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Abstract

In surface science, accurate controlling and detailed characterization of metal sup-

ported ultrathin �lm growth of transition metal oxides (TMO) is a central require-

ment for collecting reliable empirical data which in turn can be used to improve and

extend the existing theoretical models and approaches, such as density functional

theory (DFT). In this work, the controlled growth of TMOs on the Ag(100) surface

is investigated by means of scanning tunneling microscopy (STM) in conjunction

with various other surface science techniques. In addition, a novel promising ex-

perimental approach to e�ectively a�ect and control the growth of TMOs by high

electric �elds is presented. The investigations concerned the TMO systems MnxOy

and WOx on the Ag(100) surface.

The strikingly anisotropic growth of the (2x1)-MnO/Ag(100) system is characterized

by long and narrow stripes which form a complex 2D surface network of MnO islands.

The growth mechanism of this system has been rationalized by �rst-principle DFT

calculations.

The (WO3)3 clusters deposited at room temperature form rami�ed fractal islands.

Deposited above a threshold temperature of 700K, a fully intact 2D WOx wetting

layer emerges at the surface. On top of this layer, beginning 3D growth in form of

sharp needles is observed. Since the area of the wetting layer exceeds the nanometer-

scale (up to 1 µm), also low energy electron microscopy (LEEM) has been employed

to study the growth kinetics of the WOx/Ag(100) system.

Additionally, strong electric �eld experiments (1-2V/nm-1) have been performed on

both systems by employing a custom-designed UHV apparatus. Signi�cant �eld-

induces surface modi�cations, which have been characterized by STM and Auger

electron spectroscopy, have been observed in all experiments.
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Kurzzusammenfassung

In der Ober�ächenphysik ist die präzise Steuerung und ausführliche Charakter-

isierung von ultradünnen Schichtwachstum von Übergangsmetalloxiden (TMO) auf

Metallsubstraten von zentraler Bedeutung für die Erhebung von verlässlichen em-

pirischen Daten, welche wiederum zur Optimierung und Erweiterung von den beste-

henden theoretischen Modellen und Ansätzen, wie zum Beispiel Dichtefunktion-

altheorie (DFT), verwendet werden können. Inhalt dieser Arbeit ist die Unter-

suchung des kontrollierten Wachstums von TMOs mittels Rastertunnelmikroskopie

in Verbindung mit weiteren Methoden der Ober�ächenphysik. Zusätzlich wird ein

neuartiger viel-versprechender experimenteller Ansatz vorgestellt mit dem Wachs-

tum durch starke elektrische Felder e�ektiv beein�usst und kontrolliert werden kann.

Die Untersuchungen betre�en die TMO Systeme MnxOy und WOx auf der Ag(100)

Ober�äche.

Das (2x1)-MnO/Ag(100) System zeigt ein hoch anisotropisches Wachstum in Form

von langen und schmalen Streifen, die dadurch ein komplexes Ober�ächennetzw-

erk bilden. Die Wachstumseigenschaften dieses Systems wurden mittels DFT-

Berechnungen erklärt. Die (WO3)3 Cluster aufgedampft bei Raumtemperatur bilden

verzweigte fraktale Inseln. Beim Aufdampfen über einer Schwellentemperatur von

700K entsteht eine vollständige intakte 2D WOx Benetzungsschicht auf der Ober-

�äche. Auf der Oberseite der Schicht konnte beginnendes 3D Wachstum in Form

von scharfen Nadeln beobachtet werden. Da das Ausmaÿ der Schicht den Nanome-

terbereich übersteigt (bis zu 1 µm) wurde zusätzlich die niederenergetische Elektro-

nenmikroskopie zur Untersuchung der Wachstum-Kinetik angewendet.

Zudem wurden an beiden Systemen Versuche mit starken elektrischen Feldern

(1-2V/nm-1) in einem eigens dafür konstruierten UHV Apparat durchgeführt.

Beachtliche feldinduzierte Ober�ächenmodi�kationen, die mit STM und Auger Elek-

tronen Spektroskopie charakterisiert wurden, konnten in allen Versuchen beobachtet

werden.
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1. Introduction

Remarkable progress in natural science has been always driven by the invention of new

experimental approaches which were able to provide access to novel empirical data. As

argued by the prominent philosopher Sir Karl Popper [1], the reason for this is that

novel empirical data are required to test and improve the existing theoretical buildings,

and in the best cases, to trigger the foundation of entirely new theoretical approaches.

In the �eld of surface science, famous examples of such breakthroughs are the invention

of the �eld ion microscope (FIM) by Müller et al. in 1950 [2] and the scanning tunneling

microsope (STM) by Binnig and Rohrer in 1982 [3]. For the �rst time, these inventions

provided a view on the atomic nature of solid matter and gave insight to the dynamical

processes at the atomic-scale. The meaning and the novelty of the empirical data ob-

tained by them is best illustrated by a passage in an essay of Erwin Schrödinger in the

year 1951 [4]:

We never experiment with just one electron or atom or (small) molecule. In

thought-experiments we sometimes assume that we do; this invariably entails

ridiculous consequences... we are not experimenting with single particles, any

more than we can raise Ichthyosauria in the zoo.

