes a linear behavior with

a similar slope. The intensity of domain

α

remains nearly constant during this process.

With further temperature increase the contrast between the black-marked (domain
the red- and green-marked (domain
The LEEM-IV curves for domain

α

β)

α) and

areas diminishes.

and domain

β

are given in Fig. 4.65a) and b), respec-

tively. Here, cases A and B are plotted, respectively. Domain

α

shows for both cases the

characteristic LEEM-IV curve of iron silicate (Fig. 4.65a). This ts nicely to the structural
ndings of a Moiré pattern and

√
√
( 3 × 3)R30◦

structure in these areas. This is another

indication that iron silicate is the most stable conguration and will be formed independently of the domain size.

LEEM series during oxidation of an incomplete iron silicate layer prepared with
the "stepwise preparation" method. The iron coverage of this lm is 87 % (Case B). Light
gray: domain α. Dark area: domain β . LEEM images are taken at 15 eV. The heating rate
was 0.15 K/s in average. Oxidation at a) 668 K, b) 672 K, c) 677 K, d) 683 K, e) 697 K and
f) 740 K. The direction of the front is indicated by the red arrow in a). f) Intensity evolution
during the oxidation process in the in g) marked areas. g) zoom in of a).
Figure 4.64
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The LEEM-IV curves in domain
same peak positions.

β

dier for cases A and B (Fig. 4.65b), but have the

In fact, the measured LEEM-IV curves can be constructed by a

superposition of the ngerprint of iron silicate with the typical ngerprint of a monolayer
of SiO2 with (2x2) pattern. In Fig. 4.65 c) the constructed LEEM-IV curves for varying
FeSiOx :SiO2 ratios are plotted. The individual measured curves of domain

β

correspond to

dierent ratios: the bright isolated islands visible in Fig. 4.62e (case A) can be constructed
with a ratio of 3:7, while the surrounding dark gray and dark areas t better to a ratio of
2:8. Domain

β

β

in case B ts to a ratio of 5:5 (which equals 1:1), i.e. in this case domain

combines iron silicate and pure silica areas in similar amounts. For cases A and B the

LEEM-IV curves of domain

β

can be decomposed as an overlap of domains of iron silicate

and silica next to each other. The domain size is smaller than the used resolution in the
shown measurement. However, in LEEM a high number of dierent intensities are visible,

LEEM-IV characteristics of a) domains α and b) domains β for incomplete iron
silicate lms prepared with the "stepwise preparation" method. The curves for case A and
case B are taken from preparations with 58 % and 87 % of iron oxide coverage, respectively,
after the nal annealing step. a) as a comparison the FeSiOx ngerprint is added, taken
from complete layers of FeSiOx (sections 4.1-4.2). The curves from case A are taken from
the preparation shown in Fig. 4.62e). The bright isolated islands correspond to the dot-like
areas visible in the inlet. The dark and gray areas correspond to the additional contrast
in domain β . The curves for case B are taken from the preparation shown in Fig. 4.62g).
c) curves constructed by variable superpositions of the ngerprints of FeSiOx and a monolayer
of SiO2 (giving rise to a (2x2) curve).
Figure 4.65
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giving rise to an inhomogeneous appearance of domain

β

(see Fig. 4.63a or Fig. 4.64e).

Finally, XPEEM measurements were performed in order to prove that the front can be
indeed explained by migrating iron and is not just a structural transformation. In Fig. 4.66
the Fe 3p and Si 2p lines for case B are given. In both areas, domains
line shows, the presence of iron. The iron amount in domain
in domain

β.

α

and

β

the Fe 3p

is considerably higher than

The peak positions overlap. The Si 2p line shows the presence of Si in both

domains. In domain

β.

α

α

the intensity is higher and the FWHM is smaller than in domain

This corresponds to the better uniformity of the homogeneous iron silicate phase. The

peak positions of the Si 2p line of domain

α

and

β

are shifted by 0.1 eV, only. This is a

big contrast to the XPEEM results in the previous section 4.4.1, where a self-arrangement
during oxidation was possible. There, domains with and without iron were found. As a
result the Si 2p line of these areas was shifted by 0.4 eV. The smaller dierence between
domains

α

and

β

in the present case underlines that no large areas of unaected silica are

found in the observed size regime.

XPEEM analysis for an iron silicate preparation using the "stepwise preparation"
method for case B (iron oxide amount larger than 80%). Fe 3p (a,c) and Si 2p line (b,d).
XPEEM images a) Fe 3p image at Ekin = 120 eV and b) Si 2p image at Ekin = 120.5 eV.
XPEEM scans at the in a) and b) marked areas, respectively. The surface region in a) does
not equal the surface position in b). c) Fe 3p scan (hν = 175 eV), d) Si 2p scan (hν = 225 eV).

Figure 4.66
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Summary of incomplete iron silicate layers using the "stepwise
preparation" method
As a conclusion, incomplete layers of iron silicate can be prepared by using the "stepwise
preparation" method. The ngerprint of the iron silicate islands matches the ones of complete layers of iron silicate. Thus, iron silicate is the most stable form, independent of the
domain sizes. However, it turns out that iron migrates from the FeO islands (+Si) into the
iron-free areas. Thus, the optimal iron silicate lm contains a decreased number of iron
atoms.
The migration of iron can be observed in domain

β

starting at domain

percentage of iron is smaller than the one of silicon in domain

β.

α.

In case A the

Thus, isolated islands

of about 50 nm size are formed, next to a monolayer of SiO2 . While the isolated islands
are small domains of FeSiOx , for case A domain

β

is mainly silica-rich (70-80 % SiO2 as

estimated by the LEEM-IV curves) and thus, a (2x2) structure is visible in LEED. If the
iron content is large and with it the average FeO island size (case B), a large number
of iron atoms leave domain

α

and form a front.

This front starts at iron-rich terraces

and migrates to the center of the iron-free areas. Thus, the complete domain

β

is lled

with these small isolated iron silicate islands and in LEED the (2x2) spots are missing.
However, the LEEM-IV curve indicates the presence of SiO2 islands for 50 % of the area.
Furthermore the typical iron silicate LEED pattern is much stronger in case B than case
A, which indicates a better long-range order. Since there are no (2x2) spots anymore, the
long-range order seems to be missing for the SiO2 islands. A model for the nal structures
is given in Fig. 4.67, which compares the state right after silicon deposition (Fig. 4.67a)
with the nal situation (Fig. 4.67b).
Up to now, it was not possible to solve the question whether the iron oxide layer in iron
silicate contains the same number of iron atoms as in FeO (three iron atoms per silica unit
cell).

R. Wªodarczyk and J. Sauer calculated a similar IRAS line position for two iron

and three iron atoms per silica unit cell (see chapter 4.1.3). Models for iron silicate for
three and two iron atoms per silica unit cell are given in Fig. 4.68 or 4.23.
these calculations alone a decision was not possible.

Thus, from

The experiments reported in this

chapter show that iron silicate prepared on the basis of FeO islands decrease the number
of iron atoms during the nal oxidation step. Since iron is not diusing into the Ru(0001)
substrate, the unnecessary iron atoms diuse into the neighboring (iron-free) domains.
The nal ngerprint of the domain

α

after oxidation and annealing matches the ideal

iron silicate ngerprint. Thus, the number of iron atoms per silica unit cell is most likely
two rather than three. These ndings are of general importance and can be transferred
to complete layers of iron silicate, independent of the preparation method (section 4.1-4.2).
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Model of the incomplete iron silicate lms with the "stepwise preparation"
method. a) after Si deposition, b) after nal oxidation. Red: Oxygen. Violet: Iron. Yellow:
Silicon.

Figure 4.67

Model of FeSiOx with a) Three iron atoms per silica unit cell and b) Two iron
atoms per silica unit cell on basis of calculation from R. Wªodarczyk and J. Sauer, HU Berlin
(see chapter 4.1.3). In yellow the silica unit cell is indicated. Red: Oxygen. Violet: Iron.
Yellow: Silicon.
Figure 4.68
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4.4.3

Incomplete layers with "stepwise preparation" method:
Bilayer FeO

In the previous sections 4.4.1 and 4.4.2 incomplete layers of iron silicate were prepared
either by self-arrangement with the "combined preparation" method or on basis on preprepared FeO islands with the "stepwise preparation" method. In all cases the arranging
iron silicate domains give rise to the same ngerprint as for complete layers in sections 4.14.2. Thus, iron silicate is energetically favorable even if the degrees of freedom are increased
by minimizing the boundary conditions (in this case free lateral movability). As it turned
out, the optimal iron silicate structure contains less iron atoms per silica unit cell than
FeO. This leads to a diusion of superuous iron atoms towards iron-free areas.
In this chapter again the "stepwise preparation" method is used. Bilayer-thick FeO islands
are used as a basis for the later iron silicate formation. For this, FeO is prepared by iron
deposition in

1.0 · 10−7 mbar

at 800 K. FeO grows in a layer growth, so that the size of

FeO islands can be chosen by varying the deposition time of iron. A detailed study for
bilayer-thick FeO growth was given in section 3.2.

At RT, silicon is deposited (in most

−7 mbar oxygen. Subsequently, the lm is oxidized at 1000 K
cases a ML of SiO2 ) in 2.0 · 10
−6
in 1.0 · 10
mbar.
In section 4.3.1 results for a complete layer of iron(bilayer) silicate is shown. As it turned
out the two layers of FeO are stabilized by the boundary conditions of the Ru(0001)
substrate underneath and the silicon-dioxide layer on top.

Iron does not migrate into

the Ru(0001) substrate, if an oxygen coverage is present. Furthermore, in section 4.2.1 it
was shown that silicon stabilizes the structure of the FeO layer underneath. The LEED
pattern resemblance the LEED pattern of iron(monolayer) silicate. However, the LEEMIV ngerprint is clearly dierent. Thus, iron(monolayer) silicate and iron(bilayer) silicate
can be clearly distinguished. As mentioned before, the usage of only FeO islands minimizes
the boundary conditions of the single iron silicate island. Thus, a free arrangement of iron
atoms is possible. With this the stability of the second FeO layer and thus, the interlayer
bonding strength (Fe-O-Fe) can be tested.
From now on the iron-rich islands will be addressed as domain
called domain

β.

α, while the iron-free area is

As will be shown, a Two-step process takes place. The rst phase starts

at 660 K, while the second phase is observed at around 850 K.

Phase 1: Rim formation
Fig. 4.69 shows a typical oxidation process. In LEEM at 8 eV the iron-rich domains (domain

α)

are dark, while the iron-free domains (domain

β)

are gray. The silicon coverage

equals the amount necessary for one monolayer of silica. The temperature increases with
a rate of 0.5 K/s.
At around 660 K (maintained for 15 min) a rim forms surrounding domain

α.

The intensity

of the rim is very low in the beginning, but it gains intensity very fast until its reectivity
is higher than that of domain
islands.

α.

The rim formation takes place for small and large FeO

It should be pointed out that the temperature range in which the rim appears

is very similar to that for the ordering of silicon atoms in iron silicate.

√

through appearance of the typical

( 3×

√

This is evident

3)R30◦ LEED spots in the same temperature

range. In fact also in the overall LEED pattern of incomplete iron(bilayer) silicate lms
Moiré spots and the

√
√
( 3 × 3)R30◦

develop (see Fig. 4.71). After the formation at 660 K
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Figure 4.69 Oxidation process of an incomplete layer of iron(bilayer) silicate prepared with the
"stepwise preparation" method in LEEM at 8 eV. Images taken at an oxidation temperature
of a) 630 K, b) 680 K, c) 695 K and d) 700 K.

the enlargement of the rim can be followed with increasing temperature or time up to a
specic length, which seems to be limited. With increasing temperature the rim is appearing faster and also growing faster. The specic length is unchanged by the temperature.
In Fig. 4.70 high resolution images of the rim are shown. In this image domain

is gray,

β . The very
α are seen to be very sharp and homogeneous.
In contrast, the rim, while uniform at the side of domain α, is very inhomogeneous towards
domain β . As seen in the images, the rim is an agglomeration of many small domains of
while domain

β

α

is dark. Steps and step bunches are nicely visible in domain

bright area is the rim. The edges of domain

the same intensity.

The inhomogeneous border of the rim indicates a diusion process.

The size of the rim correlates with the FeO coverage.
As mentioned before, the LEED pattern in Fig. 4.71 shows the superposition of a Moiré
pattern, a
ture.

√
√
( 3 × 3)R30◦

structure, both typical for iron silicate, and a weak (2x2) struc-

A dark eld analysis is performed Fig. 4.71b-c, 4.71e-f for the Moiré spots and

√
√
( 3 × 3)R30◦ ,

respectively. The FeO coverage for the given measurements is relatively

large so that the rim is well distinguishable. The Moiré pattern can be found in domain

α

as well as in the rim. Individual terraces have a bright/dark contrast, which is switched

when probing neighboring LEED spots. The rim itself shows also a bright/dark contrast,
which is nearly always opposite to the island in contact. The reason for the dierent contrast is a large inuence of the Ru(0001) ABAB substrate. As a result dierent contrasts

High resolution images of an incomplete iron(bilayer) silicate lm prepared with
the "stepwise preparation" method. LEEM images at 8 eV of an area after annealing at 800 K.
Figure 4.70
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are present for terraces A and B. The results show that the rim forms rather at the next
terrace than on the same terrace of domain

α.

Indications for this nding are also given in

the high resolution images (Fig. 4.70), where the individual step bunches in domain

β

can

be followed easily. The dark-eld analysis (Fig. 4.71e-f ) shows that the rim and domains

√

give rise to the
domain

( 3×

√

α

3)R30◦ spots. However, the rim has a much higher intensity than

α.

In summary, the dark eld analysis shows that the rim has the same LEED structure as
domain

α

√
√
( 3 × 3)R30◦ structure. However, the crystallinity of
domain α, which results in a higher reectivity in the dark

a Moiré pattern and a

the rim is already better than

eld image. Moreover, the rim preferentially forms on the next terrace. The reason is the
inuence of the terrace size on the FeO formation. Thus, migrating material has to cross
the step edges.

The weak (2x2) structure is neither found in the rim nor in domain

α.

Therefore it must come from the areas in between, which are covered with silicon atoms.
The characteristic LEEM-IV curves for domains
in Fig. 4.72.

α and β

and the rim (domain

γ ) are given

The MEM-LEEM border is similar for all three domains at 3.18 eV (clean

Ru(0001): 2.58 eV). The most intense curve by direct comparison corresponds to the rim
area.

Domain

α

and domain

γ

show both nearly the same curve with peaks at 7.4 eV,

13.3 eV. The curves resemble the ngerprint for iron silicate. However, they are in dierent
development states. Domain

α

resembles the ngerprint for iron(bilayer) silicate at 660 K

(see section 4.3.1). In contrast, the rim shows the ngerprint of iron(monolayer) silicate,

Figure 4.71 Dark eld analysis of an incomplete iron(bilayer) silicate lm prepared with the
"stepwise preparation" method. The images are taken in√phase√1 (T = 800 K). a) LEEM at
8 eV. b-c) Moiré spots at 17 eV. d) LEED at 20 eV. e-f) ( 3 × 3)R30◦ spots at 17 eV. The
chosen spots are indicated in d) and are depicted clockwise.
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having a dip at 4.5 eV and a peak at 20.4 eV. Domain

β

equals a disordered monolayer

of silica.The LEEM-IV curve is similar to disordered silica and does not show the peaks,
typically present with iron.
XPEEM results for the Fe 3p, Si 2p and O 1s line are given in Fig. 4.73a-b), 4.73c-d) and
4.73e-f ), respectively.

Only at the Fe 3p line the rim can be properly identied in the

XPEEM image. In fact, the rim does contain iron, but in a lower percentage as domain

Phase 1 (Oxidation temperature T = 800 K) of an incomplete iron(bilayer) silicate
lm prepared with the "stepwise preparation" method. a) LEEM at 14 eV. b) LEEM-IV curves
at the in a) indicated domains.
Figure 4.72

Figure 4.73 XPEEM analysis of an incomplete iron(bilayer) silicate lm prepared with
the "stepwise preparation" method for phase 1 (oxidation temperature: 695 K). Fe 3p
(hν = 175 eV) a) XPEEM image at 58.8 eV binding energy. b) local Fe 3p XPS. Si 2p
(hν = 225 eV) b) XPEEM image at 107.4 eV, c) Si 2p line scan. O 1s line (hν = 650 eV).
e) XPEEM image at 535 eV. f) XPEEM O 1s scan. The XPEEM images and scan have each
been taken at new positions.

α.
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This ts well to the LEEM-IV and darkeld results, which already indicated an increased
iron concentration in the rim. Thus, the rim consists of the agglomeration of small islands
of diusing iron, leaving domain
between domain

α

and domain

α.

β

In the Si 2p and the O 1s line only the dierence

can be probed.

While the O 1s line gives nearly the

same results for both domain, the Si 2p line reveals a clear shift between domain
main

α.

The reason is that in domain

substrate.

α

β

Si binds to iron and in domain

β

and do-

to the Ru(0001)

The O 1s line indicates a slightly higher oxygen concentration in domain

α,

most likelely due to the two layers of iron oxide.
In summary, the rst phase is as follows: Bilayer-thick FeO islands are covered with a
monolayer of silicon. At around 660 K the iron atoms are suciently mobile to migrate
out of the iron-rich islands towards the iron-free areas. The iron atoms leaving the ironrich domain bind directly to the disordered silica layer and form ordered iron(monolayer)
silicate. This happens in form of a rim, surrounding the iron(bilayer) silicate islands. The
rim size depends on the size of the island. In contrast to section 4.4.2 the iron amount
seems to be much higher per area and thus, the individual isolated domains are stopped by
other iron silicate domains. Also the temperature is much lower than for the incomplete
iron(monolayer) silicate lm in section 4.4.2. In the previous experiments it was found that
silicon binds directly to iron through oxygen (Fe-O-Si bond). As XPS results show this
takes place already at RT (see section 4.2.1). Taking these results into account it can be
assumed that the Si-O-Fe bond is relatively strong and much stronger than the interlayer
Fe-O-Fe bond or the Fe-O-Ru bond. This and the relatively low temperature in contrast
to the lms in 4.4.2 indicate that mainly iron atoms from the second FeO layer (in contact
to the Ru(0001)) layer migrate out of the islands.

Phase 2: Further evolution
The second phase depends strongly on the size of the iron-rich islands.

Two dierent

cases will be discussed: case A low FeO coverage (≤50 %) and case B large FeO coverage
(≥50 %). Both types show the formation of the rim at the border of iron(bilayer) silicate
islands. The rim characteristics for both cases are the same.
In Fig. 4.74 the temperature evolution for case A is shown for increasing temperature.
In Fig. 4.74a) the rim formation developed in phase 1 is nicely visible. For temperatures
higher than 800 K phase 2 takes place.

For small islands (case A) the sharpness of the

rim diminishes and the border becomes fuzzy. Finally single isolated islands of the size of
about 50 nm appear in close surrounding of domain

α (Fig. 4.74c),

with similar reectivity

as the original rim.
The temperature evolution for large iron(bilayer) silicate islands (case B) is shown in
Fig. 4.75.

Similar to case A, the rim becomes fuzzy.

While in case A isolated islands

appear, in case B a front grows, which starts at the rim and moves towards the center of
the domain

β.

The LEEM images indicate that the front itself consists of a high number

of small isolated islands. If domain
plete transformation of domain

β

β

is very small (and the domain

is possible, so that domain

Fig. 4.75j) the intensity evolution of domain
The intensity behavior of domains

α

and

γ

α,

domain

β

β

and domain

β.

very large) a com-

γ

α.

In

(rim) is depicted.

are comparable for cases A and case B. How-

ever, the intensity behavior of case B depends on the size of domain
individual domain

α

assimilates domain

α

and the size of the

The intensity evolution is taken from a LEEM series at 8 eV. The
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rst temperature point is at 770 K, where the second phase has not yet started.

Under

this condition the reectivity of the rim is nearly 1.5 times higher than that of domain
The reectivity of domain

β

α.

is even lower, which is solely lled with silicon-dioxide. The

intensity curves are plotted up to the temperature of 840 K. In the given temperature

Growth mode for small iron amount (case A) of an incomplete iron(bilayer)
silicate lm prepared with the "stepwise preparation" method. Bright: domain α. Dark:
domain β . LEEM images at 8 eV during the oxidation at a) 790 K, b) 850 K and c) 990 K.
Figure 4.74

Figure 4.75 Oxidation process of an incomplete iron(bilayer) silicate preparation using the
"stepwise preparation" method. LEEM images at 15 eV. The FeO coverage of this sample
is 61 % (case B). a)-i) Oxidation series in 1.0 · 10−6 mbar at the in the image indicated
temperatures. j) Intensity behavior during oxidation for a similar preparation with a LEEM
series of 8 eV.
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range, the reectivity of the rim increases only by 10 %. This indicates that the rim itself
is very stable and in an energetic optimum. In contrast, the intensity of domain

α increases

drastically in the shown temperature range until the same intensity as the rim is achieved.
As a result domains

α

and

γ

are not distinguishable anymore.