Well, Schrödinger has been disproved and a beautiful example for this is the observations

of Friedel oscillations in the STM (see �gure 1.1). However, his opinion at this time shows

that probing of single atoms has the potential to answer fundamental questions in the

quantum theory. Only recently in the year 2012, Serge Haroche and David J. Wineland

were awarded the Nobel Prize in Physics for measurement and manipulation of individual

quantum systems, which highlights the still existing demand for such measurements.

Especially with regards to transition metal oxides (TMO), experimental data on an

atomic scale might stimulate an improvement of the theoretical models. From the point

of view of fundamental science, the most outstanding properties of these materials are:

(1) many of them belong to the class of strongly-correlated materials, i.e. the electron-

electron interactions govern the electronic properties of the solid, and (2), they are part of
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1. Introduction

Figure 1.1.: STM images of iron atoms on Cu(111): Friedel osscilation caused by quan-
tum corrals [5].

compounds that exhibit high-temperature superconductivity. In both cases, the existing

theoretical models still face problems in describing and predicting these properties [6, 7].

For instance, the classical density functional theory (DFT) approach yields wrong band

structure values for many of them as the used exchange and correlation (xc) functionals

are derived from homogeneous non-interacting electrons. To overcome this problem, the

hybrid xc-functional formalism has been developed, where the xc-functional is mixed

with a portion of the exact Fock exchange. However, the degree of mixture of the

functionals is determined purely empirical by �tting the available experimental data.

For the �rst time, this method has been proposed by Becke et al. [8] over 20 years ago

and although considerable advances have been made since then, a few problems have

remained unsolved. An excellent and comprehensive overview of the open and living

debate in this �eld is given in the recent review paper of Pacchioni [6].

Also, TMOs are interesting from the viewpoint of applied science. First, the above

mentioned strong electron-electron interaction in these compounds leads to numerous

di�erent physical and chemical properties for their bulk structures. It is well-known that

if the dimensions of crystalline structures are reduced, usually their properties undergo

a dramatic change. As a consequence, the low-dimensional TMO structures bear the

potential for novel properties which might be useful for a wide variety of innovative

applications. Another motivation to study metal supported ultra thin �lms of TMOs is

that they constitute proper model catalysts. The great bene�t in studying model catalyst

2



systems arises from several factors: (1) the reduction of the complexity, which is required

to identify and to understand the basic mechanism of the rather complex catalytic

process [9, 10]; (2) a large group of bulk TMOs exhibit a poor electric conductivity

and, therefore, a lot of experimental di�culties arise, if they are studied by the typical

methods of surface science [11, 12]; and (3), due to the state-of-the-art preparation

methods in surface science, a controlled and reproducible fabrication of epitaxially grown

�lms of high structural quality is possible [13, 14]. In this context, important articles,

which review the recent progress in this �eld and present a diversi�ed selection of case

studies, have been published by Netzer [14] and Freund et al. [12].

In this thesis, I follow the previous scienti�c e�orts in the sense that I use the STM in

conjunction with various other surface science techniques to obtain reliable experimental

data at the atomic-scale on: (1) the growth processes of small oxide nanostructures

(clusters) and of compact and ordered structures on the Ag(100) surface; and (2) the

in�uence of high electric �elds on the energetics of metal-TMO complexes. The TMO

systems which have been investigated in this work are manganese oxide and tungsten

oxide. The observed growth modes for these systems are characterized by a wide range

of diversi�ed properties, e.g. strikingly anisotropic growth, fractal growth and purely

Stranski-Krastanov growth. After the characterization of the growth and structural

properties, these systems have been exposed to strong electric �elds and the thereby

triggered surface modi�cations are documented.

This thesis is structured as follows. First, a brief discussion of important experimental

aspects is presented in chapter 2. In chapter 3, the results of the STM study on the

growth of manganese oxide on Ag(100) are introduced and subsequently rationalized by

�rst-principle DFT+U calculation, which has been performed by the group of Alessandro

Fortunelli (CNR-ICCOM and IPCF, Consiglio Nazionale delle Recerche). In chapter

4, the STM, Auger electron spectroscopy (AES) and low energy electron microscopy

(LEEM) investigations of the growth of cyclic tungsten trioxide (WO3)3 clusters on

Ag(100) are presented alongside with a detailed discussion of the obtained results. The

experimental setup for the high electric �eld experiments is introduced in chapert 5

followed by a presentation of the �eld-induced surface modi�cations observed in the

STM. Finally, a conclusion section summarizing the major results is given.
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2. General Aspects

2.1. Experimental Techniques

2.1.1. Low Energy Electron Di�raction

Low Energy Electron Di�raction (LEED) provides structural information of ordered

surfaces by probing them with a monochromatic electron beam. The elastically back-

scattered electrons interfere and thus create a di�raction pattern at a hemispherical

�uorescent screen. The observed LEED pattern represents a superposition of the re-

ciprocal surface lattices of all ordered structures in the probed surface area, i.e. the

area that is irradiated by the incident electron beam. Note, disordered structures and

defects do not contribute to the intensity of the individual re�ection, but increase the

background radiation of the screen. The high surface sensitivity of LEED arises form the

low mean-free path of electrons in solids with a kinetic energy of 30− 200 eV. Further,

the de Broglie wavelength of these electrons is given by:

λ =
h√

2meEk

≈ λ[Å] =

√
150

Ek[eV]
(2.1)

which yields for the above speci�ed kinetic energies of the electrons 0.8−2.2Å. Therefore,

the electron wavelengths satis�es the atomic di�raction condition, since they are of the

order of or less than the interatomic distances.

Beside the unit cell size and symmetry of the structures under study, also informa-

tion about the detailed atomic con�guration can be obtained by LEED intensity-voltage

measurements. While the reciprocal lattice speci�es the wave-vector direction for which

constructive interference occurs, the energy dependencies of the corresponding re�ection

intensities are determined by the position of the basis atoms within the surface unit cell.

However, the loss of the phase information in the measurement prevents the direct re-

construction of the basis. Therefore, calculated intensity pro�les of a proposed structure

model are compared to the measured ones to interpret the LEED data [15].
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2. General Aspects

(a) (b)

Figure 2.1.: Low Energy Electron Microscope (LEEM). (a) Schematic presentation of the
electron trajectories in the LEEM [16]. (b) LEEM image recorded in the
bright-�eld mode showing the Si(111) surface with coexisting (1x1)-(dark)
and (7x7)-reconstructions [17].

2.1.2. Low Energy Electron Microscopy

First proposed by Ernst Bauer [18] in 1952, the Low Energy Electron Microscope

(LEEM) is a surface science tool with real-time capabilities that is strongly related

to the LEED technique. In LEEM, the sample is irradiated by low energy electrons, but

in contrast to the LEED, the elastically back-scattered electrons pass several electro-

magnetic quadrupole lenses to create a real-space image of the illuminated surface area.

A detailed and comprehensive description of the LEEM technique can be found in Ref.

[16].

The operating principles of LEEM can be brie�y summarized as follows. The electrons

emitted by a cathode are accelerated in the illumination column to the microscopic

potential (15-20kV) which is required for the proper operation of the electron optics.

Then, the electrons pass through a magnetic sector �eld in order to separate incoming

and re�ected electrons (see �gure 2.1a). Next, the objective lens focuses the electrons

to in�nity to create a parallel beam which hits the sample at normal incidence. Since

the sample is on similar potential as the cathode, the electrons are also decelerated

to the desired energy in this region. The re�ected electrons are producing di�raction

patterns just as in the conventional LEED. After the re�ected beam is de�ected by the

magnetic sector �eld into the image column, one of the di�raction re�exes is selected by

6



2.1. Experimental Techniques

a contrast aperture. Finally, in the image column, the electron beam is magni�ed and

projected onto the detection system (usually a channel plate). In addition, a typical

LEEM apparatus allows also to switch between real-space and reciprocal imaging, i.e

conventional LEED measurements, by changing the settings of the image column.

In LEEM, one distinguishes between two operation modes: bright- and dark-�eld

mode. The dark-�eld mode is useful, if structures of di�erent unit cells are present

at the surface. Then, a higher order di�raction re�ex of the structures is selected by

the contrast aperture and passed through the imaging column. As a result, only areas

covered with the corresponding structure appears bright in the real-space image. In

the bright �eld mode, however, the (0,0) re�ex is chosen. Since the Bragg conditions

are irrelevant for the (0,0) re�ex, electrons re�ected from all structures are imaged at

the channel plate. In this case, the observed amplitude contrast between the individual

structures arise from di�erences in the structure factor (see �gure 2.1b for illustration).

Another powerful feature of the LEEM apparatus is to perform selected-area low-

energy electron di�raction (micro-LEED). Here, the probed surface region is con�ned

by an illumination beam aperture which is placed between the magnetic sector �eld and

the illumination column. This tool is particular well suited for single domain LEED

measurements, since the real-time imaging capabilities of the LEEM allows a controlled

selection of the probed region.

2.1.3. Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is a powerful technique to investigate the struc-

tural and electronic properties of surfaces, which belongs to the class of scanning probe

microscopy (SPM) techniques. For the invention of the STM [3] in 1982, Binnig and

Rohrer have been awarded the Nobel Prize in Physics. In contrast to di�raction meth-

ods, STM allows to investigate also disordered surface structures or defects. The tech-

nique relies on the quantum mechanical phenomenon of tunneling according to which

a quantum particle can overcome a potential barrier with a certain probability even

though the kinetic energy of the particle is less than the height of the potential barrier.

In STM, a bias voltage is applied to a sharp metal tip near by a conducting surface.

The resulting tunneling current, i.e. the tunneling probability, depends strongly on the

surface-tip distance and, therefore, only the local properties of the surface are probed.

High lateral resolution is achieved by employing piezo actuators for the positioning of

the tip on the surface. Several di�erent operating modes are possible in the STM. The

most commonly used mode is to maintain a constant tunneling current by adjusting the

7



2. General Aspects

tip-surface distance with a feedback loop system while scanning over the surface.

However, on the atomic scale, the tunneling current also depends considerably on

the geometry and composition of the tip apex. Since the tip properties are not exactly

known, the quantitative interpretation of the obtained data is usually limited. A well-

proven and widely used approximation is to assume a point-like tip at a certain distance

to the surface [19, 20]. The tunneling current is then a function of the local density

of states (LDOS) of the surface at the Fermi level. However, in order to interpret the

STM images, the LDOS of a proposed structure must be calculated and compared to the

measured images. In the case of metal-supported transition metal oxides, the method

of choice to calculate the LDOS, i.e. simulate STM images, is density functional theory

(DFT) [6].