Domain

β

remains at a

low reectivity until the front passes the measured point and then its reectivity slightly
increases.
A high resolution image after the nal oxidation is given for case A in Fig. 4.76.
LEEM images were taken at 8 eV, where domain

α

(and

γ)

are bright and domain

The

β

is

dark. The intensity curves, as well as the LEEM images themselves, show the assimilation
of domain

α

to domain

γ.

The homogeneity of the iron-rich island is nicely visible. Thus,

it can be concluded that the rim and domain

α

are now structurally and chemically iden-

tical. In phase 1 the rim was identied to have the same ngerprint as iron(monolayer)
silicate, while domain

α

still had two layers of FeO (forming iron(bilayer) silicate). The

same contrast for both domains indicates that domain

α

lost its second FeO layer. Also,

in the high resolution images, the inhomogeneous border is nicely visible, as well as the
small isolated islands in close surrounding. From now on the combined iron-rich island is
addressed as domain

α.

In Fig. 4.77d) LEED is shown for case A. The signature of iron silicate (Moiré spots and

√
√
( 3 × 3)R30◦

spots) is well developed. Additionally a blurry (2x2) pattern is present. In

√ √
◦ spots are probed with dark eld
( 3 × 3)R30√
√
Moiré spots and ( 3 ×
3)R30◦ . Additionally the

Fig. 4.77b-c) and 4.77e-f ) Moiré spots and
imaging. Domain

α

gives rise to both,

Moiré spots show terrace dependent contrast and a contrast change, when probing neighboring terraces. As explained in earlier chapters this is an eect of the Ru(0001) substrate.
Very often the border domain

α

(previously rim) is found at the neighboring terrace. The

reasons are growth characteristics of the FeO islands, which prefer to move along a terrace
before crossing step edges. As a result the migrating iron must cross step edges. The signal
of the

√ √
( 3× 3)R30◦ spots is found step-independent in domain α.

However the step edges

themselves are clearly visible as not covered by iron. The small isolated islands observed in
case A in close surrounding of domain
spots and

√
√
( 3 × 3)R30◦

spots.

α

show the same signature as domain

α:

the Moiré

Nevertheless, the reectivity in the isolated islands is

High resolution of an incomplete iron(bilayer) silicate lm prepared with the
"stepwise preparation" method in phase 2 (T = 1000 K) for case A (iron coverage ≤50 % after
FeO preparation). The individual images are measured images, using dierent magnications.
LEEM images at 8 eV. Bright: domain α. Dark: domain β .
Figure 4.76
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Figure 4.77 Dark eld analysis of an incomplete iron(bilayer) silicate lm prepared with the
"stepwise preparation" method for case A (iron oxide coverage ≤50 %) in phase 2 (T = 900 K).
a) LEEM at 8 eV. b-c) Dark eld at 17 eV of the Moiré pattern indicated in d) (clockwise).
e-f) Dark-eld image at 15.2 eV of the rotated spots indicated in d) (clockwise). d) LEED
image at 20 eV.

often lower than in domain

α.

The reason might either be a smaller amount of material or

a lower crystallinity. However, the small isolated islands can be identied as iron silicate.
Since domain

β

is neither giving rise to the Moiré spots, nor the

√
√
( 3 × 3)R30◦

it must

give rise to the (2x2) pattern, which is too weak to be imaged with dark eld imaging.
In Fig. 4.78 the LEEM-IV curves for case A and case B are given. For both cases domain

α

shows the typical signature for iron(monolayer) silicate (compare sections 4.1-4.2). This

suggests that the originally bilayer-thick FeO layer is reduced to only one iron oxide layer.
Since the ngerprint resembles nicely the one shown in the previous section 4.4.2 the iron
concentration of this iron oxide layer must be even further reduced to only two iron atoms
per silica unit cell (FeO: three iron atoms per silica unit cell per layer).
of iron into domain

β

strongly depends on the individual size of domain

The migration

α.

Thus, their

LEEM-IV curves dier strongly for case A and case B. In case A, only a very small amount
of iron diused into domain

β.

As a result, the LEEM-IV signature ts to a monolayer of

silica. For case B, however, the LEEM-IV ngerprint shows the iron silicate signature with
only one dip in the low energy range. As was discussed in section 4.2.1 for complete layers
of iron silicate the LEEM-IV curve transforms from one dip between MEM-LEEM border
and 6 eV to two dips with improved iron silicate lm structure. Moreover, a decrease in
the iron amount was found to accompany this evolution. Thus, domain
iron silicate, but either with more iron than the in domain
or with a lower lm quality.

α

β

for case B is also

which has the double dip),
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LEEM-IV analysis of an iron(bilayer) silicate lm prepared with the "stepwise
preparation" method for Phase 2 (T = 900 K) for case A (low iron oxide coverage) (a-b) and
case B (high oxide coverage) (c-d). LEEM images at 20 eV. LEEM-IV curves in b) correspond
to the areas indicated in a). LEEM-IV curves in d) correspond to the areas indicated in c).
Figure 4.78

Finally, the XPEEM results for the Fe 3p, Si 2p and O 1s line are given for case B in
Fig. 4.79a-b), 4.79c-d) and 4.79e-f ), respectively. In the Fe 3p as well as the Si 2p line only
small dierences between domain

α

and domain

β

are found. The peak positions in both

domains overlap for both elements, only the individual amounts dier. As seen, in domain

α,

higher iron and silicon concentrations are present. In the O 1s line strong dierences

are obvious. Especially, the Si-O-Si component (here, at 537.5 eV) is much lower in domain

β

than in domain

α.

The Fe-O-Fe line (here at 536.5 eV) is also slightly reduced, which

corresponds to the lower iron amount.
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Figure 4.79 XPEEM analysis of an iron(bilayer) silicate lm prepared with the "stepwise
preparation" method in phase 2 (T = 900 K). XPS Fe 3p line (hν = 175 eV) a) Fe 3p XPEEM
image at 57.9 eV binding energy. b) XPEEM Fe 3p line scan. Si 2p (hν = 225 eV) c) Si 2p
XPEEM image at 108.8 eV, c) Si 2p line scan. O 1s line (hν = 650 eV). e) XPEEM image at
538 eV. f) XPEEM O 1s scan.

Summary of incomplete iron(bilayer) silicate layers
The complete formation process is depicted in Fig. 4.80. In Fig. 4.80a the situation after
the deposition of silicon is shown. Bilayer-thick FeO islands (with three iron atoms per
silica unit cell) (domain

α)

are present next to areas without iron (domain

β ).

The entire

surface is covered with a disordered silica layer. In Fig. 4.80b) the rst phase is shown.
Iron atoms diuse in all directions out of domain

α

and bind at the border directly to

silicon-dioxide. As a result iron(monolayer) silicate is formed as a well-ordered and homogeneous rim (domain

γ ).

during this process.

In the iron-free areas silicon is completely oxidized and begins to

In domain

α

the iron concentration per silica unit cell is reduced

order. In Fig. 4.80 c) the second phase is shown. For temperatures higher than 800 K a
second wave of iron atoms starts to diuse out of domain

α.

For small iron-rich islands

the diusing iron atoms form small isolated islands in close surrounding of the island. For
large iron-rich islands the number of iron atoms is very high and thus a high number of
small isolated islands are formed, which appear as a front towards the center of domain

β.

The small isolated islands themselves are again iron(monolayer) silicate islands with the
same structure as the original island.
With the leaving iron atoms the reectivity of domain

α increases strongly, while the reec-

tivity of the rim is nearly unchanged. During this process one of the FeO layer is depleted
and only one iron oxide layer remains.
domain

γ

Structurally and chemically, domain

α

matches

(rim) after this process. Both show the ngerprint of two iron atoms per silica

unit cell (compare section 4.4.2).

Since, the Fe-O-Si bond is found to be really strong

and already formed at RT (see section 4.2.1), it is most likely the lower iron oxide layer
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(between the Ru-substrate and the next iron oxide layer), which migrates in phase 2. The
rim and the later front appear at dierent temperatures. In fact, when the temperature is
held at 690 K for hours, the second phase does not take place. Thus, the activation energy
for the individual processes is dierent.
The results show that that the stability of iron(bilayer) silicate strongly depends on the
border conditions (i.e.

in a closed layer the reduction of the second is not possible).

Iron(monolayer) silicate is the most stable species, energetically preferred and formed with
ease.

Schematic model for the formation process for incomplete iron(bilayer) silicate lms using the "stepwise preparation" method. a) after silicon deposition, b) phase 1
(T ≤ 800 K) and c) phase 2 (T ≥ 800 K). Red: Oxygen. Blue: Iron. Yellow: Silicon.

Figure 4.80
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Summary and conclusion of incomplete layers

In this chapter incomplete layers of iron silicate were discussed. The following preparation
methods have been used:

the "combined preparation" method (section 4.4.1), and the

"stepwise preparation" method for monolayer FeO islands (section 4.4.2) and bilayer FeO
islands (section 4.4.3).
The "combined preparation" method gives information about the formations process, when
neither silicon nor iron is pre-crystallized.

Three individual domains are formed: (i) an

iron silicate phase, (ii) a (2x2) monolayer of SiO2 and (iii) a bilayer of SiO2 with rotated
(2x2) structure. The iron silicate phase equals the phase for complete iron silicate lm (i.e.
has the same ngerprint). Interestingly monolayer and bilayer SiO2 phases have dierent
structures. In fact, the bilayer SiO2 phase shares the same distances and orientations of
the silica layer on top of iron oxide. Incomplete layers with less silicon than necessary for a
complete monolayer of silica prefer the growth with iron rather than covering the Ru(0001)
substrate. This indicates that silicon atoms start to order rst on top of iron oxide and
might even continue the growth in areas where no iron is present (in bilayer lms). Other
nucleation centers on the free Ru(0001) substrate in turn lead to the formation of typical
(2x2) SiO2 monolayer lms. As it was observed already for complete iron silicate layers,
iron lowers the oxidation temperature of Si to SiO2 . As a result, the monolayer of SiO2
shows reduced components in the Si 2p line, while in the iron silicate areas silicon is already

4+ state).

completely oxidized (Si

The "stepwise preparation" method enables the observation of dynamical processes with
pre-dened iron oxide islands. Thus, the processes can be directly compared with siliconfree iron oxide islands from sections 3.1 and 3.2.

In section 4.4.2 monolayer-thick FeO

islands are used as a basis for iron silicate formation.

As a result iron-rich areas and

iron-free areas are pre-dened. The sample is covered with a monolayer of SiO2 . Upon oxidation at elevated temperatures, iron is found to migrate from the iron-rich areas towards
the initially iron-free areas. In the iron-free areas the diusing iron forms small isolated
islands, which can be identied as small iron silicate domains. Next to the iron silicate
domains small SiO2 domains are present. The fact that a decrease of the iron concentration
in the FeO based iron silicate islands gives rise to the iron silicate ngerprint, shows that
iron silicate contains a lower amount of iron atoms than a FeO layer. This indicates that
the iron silicate layer contains only two iron atoms per silica unit cell.
In section 4.4.3 bilayer-thick islands of FeO are used as a basis for the incomplete layers.
Similar to the case with monolayer thick FeO islands iron migrates from the iron-rich areas
to the iron-free areas. However, the process is dierent. After silicon deposition the ironrich islands consist of 1 ML of silica on top of 2 ML of iron oxide. With rising temperature
iron atoms migrate from the center of the island to its border. Since the temperature is
much lower than those observed for the monolayer-FeO islands (section 4.4.2) it can be
assumed that during this phase the second layer (in contact to the Ru-substrate) is migrating. When the iron atoms reach the outer border of the individual island, they bind to the
silicon dioxide present in the iron-free areas and form again an iron silicate lm (appearing
and addressed as rim). This newly formed iron silicate lm has only one iron oxide layer
left and grows in nearly perfect crystallinity up to a specic rim size that depends on the
deposited iron amount and the relative island sizes. The crystallinity of the original island
improves during this step, as could be seen by the increased reectivity and the approach
to the known iron silicate ngerprint from closed layers. When the rim is reformed at an
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increased temperature of 800 K a second phase starts, which depends again on the island
sizes. For small islands the rim and the original island reach the same crystallinity (seen in
the electron reectivity) and iron concentration. The LEM-IV ngerprint shows that the
islands only have two iron atoms per silica unit cell left (instead of six in the as-prepared
FeO layer). In the close surrounding very small isolated islands form, which have a similar
electron reectivity as iron silicate and are most likely very small iron silicate domains. If
the iron-rich domains are small enough, a (2x2)-ML of SiO2 forms in the iron-free domains.
If most of the surface is covered with iron oxide islands (≤60 %) in the second phase the
rim growth continues and the iron-free holes are transformed to iron silicate. The crystallinity of the iron silicate lm formed in the second phase of the process is below that of
the original iron silicate islands.
As a conclusion the formation of incomplete lms gives rise to a high number of information of the dynamical processes and thermal stabilities of iron silicate lms. Silicon dioxide
stabilizes the iron oxide layer.

In comparison to silicon-free iron oxide islands the iron

silicate lm is stable up to much higher temperatures. However, the energetically optimal
situation includes a reduction of iron atoms per silica unit cell, so that only 2/3 of the
iron atoms per silica unit cell of a FeO layer remain. The additional iron atoms are free to
diuse, in case the layer is not close, but iron-free areas are present. This eect is strongly
visible for the bilayer-thick iron silicate lms. In section 4.3.1 it was shown that the second layer of iron oxide neither diuses into the Ru(0001) substrate nor desorbs from the
surface. However, islands of bilayer-thick iron silicate transform into monolayer-thick iron
silicate islands (with a reduced number of iron- atoms per silica unit cell). But not only
for iron oxide iron silicate is the most stable situation, but also for silicon the formation
of iron silicate is energetically favorable compared to the formation of a silica monolayer
directly on top of the Ru(0001) substrate. Moreover it was reconrmed that iron acts a
catalyst and lowers the oxidation temperature of silica.
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4.5 Summary and conclusion of ultrathin FeSiOx lms
This chapter discusses ultrathin iron silicate lm on Ru(0001) and is divided in the investigation of complete (chapter 4.1 - 4.3) and incomplete layers (chapter 4.4). This has
the advantage to study homogeneity and structural changes in the layer by means of XPS
and LEED. Furthermore it is possible to investigate the complete and incomplete layers
regarding their stability and dynamic processes using characteristic ngerprints.
In chapter 4.1 - 4.2 iron silicate, consisting of a ML of Fe and a ML of Si is prepared
with dierent preparation methods.
Tab. 4.10.

An overview of the dierent methods is shown in

Two dierent approaches are chosen: the "combined" approach (chapter4.1)

and the "stepwise" approach (chapter 4.2). In the "combined" approach iron and silicon
are deposited at the same preparation step under the same conditions. In section 4.1.1 this
takes place in oxygen surrounding ("combined preparation" method), while in section 4.1.2
UHV conditions are chosen ("combined UHV preparation" method). In contrast, in the
"stepwise" approach either FeO (section 4.2.1, "stepwise preparation" method) or silica
(section 4.2.2, "stepwise reversed preparation" method) are pre-prepared before silicon or
iron are deposited, respectively. In the "combined" approach iron and silicon have more
freedom to diuse and order than in the "stepwise" approach, where a structure is already
pre-set. In all cases the nal step is an oxidation in

1.0 · 10−6 mbar

at elevated tempera-

tures. In sections 4.4.1 and 4.4.2 investigations and ndings on incomplete layers, which
were prepared using the "combined preparation" and "stepwise preparation" method, are
discussed. All preparation methods lead to the same iron silicate ngerprint, which proves
that this is the most stable conguration in the measured temperature (≤ 1000 K) and
pressure regime (1.0

· 10−6 mbar).

In the following the individual preparations are addressed and their main information is
summarized.
The

"combined" approach

(chapter 4.1) starts with disordered lms and thus enables free

arrangement of the atoms. In the "combined preparation" method silicon is deposited rst
in oxygen surrounding and on an oxygen pre-covered Ru(0001) substrate. As a result, silicon becomes completely oxidized (Si

4+ state) and Si-O-Si and Si-O-Ru bonds are formed

before iron is deposited. In the "combined UHV preparation" method this is prevented by
deposition of iron rst. Temperatures at which the iron oxide layer and the silica layer on

◦

top of iron begins to order are measured by the appearance of the Moiré pattern and by 30

rotated spots, respectively. The deposition in UHV conditions lowers the temperature for
iron oxide arrangement from 660 K to 570 K and the arrangement of the silica layer from

Preparation method

Abbreviation

Section

Section

(complete layer)

(incomplete layer)

combined

Si+Fe/3O-Ru(0001)

4.1.1

4.4.1

combined UHV

Fe+Si(UHV)/Ru(0001)

4.1.2

-

stepwise

Si/FeO/Ru(0001)

4.2.1

4.4.2

stepwise reversed

Fe/SiO2 /Ru(0001)

4.2.2

-

Overview on dierent preparation methods for iron silicate consisting of a monolayer of silicon and a monolayer of iron.
Table 4.10
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660 K to 650 K. Moreover the characteristic LEEM-IV ngerprint for the nal iron silicate
is found already at 900 K, and thus 100 K lower as for the deposition in oxygen. At around
660 K ("combined preparation") and 650 K ("combined UHV preparation") the iron silicate LEED pattern and the position of nearly all features in the LEEM-IV ngerprint are
already present. For higher temperature only one dip at 5.5 eV is formed additionally in the
LEEM-IV curve, which can be used as a indication for iron silicate lm composition and
quality. Apart from that with increasing temperature the other LEEM-IV peaks further
gain intensity, as well as the LEED spots. This can be attributed to a defect reduction
inside the lm.
Incomplete lms, prepared using the "combined preparation" method (section 4.4.1), show
that for silicon it is energetically preferred to bind to iron and rather form iron silicate
than solely covering the clean Ru(0001) substrate.

As a consequence dierent domains

are found depending on the Fe:Si ratio. First domains of iron silicate form. If the silicon
amount exceeds the iron amount two dierent silica phases form: 1) a silica bilayer, which
is rotated by 30

◦ and found in most cases in contact to iron silicate. Since the dimensions

and structure t exactly to the silica layer in iron silicate, it can be assumed that silicon
indeed starts to form silica rst on iron and then continues to grow next to iron in pure
bilayer silica lms. 2) In the rest of the iron-free area silicon atoms form small monolayer
silica domains on nucleation centers. The iron free silica lms are found to have reduced
components in the Si 2p line, while the silica in iron silicate is completely oxidized. This
indicates that iron acts as a catalyst for silicon oxidation.
In the

"stepwise" approach

(chapter 4.2) rst either FeO or silica are prepared, before sili-

con or iron are deposited, respectively. This procures a pre-ordering of one of the elements
as an oxide, which makes it suitable to study the transformation from this layer to iron
silicate.
The "stepwise preparation" method (section 4.2.1) is closest to the iron silicate structure,
which consists of a FeO-like layer with a silica monolayer on top. The characteristics of
the iron oxide layer in iron silicate are one of the main questions of this thesis. The structure and characteristics of a pure FeO layer is well-known from chapter 3.1.

Therefore,

the "stepwise preparation" method gives direct information about the changes a FeO layer
(+Si) must undergo in order to form iron silicate. The FeO layer reduces the Fe-Fe distance
during the preparation process in order to form a "8 on 9" reconstruction. While these
Fe-Fe distance were already measured for the "combined preparation" in the "stepwise
preparation" the "6 on 7" reconstruction of FeO is actively altered. This becomes possible
since silicon has a higher bond dissociation energy than iron (bond dissociation energies
for Si-O: 798 kJ/mol, for Fe-O : 409 kJ/mol, and Ru-O: 481 kJ/mol [2]). As a consequence
silicon binds to the oxygen layer in FeO and forms Fe-O-Si bonds, while reducing the iron
atoms.