2.1.4. Atomic Force Microscopy and Kelvin Probe Force

Microscopy

Another prominent type of SPM is the Atomic Force Microscope (AFM), which has been

also proposed by Binnig et al. shortly after the introduction of the STM [21]. In the

case of AFM, a vibrating cantilever is approached close to the surface until a prede�ned

frequency shift induced by the Van der Walls and Coulomb interactions is detected. An

advantage of AFM over STM is that the AFM technique can also be applied to non-

conducting surfaces. In AFM, the three most common operation modes are: contact

mode, tapping mode and non-contact mode. However, atomic resolution is only possible

with the non-contact mode in an UHV environment.

The Coulomb interaction is caused by the workfunction di�erence between the can-

tilever and the surface material. Therefore, the relative local workfunction di�erence be-

tween the substrate and the overlayer islands can be measured by canceling the Coulomb

force with applying a voltage to the cantilever. The voltage bias that is required to min-

imize the force-induced frequency shift of the cantilever oscillation is identi�ed with the

Contact Potential Di�erence (CPD). This operating mode of the AFM is called Kelvin

Probe Force Microscopy (KPFM). As pointed out in the literature [22, 23], the evalua-

tion of the measured CPD is not straight forward, but needs an extensive and critical

analysis.
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2.2. Experimental Details

2.2. Experimental Details

The experiments presented in this work were carried out in custom-designed ultra high

vacuum (UHV) system (base pressure ∼ 1x10−10mbar). The UHV system was equipped

with LEED optics, a variable temperature STM/AFM and a cylindrical mirror analyzer

for AES as well as the usual facilities for sample cleaning and thin-�lm preparation.

The used STM/AFM instrument was a Omicron VT AFM XA. All STM images shown

in this thesis were recorded with electrochemically etched W tips in constant current

mode and at room temperature. The wiring of the STM was: the tips were grounded,

whereas the sample has been biased. Consequently, the bias values speci�ed for the

individual STM images refer to the sample bias. For the AFM/KPFM measurements,

gold coated cantilevers with a length of 125 µm, a width of 30 µm and a force constant

of 10− 130 N/m were used. All AFM/KPFM were recorded in the non-contact mode in

which frequency shift were maintained by phase lock loop (PLL) control system.

2.2.1. The Ag(100) Substrate

As metal support for the growth of the transition metal oxides, a silver single crystal disc

cut in the [100]-direction has been used. The single crystal was fabricated and polished

by the company MaTeck Materials Technology & Crystals GmbH which is situated in

Jülich, Germany. In order to allow transfers of the sample within the UHV system,

the crystal disc was mounted by tantalum wires on a Omicron sample plate made of

stainless steel.

Silver crystallizes in face centered cubic (fcc) lattice with a bulk lattice constant of

a = 4.09Å. The surface structure of the Ag(100) surface is schematically presented in

�gure 2.2b. The blue square mark the fcc bulk unit cell, while the red square indicates

the primitive surface unit cell with a lattice constant of a = 2.89Å. As indicated by

the arrows in �gure 2.2b, the surface unit cell is orientated along the high symmetry

directions 〈110〉. In �gure 2.2a, a LEED image of the clean Ag(100) substrate showing

the reciprocal square unit cell is presented.

The Ag(100) substrate has been clean by argon sputtering and annealing cycles. The

parameters for the sputtering process were as follows: 800-1000V and Ar pressure of

∼ 5x10−6mbar at room temperature for 20-30min. After the sputtering, the surface

is rough and damaged, and therefore a annealing step is required to �atten the sur-

face. Since melting point of silver is at 1235K, the temperature of annealing were

maintained below 900K. The temperature of the crystal disc was determined by a per-
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2. General Aspects

(a) 140 eV (b)

Figure 2.2.: (a) LEED patterns of a clean Ag(100) single crystal. (b) Schematic presen-
tation of the Ag(100) surface structure; red square indicates the surface unit
cell, blue square indicates the fcc unit cell of silver.

(a) 250x250 nm2, 1.2V, 150 pA (b) 8x8 nm2, 0.1V, 100 pA

Figure 2.3.: STM images of the clean Ag(100) surface. (a) Large-scale STM image show-
ing a screw dislocation. (b) High-resolution STM image of atom-resolved
Ag(100).
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Figure 2.4.: Auger Electron Spectra (AES) of Ag(100) substrate. Inset shows detailed
view of the energy region of 110-230 eV which exhibits additional di�raction
features.

manent thermocouple placed on the sample holder. The permanent thermocouple was

calibrated once by a other thermocouple which has been temporarily mounted at the

sample plate next to the sample. After the delivery of the pristine single crystal disc,

15-20 sputtering-annealing cycles were needed to achieve the required surface quality,

although a noticeable number of screw dislocation were still present at the surface, as

illustrated in the large-scale STM image of �gure 2.3a. However, the number of dislo-

cations signi�cantly decreased after a few experiments, and the surface conditions were

characterized by large and defect-free terraces. The high-resolution STM image of �gure

2.3b shows an atom-resolve Ag(100) surface demonstrating thereby that it is possible to

achieve atomic resolution on a metal surface with the used STM instrument. Further-

more, the STM data obtained on clean Ag(100) were used to calibrate the STM scanners

(see appendix A).

In Figure 2.4, a AES spectrum of a clean Ag(100) surface is shown. The spectrum

con�rms that the cleaning procedure lead to impurity-free Ag(100) surfaces. Further,

since silver is noble metal, the surface were extremely insensitive to the residual gas and

remained clean in the UHV environment. The inset of �gure 2.4 provides a detailed

view of the energy region of 110-230 eV. The region exhibits additional features which

cannot be attributed to any Auger transition. We assume that this features are caused

by di�raction of true secondary electrons generated within the crystal [24].
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2. General Aspects

2.2.2. Thin Film Preparation

In this work, the fabrication of metal supported ultra thin �lms of MnO and WO3 have

been realized by evaporation of either pure manganese or tungsten trioxide powder.

However, the technical details of both system di�ers from each other and thus they are

described separately here:

• Manganese oxide �lms: Manganese �akes placed in tungsten crucible have been

deposited on the Ag(100) by electron beam evaporation. The amount of deposited

material is measured in monolayers (ML), whose de�nition is in the case of metallic

atoms straight forward - number of layer atoms equals the number of surface atoms.

For manganese, the weight per unit area of Mn that needs to be evaporated to

fully cover the Ag(100) surface, i.e. to deposit 1ML, is 109.3 ng cm−3. In order

to produce ordered the MnxOy layer, the surface has been oxidized by inserting

molecular oxygen in the chamber and annealed to trigger a self-assembly process.

• Tungsten oxide �lms: WO3 powder (Tungsten (VI) oxide, 99.995% purity, Adl-

rich) has been deposited by employing a high-temperature e�usion cell. As re-

ported in the literature [25], vacuum sublimation of WO3 powder leads to the

formation of cyclic (WO3)3 clusters in the gas phase, and thus molecules instead

of atoms arrive at the substrate. In the case of molecules, the de�nition of a

monolayer becomes complicated and arbitrary to a certain degree. However, in

this work, we follow the de�nition introduced in the thesis of Pomp [26]. There,

the clusters are approximated by discs and the monolayer is de�ned as a closed-

packed con�guration of the clusters. In this picture, the deposited weight per unit

area of (WO3)3 clusters for 1ML becomes 356.0 ng cm−3.

In both cases, the deposition rate has been determined by a quartz crystal microbal-

ance. Also, the correctness of calculated coverages has been veri�ed by STM studies for

both systems.
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Part I.

Growth of Transition Metal Oxides





3. Manganese Oxide on the

Ag(100) Surface

3.1. Introduction and Motivation

Compared to other transition metal oxides, a large number of di�erent oxidation states

is found in manganese oxide compounds leading to a great variety of crystal structures.

The four most important phases together with their structural properties are listed in

table 3.1.

In the MnO rocksalt structure, the Mn +2 oxidation state is realized by the transfer

of the 4s electrons to the oxygen leading to the electronic con�guration of 3d5. Below

the Néel temperature of 122K, MnO exhibits a type-II antiferromagnetic ordering with

a magnetic moment of the Mn+2 atom of 5µb [32], i.e. all electrons are unpaired. In

principle, the resulting magnetic moment of the Mn atoms and, in further consequence,

the magnetic properties of the material strongly depended on the atomic structure.

Therefore, the electronic con�guration of MnO - half �lled 3d shell - holds a great po-

tential for remarkable magnetic properties of 2D structures. Further, MnO is denoted

as a Mott-Hubbard-insulator since its electronic properties are dominated by a strong

electron-electron interaction. For this kind of strongly-correlated systems, standard

LDA-DFT calculations fail as the form of the exchange and correlation functional is

derived from homogenous non-interacting electron gas results. Generally spoken, band

structure calculations that ignore the electron-electron interaction would predict a partly

�lled conduction band and, therefore, an electrical conductivity for MnO. In order to

harmonize the calculated values with the experimentally measured ones, the DFT ap-

proach is adopted by adding additional terms, so-called Hubbard terms, to the LDA

functionals. This approach is then called DFT+U. The experimentally measured band

gap of MnO has been found at 3.8 eV [33].

In the past, ultra thin �lms of manganese oxide on Ag(100) have been studied because

they serve as proper model catalysts for studying properties of heterogeneous catalysts
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3. Manganese Oxide on the Ag(100) Surface

Name Composition Structure lattice parameters [Å]

Manganosite MnO Rocksalt a = 4.44 Ref. [27]
Pyrolysite MnO2 Rutile a = 4.40, b = 2.87 Ref. [28]
Kurnakite Mn2O3 Bixbyite a = 9.41, b = 9.42, c = 9.40 Ref. [29]

Hausmannite Mn3O4 Spinel a = 5.75, b = 9.46 Ref. [30, 31]

Table 3.1.: The four main crystallographic phases of Mn-O system.

[10]. In general, the surfaces properties of MnO bulk crystals are not well accessible to

methods of surface science because of their insulating nature and, therefore, an approach

to overcome this problem is to study ultra thin �lms of MnO. Furthermore, the fabri-

cation of MnO(100) surfaces of a high structural quality is very hard as the cleavage of

the bulk crystal along the (100) axis leads to a surface structure which consists of arrays

of pyramids with (111) surfaces [34]. For the �rst time, ultra thin Ag(100) supported

(1x1) MnO �lms have been prepared and characterized with LEED and XPS technique

by Müller et al. [34]. There, an exact recipe for the fabrication of the �lms have been

reported and also aspects of the epitaxial growth has been elucidated. Further inves-

tigation by photon di�raction methods and XPS based on the recipe of Müller et al.

have then focused on the structural, electronic and interfacial properties of the (1x1)

MnO/Ag(100) system [35�39]. Despite the e�orts made so far in the scienti�c study of

this system, a comprehensive STM study is still missing.