In a subsequent oxidation step silicon arranges rst (already at 460 K), before

oxygen can intercalate to the iron layer underneath and iron oxide is ordering in a Moiré
pattern. The temperature is similar to the "combined UHV preparation" method at 645 K.
In contrast to a pure FeO layer iron is not only found in the Fe

2+ state, but mainly in

3+ state. This indicates an additional oxygen layer at the iron/ruthenium interface.
the Fe
At higher temperatures the iron content is slightly reduced in complete lms, which takes
place at the same temperatures as the additional dip at 5.5 eV in the LEEM-IV spectra
develops. This indicates a correlation between this dip and the iron reduction. The nal
lm is already present at 900 K.
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Incomplete layer using the "stepwise preparation" method conrm the reduction of iron
in the iron silicate islands with increasing temperatures. In fact iron migrates from the
initial iron silicate islands towards iron-free areas (covered with silicon) and form with the
present silicon small isolated islands of iron silicate in close surrounding to the initial iron
silicate islands. If the iron coverage is very high these isolated islands can even combine to
a front starting at the initial iron silicate islands and migrate to the center of the iron-free
holes. For an iron content larger than 0.8 ML (i.e. small holes) in the initially iron-free
areas a 1:1 distribution of (iron silicate): (silica ML) is found.

The initial iron silicate

island itself shows the typical iron silicate signature with a dip at 5.5 eV in the LEEM-IV
curve. From the reduction of iron when transforming FeO (+Si) to iron silicate it can be
concluded that the number of iron atoms per silica unit cell is reduced from three to two.
The "stepwise reversed preparation" method (section 4.2.2) investigates the transformation
from a silica monolayer (+Fe) to iron silicate. The silica monolayer is strongly bond to the
Ru(0001) substrate. Thus, a very high temperature of 825 K is needed before Si-O-Si and
Si-O-Ru bonds are broken and the ML silica transforms to iron silicate. In fact Fe-O-Si
bonds are not formed at RT, as it was the case for the other investigated preparation
methods.

The transformation takes place everywhere on the surface in small domains.

Surprisingly a Moiré pattern is already found at 525 K, which is either iron arranging on
top of the silica monolayer or in silica free areas, like the substrate steps. The nal iron
silicate signature is found at 1000 K. This preparation shows that iron silicate is not only
the energetically preferred lm if iron and silicon are disordered (like in the "combined
preparation" method), but also it is preferred regarding a silica monolayer (+Fe), which is
already strongly bound to Ru(0001) and saturated (no dangling bonds).
In chapter 4.3 the stepwise preparation is used in order to prepare iron silicate with

multiple layer

of either FeO (section 4.3.1) or silica (section 4.3.2). The individual lms are

addressed to as iron(bilayer) silicate and iron silicate(bilayer), respectively. Iron silicate
with only one monolayer of iron and silicon will be addressed to as iron(monolayer) silicate
or iron silicate(monolayer) in order to highlight the dierence in the lms. An overview of
the dierent preparations are given in tab. 4.11. Incomplete layers of iron(bilayer) silicate
are discussed in section 4.4.3.
In section 4.3.1 a FeO BL is used as a basis for iron(bilayer) silicate formation. The FeO
BL is characterized in chapter 3.2. In complete layers the two layer of FeO remain and
silica orders in the same way as on a ML FeO. The strength of the Si-O-Si bond and its
inuence on both of the layers is conrmed, since both FeO layer reduce its Fe-Fe distance
to a "8 on 9" Moiré reconstruction. Additional to the characteristic iron silicate pattern,
also found in iron silicate out of ML FeO (iron(monolayer) silicate), a low intense (3x3)

Preparation method

Abbreviation

Section

Section

(complete layer)

(incomplete layer)

iron(bilayer) silicate

ML Si/BL FeO/Ru(0001)

4.3.1

4.4.3

iron silicate(bilayer)

BL Si/ML FeO/Ru(0001)

4.3.2

-

Overview on iron silicate lms with multiple layer of either iron oxide or silica.
In both cases the "stepwise preparation" method is used, i.e. rst the FeO layer is prepared, and as second step silicon is deposited in 2.0 · 10−7 mbar, before the lm is oxidized in
1.0 · 10−6 mbar.
Table 4.11
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pattern is visible. It can be assumed that this results out of iron atoms arranging in a (3x3)
pattern. These iron atoms can either be iron atoms in the top most layer or iron atoms
which diuse to the top. Since silicon is found to stabilize the iron oxide layer underneath
it can be assumed that this is also the case for these iron atoms. Thus, they remain most
likely underneath the silica layer, leading to a buckling of the silica layer.
In incomplete lms of iron(bilayer) silicate (section 4.4.3) it is found that the two iron
oxide layer are only stable for complete layer, but not in incomplete lms. Iron diuses
out of the iron silicate lms in two phases. In the rst phase the number of iron atoms per
silica unit cell and per layer is reduced from three iron atoms to two. This takes place in
both iron oxide layers. The migrating iron atoms bind to silica atoms at the border of the
initial island and form a rim. This rim shows the signature of iron(monolayer) silicate. In
the second phase iron atoms in the lower iron oxide layer in the initial iron(bilayer) silicate
island leave the islands as well and migrate further than the rim into the iron-free holes
(covered with disordered silica). There iron forms small isolated islands, which again show
the iron(monolayer) silicate signature. In case the initial iron(bilayer) silicate coverage was
larger than 60 % these isolated islands combine to a front, which closes the holes. As a
result these initial iron-free holes transform to iron(monolayer) silicate as well, however,
missing the dip at 5.5 eV in the LEEM-IV spectra, which indicates a higher defect state.
The initial iron(bilayer) silicate islands transform due to the iron loss to iron(monolayer)
silicate (including the dip at 5.5 eV in LEEM-IV). The size of these islands is enlarged by
the size of the rim, which cannot be distinguished anymore form the initial iron(bilayer)
silicate island.
Finally in section 4.3.2 complete layer of iron silicate(bilayer) are discussed, i.e. a bilayer
of silica on top of a monolayer of FeO. Again the "stepwise preparation" method is used.
The LEED pattern of iron silicate(bilayer) equals the one of iron silicate(monolayer). The
reason is the strong Fe-O-Si bond, which connects the lower silica layer to iron oxide.
However, the second silica layer seems to be strongly bond as well, as no transformation
from this crystalline bilayer to a vitreous bilayer is observed. In order to combine strong
Fe-O-Si bonds with Si-O-Si bonds of the second silica layer a structure is proposed in which
every second silicon atom in the lower silica layer binds to iron or the second silica layer on
top. The upper silica layer follows this bonding. Nevertheless, this structure would have
dangling bonds. As there are always OH groups in the chamber, they might be likely to
bind to these dangling bonds.
In summary, iron silicate can be described as a two-layer system consisting of an iron oxide monolayer in contact to the Ru(0001) substrate with a monolayer of silica on top. In
Fig. 4.81 the proposed structure is depicted. The iron oxide layer resembles a ML of FeO,
however the Fe-Fe distances are decreased to 3.044 Å (FeO: 3.157 Å), which corresponds
to a "8 on 9" Moiré pattern on Ru(0001) (FeO: "6 on 7" Moiré pattern). Moreover, the
number of iron atoms per silica unit cell is reduced to two (FeO: three iron atoms per silica
unit cell). The positions of "missing" iron atoms in respect to a complete iron oxide layer
(with three iron atoms per silica unit cell) gives rise to the by 30

◦ rotated structure. Iron

2+ and Fe3+ state. This indicates a higher number of oxygen
atoms are found in the Fe
atoms than iron atoms, which is most likely resulting out of an oxygen layer on top as well
as underneath the iron layer, i.e.

at the iron/ruthenium interface.

As a result Fe-O-Fe

and Fe-O-Ru bonds exist. The oxygen atoms on top of the iron layer are connecting the
silica layer with the iron oxide layer (Fe-O-Si bonds). The silica layer is in a tetrahedral
coordination, with three Si-O bonds in plane and one bond pointing downwards to the iron
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Proposed structure for ultrathin iron silicate lms with two iron atoms per silica
unit cell. Red: Oxygen. Violet: Iron. Yellow: Silicon. Gray: Ruthenium.

Figure 4.81

oxide layer. Thus, the silicon atoms are completely oxidized in the Si

4+ state. The silica

layer is unrotated regarding the iron oxide layer underneath, but shifted in respect to the
positions of the iron atoms. The optimal Si-O-Si bond length denes the Fe-Fe distances
in the iron oxide layer, which indicates a strong Fe-O-Si and Si-O-Si bond. The silica layer
stabilizes the iron oxide layer underneath.
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Chapter 5

Ultrathin layers of FeGeOx on
Ru(0001)
Germanium is in the same main group as silicon, but in one period higher. As a result
the number of valence electrons is the same for silicon and germanium. The number of

2 2s2 2p6 3s2 3p6 3d10 4s2 4p2 ) exceeds the one of sil-

electrons in a germanium atom (1s

2
2
6
2
2
icon (1s 2s 2p 3s 3p ), as is its size. Similar to silica germania exist in vitreous and
quartz forms [69]. Moreover they share similar bond lengths. It should be noted, that the
average Ge-O-Ge bond (3.17 Å, see Fig. 5.18) exceeds the average Si-O-Si bond (3.06 Å,
see Fig. 4.20), due to the larger size of the germanium atoms [92]). Germania investigated
in ambient pressures can be used as models for silica structures at higher pressures [29].
On Ru(0001) a monolayer of germania can be prepared [51]. It consists of corner-sharing
GeO4 tetrahedra. As a result germania can be described as a six-fold ring system parallel
to the surface, where the germanium atoms are connected through oxygen atoms (GeO-Ge bonds).

Germania atoms in the corner sit on top and the fcc hollow sites on the

Ru(0001) atoms. Moreover there is a strong link between corner sharing GeO4 blocks and
the substrate through oxygen (forming Ge-O-Ru bonds).

In contrast to ultrathin silica

monolayers the germania monolayer has more variations in the angular arrangement of the
tetrahedral building units and a more strongly coupled interaction of the lms system with
Ru(0001) [51].
The integration of iron into germania opens the possibility to modify the reactivity of
these lms.

In the literature especially melted powders are used to investigate these

kinds of glasses, for instance in magnesium iron germanate [65] or sodium iron germanate
glasses [61]. Moreover, a phase diagram for the GeO2 -FeO-Fe2 O3 system is given in [94].
Even though the preparation of these melted powders is very dierent to the preparation
in this work, as not only very high temperatures are used but also the samples are produced in air, some characteristics might be comparable. In these glasses iron was found

2+ and Fe3+ oxidation state, where the increase of iron increases the Fe3+
3+ oxidation state are most likely in intermeconcentration. However, atoms with the Fe
to be in the Fe

diate positions.

Germanium has a lower electronegativity than silicon.

As a result the

O 1s splitting between the Ge-O-Ge line and the Ge-O-Na lines is decreased in contrast
to sodium iron silicate glasses [60] (germanium: 1.6 eV, silicon: 2.1 eV). The Ge-O-Fe(II)
and Ge-O-Fe(III) peaks are calculated to be at an energetically intermediate position to
the Ge-O-Ge and Ge-O-Na line. Nevertheless, the intensity is expected to be very small
and in particular much smaller than for Si-O-Fe composites.
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In this work ultrathin two-dimensional layers of iron germanate are prepared on Ru(0001).
While silicon and germanium can be seen as analogues in their properties and structures, it
will be interesting whether this is also the case for ultrathin iron germanate lms in contrast
to iron silicate (chapter 4). Two dierent preparation principles are used: the "stepwise
reversed preparation" method (Section 5.1) and the "combined UHV preparation" method
(Section 5.2). These very dierent preparation principles enable the evaluation of the inuence of pre-prepared structure and oxidation state.
The "stepwise reversed preparation" method starts with a pre-prepared germania lm.
Iron is only deposited in a second step. Here, the inuence of structural pre-order and preoxidation of germanium is of interest. In case of silicon (Section 4.2.2) it was found that
the pre-ordered silica layer increases the necessary energy to form iron silicate. Mostly the
reason for this is the high Si-O dissociation energy in contrast to Fe-O bonds. In contrast,
Ge-O bonds have a lower bond dissociation energy than Si-O [2]. Thus, the pre-ordered
Germania layer is expected to have a dierent inuence on the lm formation as it is the
case for iron silicate. In the "combined UHV preparation" neither iron nor germanium are
ordered or considerably oxidized during deposition, as seen by LEED and XPS. As a result
the structure can arrange more freely than in the "stepwise reversed preparation" method.
Moreover, iron is covered by germanium, thus oxygen must intercalate in order to reach
the iron layer.
In both cases the germanium amount is less than needed to form a monolayer of Germania.
Thus, germanium is free to move and able to form domains or to build a homogeneous
layer. In the "stepwise reversed preparation" the germanium-rich and germanium-free areas are controlled by the germania formation, while in the "combined UHV preparation"
method the material is free to arrange in an optimal manner. The germanium and iron
amounts are kept constant for both preparation methods. The germanium amount equals a
germania coverage of 58 %, while the iron amount equals the amount of a monolayer of FeO.

5.1 Stepwise reversed preparation
(Fe/GeO2/Ru(0001))
In this section the "stepwise reversed preparation" method is used. First, a GeO2 layer is
prepared. As a second step, iron is deposited at RT in
GeO2 layer. Finally the lm is oxidized in

1.0 ·

2.0 · 10−7 mbar

on the as prepared

10−6 mbar in separate temperature steps

at RT, at 620 K, at 720 K and nally at 890 K. While the iron amount equals the amount
necessary to form a monolayer of FeO (see section 3.1), the germanium amount equals
only a coverage of 58 %. The usage of an incomplete germania layer gives the possibility to
evaluate dierences between the germania covered areas and the hole areas. With this the
stability of the single germania island upon iron deposition can be evaluated. Moreover it
can be evaluated, whether iron prefers to bind to germanium or to cover the germaniumfree domains. Additionally changes in the domain sizes through iron could be determined.
In the following, rst the characteristics of the GeO2 monolayer lm are described, before
the individual preparation steps containing iron are analyzed.
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141

GeO2 monolayer lm characteristics
First the preparation of the GeO2 layer and its characteristics regarding the LEED, LEEMIV and XPS data are discussed. In the literature up to now only STM, LEED-IV and DFT
results were shown for ultrathin layers of germania [51]. In order to prepare GeO2 , rst
germanium is deposited at elevated temperatures (540 K) in UHV conditions. At this temperature germanium covers the Ru(0001) substrate homogeneously with germanium atoms
in low concentration (1/9 of the Ru(0001) unit cell are covered with germanium). Due to
the low germanium coverage this layer is invisible in LEEM . However, in LEED a (3x3)
structure forms. After a critical germanium amount is deposited, germanium starts to form
islands starting at the step edges. These islands again have a (3x3) structure in LEED.
However the germanium amount is considerably higher (1/3 of the unit cell is lled with
germanium).

These domains will be addressed to as "close-packed".

For the presented

FeGeOx preparation a coverage of 58 % of these islands is used.
Subsequently to germanium deposition the lm is oxidized in

1.0 · 10−6

mbar of oxygen

for 10 min at 670 K and nally cooled down in this oxygen pressure to RT. In Fig. 5.1 the
characteristics of this GeO2 lm are shown. In LEED a (2x2) pattern is formed (Fig. 5.1a).
In the LEEM image (Fig. 5.1b) the two dierent domains of germanium "close-packed"
and germanium "loosely-packed" are visible. At 19 eV they appear bright and dark, respec-

Figure 5.1 Characteristics of the used GeO2 lm. a) LEED image at 42 eV, b) LEEM at
19 eV, c) LEEM-IV curves of the in b) indicated areas, d) Ge 3d line (hν = 100 eV) and
e) O 1s line (hν = 600 eV). The XPS curves are taken from an area with both germanium
coverages.
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tively. In fact, the corresponding LEEM-IV curves in Fig. 5.1c) indicate that the initially
"loosely-packed" areas show the LEEM-IV ngerprint of a 3O-covered Ru(0001) substrate
(compare Fig. 4.1). Since, the oxidation temperature is not sucient to evaporate germanium, it can be assumed that the germanium atoms either diuse to the "close-packed"
areas, or the amount is so low, that it does not inuence the ngerprint. As a consequence,
in the following the "close-packed" area is addressed as germanium-rich and the "looselypacked" area as germanium-free.

In the germanium-rich areas the germania LEEM-IV

(black curve) is given. For future reference this curve can be used as the ngerprint for
the germania monolayer on Ru(0001).

It contains three main features at 3.8 eV, 6.0 eV,

10.6 eV and 21.6 eV. The MEM-LEEM border is found at 3.29 eV (+0.71 eV compared to
pure Ru(0001)). The XPS results of the Ge 3d and O 1s line are given in Fig. 5.1d and e,
respectively. The data is taken from an area containing the GeO2 islands and germaniapoor holes. The Ge 3d shows that all germanium atoms are completely oxidized by the
Ge

4+ component (at 31.5 eV), i.e. one germanium atom is bound to two oxygen atoms,

respectively. The O 1s line has two components at 529.3 eV and 530.2 eV. They correspond
to the Ge-O-Ru and Ge-O-Ge bonds, respectively. Most likely, the component at 529.3 eV
is overrepresented, since the energetic position of Ru-O overlaps with this line and is expected in the hole regions.

Iron germanate preparation
On the freshly prepared germania monolayer islands a monolayer of iron is deposited at RT
in

2.0 · 10−7 mbar.

In the following the individual preparation steps from iron deposition

up to nal lm preparation of FeGeOx will be evaluated in detail.
The LEED pattern of the individual preparation steps are given in Fig. 5.2. The LEEM-IV
curves of the germanium-rich and germanium-free domains are given in Fig. 5.4a-b and c-d,
respectively. The corresponding values of the MEM-LEEM border are shown in Fig. 5.5.
XPS is taken from an area with both, germanium-rich and germanium-free domains. The
O 1s taken at photon energy of hν = 600 eV and 780 eV are given in Fig.

5.6a and b,

respectively. The Fe 3p and Ge 3d lines, each taken at hν = 175 eV and 360 eV are given
in Fig. 5.6c-d and e-f, respectively.
The deposition of iron diminishes the (2x2) structure of germania. Moiré spots appear,
surrounding the (00) spot (Fig. 5.2b). The Moiré structure typically correlates to the arrangement of iron and indeed a "6 on 7" reconstruction is found. However, the formation
of the Moiré structure already at RT is surprising. In section 4.1.2 iron was deposited in
UHV conditions at RT. In fact, no Moiré pattern was visible, but a star-like pattern (see
Fig. 4.9a). Either the high accessible oxygen amount on the surface (due to the oxidation
in

1.0 · 10−6 mbar)

or the germania layer inuence this iron arrangement. The LEEM-IV

curve 5.4a in the germanium-rich area is unobtrusive with one main peak at 5.2 eV. This
indicates that iron is disordered, as it is expected for RT deposition. The MEM-LEEM
curve 5.5 is strongly shifted down to 2.21 eV (-0.9 eV in contrast to GeO2 ).

This shows

that the layer is not oxygen terminated (Ru(0001): 2.58 eV). The Ge 3d line is given in
Fig. 5.6e-f. Through the iron contact on top of germania, some of the germanium atoms
are reduced in the Ge

2+ state (component at 30.5 eV), i.e. these germanium atoms are

bound to one oxygen atom only.

Thus, iron atoms partially break the bonds between

2+ and Fe3+

germanium atoms in order to build Fe-O-Fe bonds. Iron is oxidized to the Fe
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LEED pattern of the individual preparation steps of iron germanate using the
"stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)). LEED images are taken at
RT and 42 eV.
Figure 5.2

state (see Fig. 5.6c-d) due to the additional oxygen atoms of the germania lm.

Also

0
metallic components are found (Fe ). The O 1s line (Fig. 5.6a-b) shows a strong increase
in the component at 529.3 eV, while the component at 530.2 eV (Ge-O-Ge) is unchanged.
In fact, the component at 529.3 eV does not only correspond to Ge-O-Ru bonds, but also to
Fe-O-Fe and Fe-O-Ru. Thus, the increase in this component correlates with the formation
of Fe-O-Fe or Fe-O-Ru bonds. Here the Fe-O-Fe on top of Germania and Fe-O-Ru in the
holes region contribute to this line.
The layer is oxidized at RT in

1.0·10−6 mbar for 30 min.

In LEED (Fig. 5.2c) no structural

change is visible, which correlates with the low diusion length at RT. However, the LEEMIV curve (Fig. 5.4) has changed slightly showing small peaks at 3.4 eV, 5.6 eV and 11.8 eV.
Moreover, the MEM-LEEM border (Fig. 5.5) is increased by 0.35 eV to 2.57 eV, which ts
to the MEM-LEEM border of Ru(0001) (2.58 eV). While the eect on the structure was
relatively small, chemical changes are found in the degree of oxidation. Germanium atoms

2+ state partially become better oxidized to Ge4+ states (Ge 3d line
2+ state partially oxidize further into Fe3+
Fig. 5.6e-f). Moreover, iron atoms in the Fe
0
states (Fe 3p line: Fig. 5.6e-f). Nearly no Fe components are found anymore. The ra-

originally in the Ge

3+ :Fe2+ is higher for the less surface sensitive energy of 360 eV compared to 175 eV.
2+ component is rather on top than close to the Ru(0001) substrate. The O 1s
Thus, the Fe

tio Fe

line (Fig. 5.6a-b) indicates an increase in the Ge-O-Ru, Fe-O-Fe and Fe-O-Ru component.
This correlates with the higher amount of the Fe
Afterwards the layer is oxidized at 620 K in

3+ line especially close to the substrate.

1.0 · 10−6 mbar.

While increasing the temper-
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Spot intensity of the (00), Moiré and ( (3) × (3))R30◦ spot during oxidation in
−6
1.0 · 10 mbar of iron germanate
with the "stepwise reversed preparation" method
√ prepared
√
(Fe/GeO2 /Ru(0001)). The ( 3 × 3)R30◦ structure refers to a germania structure that is
rotated by 30◦ regarding a complete iron oxide layer. The heating rate was about 0.5-1 K/s,
except at 625 K and 730 K, where the temperature was kept constant for 10 min.
p

Figure 5.3

p

ature at 540 K a (2x2) structure is formed, which increases in intensity with temperature.
The Moiré structure surrounding the (00) spot becomes more pronounced and sharper.
Additionally Moiré spots close to the (10) spots (Ru(0001) substrate) appear, as it is typical for FeO on Ru(0001). The Moiré structure ts to the superposition of six iron atoms on
seven ruthenium atoms ("6 on 7" reconstruction, i.e. Fe-Fe distance of 3.157 ,Å). This is
the same distance as for a pure FeO layer on Ru(0001). At 620 K (Fig. 5.2d) an additional
superstructure, namely a

√
√
( 3 × 3)R30◦

structure appears. In case of iron silicate this in-

dicated the arrangement of silicon atoms on top of iron oxide. Therefore, it can be assumed

On basis of germania

Germania-free

MEM-LEEM

Work function

MEM-LEEM

Work function

Preparation step

border (eV)

(eV)

border (eV)

(eV)

GeO2

3.29

6.15

3.27

6.13

Fe deposition

2.21

5.07

2.25

5.11

Oxidation at RT

2.57

5.43

2.50

5.36

Oxidation at 620 K

2.92

5.78

2.98

5.84

Oxidation at 720 K

3.05

5.91

3.05

5.91

Oxidation at 890 K

2.88

5.74

2.79

5.65

Overview of the individual values of the MEM-LEEM border of an incomplete layer
of iron germanate using the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)).
The MEM-LEEM values are measured with an accuracy of ± 0.02 eV. The work function is
referenced to the value of 5.44 eV for clean Ru(0001) [12].
Table 5.1
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Figure 5.4 LEEM-IV curves for iron germanate with the "stepwise reversed preparation"
method (Fe/GeO2 /Ru(0001)). a-b) In areas with germania basis. c-d) In germania-free areas.
e) LEEM at 20 eV after oxidation at 720 K. The areas on basis of germania and germania-free
areas are indicated in red and violet, respectively.

that indeed the germanium atoms begin to arrange. The arrangement of germanium and
iron is also visible in the LEEM-IV curve in the germanium-rich domains (Fig. 5.4a) The
LEEM-IV curve is on the one hand more intense and on the other hand a new structure
has formed.

Peaks are present at 4.2 eV, 6.7 eV and a very broad one at 11.8 eV. The

MEM-LEEM border is increased during the oxidation by 0.35 eV (2.92 eV) (Fig. 5.5). In
the germanium-free domains the LEEM-IV structure resembles the LEEM-IV ngerprint
of 3O on Ru(0001) strongly (for comparison see Fig. 4.1). Together with these structural
changes, also chemical changes are visible. The Fe 3p line (Fig. 5.6c-d) decreases, while
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MEM-LEEM border for the individual preparation steps of the incomplete iron
germanate layer using the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)). The
MEM-LEEM values are determined by a t of the MEM-LEEM border presented in Fig. 5.4b
and d. The error of this t is ± 0.02 eV.
Figure 5.5

the Ge 3d line (Fig. 5.2e-f ) increases. This indicates the diusion of iron underneath the
germanium layer. As a result FeGeOx seems to be similarly arranged as FeSiOx with an
iron oxide layer underneath and a monolayer of germania on top. Similar to the silica layer

◦ and arranged regarding the iron
4+ state.
atoms underneath. Now, the germanium atoms are completely oxidized to the Ge
2+ component is strongly decreased. In fact for both an oxidized iron oxide layer
The Fe

in FeSiOx , the germania layer in FeGeOx is rotated by 30

2+ towards Fe3+

(section 3.1), as well as for iron silicate (chapter 4.2) a transformation of Fe
is found.

Therefore, this transformation is expected for both the germanium free holes,

as well as the germania "close-packed" islands.

The O 1s line (Fig. 5.6a-b) indicates a

strong increase of the Ge-O-Ge component at 530.2 eV. The comparison between a photon
energy of 600 eV and 780 eV shows that the ratio of the intensities I(530.2 eV): I(529.3 eV)
is larger for surface sensitive probing. Since the component at 350.2 eV only corresponds
to germanium, while the component at 529.3 eV corresponds to both, germanium and iron
bound to oxygen, the results show that germanium is indeed on top of iron.
The layer is further oxidized at 720 K. During the annealing process Moiré spots surrounding the

√ √
( 3× 3)R30◦ spots appear.

pronounced, i.e.

Furthermore, Moiré and

the lm becomes better arranged.

√ √
( 3× 3)R30◦ become more

In fact, the (2x2) structure already

present at 620 K turns out to correlate to holes in the lm, since they are only present
for temperatures lower than 670 K. In fact, the LEEM-IV curve of the germanium-free
areas (Fig. 5.4c) indicates that iron is nearly gone in these areas and mainly a 3O covered
Ru(0001) substrate remains. Altogether, the germanium-free areas behave like pure iron
oxide on Ru(0001).

There also domains have been found, where the iron concentration

was reduced, either by migration or evaporation (see section 3.1). This suggests that the
germanium concentration in these areas must be either really low or most likely depleted
during GeO2 formation. The LEEM-IV curve in the germanium-rich domains (Fig. 5.4a) is
unchanged in the peak position, but strongly increased in the individual peaks. Again, this
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Figure 5.6 XPS analysis of an incomplete iron germanate layer for the "stepwise reversed
preparation" method (Fe/GeO2 /Ru(0001)). O 1s line for a photon energy of a) 600 eV and
b) 780 eV. Fe 3p line for a photon energy of c) 175 eV and d) 360 eV. Ge 3d line for a photon
energy of e) 175 eV and f) 360 eV. The measurements summarize both germanium-rich and
germanium-free domains and are taken at RT.
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implies the improved ordering of the lm. The MEM-LEEM border (Fig. 5.5) is increased
by 0.1 eV (3.05 eV). No strong chemical changes are found. The Ge 3d (Fig. 5.6e-f ) and
O 1s line (Fig. 5.6a-b) are rather unchanged. Only the Fe 3p line (Fig. 5.6c-d) indicates a
slight increase in the Fe

3+ component, possibly due to intercalation of oxygen.

Up to 860 K the lm is stable and becomes better ordered.
Moiré spots appear. For temperatures higher than 860 K the

Additionally higher order
√
√
( 3 × 3)R30◦ spots de-

crease in intensity and the Moiré spots surrounding them disappear. The peak positions
of the LEEM-IV curve (ngerprint) remains, but the intensity is strongly decreased (see
Fig. 5.4a).

Only the peak at 4.5 eV shifts to 5.0 eV. The XPS curves reveal the evap-

oration of germanium in the strong decrease of the Ge 3d line (Fig. 5.6e-f ), while the
Fe 3p line (Fig. 5.6c-d) is increased. This correlates with the decrease in the intensity of
the

√
√
( 3 × 3)R30◦

spots, which correlates with GeO2 ordering.

Also in the O 1s line

(Fig. 5.6a-b) the Ge-O-Ge line is decreased, while the component for Fe-O-Fe/ Fe-O-Ru
and Ge-O-Ru is unchanged.

Summary and conclusion of the formation process of iron germanate using the
"stepwise reversed preparation" method
In summary the FeGeOx has a similar structure as FeSiOx (see chapter 4). A monolayer
of GeO2 is arranged on top of a monolayer of iron oxide. The LEED pattern gives rise

◦ rotated spots. In fact, the iron oxide

to a "6 on 7" Moiré pattern, together with by 30

layer shares the same Fe-Fe distances as the pure FeO layer (Fe-Fe distance: 3.157 Å, as
calculated from the measured "6 on 7" Moiré reconstruction, see chapter 3.1). This is a
strong dierence compared to silicon, where a reduction of the Fe-Fe distance to a value of
3.044 Å takes place (Chapter 4). Moreover in the O 1s line only two components are found.
For sodium iron germinate melts the expected energy of a Ge-O-Fe line is calculated by
the usage of the ionic eld strength Z/r (Z is the nominal charge on the ion and r the mean
radius in nm). It was found that Ge-O-Fe(II) and Ge-O-Fe(III) are expected at 530.0 eV
and 530.5 eV, with the Ge-O-Ge bond at 531.0 eV [61]. However, the individual peak area
of the Ge-O-Fe peak is very low and in particular much lower than for Si-O-Fe bonds [60].
Thus, they are not easy to distinguish in the given spectra.
The formation process of iron germanate islands using the "stepwise reversed preparation"
method is depicted in Fig. 5.7. The basis is an incomplete layer of germania (58 % coverage) on the Ru(0001) substrate (Fig. 5.7a). At RT in

2.0 · 10−7 mbar

iron in the amount

necessary to form a monolayer of FeO is deposited on top. The formerly well-oxidized germania layer becomes reduced, since iron dissociates Ge-O-Ge bonds, in favor of Fe-O-Fe
bonds. Already at RT Moiré spots with a "6 on 7" reconstruction appear. Subsequently
the lm is oxidized at RT, 620 K, 720 K and 890 K in

1.0 · 10−6 mbar

of oxygen. The ox-

idation at RT leads to an improved oxidation of germanium and iron. In particular, the
Fe

3+ component is increased, which correlates to Fe-O-Ru bonds. At 540 K (2x2) spots

appear, indicating the formation of holes in the germanium-free areas. As depth prole
measurements of the O 1s line show, with increased oxidation temperature iron, originally
on top of germania, intercalates to the germania/ruthenium interface.
rotated spots appear (Fig.

◦

At 620 K by 30

5.7c), indicating germanium arrangement regarding the iron

oxide layer underneath. Up to 860 K the structure improves its crystallinity (Fig. 5.7f ).
For higher temperatures germanium evaporates (Fig. 5.7e).
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Individual steps during oxidation of iron germanate prepared with the "stepwise
reversed preparation" method (Fe/GeO2 /Ru(0001)). a) Germania monolayer. b) Deposition
of iron in 2.0 · 10−7 mbar of oxygen. Iron reduces the germanium atoms, in order to form
Fe-O-Fe bonds. At this stage Moiré spots are already present in LEED. c-e) Oxidation in
1.0 · 10−6 mbar. c) Iron intercalates to Ge/Ru interface and germanium is completely oxidized
in the Ge4+ state. Iron is mainly in the Fe3+ state. At 620 K beginning formation of by 30◦
rotated spots due to germania arrangement on top of the iron oxide layer. d) Up to 860 K the
structure improves its crystallinity. e) Above 860 K germanium evaporates. Red: Oxygen.
Blue: Iron. Green: Germanium.
Figure 5.7

The domains where germanium was only "loosely-packed" after germanium deposition
prove to be germanium free after GeO2 formation. The deposited iron is found in both
domains. The oxidation reduces the iron amount in the germanium-free domains strongly
at elevated temperatures, which indicates either the evaporation of iron or the migration of iron to the germanium-rich domains. In the oxidized monolayer FeO lm (section
3.1) the diusion of iron in single domains was found, so that holes started to appear.
In comparison to this eect, similarly iron might diuse to the FeGeOx domains as well.
Moreover, germanium stabilizes the iron oxide layer up to 890 K. At this temperature GeO2
is evaporated. In contrast, FeSiOx is even stable to temperatures much higher than 1000 K.

5.2 Combined UHV preparation
(Fe+Ge(UHV)/Ru(0001))
In this chapter the "combined UHV preparation" method is used. Hereby, iron and germanium are deposited subsequently at RT in UHV. Afterwards the layer is oxidized stepwise
at RT, 620 K, 720 K and 880 K in
the one deposited in section 5.1:

1.0 · 10−6 mbar.

The deposited material amount equals

germanium in the amount of 58 % of a monolayer of

germania, and iron in the amount needed for a complete monolayer of FeO. In contrast to
section 5.1 both, iron and germanium are found to be disordered after deposition. As a
result a free arrangement of the individual atoms is possible. Moreover, neither germanium
nor iron is completely oxidized after their deposition. Therefore, the possibility for new
bonds and a dierent order of oxygen bonds are given.
The LEED images (in Fig. 5.8), the LEEM-IV curves (Fig. 5.10) and their MEM-LEEM
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border (Fig. 5.11) show the structural changes for the individual preparation step. Moreover the intensity change during annealing in oxygen is given for the (00) spot, a Moiré
spot and a

√
√
( 3 × 3)R30◦

in Fig. 5.9.

Chemical results are shown by XPS. Here, the

O 1s lines are given for photon energies of hν = 600 eV and 780 eV in Fig. 5.12a and b,
respectively. The Fe 3p and Ge 3d lines, each taken at hν = 175 eV and 360 eV are depicted
in Fig. 5.12c-d and e-f, respectively.
First, iron is deposited on a freshly cleaned Ru(0001) substrate. However, residual oxygen
atoms on the surface, as well as in the surrounding lead to a star-like pattern in LEED
(Fig. 5.8a). Earlier experiments have shown that this pattern is only present for a very
low oxygen amount (see chapter 4.1.2. As a second step, germanium is deposited. The
layer is disordered and in LEED mainly the (00) spot and the substrate spots are visible
(Fig. 5.8b).

Moreover, elongated spots are present.

The LEEM-IV curve (Fig.

shows that the lm is disordered, since the intensity is very low.

5.10a)

The lm is not oxy-

gen terminated, as is visible in the low MEM-LEEM border at 2.22 eV (Ru: 2.58 eV) in
Fig. 5.11. The reason is the low oxygen amount (background pressure:

7.0 · 10−9 mbar).

The lm is partially oxidized due to the long deposition time of germanium of four hours
(iron: 10 min). As a consequence the residual oxygen atoms in the gas surrounding lead

LEED images of the individual preparation steps of iron germanate using the
"combined UHV preparation" method (Fe+Ge(UHV)/ Ru(0001)). The oxidation takes place
in 1.0 · 10−6 mbar of oxygen. LEED images are taken at 42 eV and RT. The (2x2) structure,
formed at oxidation above 640 K, is only present when the LEED is measured at temperatures
below 600 K. The LEED image a) is identical with the one used in Fig. 4.9a.
Figure 5.8
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√

√

LEED spot intensities of the (00), Moiré and ( 3 × 3)R30◦ spots during the
oxidation in 1.0 · 10−6 mbar of oxygen, starting with an iron germanate layer√prepared
√ with
the "combined UHV preparation" method (Fe+Ge(UHV)/ Ru(0001)). The ( 3 × 3)R30◦
structure refers to a germania structure that is rotated by 30◦ regarding a complete iron
oxide layer. The heating rate was about 0.5-1 K/s, except at 625 K and 730 K, where the
temperature was kept constant for 10 min.
Figure 5.9

to the partial oxidation of germanium and iron. This is visible by two components in the
O 1s line (Fig. 5.12a-b) at 529.3 eV (typically Fe-O-Fe, Fe-O-Ru and Ge-O-Ru bonds) and
530.2 eV (Ge-O-Ge bonds). However, the overall peak intensity is very low. The Fe 3p line

0 state (at 52.8 eV) with

in Fig. 5.12c-d) indicates that most of the iron atoms are in the Fe

2+ state (at 54.1 eV). Equal amounts of germanium atoms are in
some small parts in the Fe
0
1+ and Ge2+ state and a small portion is even in the Ge4+ state (Ge 3d line:
the Ge , Ge
2+ indicates that one germanium atom is bound
4+ state are bound to two oxygen
to one oxygen atom, while germanium atoms in the Ge

Fig. 5.12e-f ).

An oxidation state of Ge

atoms and are thus, completely oxidized. The peak form is homogeneous, which indicates
that no oxygen free Fe-Ge bonds are formed.
The lm is oxidized for 30 min in

1.0 · 10−6 mbar.

The presence of oxygen increases the

amount of oxidized atoms of both, iron and germanium (Fe 3p:

Fig. 5.12c-d, Ge 3d:

Fig. 5.12e-f ). This shows that iron becomes oxidized, even when covered with germanium.
A complete oxidation of all iron or germanium atoms is not achieved. Due to the oxidation

0 component) decreases, while
2+ component rises. Additionally some iron atoms are already found in the Fe3+
the Fe
0
1+ state in germanium is found combined
state. Also a strong reduction of the Ge and Ge
at RT, the amount of iron atoms which are not oxidized (Fe

4+ state. The number of germanium atoms in the Ge2+ state

with an increase in the Ge

is unchanged. Fitting to these results the O 1s line increases considerably (Fig. 5.12a-b).
The highest gain correlates to the component at 529.3 eV and thus, to iron oxidation. No
structural change is visible. Even the MEM-LEEM border remains at 2.22 eV (Fig. 5.11).
The increase in temperature to 620 K leads to a structural arrangement of the iron atoms.
At 520 K a ring forms surrounding the (00) spot and separates at 590 K into individual
Moiré spots with a "6 on 7" reconstruction (Fig. 5.8d). No additional superstructure spots
corresponding to germanium are present. In LEEM-IV (Fig. 5.10a) the peaks at 5.8 eV
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5.10 a) LEEM-IV and b) MEM-LEEM border for the individual preparation steps of an iron germanate layer using the "combined UHV preparation" method
(Fe+Ge(UHV)/Ru(0001)). The measurements are taken at RT. c) LEEM at 20 eV after
oxidation at 720 K.
Figure

Preparation step

Energetic position of the

Workfunction (eV)

MEM-LEEM border (eV)

(referenced to clean
Ru(0001) with 5.44 eV [12])

Fe + Ge

2.22

5.08

Oxidation at RT

2.22

5.08

Oxidation at 620 K

2.55

5.41

Oxidation at 720 K

2.79

5.65

Oxidation at 880 K

2.81

5.67

Overview of the individual values of the MEM-LEEM border of an incomplete layer
of iron germanate using the "combined UHV preparation" method (Fe+Ge(UHV)/Ru(0001)).
The MEM-LEEM values are measured with an accuracy of ± 0.02 eV.
Table 5.2

and 12 eV are well pronounced.

Also the MEM-LEEM border (Fig.

5.11) is increased

to 2.55 eV and thus, comparable to Ru(0001) with 2.58 eV (within the accuracy of the
measurements).

Even though most iron and germanium atoms become better oxidized,

reduced components are still present (Fe 3p: Fig. 5.12c-d, Ge 3d: Fig. 5.12e-f ).

As for

4+ state, the rest in the Ge2+
germanium approximately 2/3 of the atoms are in the Ge
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Figure 5.11 MEM-LEEM border for the individual preparation steps of an iron germanate
layer prepared with the "combined UHV preparation" method (Fe+Ge (UHV)/Ru(0001)).
The MEM-LEEM values are determined by a t of the MEM-LEEM border presented in
Fig. 5.10b. The error of this t is ± 0.02 eV.

2+ and Fe3+ states. Some iron atoms

state. The iron atoms are found mainly in the Fe

0 state. The strong oxidation of the individual components is

are still in the metallic Fe

mirrored in the rise of the O 1s line (Fig. 5.12a-b) in both components at 530.2 eV and
529.3 eV.
At a temperature of 670 K

√
√
( 3 × 3)R30◦

spots start to appear, and thus, germanium

starts to order. Even after oxidation at 720 K for 10 min no Moiré spots surrounding this
superstructure are found. Together with the

√ √
( 3 × 3)R30◦

structure, (2x2) spots become

visible; their the intensities decrease with rising temperature.

At 720 K the (2x2) spots

are not visible anymore, but recover during cooling the sample to RT (Fig. 5.8e). These
disappearance of (2x2) spots at high temperatures is typical for a 3O-covered Ru(0001)
substrate, and thus, indicates that holes down to 3O covered substrate are present in the
lm.

In LEEM the sample appears to be very homogeneous, however domains smaller

than 100 nm can be identied (see the zoom in Fig.

5.10c).

The LEEM-IV curve (Fig.