In this chapter, the growth of ultra thin MnxOy �lms on Ag(100) is studied and

characterized by means of LEED, STM and KPFM techniques. For this, well ordered

ultra thin �lms of manganese oxide have been fabricated by electron beam physical vapor

deposition of Mn onto a single crystal Ag(100) surface in either ultra high vacuum or oxy-

gen atmosphere, and subsequent post-treatments. The amount of deposited Mn ranged

from submonolayer coverages to several monolayers. Overall, the growth of four relevant

MnxOy structures have been observed and characterized: the (1x1)-MnO structure, the

mixed structure, the (2x1)-MnO structure and the triangle structure. In particular, the

(2x1) structure exhibits - despite the square substrate pattern - a strikingly anisotropic

island morphology. This notable growth mode of the (2x1) structure could be ratio-

nalized by �rst-principle density functional theory (DFT) calculations. The chapter is

structured as follows. First, the growth of the individual structures is discussed with

respect to the preparation conditions and a preparation parameter-structure diagram is

compiled by reviewing the available experimental data. Then, high-resolution STM im-

ages of the individual structures are shown to reveal their structural properties. At last,
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3.2. The Metallic Mn/Ag(100) System

the experimental data of the (2x1) structure are presented in detail and the underlying

growth mechanism is elucidated by means of �rst-principle DFT calculation.

3.2. The Metallic Mn/Ag(100) System

Epitaxially grown ultra-thin �lms and alloys of 3d transition metals (Cr, Mn, Fe, Co

and Ni) on various noble metals and also other transition metals have been studied

in the past in order to understand the close correlation between geometrical structure

and magnetic properties and, in the next stage, to tune the magnetic properties of

thin layers on an atomic scale [40�42]. Among these transition metals manganese has

been in the focus for a while, mainly due to its half �lled 3d shell resulting in a high

magnetic moment of the isolated atom [41]. In particular, the system Mn/Ag(100) has

been studied extensively by several groups [43�48]. Jonker et al. [43] could show by

means of temperature-dependent ferromagnetic resonance and magnetic susceptibility

measurements that ultra-thin manganese �lms on Ag(100) are antiferromagnetically

ordered down to 5 K. Kim et al. [44] have investigated this system with XPS, LEED-

IV measurements and corresponding dynamic LEED theory calculations. It was found

that two di�erent microdomains form, a metastable bilayer alloy with a c(2x2) atomic

structure and a Mn subsurface layer. The composition ratio of those domains is 85%

bilayer and 15% subsurface layer. Further investigations by Schie�er and coworkers

[45, 46, 48] with LEED-IV, ARUPS, and He+ ion scattering spectroscopy (ISS) have

focused on the temperature dependencies and the temporal evolution of the alloying

process . The experimental time-dependent He+ ISS data revealed that the population of

Mn atoms at the surface decreases with time and becomes �nally very small after 2.5 h of

deposition, i.e. the transformation process from c(2x2) Mn/Ag bilayer to Mn subsurface

layer is completed within this period. This result has been con�rmed by monitoring the

attenuation of the (1
2
,1
2
) LEED spot intensity and the increase of the Ag surface state

in the ARUPS spectra. From ARUPS measurements at room temperature for di�erent

coverages could be concluded that Mn does not grow in a layer-by-layer mode, but

begins to alloy with silver immediately after the deposition is started [45]. Deposition

experiments at low temperature have then shown that the exchange of Mn adatoms

with Ag surface atoms starts at 130 K and that it is possible to grow a �at and stable

monolayer of Mn on Ag(100) with a good degree of perfection at temperatures below

130 K [46]. In addition, an unusually large atomic volume of Mn in this environment

has been found by dynamic LEED calculations causing a negligible change of the fcc
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3. Manganese Oxide on the Ag(100) Surface

(a) 0.4 ML (b) 0.55 ML (c) 0.75 ML

(d) 1 ML (e) 93 eV

Figure 3.1.: STM images of manganese on Ag(100) for di�erent coverages in (a)-(d);
100x100 nm2, 1V, 200 pA. (e) The measured LEED pattern of the 1 ML
experiment. The yellow circles mark the Ag-spots; red arrow indicate c(2x2)
spot of the Mn/Ag bilayer alloy.

lattice constants of the system [48].

Although, a considerable e�ort has been made to study the metallic Mn/Ag system

with various techniques, STM investigations are still missing. We have carried out a

STM, AFM/KPFM study in order to (1) image the precursor state of the manganese

oxides and (2) to test the calibration of the used micro-balance. In the following the

results of STM, AFM/KPFM and LEED investigations of the growth of Mn on Ag(100)

from 0.3 to 1 ML at the room-temperature are presented.