5.10a) shows a broad band from 3.4 eV to 6.8 eV and a broad peak at 11.8 eV. The observed
domains in Fig. 5.10c are too small to measure LEEM-IV curves in both areas. Thus, in
order to prove the assumption of holes in the lm the summed LEEM-IV curve of the
complete lm can be compared to the superimposed LEEM-IV curve of iron germanate
areas and hole areas from the "stepwise reversed preparation" method (section 5.1).

In

Fig. 5.13a this constructed curve is compared to the one measured in the "combined UHV
preparation" method at 720 K. Indeed in both curves the same shape and characteristics
(peak positions) of the LEEM-IV curve are found.
This shows that very small holes (less than 30 nm) down to the substrate must be present.
The MEM-LEEM border (Fig. 5.11) is increased by 0.24 eV, which ts to the increased
ordering and oxidation of the layer.

In fact, at 720 K iron and germanium atoms are

4+ state) is

completely oxidized. This indicates that complete oxidation of germanium (Ge

necessary, before the ordered structure can be optimized. Indeed the same eect has been
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XPS analysis of an iron germanate layer prepared with the "combined UHV
preparation" method (Fe+Ge(UHV)/Ru(0001)). O 1s line for a photon energy of a) 600 eV
and b) 780 eV. Fe 3p line for a photon energy of c) 175 eV and d) 360 eV. Ge 3d line for a
photon energy of e) 175 eV and f) 360 eV. The oxidation pressure is 1.0 · 10−6 mbar. The
measurements are taken at RT.
Figure 5.12
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found for multilayer iron silicate lms (section 4.3). There it turned out that a complete
oxidation of iron was necessary before the typical Moiré structure formed. This seems to

2+ state is strongly decreased and the

be the case for germanium atoms, as well. The Fe

3+ state.
dominant state for iron is the Fe
4.2) or oxidized FeO layer (section 3.1).

This ts to iron silicate lms (chapters 4.1-

Both O 1s components are strongly increased

(Fig. 5.12a-b).
Further annealing up to 840 K improves the lm order considerably. At 830 K Moiré spots

√
√
◦
( 3 × 3)R30
appear, indicating good crystallinity. For tempera√ spots
√
◦
tures higher than 840 K the ( 3× 3)R30 spot intensity decreases strongly (Fig. 5.8f ), due
surrounding the

to germanium evaporation, similar to the "stepwise reversed preparation" method. The loss
of germanium becomes obvious by the intensity decrease of the Ge 3d line (Fig. 5.12e-f ) and
increase of the Fe 3p line (Fig. 5.12c-d). Furthermore, the O 1s component (Fig. 5.12a-b) at
530.2 eV, associated with Ge-O-Ge formation, decreases strongly. The LEEM-IV curve has
signicant peaks at 6.1 eV, 11.8 eV and 22.7 eV. Also at this temperature the comparison of
the LEEM-IV curve mirrors the superimposed LEEM-IV curves of the "stepwise reversed
preparation" method in germanium-rich and germanium-free domains (Fig. 5.13b).

LEEM-IV curves of iron germanate preparations using the "stepwise reversed
preparation" method (chapter 5.1) (Fe/GeO2 /Ru(0001)) and "combined UHV preparation"
(this chapter) (Fe+Ge(UHV)/Ru(0001)) at a) 720 K and b) 890 K and 880 K, respectively.
The LEEM-IV curve of the "stepwise reversed preparation" method is a sum of the LEEM-IV
curves in the iron germanate and 3O-Ru(0001) area assuming 1:1 ratio. The LEEM-IV curve
of the "combined UHV preparation" is the as measured curve.
Figure 5.13
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Summary of the "combined UHV preparation" method of iron germanate
The formation process of iron germanate using the "combined UHV preparation" method
is depicted in Fig.

5.14.

First the amount necessary to form a monolayer of iron and

then 0.58 ML necessary for a monolayer of germania are deposited at RT in UHV conditions.

After deposition iron and germanium are partially oxidized, most likely during

the long deposition time of germanium (four hours) of residual oxygen in the surrounding.
The deposited lm is disordered (see Fig.

1.0 · 10−6 mbar

5.14a).

Subsequently, the lm is oxidized in

at RT, 620 K, 720 K and 880 K. Oxidation at RT leads to an improved

oxidation of germanium and especially iron (Fig. 5.14b). No structural change is visible.
At 520 K, iron begins to arrange, as is visible by the formation of a ring surrounding the
(00) spot in LEED. At 590 K (see Fig. 5.14c) this ring separates and reveals Moiré spots
with a "6 on 7" reconstruction. Nevertheless reduced components in the Fe 3p and Ge 3d
line are preserved. At an oxidation temperature of 670 K (Fig. 5.14d), both, (2x2) spots
and

√
√
( 3 × 3)R30◦

appear.

The (2x2) spots show all characteristics of hole formation

down to the Ru(0001) substrate, i.e. the lm separates in germanium-rich (iron germanate)
and germanium-free domains (holes). These domains are in the range of

≤ 100

nm and

homogeneously distributed. At 720 K iron and germanium are completely oxidized. The
lm structure improves up to 840 K (Fig. 5.14e), showing good crystallinity. For higher
temperatures than 840 K germanium evaporates, leaving iron behind (Fig. 5.14f ).
The "combined UHV preparation" method produces the same structure of iron germanate
as the "stepwise reversed preparation" method: A Moiré structure and a

√
√
( 3 × 3)R30◦ .

However, the necessary energy for the iron and germanium atoms for the lm arrangement
and oxidation is much higher.

One reason is the lack of oxygen during deposition, the

Individual steps during oxidation of iron germanate prepared with the "combined
UHV preparation" method (Fe+Ge(UHV)/Ru(0001)). a) deposition of iron and germanium
at RT. The lm is disordered. Iron and germanium are partially oxidized. b-e) Oxidation
in 1.0 · 10−6 mbar. b) Oxidation at RT. Improved oxidation of germanium, and especially
iron, but no structural change. c) Oxidation at 590 K. Iron is arranging, giving rise to a
"6 on 7" Moiré pattern surrounding the (00) spot. Still reduced
components
√
√ germanium
present. d) Oxidation at 670 K. Separation in iron germanate (( 3 × 3)R30◦ spots) and
holes down to the Ru(0001) substrate ((2x2) spots). Now also germanium is completely
oxidized in the Ge4+ state. Iron is mainly found in the Fe3+ state. e) Up to 840 K the iron
germanate structure improves. f) Temperatures above 840 K lead to germanium evaporation.
Red: Oxygen. Blue: Iron. Green: Germanium.
Figure 5.14

5.3. Summary and conclusion of ultrathin FeGeOx lms

157

other the disorder of the layer. Since the germanium amount is not sucient for a closed
germania layer, holes down to the 3O-covered Ru(0001) substrate are formed. As was seen
for the "stepwise reversed preparation" method, iron atoms not bound to germanium are
thermally less stable than those in the iron germanate regions. Thus, germanium stabilizes
the iron oxide layer. Moreover, the lm is less stable at higher temperatures than the lm
prepared with the "stepwise reversed preparation" method, most likely due to the large
amount of very small holes and with this large rim area of iron germanate.

5.3 Summary and conclusion of ultrathin FeGeOx lms
The results show that ultrathin iron germanate lms exist on Ru(0001). Iron germanate can
be prepared using dierent preparation methods, namely the "stepwise reversed preparation" and the "combined UHV preparation" method. The characteristic LEEM-IV ngerprint is given in Fig. 5.15 and the characteristic LEED-IV ngerprints for both preparation
methods are shown in Fig. 5.16.
In the "stepwise reversed preparation" method during the germania preparation germaniumrich and germanium-free domains are prepared. The size of these areas is unchanged upon
iron deposition. As a result in the germania-rich areas iron germanate forms, while in the
germanium-free domains iron oxide is produced.

With increased oxidation temperature

these iron oxide layers dissolve. Most likely iron diuses from the germanium-free domains
to the iron germanate domains. At 620 K germanium and iron are completely oxidized and
the later iron germanate structure is already present. The structure improves up to 860 K,
before germanium starts to evaporate.
In the "combined UHV preparation" method also domains of iron-rich and iron-free areas
are found. Nevertheless, their dimensions are very small, so that the iron germanate domains are supposedly very small as well. The necessary energy (temperature) to oxidize

Fingerprint for FeGeOx lms. This curve is taken from the germanium-rich areas
of the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)).
Figure 5.15
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LEED-IV curves of FeGeOx prepared with the "stepwise reversed preparation"
method (chapter 5.1) (Fe/GeO2 /Ru(0001)) and "combined UHV preparation" (this chapter)
(Fe+Ge(UHV)/Ru(0001)) at 890 K√and √880 K, respectively. √
a) (00)
√ spot, b) a Moiré spot,
surrounding the (00) spot and c) ( 3 × 3)R30◦ spot. The ( 3 × 3)R30◦ structure refers
to a germania structure that is rotated by 30◦ regarding a complete iron oxide layer.
Figure 5.16

germanium and iron is considerably higher (720 K) as for the "stepwise reversed prepara-

◦ rotated

tion" method (620 K). Also the germanium atoms start to arrange and the by 30

structure appears at higher temperatures (670 K). Moreover, the lm is less stable, as germanium starts to evaporate already at 840 K. In summary, the pre-prepared germania layer
decreases the necessary energy for the arrangement and oxidation of the lm. Moreover,
the nal lm is more stable. The reason might be the small size of the domains and thus,
large domain borders, which makes desorption of germanium (especially at the border)
easier. An overview of the individual temperatures for both preparation methods are given
in Tab. 5.3.
Iron germanate prove to have nearly the same structure as iron silicate: a germania monolayer bound through oxygen atoms to a iron oxide layer on top of Ru(0001). A model is
given in Fig. 5.17. Since the results of iron silicate indicate only two iron atoms per silica
unit cell, the same iron concentration per germania unit cell is assumed for iron germanate.
The structure of the germania layer is nearly the same as the equivalent silica layer, namely
unrotated regarding the iron oxide layer underneath, but shifted in respect to the position
of the iron atoms. As a dierence, the iron oxide layer in iron germanate has the same dimensions as a pure FeO layer (chapter 3), which is a "6 on 7" reconstruction (Fe-Fe distance:
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stepwise reversed

combined UHV

(Fe/GeO2 /Ru(0001))

(Fe+Ge(UHV)/Ru(0001)

completely oxidized

620 K

720 K

T of Moiré formation

After Deposition

590 K

620 K

670 K

860 K

840 K

Abbreviation
T at which Fe and Ge are

◦ rotated spots

T of by 30

T of Ge desorption

Temperature dependencies of iron germanate preparations on Ru(0001) using different preparation methods.
Table 5.3

3.157 Å). In contrast in iron silicate silicon reduces the Fe-Fe distance to 3.044 Å ("8 on 9"
reconstruction). In the following it will be discussed, why the same Fe-Fe distance is found
in iron germanate as in pure FeO layers. There can be two possibilities: A) The Fe-O-Ge
bond is weak, so that the iron oxide layer is arranged unperturbed. B) The Ge-O-Ge bond
denes the distances of the iron atoms (i.e. the Ge-O-Fe bond is strong) and the Fe-Fe
distances are accidently overlapping with the ideal Fe-Fe distance in FeO.
Germanium has the same number of valence electrons, since it is the same group of the
periodic table.

However the period is higher and thus, the overall number of electrons.

As a result the diameter of the germanium atom is larger than the diameter of the silicon
atoms. This results in a larger Ge-O distance (medium value 1.73 Å [92]) as for Si-O bond
(1.61 Å compare section 4.1.3. The angle of the Ge-O-Ge bond is typically smaller (mean

◦ [99]) than that of Si-O-Si. Using these values the intermediate Ge-Ge distance

value: 133

can be calculated to 3.17 Å. The corresponding geometry is shown in Fig. 5.18. The determined Fe-Fe distance is 3.157 Å, which is a compression of 0.4 % relative to the average
Ge-O-Ge distance.
Assuming the same coordination number, i.e. number of nearest neighbors, the electronegativity of germanium

χSi .

χGe

is found to be slightly higher than the electronegativity of silicon

For a coordination number of four, which ts to the iron germanate and iron silicate

lms in this thesis, the electronegativities are determined for silicon and germanium as
1.81 and 1.83, respectively [29]. Since these values are very similar, comparable properties
of the Ge-O-Fe and Si-O-Fe bonds are expected. The slightly higher electronegativity of

Figure 5.17 Structural model of iron germanate in the a) x-direction, b) y-direction and
c) z-direction. Red: Oxygen. Violet: Iron. Green: Germanium. Gray: Ruthenium.
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Figure 5.18 Geometry of an unstrained Ge-O-Ge bond with medium values. The medium
value of the Ge-O distance in a Ge-O-Ge bond is taken from [92]), the angle from [99].

germanium indicates that iron transfers even more electronic charge to the oxygen atom
in the Ge-O-Fe bond than in the Si-O-Fe bond, which shifts the electron density maxima
slightly more towards the germanium atom than the silicon atom (compare also section
4.1.3). Moreover the oxygen dissociation energies of Si-O and Ge-O are (with 798 kJ/mol
and 662 kJ/mol, respectively) much higher than the oxygen dissociation energies of Fe-O
(409 kJ/mol) and Ru-O (481 kJ/mol). The values are valid for the gas phase and taken
from [2].
Judging from the electronegativities and oxygen dissociation energies, a similar bond
strength for the Si-O-Fe and Ge-O-Fe bond is expected.

Therefore, the reason for the

achieved Fe-Fe distance might be rather the optimal Ge-O-Ge bond distance than the optimal Fe-Fe distance in FeO. This indicates that the Ge-O-Fe bond is equally strong as the
Si-O-Fe bond.
Comparing the "stepwise reversed preparation" with the "combined UHV preparation",
the pre-ordering of the GeO2 layer lowers the necessary oxidation temperature of the arrangement of the iron germanate layer. In contrast the pre-ordered SiO2 layer increases
the temperature of iron silicate formation (compare section 4.2.2). The same is the case
for the oxidation of the lm. In fact, the deposition of iron on germania leads to a decrease
of the Ge 3d oxidation state. For silicon this does not happen. It was even observed that
iron oxide becomes reduced after silicon oxidation (see section 4.2.1).
In the O 1s line of iron silicate the Si-O-Fe component is easily distinguishable. For the
Ge-O-Fe bond this is not the case. In fact the individual O 1s lines can be tted also with
two lines, only. In literature [61] the intensity and expected position of the Ge-O-Fe line
for sodium iron germanate lms have been calculated. It was found that the intensity of
the Ge-O-Fe line is very low and the position is expected 0.5 eV - 1.0 eV separated from
the Ge-O-Ge line. Due to the low intensity a Ge-O-Fe bond cannot be proven using the
O 1s line. Nevertheless a Ge-O-Fe bond is expected, since the same structure as for iron
silicate is found. The Fe

3+ :Fe2+ ratio is similar for iron silicate and iron germanate.

Germanium and silicon stabilize the iron oxide layer. However, iron germanate is thermally
less stable than iron silicate with desorption temperature of 860 K compared to 1000 K.
The reason is the dierent stabilities of germanium and silicon themselves, which is also
obvious by their very dierent melting temperatures of 1210 K and 1688 K for germanium
and silicon, respectively [1]. The stability of iron germanate and iron silicate depend in
both cases on the preparation method.
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Iron silicate

Iron germanate

Fe-Fe distance /Moiré

3.044 Å/ "8 on 9"

3.157 Å/ "6 on 7"

Silica/germania

unrotated, but shifted

unrotated, but shifted

arrangement

regarding iron oxide layer

regarding iron oxide layer

Workfunction

5.83 - 5.95 eV

5.65 - 5.91 eV

(at 900 K or 1000 K)

(at 720 K)

Si-O-Si: 531.0 eV

Ge-O-Ge: 530.2 eV

Si-O-Fe: 530.0 eV

Fe-O-Fe/Fe-O-Ru/Ge-O-Ru:

Fe-O-Fe/Fe-O-Ru: 529.3 eV

529.3 eV

900 K - 1000 K

840 K - 860 K

≤1100 K

840 K - 860 K

O 1s lines

Final lm
temperature
Desorption
temperature

Comparison of the characteristics of iron silicate and iron germanate on Ru(0001)
as found in this thesis.
Table 5.4

In summary iron germanate ultrathin lms can be prepared on Ru(0001). In their structure they are very similar to ultrathin iron silicate lms, forming a two-layered lm with a
monolayer of germania on top of an iron oxide layer. Since the results of the iron silicate
layer in chapter 4 indicate the number of iron atoms per unit cell to be two, it s assumed,
that this is also the case for iron germanate. Thus, in accordance to iron silicate the germania layer is unrotated, but shifted relative to the iron atoms underneath.

The Fe-Fe

distance in iron germanate equals a "6 on 7" reconstruction. A strong Ge-O-Fe bond can
be assumed to present, judging from the similar electronegativity of germanium and silicon
and the bond dissociation energies. Nevertheless in the XPS O 1s line the Ge-O-Fe bond
is not visible. Calculations of the Ge-O-Fe line for sodium iron germanate indicate that
the intensity is expected to be very low and in particular much lower than for the Si-O-Fe
line for the same occurrence. Moreover, the position of the Ge-O-Ge line overlaps with the
Ge-O-Fe lines. Germanium, similar to silicon stabilizes the iron oxide layer underneath.
However the maximum oxidation temperature is considerably lower for germania, which
correlates with the lower melting temperature of germanium in contrast to silicon.
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Chapter 6

Preliminary results:
Inuence of the metallic support
In the previous chapters iron oxide based ultrathin lm formation was studied on Ru(0001).
However, the importance of the substrate was not discussed up to now. For ultrathin silica
layer the substrate proved to be decisive for the formation of mono- or bilayer lms of
silica and possible crystal structures (crystalline or vitreous). In particular, the strength
of the metal-oxygen bond denes the possible layer thickness [89] and the lattice mismatch
the possible crystallinity [97]. Thus, the variation of the substrate for iron silicate formation should make information accessible about the importance of the oxygen layer at the
Fe/Ru-interface and the inuence of the Ru(0001) substrate on the iron silicate formation.
In the following, preliminary results at the study of ultrathin layers of iron silicate on a
Pt(111) crystal are shown.

Pt(111) is known to have a weak metal-oxygen bond [109],

which is considerably weaker than for Ru(0001) ( dissociative heats of adsorption of O2 on
Pt(111) and Ru(0001) are 133 kJ/mol and 220 kJ/mol [75], respectively).
Iron silicate was prepared with the "combined preparation" method (compare chapter
4.1.1).

2.0 ·

In this method rst silicon and subsequently iron are deposited at RT in

10−7 mbar oxygen pressure on a freshly cleaned Pt(111) substrate.

In contrast to

iron silicate on Ru(0001) the Pt(111) substrate is not oxygen-precovered. Subsequently,
the lm is oxidized stepwise at RT, 770 K, 980 K and 1080 K in

1.0 · 10−6

mbar .

In Fig. 6.1a and b LEED images after oxidation at 770 K and 980 K are shown. The LEED
pattern shows a by 30

◦ rotated structure overlapped with a Moiré pattern with "9 on 10"

reconstruction. In fact this structure resembles the one found for iron silicate on Ru(0001).

◦ rotated structure. From the

However, no Moiré spots are found surrounding the by 30

"9 on 10" reconstruction on Pt(111) (Pt-Pt distance: 2.77 Å) the Fe-Fe distance can be
determined to (3.08 ± 0.03) Å (Fe-Fe distance of a "8 on 9" reconstruction on Ru(0001):
(3.04 ± 0.03) Å). Thus, the Fe-Fe distance of iron silicate on Pt(111) and the Fe-Fe distance
of iron silicate on Ru(0001) are identical in within the error value. The error is dened by
the ability to identify the Moiré reconstruction. In Fig. 6.1c the LEEM-IV ngerprint is
given for future reference.
XPS spectra of the O 1s and Si 2p line are shown in Figs. 6.2a-b and c-d, respectively, for
two dierent photon energies. The O 1s line contains three components at 530.8 eV, 530 eV
and 529.2 eV. In accordance with the iron silicate investigation on Ru(0001) these lines
can be assigned to Si-O-Si, Si-O-Fe and Fe-O-Fe bonds. The XPS O 1s line measured at
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Iron silicate preparation on Pt(111), following the "combined preparation" method
(Si+Fe/Pt(111)). LEED images at 42 eV, taken after oxidation at a) 770 K and b) 980 K.
Similar to iron silicate on Ru(0001) a Moiré pattern as well as a by 30◦ rotated structure is
visible. c) LEEM-IV ngerprint at 770 K.
Figure 6.1

hν = 600 eV (Fig. 6.2a) shows that the Si-O-Si bond is more prominent than the Fe-O-Fe
component. In contrast, using a higher photon energy of hν = 800 eV, i.e. a higher electron
mean free path, the Fe-O-Fe component has equal intensity with the Si-O-Si component.
This shows that the lm consists of two layers with a layer of silica on top of an iron oxide
layer.
A temperature rise to 980 K and subsequently 1080 K leads to a depletion of the Fe-O-Fe
component in the O 1s line, both at photon energies of 600 eV and 800 eV. In contrast,
the silicon amount remains stable, as visible in the Si 2p.

Moreover, the comparison of

photon energies at 175 eV and 350 eV (Fig. 6.2) suggests that the silicon amount increases
with increasing temperatures at the iron silicate/substrate interface (hν = 350 eV), while
the silicon amount in the upper monolayer (hν = 175 eV) decreases. These measurements
show that iron is reduced with increasing temperature. During this process silicon diuses
from the top of the iron silicate layer towards the iron silicate/Pt(111) interface.
In summary iron silicate can be prepared on Pt(111).

The structure of this lm ts to

the structure determined for iron silicate on Ru(0001), namely the formation of a silica

◦ are overlapped

monolayer on top of an iron oxide layer. In LEED spots rotated by 30

with a Moiré pattern with "9 on 10" reconstruction. The Fe-Fe distance of iron silicate on
Pt(111) is found within the error value of the Fe-Fe distance of iron silicate on Ru(0001).
This ts to the assumption that the Fe-Fe distance in the iron oxide layer is determined
by the Si-O-Si distance and not by the substrate. The iron silicate layer on Pt(111) is less
stable than on Ru(0001), which is apparent by iron depletion for temperatures higher than
770 K. Most likely iron diuses into the Pt(111) crystal as is known for iron oxide lms
on Pt(111) [28, 82].

Silicon from the top-most layer diuses to the iron silicate/Pt(111)

interface with iron depletion. A possible explanation for the reduced stability on Pt(111)
is a missing oxygen layer between iron silicate and the Pt(111) substrate.
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Figure 6.2 Temperature dependent XPS investigation of iron silicate prepared on Pt(111),
following the "combined preparation" method (Si+Fe/Pt(111)). O 1s line at a) hν = 600 eV
and b) hν = 800 eV. Si 2p line at c) hν = 175 eV and d) hν = 350 eV. The lms are prepared
by subsequent oxidation in 1.0 · 10−6 mbar.
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Chapter 7

Conclusion and outlook
This work has explored important aspects in means of lm formation, physical and chemical properties, as well as stability of two-dimensional layers on Ru(0001). The focus lies
on the understanding of model systems for zeolitic structures containing iron.

All lms

have been prepared in situ and their lm formation monitored in real-time. The methods
of LEEM,

µLEED, µXPS

and XPEEM were employed for chemical and physical charac-

terization of the individual preparation steps of these lms.
The thesis is divided into three parts, namely the investigations of FeO (chapter 3), iron
silicate (chapter 4) and iron germanate (chapter 5). All three chapters are interconnected
by the presence of an iron oxide layer.

In fact, iron silicate and iron germanate can be

understood as a silica or germania layer on top of a FeO-like lm. One of the main aims of
this study is the characterization of the iron oxide layer in iron silicate and iron germanate.
Thus, the study of pure FeO lms in the same setup and under similar conditions is crucial.
In chapter 3 FeOx+1 mono and bilayers are prepared by direct deposition of iron at elevated
temperatures in oxygen background. Stranski-Krastanov layer growth was found, whereby
the layer thickness depends solely on the oxygen background pressure. Pure monolayerthick lms grow in the pressure regime of
FeO lms grow in

1.0 ·

1.0 − 2.0 · 10−8 mbar,

while pure bilayer-thick

10−7 mbar. Intermediate pressures lead to parallel growth of both

thicknesses. We show that dierent sub-phases exist for the mono- and bilayer-thick lms,
whereby some of these can be transformed into slightly more stable sub-phases. The structures and properties of the individual sub-phases are discussed in detail. We performed
a chemical analysis, which revealed that the as-grown FeO bilayer contains more oxygen

3+ state and not only in

than expected for FeO, i.e. it also contains iron atoms in the Fe

2+ state. This indicates the presence of an additional oxygen layer. In contrast, the
the Fe
2+ state, and thus proves to be indeed a
as-grown monolayer has only iron atoms in the Fe
FeO monolayer. The as-grown FeO mono- and bilayer-thick lms proved to be metastable,
and their oxygen related transformation is discussed.
Chapter 4 discusses ultrathin layers of iron silicate in detail.

In order to explore bond-

ing and oxidation dependencies within iron silicate, four dierent preparation methods
are developed. In particular, the starting conditions are varied using either a "combined"
approach, or a "stepwise" approach.

In the "combined" approach, silicon and iron are

deposited in the same preparation step and under the same conditions. In the "stepwise"
approach either a FeO monolayer or a silica layer is prepared before either silicon or iron
is then deposited. Temperature dependent lm evolution was followed for all preparation
methods in every preparation stage.

We found that all examined preparation methods
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lead to the same nal lm in terms of LEEM-IV and LEED-IV ngerprints. However, the
formation process diers strongly for the individual preparation methods. In particular,
the pre-oxidation and pre-ordering of silica before iron deposition has a strong inuence
on the necessary temperatures for the oxidation and formation of the iron oxide layer and
formation of the silica layer in iron silicate. The reason is the larger dissociation energy
of Si-O bonds compared to Fe-O bonds. As a result silicon is always oxidized before iron
can be completely oxidized in the near surrounding. The individual temperatures for the
formation of the iron oxide and silica layer (on top of iron oxide) can dier by up to 135 K
and 365 K, respectively. The nal iron silicate signature is achieved by oxidation at 900 K
if iron and 1000 K if silicon is deposited rst.
Incomplete lms of iron silicate using both the "combined" and the "stepwise" approach
unveil important information about dynamic processes and stabilities of the lms.

For

silicon the iron silicate formation is more preferred than the formation of pure silica on
Ru(0001). Thus, with disordered starting conditions ("combined" approach) silicon binds
to iron rst, forming iron silicate, before iron-free areas are covered by silica. This takes
place in form of a silica bilayer formation in contact to iron silicate. The silica bilayer then
follows the orientation of the silica substructure in iron silicate. Moreover, silicon atoms
bind at nucleation centers in the iron-free areas, forming agglomerates of silica monolayer.
In contrast, using the "stepwise" approach in combination with incomplete lm coverage
enables direct observation of iron depletion from iron silicate islands, when these islands
are based on silica deposition onto monolayer-thick FeO islands. The ngerprint of these
iron silicate domains equals complete layers of iron silicate and thus, proves that the iron
oxide layer in iron silicate has a lower iron amount than a FeO monolayer. The migrating
iron forms agglomerates of iron silicate in initially iron-free areas. The dynamic processes
are followed and discussed in detail.
Our investigations reveal the structure of iron silicate thin lms to be as follows: Iron silicate is a two-layered system consisting of a monolayer of iron oxide in contact to Ru(0001)
with a monolayer of silica on top. The two layers are bound through Fe-O-Si bonds. Iron
is found in the Fe

2+ and Fe3+ oxidation states, which indicates not only a shared oxygen

layer at the iron/silicon interface, but also an additional oxygen layer at the iron/ruthenium
interface. Thus, additionally to the aforementioned Fe-O-Si, Fe-O-Fe as well as Fe-O-Ru
bonds are present. The number of iron atoms per silica unit cell is found to be two, in
contrast to the three iron atoms per silica unit cell in a complete FeO layer. The positions
of "missing" iron atoms in respect to a complete iron oxide layer (i.e. three iron atoms
per silica unit cell) give rise to a by 30

◦ rotated structure in LEED. The silica monolayer

consists of corner-sharing tetrahedrons, with oxygen atoms at the corners of these tetrahedrons. The silica layer is unrotated regarding the iron oxide layer underneath, but DFT
simulations performed in collaboration with R. Wªodarczyk et al. (see section 4.1.3) indicate a shift between the silica atoms and iron atoms. Iron oxide arranges in a "8 on 9"
Moiré reconstruction regarding the Ru(0001) substrate. From this, the average Fe-Fe distance is determined to be 3.044 Å (in case of a complete iron oxide layer with three iron
atoms per silica unit cell), which is shorter than the Fe-Fe distance in pure FeO layers
(3.157 Å). In fact, the Fe-Fe distance in iron silicate ts very well to an unstrained Si-O-Si
bond, as found in silicates. This indicates that the Si-O-Si bond distance denes the Fe-Fe
distance, which suggests strong Fe-O-Si and Si-O-Si bonds to be present in iron silicate
layers.
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We show that iron silicate can be prepared on the basis of a FeO bilayer. However, the
comparison of complete and incomplete lms reveals the inuence of the environmental
conditions on the stability of these lms. In complete lms, the second iron oxide layer
remains and the Fe-Fe distances are reduced in both iron oxide layers.

In contrast, in

incomplete lms excess iron migrates out of the islands, leaving monolayer-thick iron silicate. We show that this happens in a two-step process, whereby at rst, the number of
iron atoms per layer is reduced and in a second step, the lower iron oxide layer dissolves.
Moreover, we show that it is also possible to prepare a lm of iron silicate containing
two layers of silica. The nal LEED structure equals that of pristine iron silicate, which
indicates a strong bond of between the two silica layers, but also towards the iron oxide
layer. This structure is stable up to 955 K, which is considerably lower than iron silicate
with only one silica layer.

We propose a structure where the perpendicular Si-O bond

alternates between a Si-O-Si bond to the upper silica layer and a Si-O-Fe bond to the iron
oxide layer. However, this might lead to dangling bonds, which are likely to be saturated
by OH groups and might be present on top of the lm. This might be the reason for the
reduced stability in contrast to other iron silicate preparations.
In chapter 5 the eect of silicon substitution by germanium is examined. We show that
ultrathin iron germanate lms can be prepared. Dierent preparation methods lead to the
same iron germanate LEEM-IV and LEED-IV ngerprints, suggesting that this is energetically the most stable phase. The structure of a thin lm of iron germanate turns out
to be very similar to that of iron silicate. It consists of a two-layered system with a iron
oxide layer on top of Ru(0001) and a germania layer on top. Since the iron silicate results
indicate a reduced number of two iron atoms per silica unit cell, it is assumed that the iron
oxide layer in iron germanate contains two iron atoms per unit cell, as well. However, the
larger size of the germanium atoms in contrast to silicon atoms leads to a larger Ge-O-Ge
bond, which in turn leads to a "6 on 7" Moiré reconstruction of the iron oxide layer (Fe-Fe
distance: 3.157 Å). Temperature dependent lm formation and in particular dierences to
iron silicate are discussed in detail.
As the measurements in this work show, iron silicate and iron germanate are found to
be the most stable systems in the studied pressure and temperature regime.

The two-

dimensionality of these lms provides the accessibility with surface science techniques and
thus, enables the study of structure-reactivity-relations. This is especially interesting in
order to study the suitability of iron silicate and iron germanate as model systems for
zeolite structures. Zeolites are known for their catalytic activity and their ability to act
as molecular sieves and selective catalysts. Thus, as a next step the chemical properties
of the iron silicate and iron germanate lms should be explored by means of intercalation
experiments and chemical reactions.
Similar experiments have been performed before on the silica bilayer and aluminosilicate
lms on Ru(0001).

While for the silica bilayer on Ru(0001) O2 intercalation is found,

aluminosilicate inhibits O2 intercalation [21, 110]. Moreover, D2 and CO intercalation are
found to be only present in vitreous silica layers with larger Si-O-Si ring sizes [22, 85].
Water dissociation at low temperatures was measured on silica bilayers, resulting in Si-OH
groups and OH, where the second oxygen atom is part of the silicate [20]. Moreover, the
adsorption of NH3 on the silica bilayer leads to H-D exchange, i.e.
replaced by OD and vice versa [20].

OH groups can be

The addition of metal atoms is known to enhance

catalytic activity of silicates, hence, chemical reactions should be investigated for the iron
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silicate and iron germanate lms of this work.
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This might lead to new insights in the

structure related reactivity and as a result to improvements of three-dimensional zeolites.
Apart from the study of chemical reactions the inuence of the metal substrate on the iron
silicate and iron germanate formation are still unknown. Recent experiments (see chapter
6) indicate that iron silicate formation is possible also on Pt(111). However, the stability
of the iron oxide layer is strongly reduced. Thus, the results indicate that the Ru(0001)
substrate has a strong inuence on the stability of the iron silicate lms. Metal substrates
with strong metal-oxygen bonds, would lead to further interesting information regarding
the role of the substrate on the lm formation and stability.
Finally, iron might be exchanged by other metals in order to prepare accessible model
systems for other three-dimensional compounds. First results have already been reported
for Ti-silicates [25], who found a similar lm structure as for iron silicate.
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Symbols and Abbreviations
BL

Bilayer

DF

Darkeld

FeGeOx

Ultrathin iron germanate layer consisting of a monolayer of GeO2
bound on top of a monolayer of iron oxide

FeSiOx

Ultrathin iron silicate layer consisting of a monolayer of SiO2
bound on top of a monolayer of iron oxide

IRAS

Infrared Reection Absorption Spectroscopy

LEED

Low Energy Electron Diraction

LEEM

Low Energy Electron Microscopy

LEEM-IV

Intensity vs. Voltage LEEM

MEM

Mirror Electron Microscopy

ML

Monolayer

SMART

Spectro-Microscope with Aberration correction
for many Relevant Techniques

UHV

Ultra-high vacuum

XPEEM

X-ray Photoemission Electron Microscopy

XPS

X-ray Photoelectron Spectroscopy
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and c)

3.2

α-Fe2 O3 .

Image based on [42].

. . . . . . . . . . . . . . . . . . . . .

LEEM images during Fe deposition at 800 K in

LEED images of the individual monolayer FeO phases.
and c) ML3. All images are taken at 42 eV. [5pt]

3.4

22

1.0·10−8 mbar (phase ML1).

The images are taken at 20 eV. The intensity scaling is kept constant.
3.3
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. . .
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a) ML1, b) ML2

. . . . . . . . . . . . . . .

25

Rotated domains marked in the LEED image of ML1 (see 3.3a) at 42 eV.
a) Superposition of all identied domains. The individual domains are given
in b)-d). b) and c) rotated phases. d) (2x2) phase. [5pt]

. . . . . . . . . . .
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3.5

Top view on monolayer iron oxide lms grown at 800 K in a)-b)
(monolayer phase ML1) and c)

2.0 · 10−8 mbar

1.0 · 10−8 mbar

(monolayer phase ML2).

The structures are based on the measured LEED images in Fig. 3.3a for
the monolayer phase ML1 and 3.3b for monolayer phase ML2. The LEED
image of the monolayer phase ML1 shows the superposition of several domains as shown in Fig. 3.4.

In Wood notation:

◦

a) (1.15x1.15)R17 , b)

◦

(1.15x1.15)R163 , c) (1.17x1.17) and Moiré structure. Red: Oxygen. Violet: Iron. Gray: Ruthenium. [10pt] . . . . . . . . . . . . . . . . . . . . . . .
3.6

Characteristics for the individual monolayer phases. a) LEEM-IV curve and
b) MEM-LEEM border.

The lines in a) indicate the characteristic peaks

present for all monolayer FeO phases.

. . . . . . . . . . . . . . . . . . . . .

3.7

XPS curves of phases ML1 and ML2. a) Fe 3p line. b) O 1s line.

3.8

Transformation of ML2 (gray) into ML3 (dark gray) during iron deposition
in

3.9

25

2.0 · 10−8 mbar

at 800 K. LEEM images taken at 20 eV.

. . . . . .

. . . . . . . . . .

26
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27

Film containing phase ML2 and ML3. a) LEED image at 42 eV of an area
containing both phases.

b) Bright eld LEEM at 20 eV. The bright and

dark grey phase corresponds to ML2 and ML3, respectively.

c)-d) Dark

eld images at 42 eV using the (2x2) spots indicated in a). The individual
images correspond to the lower left (c) and upper right (d) spots marked by
red circles.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

27

3.10 Proposed model for the monolayer FeO phases ML2 (a) and ML3 (b) in top
and side view.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.11 Oxidation states of ML1.

a, e) after deposition.

28

b, f ) oxidation at RT.

c, g) Oxidation at 660 K. d, h) Oxidation at 800 K. The LEED images are
taken at 42 eV. The LEEM images e-g) are taken at 17 eV and image h) at
20 eV. [5pt]

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

29

3.12 LEEM-IV curves of a) homogeneous layer of monolayer phase ML1. b-d)
Individual domains developing after oxidation in

1.0 · 10−6 mbar

at b) RT,

c) 660 K and d) 800 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.13 Darkeld analysis after oxidation in

1.0 ·

29

10−6 mbar at 660 K. a) LEED at

20 eV. Darkeld images of the in a) indicated spots (clock-wise) at 20 eV of
b-c) Moiré spots and d-e) (2x2) spots. f ) LEEM at 17 eV.

. . . . . . . . . .
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1.0 · 10−6 mbar at
the indicated temperatures. a) Fe 3p, hν = 175 eV. b) O 1s, hν = 600 eV. .
−6 mbar). a)
Model for the oxidized FeO monolayer (oxygen pressure 1.0 · 10

31

3.14 XPS analysis of monolayer FeO phase ML1 oxidized in

3.15

Closed layer of FeO (phase ML1). b) Oxidation at RT. Domain A transforms
structurally (LEEM-IV ngerprint changes) and partially chemically from

2+ into Fe3+ oxidation state. Domain B remains unchanged. c) Ox-

the Fe

idation at 660 K. Domain A similar to b).

In domain B the iron amount

is reduced and small holes down to the Ru(0001) substrate appear. At the
border between domain A and domain B exists an intermediate region assigned as domain C. d) Oxidation at 800 K. Domain A is dominantly found.
In domain B iron is vanished, i.e. domain B are holes in the lm down to
the 3O-covered Ru(0001) substrate. [5pt] . . . . . . . . . . . . . . . . . . . .
3.16 FeO coverage during iron deposition in an oxygen pressure of
and

1.0 · 10−7 mbar.

The individual time for the deposition in

is divided by a factor of 1.8.

32

10−8 mbar

2.0 ·
1.0 · 10−7 mbar

. . . . . . . . . . . . . . . . . . . . . . . . . .
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3.17 Iron deposition in an oxygen pressure of

1.0 · 10−7 mbar

at 800 K. After

2 min two dierent phases are growing. The gray one is addressed as BL1,
the dark one as BL2. The intensity scaling is kept constant for all images.
3.18 Structural characterization of the FeO bilayer deposited at

34

1.0 · 10−7 mbar.

a) Overall LEED image at 42 eV. b) LEEM-IV curves of phase BL1 and
BL2. The lines indicate the characteristic peaks present in all bilayer FeO
layers.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

3.19 XPS characterization of the FeO bilayer. a) Fe 3p line, hν = 175 eV. b) O 1s
line, hν = 600 eV.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.20 Structural model of a bilayer of FeO, as grown at 800 K in

1.0 ·

35

10−7 mbar.

In this structure the measured LEED image (Fig. 3.18a), the deposition rate
(Fig. 3.16) and the XPS results (Fig. 3.19) are included. a) x-direction, b)
y-direction and c) z-direction. Gray: Ru. Red: O. Violet: Fe.

. . . . . . . .

35

3.21 Transformation of BL2 (black phase) to BL1 (dark gray phase). The series
of LEEM images were taken at 20 eV during iron deposition at 800 K in

1.0 · 10−7 mbar.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

36

−6 mbar. a) After deposition
3.22 Oxidation of a closed bilayer of FeO1+x in 1.0·10
−7
−6 mbar at
of iron in 1.0 · 10
mbar at 800 K. b-f ) Oxidation in 1.0 · 10
800 K. b) 3 min and 30 s, c) 4 min, d) 5 min 22 s, e) 6 min and f ) 10 min.
g-h) Increase in temperature in

1.0 · 10−6 mbar

to g) 860 K and h) 900 K.

LEEM images taken at 20 eV. . . . . . . . . . . . . . . . . . . . . . . . . . .
3.23 FeO1+x growth at a pressure of

5.0 ·

37

10−8 mbar. The LEEM images were

taken at 20 eV at the indicated times during iron deposition at 800 K.

. . .