In �gure 3.1, STM images of a series of deposition experiments of Mn onto Ag(100)

at room temperature with increasing coverage from 0.4 to 1 ML together with a corre-

sponding LEED pattern and height pro�le are shown. All deposition experiments have

been carried out with the same deposition rate of around 8x10-3 ML/s. The STM im-

ages reveals the layer-by-layer characteristic of the growth. Small 2D-islands form and
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3.2. The Metallic Mn/Ag(100) System

the beginning coalescence of these can already be observed at coverages of 0.4 ML. The

height of the islands is 2Å and equates the height of a monoatomic silver step (line scan

not shown here), which suggests that they are composed of silver atoms. At a coverage of

0.75 ML, the growth of �rst islands in the second layer can be seen, while the percolation

point is still not reached (see �gure 3.1c). If 1 ML Mn is deposited the island number in

the second layer is signi�cantly increased and the distribution ratio is 85% coverage in

the �rst layer and 15% in the second layer. The LEED pattern obtained after deposition

of 1 ML Mn (see �gure 3.1e) exhibits weak and di�use spots of the c(2x2) superstruc-

ture. For the deposition experiments below 1 ML, only the squared (1x1) Ag unit cell

could be seen in the LEED instrument. The absence of the c(2x2) superstructure for

low coverage can be explained by the temporal evolution of the Mn/Ag alloy found in

literature [45]. There, it was shown that the transformation from the c(2x2) bilayer

into the subsurface con�guration takes place within a few minutes in the submonolayer

region, while it takes signi�cantly longer at coverages higher than 1 ML.

Figure 3.2 shows two large scale STM images of the Mn/Ag alloy. In �gure 3.2b the

growth in the presence of monoatomic silver steps is illustrated. Worth mentioning here

is that islands starts to coalescence with the steps as well, which indicates again that the

islands are composed of silver. In order to point out that the mean-�eld nucleation theory

(MNT) approach is applicable for the present system, the STM image in �gure 3.2a has

been used to determine basic statistic quantities of the surface. The island density is

about 3500 island per µm2. Note that this number does not equate the saturation island

density, which is identical to the number of nucleation centers, but is slightly under-

estimated because of the beginning coalescence. The island size distribution, which is

plotted in �gure 3.2c, is of the shape as it is predicted by MNT [49]. The saturation island

density and the island size distribution are directly related to the di�usion parameters

of the system by MNT. Hence, these quantities could be used to obtain information

about the di�usion processes, but only if further low-coverage deposition experiments at

di�erent temperatures or with di�erent deposition rates were available.

The following experiments could be proposed to extract the di�usion parameters.

A small amount of Mn, e.g. 0.1 ML, have to be deposited several times at di�erent

deposition rates. The saturation island densities of each experiment are then extracted

from the obtained STM images. In the �rst step, the scaling law from nucleation theory

is applied to determine the di�usion rate of the adatoms and it is compared to the

di�usion rate of silver adatoms. If the deviation is signi�cant, either the MNT or a

kinetic Monte Carlo approach could be used to deduce di�usion parameters. Interesting
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3. Manganese Oxide on the Ag(100) Surface

(a) 300x300nm2, 0.4 ML (b) 300x300nm2, 0.55 ML
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Figure 3.2.: Manganese evaporated on Ag(100). Large scale STM images of (a) a �at
terrace and (b) monoatomic silver steps. (c) Island size distribution of (a).
(d) Height pro�le of the silver steps according to the blue line in (b).

quantities in this context are the mean free path length of Mn adatom on top of the

silver surface and their surface-to-bulk exchange rate [49, 50].

Additionally, KPFM measurements have been performed to test our KPFM facilities

on a simple and well understood system . The obtained results are summarized in �gure

3.3. Both, the measured height of the islands and the change in the contact potential

di�erence (CPD) between the top of islands and the substrate, as it is illustrated in

�gure 3.3b and 3.3d, support the assumption that the manganese atoms are generally

located in the second top most layer. First, only a negligible change in the CPD is

detected, which suggest that islands and the top layer have the same composition and
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Figure 3.3.: KPFM scan of 0.3 ML Manganese on Ag(100) (a) Contact Potential Dif-
ference Signal (c) Topological Signal. (b) Linescan according to (a). (d)
Linescan according to (c).

second, the apparent height of the island in the topological signal equals again the silver

step (see �gure 3.3c).

In summary, all obtained STM and KPFM can be explained by manganese atoms

penetrating into the subsurface layer, as reported in the literature. The present Mn/Ag

system would be suitable for further analysis by mean-�eld nucleation theory, as brie�y

pointed out above. The still unknown quantities for this system, e. g. for the manganese

adatoms the mean free path length on top of the silver surface and the exchange rate

into the second layer, could be measured thereby.

3.3. Oxide Preparation Parameters and Observed

Structures

Two di�erent preparation approaches have been employed here to fabricate the Mn ox-

ide nanostructures: reactive deposition and post-oxidation [13]. The deposition onto

the substrate is called reactive when the transition metal is evaporated in an oxygen at-

mosphere, while post-oxidation denotes annealing of the surface in oxygen atmosphere

after the deposition process is �nished. The post-oxidation step is optional if the reac-
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3. Manganese Oxide on the Ag(100) Surface

tive deposition approach is chosen, but it is, of course, required to oxidized the surface

if the metal is deposited in UHV. However, the emerging 2D structure types depend sig-

ni�cantly on the applied preparation recipe. A combined application of the mentioned

approaches opens up a 6 dimensional space of tunable preparation parameters: amount

of deposited material, deposition �ux and substrate temperature and oxygen pressure

during deposition and during the post-annealing step. Usually, it is impossible to ex-

plore the parameter space completely as preparation and characterization of the surface

consume a lot of time. Therefore, the work of the experimenter is normally focused

on �nding clear and reproducible preparation recipes for certain structure types. In

this context, surfaces only covered by a single and well ordered structure type, so-called

single phase systems, are of particular interests as their properties can be characterized

very accurately by means of surface science methods.