38

3.24 a) LEEM and b-d) XPEEM images of a preparation with bilayer and monolayer FeO1+x phases. a) LEEM image at 14 eV. The individual phases are
marked with black (BL1), red (ML2), green (BL2) and blue (Ru-substrate).
XPEEM images of the b) Fe 3p line (Ekin = 117.7 eV, hν = 175 eV), c) O 1s
line (Ekin = 117.5 eV, hν = 650 eV) and d) Ru 3d5/2 line (Ekin = 117.5 eV,
hν = 400 eV). [10pt]

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

38

3.25 XPEEM scan of the a) Fe 3p line (hν = 175 eV), b) O 1s line (hν = 650 eV)
and c) Ru 3d5/2 line (hν = 400 eV). In Fig. 3.24 selected XPEEM images are
shown. The corresponding energy is indicated as a dotted line. In Fig. 3.24a
the individual monolayer and bilayer phases are indicated in LEEM and
XPEEM by color.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.1

Ru-(2x2)-3O characteristics. a) LEED at 42 eV and b) LEEM-IV curve.

. .

4.2

LEED study of iron silicate for the "combined preparation" method (Si+Fe/

39

46

3O-Ru(0001)). The images are taken at RT. The (2x2) spots for 900 and
1000 K are only present for temperature lower than 620 K. As a conclusion,
it must be oxygen-related. All images are taken at 42 eV.
4.3

Spot intensity of the (00), Moiré and

√
√
( 3 × 3)R30◦

. . . . . . . . . .

46

spot during anneal-

ing of iron silicate using the "combined preparation" method (Si+Fe/3ORu(0001)). The

√
√
( 3 × 3)R30◦

structure refers to a silica structure that is

◦ regarding a complete iron oxide layer. The oxygen pressure
−6 mbar. . . . . . . . . . . . . . . . .
during temperature increase is 1.0 · 10

rotated by 30

47
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4.4

LEEM-IV curve for the individual preparation steps of iron silicate using
the "combined preparation" method (Si+Fe/3O-Ru(0001)). Silicon and iron
are deposited in

1.0 ·
4.5

2.0 · 10−7 mbar.

10−6 mbar.

The oxidation was done in a pressure of

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

48

MEM-LEEM border evolution for the individual preparation steps of iron
silicate using the "combined preparation" method (Si+Fe/3O-Ru(0001)).
Silicon and iron are deposited in
a pressure of

4.6

10−6 mbar.

1.0 ·

2.0 · 10−7 mbar.

The oxidation was done in

. . . . . . . . . . . . . . . . . . . . . . . . .

49

Temperature dependent XPS analysis of iron silicate using the "combined
preparation" method (Si+Fe/3O-Ru(0001)). O 1s line for a photon energy
of a) 600 eV and b) 780 eV. Fe 3p line for a photon energy of c) 175 eV and
d) 350 eV. Si 2p line for a photon energy of e) 175 eV and f ) 350 eV. The
measurements are taken at RT. [10pt]

4.7

. . . . . . . . . . . . . . . . . . . . .

50

Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line at
600 eV (Fig. 4.6a) of an iron silicate lm using the "combined preparation"
method (Si+Fe/3O-Ru(0001)).

4.8

. . . . . . . . . . . . . . . . . . . . . . . . .

51

Iron silicate formation process using the "combined preparation" method
(Si+Fe/3O-Ru(0001)).

a) 3O-covered Ru(0001) substrate.

b) Silicon and

4+ state (completely
subsequential iron deposition at RT. Silicon is in the Si
oxidized), iron only partially oxidized.The lm is disordered. c) Oxidation at
660 K. Iron migrates underneath the silicon layer. The iron silicate arrangement begins to form.

d) Oxidation at 1000 K. Final lm.

Violet: Iron. Yellow: Silicon. [5pt]
4.9

Red: Oxygen.

. . . . . . . . . . . . . . . . . . . . . . .

52

LEED pattern of the individual preparation steps iron silicate using the
"combined UHV preparation" method (Fe+Si(UHV)/Ru(0001)). Iron and
silicon are deposited in UHV conditions.

10−6 mbar.

The oxidation is done in

All LEED images are taken at 42 eV and RT.

4.10 Spot intensities of the (00), Moiré and
oxidation in

1.0 · 10−6 mbar

√
√
( 3 × 3)R30◦

of an iron silicate layer using the "combined

structure refers to a silica structure that is rotated by 30
conditions.

54

spots during the

UHV preparation" method (Fe+Si(UHV)/Ru(0001)). The
plete iron oxide layer.

1.0 ·

. . . . . . . . . .

√
√
( 3 × 3)R30◦

◦ regarding a com-

Iron and silicon are deposited subsequent in UHV

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

55

4.11 LEEM-IV characteristics for iron silicate using the "combined UHV preparation" method (Fe+Si(UHV)/Ru(0001)). Iron and silicon are deposited in
UHV conditions and subsequently oxidized in
curves measured at RT.

1.0 · 10−6 mbar.

LEEM-IV

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

55

4.12 MEM-LEEM border for the individual preparation steps of iron silicate using
the "combined UHV preparation" method (Fe+Si(UHV)/Ru(0001)). Iron
and silicon are deposited at RT in UHV conditions. The oxygen pressure
during oxidation is

1.0 · 10−6 mbar.

The MEM-LEEM values are determined

by a t of the MEM-LEEM border presented in Fig. 4.11b.

The error of

this t is 0.02 eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

56

4.13 XPS analysis of iron silicate using the "combined UHV preparation" method
(Fe+Si(UHV)/Ru(0001)). O 1s line for a photon energy of a) 600 eV and
b) 780 eV. Fe 3p line for a photon energy of c) 175 eV and d) 350 eV. Si 2p
line for a photon energy of e) 175 eV and f ) 350 eV. The measurements are
taken at RT. [20pt]

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

57

List of Figures

177

4.14 Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line
at 600 eV (Fig. 4.13a) of an iron silicate lm using the "combined UHV
preparation" method (Fe+Si(UHV)/Ru(0001)).

. . . . . . . . . . . . . . .

58

4.15 Iron silicate formation process using the "combined UHV preparation" method
(Fe+Si/Ru(0001)). a) Iron and silicon deposition at RT in UHV conditions.
The layer is disordered. The residual oxygen in the surrounding oxidizes silicon partially, so that only silicon related oxygen bonds are detected ( Si-O-Si
and Si-O-Fe bonds, no Fe-O-Fe/Fe-O-Ru bonds). b-e) lm formation during
oxidation in

1.0 · 10−6 mbar.

b) Oxidation at RT. Iron and silicon become

better oxidized. Now also Fe-O-Fe/Fe-O-Ru bonds form. c) Oxidiation at
570 K. Iron arranges in a Moiré pattern. The silicon layer is still disordered.
d) Oxidation at 650 K. Silicon arranges in a rotated (2x2) structure. Com-

4+ ) and iron (Fe2+ and Fe3+ ). e) Oxidation at

plete oxidation of silicon (Si

900 K. Final iron silicate lm. Red: Oxygen. Violet: Iron. Yellow: Silicon.

59

4.16 LEEM-IV characteristics comparing iron silicate layer prepared with the
"combined preparation" method (Si+Fe/3O-Ru(0001)) and the "combined
UHV preparation" method (Fe+Si(UHV)/Ru(0001)).

. . . . . . . . . . . .

60

4.17 LEED-IV curves comparing the ngerprints of iron silicate prepared with the
"combined preparation" method (Si+Fe/3O-Ru(0001)) and the "combined
UHV preparation" method (Fe+Si(UHV)/Ru(0001)).
spots are a) the (00) spot, b) a Moiré spot and c) a

chosen LEED
√The √
( 3 × 3)R30◦ spot

regarding a complete iron oxide layer. The oxidation temperature for both
preparation methods is 900 K.

. . . . . . . . . . . . . . . . . . . . . . . . .

60

4.18 LEEM-IV ngerprint of iron silicate on Ru(0001). The data shown here is
for 1000 K for the "combined preparation" method (Si+Fe/3O-Ru(0001)).

61

4.19 LEED-IV ngerprint of iron silicate. The data shown here is corresponds to
the 1000 K for the "combined preparation" method (Si+Fe/3O-Ru(0001))
after oxidation at 1000 K. a) (00) spot, marked black in d). b) Moiré spot,
marked red in d). c)

√
√
( 3 × 3)R30◦

regarding a complete iron oxide layer,

marked blue in d). d) LEED image at 20 eV.

. . . . . . . . . . . . . . . . .

62

4.20 Geometry of the a) in black unit cell of the silica layer in the proposed iron
silicate structure with complete iron oxide layer (three iron atoms per silica
unit cell). Green: unit cell used in the calculation by R. Wªodarczyk. b)
Si-O-Si distances (adapted from [67]) for an unstrained Si-O-Si group. Red:
Oxygen. Violet: Iron. Yellow: Silicon. Gray: Ruthenium.

. . . . . . . . . .

64

4.21 Top and side views of the individual calculated models by R. Wªodarczyk
and J. Sauer. Red: Oxygen. Violet: Iron. Yellow: Silicon.

. . . . . . . . . .

65

4.22 Calculated IRAS spectra tting to the indicated models by R. Wªodarczyk
and J. Sauer. The latter assigns the assumed orientation of the adlayer (see
text for more details), while the number addresses the number of iron atoms
per unit cell in the iron oxide layer in iron silicate (three or two).

. . . . .

66

4.23 Proposed models for iron silicate based on the results of the "combined
preparation" method (Si+Fe/3O-Ru(0001)). a-c) assuming three iron atoms
per unit cell in the iron oxide layer. d-f ) assuming two iron atoms per unit
cell in the iron oxide layer.

a, d) x-direction.

b, e) y-direction and c, f )

z-direction. The individual unit cell of silica, iron oxide and ruthenium are
indicated in black, blue and green, respectively. Red: Oxygen. Violet: Iron.
Yellow: Silicon. Gray: Ruthenium.

. . . . . . . . . . . . . . . . . . . . . . .
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4.24 XPS characteristics of FeO as prepared and oxidized in
the a) Fe 3p line (hν

= 175 eV)

2.0 · 10−7 mbar

and b) O 1s line (hν = 600 eV).

for

. . . . . . .

70

4.25 LEED evolution for the individual preparation steps for iron silicate prepared with the "stepwise preparation" method (Si/FeO/Ru(0001)). a) iron
oxide monolayer before Si evaporation (see chapter 3.1). b) Directly after
Si deposition. c-h) oxidation in

1.0 · 10−6 mbar at c) RT, d) 660 K, e) 800 K,

f ) 900 K, g) 1000 K. The kinetic energy is 42 eV. Measurements are taken at
RT.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

√

4.26 Spot intensity of the (00), Moiré and

( 3×

√

71

3)R30◦ spot during oxidation

−6 mbar of iron silicate using the "stepwise preparation" method
in 1.0 · 10
√ √
◦
(Si/FeO/Ru(0001)). The ( 3× 3)R30 structure refers to a silica structure
◦ regarding a complete iron oxide layer.

that is rotated by 30

. . . . . . . .

71

4.27 LEEM-IV evolution for the individual preparation steps of iron silicate using
the "stepwise preparation" method (Si/FeO/Ru(0001)).

a) LEEM-IV, b)

MEM-LEEM transition. Si is deposited on the FeO layer in
The oxidation was done in

1.0 · 10−6 mbar.

1.0 · 10−7 mbar.

Measurements are taken at RT.

72

4.28 MEM-LEEM border for the individual preparation steps of the "stepwise
preparation" method (Si/FeO/Ru(0001)). The FeO monolayer is produced
by iron deposition at 800 K in
in

2.0 ·

2.0·10−8 mbar (see chapter 3.1). Si is deposited
1.0 · 10−6 mbar. . . . . .

10−7 mbar at RT and the lm is oxidized in

73

4.29 Temperature dependent XPS analysis of iron silicate prepared with the
"stepwise preparation" method (Si/FeO/Ru(0001)).

O 1s line for a pho-

ton energy of a) 600 eV and b) 780 eV. Fe 3p line for a photon energy of
c) 175 eV and d) 350 eV. Si 2p line for a photon energy of e) 175 eV and
f ) 350 eV. The measurements are taken at RT.

. . . . . . . . . . . . . . . .

74

4.30 Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line at
600 eV (Fig. 4.29a) of an iron silicate lm using the "stepwise preparation"
method (Si/FeO/Ru(0001)). [10pt] . . . . . . . . . . . . . . . . . . . . . . .
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4.31 LEEM-IV ngerprints of iron silicate prepared with the "stepwise preparation" method (Si/FeO/Ru(0001)) at a) 660 K, b) 800 K and c) 900 K. The
ratio of the dips at 4.5 eV and 5.5 eV indicates the state of lm evolution. A
well developed dip at 5.5 eV is typical for an optimal iron silicate layer of a
nominal monolayer of iron and a nominal monolayer of silica. This process
is also found in other preparation methods discussed in sections 4.1 and 4.2.2.

76

4.32 Individual steps during oxidation of iron silicate prepared with the "stepwise
preparation" method (Si/FeO/Ru(0001)). a) FeO monolayer with "6 on 7"
reconstruction, b) Si deposition inuences the reduction of the iron oxide
layer. Si is completely oxidized but disordered. c) Arrangement of the silica
layer starting at 460 K. d) Intercalation of oxygen to the iron layer starting
at 645 K and arrangement in a "8 on 9" reconstruction. e) Final iron silicate
lm present at 900 K. Red: Oxygen. Violet: Iron. Yellow: Silicon.

. . . . .

77

4.33 LEED pattern of the individual preparation steps of iron silicate prepared
with the "stepwise reversed preparation" method (Fe/SiO2 /Ru(0001)). All
LEED images are taken at 42 eV. a), b), d) and e) are measured at RT. c) is
measured at 650 K. Iron is deposited at RT in
is done in

1.0 ·

10−6 mbar.

2.0·10−7 mbar.

The oxidation

. . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.34 Spot intensities of the (00), Moiré,

√
√
( 3 × 3)R30◦

and (2x2) spots during

−6 mbar of iron silicate prepared with the "stepwise
the oxidation in 1.0 · 10
√
√
reversed preparation" method (Fe/SiO2 /Ru(0001)). The ( 3 ×
3)R30◦
◦
structure refers to a silica structure that is rotated by 30 regarding a complete iron oxide layer.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.36 MEM-LEEM border for the individual preparation steps of iron silicate using the "stepwise reversed preparation" method (Fe/SiO2 /Ru(0001)). The
oxidation takes is done in

1.0 · 10−6 mbar.

The MEM-LEEM values are de-

termined by a t of the MEM-LEEM border presented in Fig. 4.35b. The
error of this t is 0.02 eV.

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

80

4.37 XPS analysis of iron silicate prepared with the "stepwise reversed preparation" method (Fe/SiO2 /Ru(0001)).

O 1s line for a photon energy of

a) 600 eV and b) 780 eV. Fe 3p line for a photon energy of c) 175 eV and
d) 350 eV. Si 2p line for a photon energy of e) 175 eV and f ) 350 eV. The
measurements are performed at RT.
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81

4.38 Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s line at
600 eV (Fig. 4.37a) of iron silicate using the "stepwise reversed preparation"
method (Fe/SiO2 /Ru(0001)).
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82

4.39 Dark eld analysis of iron silicate oxidized at 900 K prepared with the "stepwise reversed preparation" method (Fe/SiO2 /Ru(0001)). LEEM image at
20 eV (a), LEED image at 20 eV (b) and dark eld analysis at 21 eV (c-h)
using the in b) indicated spots anticlock-wise.

. . . . . . . . . . . . . . . .

83

4.40 Iron silicate formation process using the "stepwise reversed preparation"
method (Fe/SiO2 /Ru(0001)). a) Silica monolayer. b) Iron deposition at RT
in

2.0 · 10−7 mbar.

Fe

3+ state.

4+ state, iron is in the Fe2+ and
−6 mbar.
c-e) Oxidation in 1.0 · 10

Silicon remains in the Si

No Si-O-Fe bond present.

c) Oxidation at 525 K. Iron diuses underneath the silica layer and orders
in a "8 on 9" Moiré pattern. Silica on top is disordered. Domains with silica
bound to Ru remain. d) Oxidation at 825 K. Transformation of more silica
domains (with Fe) to iron silicate. Silica on top of iron oxide orders in form
of a

√
√
( 3 × 3)R30◦

pattern. e) Oxidation at 1000 K. Homogeneous layer of

iron silicate nearly reached. Red: Oxygen. Violet: Iron. Yellow: Silicon.

. .

84

4.41 LEED study of individual preparation steps of an iron(bilayer) silicate lm
(ML SiO2 /BL FeO/Ru(0001)). The FeO layer is prepared by iron deposition

1.0·10−7 mbar. Si is deposited in 2.0·10−7 mbar and the oxidation
−6 mbar. The LEED images are taken at RT and 42 eV. . . .
steps in 1.0 · 10
√
√
3)R30◦ spots during the
Spot intensities of the (00), Moiré and ( 3 ×
−6
oxidation in 1.0 · 10
mbar of an iron(bilayer) silicate lm (ML SiO2 /BL
√
√
FeO/Ru(0001)). The ( 3 ×
3)R30◦ structure refers to a silica structure
at 800 K in

4.42
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◦ regarding a complete iron oxide layer. Several steps

that is rotated by 30

at a specic temperature indicate how the intensity behaves while keeping
the temperature constant.

. . . . . . . . . . . . . . . . . . . . . . . . . . .

89

4.43 LEEM-IV curve for the individual preparation steps of a iron(bilayer) silicate
lm (ML SiO2 /BL FeO/Ru(0001)). The individual curves are measured at
RT.
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4.44 MEM-LEEM border for the individual preparation steps of an iron(bilayer)
silicate lm (ML SiO2 /BL FeO/Ru(0001)). The Si deposition is performed
in

2.0 · 10−7 mbar,

the oxidation steps at

1.0 · 10−6 mbar.

The MEM-LEEM

values are determined by a t of the MEM-LEEM border presented in
Fig. 4.43b. The error of this t is

±

0.02 eV.
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4.45 Temperature dependent XPS analysis of an iron(bilayer) silicate lm (ML SiO2 /
BL FeO/Ru(0001)). O 1s line for a photon energy of a) 600 eV and b) 780 eV.
Fe 3p line for a photon energy of c) 175 eV and d) 350 eV. Si 2p line for a
photon energy of e) 175 eV and f ) 350 eV. The measurements are taken at
RT.
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4.46 Evolution of the Fe-O-Fe, Fe-O-Si and Si-O-Si components of the O 1s
line at 600 eV (Fig. 4.45 a) of an iron(bilayer) silicate lm (ML SiO2 /BL
FeO/Ru(0001)).
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4.47 Structural model of an iron(bilayer) silicate (ML SiO2 / ML FeO/ Ru(0001))
lm in a) x-direction, b) y-direction and c) z-direction. In this model the iron
oxide layer is depicted with three iron atoms per silica unit cell. However,
the number of iron atoms per silica unit cell may also be reduced to two.
Red: Oxygen. Yellow: Silicon. Violet: Iron. Gray: Ruthenium.

. . . . . . .

94

4.48 Model for the individual steps of iron(bilayer) silicate (ML SiO2 / BL FeO/
Ru(0001)) using the stepwise preparation method. a) FeO bilayer with "6 on
7" reconstruction. b) after Si deposition. The position of the iron atoms is
unchanged. Silicon is disordered and forms Fe-O-Si bonds. c) Oxidation at
660 K. Iron oxide layer with "8 on 9" reconstruction. Si begins to order. Iron
is completely oxidized. d) Oxidation at 900 K. Silicon and iron are optimally
arranged. The second iron-oxide layer is still present. Additionally a (3x3)
reconstruction is present due to iron migration between the rst iron oxide
layer and the silica lm.
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4.49 LEED evolution at 42 eV for the individual preparation steps for iron silicate(bilayer) (BL SiO2 /ML FeO/Ru(0001)) using the "stepwise preparation" method. LEED images are taken at a-b) RT and c-h) at the indicated
temperatures.
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4.50 Spot intensity of the (00), a Moiré and a

√
√
( 3 × 3)R30◦

spot during

annealing of an iron silicate(bilayer) (BL SiO2 /ML FeO/Ru(0001)).
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The

3)R30◦ structure refers to a silica structure that is rotated by 30◦

regarding a complete iron oxide layer. The oxidation takes place in an oxygen pressure of

1.0 · 10−6 mbar.
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4.51 Reectivity characteristics of an iron silicate(bilayer) (BL SiO2 / ML FeO/
Ru(0001)) The Si deposition is performed in
steps at

1.0 ·

2.0 · 10−7 mbar,

the oxidation

10−6 mbar. The measurements are taken at RT. a) LEEM-IV

curve. b) MEM-LEEM border.
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4.52 MEM-LEEM border for the individual preparation step of an iron silicate(bilayer) (BL SiO2 /ML FeO/Ru(0001)). The Si deposition is performed
in

2.0 · 10−7 mbar,

the oxidation steps at

1.0 · 10−6 mbar.

The MEM-LEEM

values are determined by a t of the MEM-LEEM border presented in
Fig. 4.51b. The error of this t is

±

0.02 eV.
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4.53 XPS study of the individual preparation steps of an iron silicate(bilayer)

2.0 ·
1.0 · 10−6 mbar. The measurements are
600 eV. b) Si 2p, hν = 175 eV. . . . . . . . . . .

(BL SiO2 /ML FeO/Ru(0001)).

10−7 mbar,

The Si deposition is performed in

the oxidation steps at

taken at RT. a) O 1s, hν =

100

4.54 Structural model of the proposed structure of the nal iron silicate(bilayer)
lm. In this model the iron oxide layer is depicted with three iron atoms per
silica unit cell. However, the number of iron atoms per silica unit cell may
also be reduced to two. Every second silicon atom binds either up or down,
i.e. either to the other silica layer or the metal substrate. The presented
cuts are in a) x-direction, b) y-direction and c) z-direction. Red: Oxygen.
Violet: Iron. Yellow: Silicon. Gray: Ruthenium. [5pt]
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4.55 Schematic model of the structural arrangement and oxidation of the individual layer of a iron silicate(bilayer) (BL SiO2 /ML FeO/Ru(0001)) in the
specic preparation steps. a) FeO layer with "6 on 7" reconstruction. b)
Si deposition.

Iron becomes reduced and the upper silicon layer is par-

tially reduced. Fe-O-Si bonds are established. c) Oxidation at RT oxidizes
silicon, but not iron.

√
√
( 3 × 3)R30◦

d) Oxidation at 660 K. Silicon begins to order in a

pattern. Iron is still not oxidized and disordered. e) Ox-

idation at 755 K. Oxygen intercalates to the iron layer. Iron begins to be
oxidized, but remains disordered. f ) Oxidation at 955 K. Iron-oxide ordered
in a "8 on 9" reconstruction. SiO2 bilayer ordered. Red: Oxygen. Violet:
Iron. Yellow: Silicon. Gray: Ruthenium. [5pt] . . . . . . . . . . . . . . . . . 102
4.56 LEEM images of incomplete layers using the "combined preparation" method.
a) case A (1 ML Si and 0.7 ML Fe) at 4 eV and b) case B (0.7 ML Si and
0.5 ML Fe) at 15 eV. c) Zoom of case A at 14.5 eV reveals the presence of
domains of three types:

α, β , γ

as marked in the inset). The contrast of the

visible domains is the same for all chosen energies in a-c).

. . . . . . . . . . 106

4.57 Structure of the individual domains of incomplete iron silicate lms using
the "combined preparation" method (Si+Fe/3O-Ru(0001)): a) LEEM image
at 14.5 eV. b) LEED at 20 eV. c-h) Dark eld images of the spots labeled
in LEED (b).

c-d) (2x2) structure (marked in red), e-f ) Moiré structure

(marked in green) and g-h) by 30

◦ rotated spots (marked in blue).

4.58 a-c) LEEM-IV curves for the domain types

. . . . . 107

α, β and γ , respectively, observed

in LEEM. Additional reference data is given for the identication of the
individual domains.
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4.59 XPEEM study of a iron silicate preparation with 1 ML Si and 0.7 ML
Fe.

a) LEEM image at 4 eV. b-e) XPEEM images.

b-c) Si 2p at BE =

104.5 eV (b) and BE = 102.5 eV (c) (hν = 175 eV), d) Fe 3p line at BE =
54.75 eV (hν = 125 eV) and e) Ru 3d5/2 line at BE = 280.5 eV (hν = 353 eV).
f-h) XPEEM scans of the domains indicated in (b-e). f ) Si 2p line (hν =
175 eV), g) Fe 3p line (hν = 125 eV) and h) Ru 3d5/2 line (hν = 353 eV).

. 110

4.60 XPEEM study of a iron silicate preparation with 0.7 ML Si and 0.5 ML Fe.
a) LEEM image at 145 eV. b-c) XPEEM images of the same region. b) Si 2p
line at 104 eV (hν = 200 eV), c) Fe 3p line at 55 eV (hν = 200 eV). d) XPEEM
scan of the areas marked in a-c). Si 2p line at hν = 200 eV.
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4.61 Schematic model for the individual domains on the surface for an incomplete layer of iron silicate using the "combined preparation" method. Red:
Oxygen. Blue: Iron. Yellow: Silicon.
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4.62 Preparation steps for an incomplete layer of iron silicate using the "stepwise
preparation" method. a-f ) Case A (iron oxide coverage of 58 %). a-b) FeO
islands (domain
(domain

α

α

bright) as-prepared, c-d) after Si deposition of 2/3 ML

dark) and e-f ) oxidized at 920 K (domain

α

bright). g-h) Case

B (iron oxide coverage of 87 %, silicon coverage of 1 ML) after oxidation
to 900 K. LEEM images at 17.2 eV and LEED images at 42 eV. Images are
taken at dierent surface spots.

. . . . . . . . . . . . . . . . . . . . . . . . 113

4.63 Dark eld analysis of an incomplete iron silicate lm prepared with the
"stepwise preparation" method for an iron coverage of 58% (Case A). The
lm was oxidized at 920 K. a) LEEM image at 17.2 eV, b) LEED image at
20 eV, c-h) dark eld images of the LEED spots marked in b. c-d) Moiré
spots, e-f )

√
√
( 3 × 3)R30◦ spots

and g-h) (2x2) spots.

. . . . . . . . . . . . 114

4.64 LEEM series during oxidation of an incomplete iron silicate layer prepared
with the "stepwise preparation" method. The iron coverage of this lm is
87 % (Case B). Light gray: domain

α.

Dark area: domain

β.

LEEM images

are taken at 15 eV. The heating rate was 0.15 K/s in average. Oxidation at
a) 668 K, b) 672 K, c) 677 K, d) 683 K, e) 697 K and f ) 740 K. The direction
of the front is indicated by the red arrow in a). f ) Intensity evolution during
the oxidation process in the in g) marked areas. g) zoom in of a).
4.65 LEEM-IV characteristics of a) domains

α

β

and b) domains

. . . . . 115

for incomplete

iron silicate lms prepared with the "stepwise preparation" method.

The

curves for case A and case B are taken from preparations with 58 % and
87 % of iron oxide coverage, respectively, after the nal annealing step. a)
as a comparison the FeSiOx ngerprint is added, taken from complete layers
of FeSiOx (sections 4.1-4.2).

The curves from case A are taken from the

preparation shown in Fig. 4.62e). The bright isolated islands correspond to
the dot-like areas visible in the inlet. The dark and gray areas correspond to
the additional contrast in domain

β.

The curves for case B are taken from

the preparation shown in Fig. 4.62g).

c) curves constructed by variable

superpositions of the ngerprints of FeSiOx and a monolayer of SiO2 (giving
rise to a (2x2) curve).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.66 XPEEM analysis for an iron silicate preparation using the "stepwise preparation" method for case B (iron oxide amount larger than 80%). Fe 3p (a,c)
and Si 2p line (b,d).

XPEEM images a) Fe 3p image at Ekin = 120 eV

and b) Si 2p image at Ekin = 120.5 eV. XPEEM scans at the in a) and
b) marked areas, respectively. The surface region in a) does not equal the
surface position in b). c) Fe 3p scan (hν = 175 eV), d) Si 2p scan (hν =
225 eV).
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4.67 Model of the incomplete iron silicate lms with the "stepwise preparation"
method.

a) after Si deposition, b) after nal oxidation.

Violet: Iron. Yellow: Silicon.

Red:

Oxygen.

. . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.68 Model of FeSiOx with a) Three iron atoms per silica unit cell and b) Two
iron atoms per silica unit cell on basis of calculation from R. Wªodarczyk
and J. Sauer, HU Berlin (see chapter 4.1.3). In yellow the silica unit cell is
indicated. Red: Oxygen. Violet: Iron. Yellow: Silicon.
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4.69 Oxidation process of an incomplete layer of iron(bilayer) silicate prepared
with the "stepwise preparation" method in LEEM at 8 eV. Images taken at
an oxidation temperature of a) 630 K, b) 680 K, c) 695 K and d) 700 K.
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4.70 High resolution images of an incomplete iron(bilayer) silicate lm prepared
with the "stepwise preparation" method. LEEM images at 8 eV of an area
after annealing at 800 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.71 Dark eld analysis of an incomplete iron(bilayer) silicate lm prepared with
the "stepwise preparation" method. The images are taken in phase 1 (T =
800 K). a) LEEM at 8 eV. b-c) Moiré spots at 17 eV. d) LEED at 20 eV. e-f )

√
√
( 3 × 3)R30◦

spots at 17 eV. The chosen spots are indicated in d) and

are depicted clockwise.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.72 Phase 1 (Oxidation temperature T = 800 K) of an incomplete iron(bilayer)
silicate lm prepared with the "stepwise preparation" method. a) LEEM at
14 eV. b) LEEM-IV curves at the in a) indicated domains.

. . . . . . . . . 123

4.73 XPEEM analysis of an incomplete iron(bilayer) silicate lm prepared with
the "stepwise preparation" method for phase 1 (oxidation temperature:
695 K). Fe 3p (hν = 175 eV) a) XPEEM image at 58.8 eV binding energy.
b) local Fe 3p XPS. Si 2p (hν = 225 eV) b) XPEEM image at 107.4 eV, c)
Si 2p line scan.

O 1s line (hν = 650 eV). e) XPEEM image at 535 eV. f )

XPEEM O 1s scan. The XPEEM images and scan have each been taken at
new positions.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.74 Growth mode for small iron amount (case A) of an incomplete iron(bilayer)
silicate lm prepared with the "stepwise preparation" method. Bright: domain

α.

Dark: domain

β.

LEEM images at 8 eV during the oxidation at a)

790 K, b) 850 K and c) 990 K.

. . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.75 Oxidation process of an incomplete iron(bilayer) silicate preparation using
the "stepwise preparation" method. LEEM images at 15 eV. The FeO coverage of this sample is 61 % (case B). a)-i) Oxidation series in
at the in the image indicated temperatures.

1.0 · 10−6 mbar

j) Intensity behavior during

oxidation for a similar preparation with a LEEM series of 8 eV.

. . . . . . . 125

4.76 High resolution of an incomplete iron(bilayer) silicate lm prepared with
the "stepwise preparation" method in phase 2 (T = 1000 K) for case A
(iron coverage

≤50 %

after FeO preparation).

The individual images are

measured images, using dierent magnications.
Bright: domain

α.

Dark: domain

β.

LEEM images at 8 eV.
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4.77 Dark eld analysis of an incomplete iron(bilayer) silicate lm prepared with
the "stepwise preparation" method for case A (iron oxide coverage

≤50 %)

in phase 2 (T = 900 K). a) LEEM at 8 eV. b-c) Dark eld at 17 eV of the
Moiré pattern indicated in d) (clockwise). e-f ) Dark-eld image at 15.2 eV
of the rotated spots indicated in d) (clockwise). d) LEED image at 20 eV.

. 127

4.78 LEEM-IV analysis of an iron(bilayer) silicate lm prepared with the "stepwise preparation" method for Phase 2 (T = 900 K) for case A (low iron
oxide coverage) (a-b) and case B (high oxide coverage) (c-d). LEEM images
at 20 eV. LEEM-IV curves in b) correspond to the areas indicated in a).
LEEM-IV curves in d) correspond to the areas indicated in c).

. . . . . . . 128

4.79 XPEEM analysis of an iron(bilayer) silicate lm prepared with the "stepwise
preparation" method in phase 2 (T = 900 K). XPS Fe 3p line (hν = 175 eV)
a) Fe 3p XPEEM image at 57.9 eV binding energy. b) XPEEM Fe 3p line
scan. Si 2p (hν = 225 eV) c) Si 2p XPEEM image at 108.8 eV, c) Si 2p line
scan. O 1s line (hν = 650 eV). e) XPEEM image at 538 eV. f ) XPEEM O 1s
scan.
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4.80 Schematic model for the formation process for incomplete iron(bilayer) silicate lms using the "stepwise preparation" method. a) after silicon deposition, b) phase 1 (T

≤

800 K) and c) phase 2 (T

Blue: Iron. Yellow: Silicon.

≥

800 K). Red: Oxygen.

. . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.81 Proposed structure for ultrathin iron silicate lms with two iron atoms per
silica unit cell. Red: Oxygen. Violet: Iron. Yellow: Silicon. Gray: Ruthenium.
5.1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

Characteristics of the used GeO2 lm. a) LEED image at 42 eV, b) LEEM
at 19 eV, c) LEEM-IV curves of the in b) indicated areas, d) Ge 3d line
(hν = 100 eV) and e) O 1s line (hν = 600 eV). The XPS curves are taken
from an area with both germanium coverages. . . . . . . . . . . . . . . . . . 141

5.2

LEED pattern of the individual preparation steps of iron germanate using
the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)). LEED
images are taken at RT and 42 eV.

5.3

. . . . . . . . . . . . . . . . . . . . . . . 143

Spot intensity of the (00), Moiré and

(

p
p
(3) × (3))R30◦

spot during ox-

−6 mbar of iron germanate prepared with the "stepwise
idation in 1.0 · 10
√
√
reversed preparation" method (Fe/GeO2 /Ru(0001)). The ( 3 ×
3)R30◦
◦
structure refers to a germania structure that is rotated by 30 regarding a
complete iron oxide layer. The heating rate was about 0.5-1 K/s, except at
625 K and 730 K, where the temperature was kept constant for 10 min. [5pt] 144
5.4

LEEM-IV curves for iron germanate with the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)). a-b) In areas with germania basis. cd) In germania-free areas. e) LEEM at 20 eV after oxidation at 720 K. The
areas on basis of germania and germania-free areas are indicated in red and
violet, respectively.

5.5

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

MEM-LEEM border for the individual preparation steps of the incomplete
iron germanate layer using the "stepwise reversed preparation" method
(Fe/GeO2 /Ru(0001)). The MEM-LEEM values are determined by a t of
the MEM-LEEM border presented in Fig. 5.4b and d. The error of this t
is

5.6

±

0.02 eV.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

XPS analysis of an incomplete iron germanate layer for the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)). O 1s line for a photon
energy of a) 600 eV and b) 780 eV. Fe 3p line for a photon energy of c) 175 eV
and d) 360 eV. Ge 3d line for a photon energy of e) 175 eV and f ) 360 eV.
The measurements summarize both germanium-rich and germanium-free
domains and are taken at RT. [5pt]

5.7

. . . . . . . . . . . . . . . . . . . . . . 147

Individual steps during oxidation of iron germanate prepared with the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)). a) Germania monolayer. b) Deposition of iron in

2.0 · 10−7 mbar

of oxygen. Iron reduces the

germanium atoms, in order to form Fe-O-Fe bonds. At this stage Moiré spots
are already present in LEED. c-e) Oxidation in

1.0 · 10−6 mbar.

c) Iron in-

tercalates to Ge/Ru interface and germanium is completely oxidized in the

4+ state. Iron is mainly in the Fe3+ state. At 620 K beginning forma◦
tion of by 30 rotated spots due to germania arrangement on top of the

Ge

iron oxide layer.

d) Up to 860 K the structure improves its crystallinity.

e) Above 860 K germanium evaporates. Red: Oxygen. Blue: Iron. Green:
Germanium.
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185

LEED images of the individual preparation steps of iron germanate using
the "combined UHV preparation" method (Fe+Ge(UHV)/ Ru(0001)). The
oxidation takes place in

1.0 · 10−6 mbar

of oxygen. LEED images are taken

at 42 eV and RT. The (2x2) structure, formed at oxidation above 640 K, is
only present when the LEED is measured at temperatures below 600 K. The
LEED image a) is identical with the one used in Fig. 4.9a.

√

5.9

√

( 3×
1.0 · 10−6 mbar of oxygen, starting with an iron germanate layer

LEED spot intensities of the (00), Moiré and
oxidation in

. . . . . . . . . 150

3)R30◦ spots during the

prepared with the "combined UHV preparation" method (Fe+Ge(UHV)/
Ru(0001)).

The

√
√
( 3 × 3)R30◦

structure refers to a germania structure

◦ regarding a complete iron oxide layer. The heating

that is rotated by 30

rate was about 0.5-1 K/s, except at 625 K and 730 K, where the temperature
was kept constant for 10 min.
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5.10 a) LEEM-IV and b) MEM-LEEM border for the individual preparation steps
of an iron germanate layer using the "combined UHV preparation" method
(Fe+Ge(UHV)/Ru(0001)). The measurements are taken at RT. c) LEEM
at 20 eV after oxidation at 720 K. . . . . . . . . . . . . . . . . . . . . . . . . 152
5.11 MEM-LEEM border for the individual preparation steps of an iron germanate layer prepared with the "combined UHV preparation" method (Fe+Ge
(UHV)/Ru(0001)). The MEM-LEEM values are determined by a t of the
MEM-LEEM border presented in Fig. 5.10b.
0.02 eV.

The error of this t is

±

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.12 XPS analysis of an iron germanate layer prepared with the "combined UHV
preparation" method (Fe+Ge(UHV)/Ru(0001)).

O 1s line for a photon

energy of a) 600 eV and b) 780 eV. Fe 3p line for a photon energy of c) 175 eV
and d) 360 eV. Ge 3d line for a photon energy of e) 175 eV and f ) 360 eV.
The oxidation pressure is

1.0 · 10−6 mbar.

The measurements are taken at

RT. [5pt] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
5.13 LEEM-IV curves of iron germanate preparations using the "stepwise reversed preparation" method (chapter 5.1) (Fe/GeO2 /Ru(0001)) and "combined UHV preparation" (this chapter) (Fe+Ge(UHV)/Ru(0001)) at a) 720 K
and b) 890 K and 880 K, respectively. The LEEM-IV curve of the "stepwise
reversed preparation" method is a sum of the LEEM-IV curves in the iron
germanate and 3O-Ru(0001) area assuming 1:1 ratio. The LEEM-IV curve
of the "combined UHV preparation" is the as measured curve.

. . . . . . . 155

5.14 Individual steps during oxidation of iron germanate prepared with the "combined UHV preparation" method (Fe+Ge(UHV)/Ru(0001)). a) deposition
of iron and germanium at RT. The lm is disordered. Iron and germanium
are partially oxidized. b-e) Oxidation in

1.0 · 10−6 mbar.

b) Oxidation at

RT. Improved oxidation of germanium, and especially iron, but no structural change.

c) Oxidation at 590 K. Iron is arranging, giving rise to a

"6 on 7" Moiré pattern surrounding the (00) spot. Still reduced germanium
components present. d) Oxidation at 670 K. Separation in iron germanate

√

((

3×

√

3)R30◦

spots) and holes down to the Ru(0001) substrate ((2x2)

4+ state. Iron

spots). Now also germanium is completely oxidized in the Ge

3+ state. e) Up to 840 K the iron germanate struc-

is mainly found in the Fe

ture improves. f ) Temperatures above 840 K lead to germanium evaporation.
Red: Oxygen. Blue: Iron. Green: Germanium.
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5.15 Fingerprint for FeGeOx lms. This curve is taken from the germanium-rich
areas of the "stepwise reversed preparation" method (Fe/GeO2 /Ru(0001)).

157

5.16 LEED-IV curves of FeGeOx prepared with the "stepwise reversed preparation" method (chapter 5.1) (Fe/GeO2 /Ru(0001)) and "combined UHV
preparation" (this chapter) (Fe+Ge(UHV)/Ru(0001)) at 890 K and 880 K,
respectively. a) (00) spot, b) a Moiré spot, surrounding the (00) spot and
c)

√
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( 3 × 3)R30◦

spot. The

√
√
( 3 × 3)R30◦

structure that is rotated by 30

structure refers to a germania

◦ regarding a complete iron oxide layer.
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5.17 Structural model of iron germanate in the a) x-direction, b) y-direction and
c) z-direction.
Ruthenium.
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Oxygen.

Violet:

Iron.
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Germanium.

Gray:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

5.18 Geometry of an unstrained Ge-O-Ge bond with medium values. The medium
value of the Ge-O distance in a Ge-O-Ge bond is taken from [92]), the angle
from [99].
6.1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Iron silicate preparation on Pt(111), following the "combined preparation"
method (Si+Fe/Pt(111)). LEED images at 42 eV, taken after oxidation at
a) 770 K and b) 980 K. Similar to iron silicate on Ru(0001) a Moiré pattern
as well as a by 30
770 K.

6.2

◦ rotated structure is visible. c) LEEM-IV ngerprint at

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

Temperature dependent XPS investigation of iron silicate prepared on Pt(111),
following the "combined preparation" method (Si+Fe/Pt(111)). O 1s line
at a) hν = 600 eV and b) hν = 800 eV. Si 2p line at c) hν = 175 eV and d) hν
= 350 eV. The lms are prepared by subsequent oxidation in

1.0 · 10−6 mbar.
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