In this section, we present a STM study on the growth of MnxOy structures on Ag(100)

with respect to a prede�ned set of preparation parameters. Here, four relevant MnxOy

structures could be identi�ed and their growth properties within the prede�ned set of

preparation parameters has been roughly determined. The outline of this section is as

follows. First, the preparation-phase diagram is presented and all observed structures

are brie�y described. In the following, STM images and LEED patterns of three of the

four structures are shown and discussed to reveal their structural properties, namely

the (1x1)-, the mixed- and the triangle structure. The growth of the (2x1)-structure is

investigated in more detail in the next section.

3.3.1. Preparation Parameters-Structure Diagram

Up to now, only one preparation recipe for the (1x1) MnO structure on Ag(100) has

been reported in the literature [34�39]. There, 1-20 layers of Mn have been reactive

deposited at an oxygen background pressure between 5x10-8-2x10-7mbar while the sub-

strate temperature was kept at 475-1000K. After the deposition, the annealing has been

continued for 1-2 h in UHV. Further, it was found that if the annealing is performed at

lower temperatures, the 3D growth of (1x1) islands is less pronounced, meaning that the

layers of MnO are thinner and �at.

The set of preparation parameters used for this work is as follows. We have inves-

tigated the growth of ultra thin MnxOy layer of Ag(100) with respect to the coverage

and the oxygen pressure in the post annealing step for two di�erent deposition vari-

ants: (1) deposition in UHV, and (2), reactive deposition at a background pressure of

5x10-8mbar. The substrate was at RT during both deposition variants and at 700-800K
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3.3. Oxide Preparation Parameters and Observed Structures

in the post-annealing/oxidation step.

The below presented �ndings are summarized in the diagrams shown in �gure 3.4.

Overall, four di�erent ultra thin MnxOy phases has been detected within the above

speci�ed set of preparation parameters:

• MnO (1x1) Structure: The (1x1) structure has been observed for similar prepa-

ration conditions as reported in the literature - reactive deposition and annealing

in UHV. But in contrast to the reports in the literature, a coexistence of the

(1x1) structure with the mixed structure and the (2x1) structure has been found

for higher coverages. A STM image of the (1x1) phase and LEED pictures for

di�erent coverage are shown in �gure 3.6 and 3.7, respectively.

• Mixed Structure: The mixed structure emerges at lower oxygen pressures for

both deposition variants. It has been observed always in coexistence with the

(2x1) structure. As shown in detail in section 3.3.3, the mixed structure consists

of disordered micro-domains of c(4x2) and (4x4) unit cell reconstructions. As

shown later by the proposed symmetry analysis, these reconstructions have the

same chemical composition and have strongly related structural properties. Two

representative STM images of a surface covered simultaneously by (2x1) and mixed

structure for two di�erent coverages is shown in �gure 3.5.

• MnO (2x1) Structure: The growth of the (2x1) structure occurs in a wide

range of the preparation parameter set, although mostly in coexistence with other

structures. The only regions where the formation of a (2x1) MnO/Ag(100) single

phase has been observed was for reactive deposition at higher oxygen pressures

and for UHV deposition in the oxygen pressure range of 5x10-7-1x10-6mbar. The

high-resolution STM image of the (2x1) structure as well as theoretical DFT+U

calculations are examined in detail in section 3.4.

• MnxOy Triangle Structure: The triangle structure has been observed only in

the case of UHV deposition and higher oxygen pressures in the post-oxidation step.

Also, it has been observed only in coexistence with the (2x1) phase. Unfortunately,

the exact lattice constant of this structure could not be resolved. In �gure 3.13,

STM images of the Ag(100) surface covered simultaneously by (2x1) and triangular

islands are shown.

Note, the preparation parameter-structure diagram in �gure 3.4 has been compiled by

inter- and extrapolation of the reviewed experimental data. In the transition regions of
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3. Manganese Oxide on the Ag(100) Surface

(a)

(b)

Figure 3.4.: Observed structure with respect to the coverage and the oxygen pressure in
the post oxidation step at elevated temperatures of 700-800K. (a) reactive
deposition in a oxygen atmosphere of 5x10-8mbar. (b) deposition in UHV.
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3.3. Oxide Preparation Parameters and Observed Structures

the structures, the observed trends have not been always clear.

It is well known that �lm growth is a non-equilibrium kinetic process. However, for

the formation of metal supported transition metal oxides nano-structures, the thermo-

dynamic conditions play a crucial role as they determine some of the relevant kinetic

factors which govern the growth process, e.g. the probability of island nucleation and

the island stability. If the preparation parameters-structure diagram is analyzed from

this viewpoint, the following trends can be derived:

• The growth of the (2x1) structure for a large range of di�erent oxygen pressures

suggests that its formation is due to a kinetic factor which is weakly coupled

to the thermodynamic conditions and this �nding is further supported by DFT-

calculation presented in section 3.4.2.

• In contrast, the relevant kinetic factors for the formation of the (1x1) and the

mixed structure are dominated by the chemical potential of oxygen.

• Since the growth of the (1x1) MnO phase is observed only under UVH condi-

tions and it is immediately replaced by the mixed structure if the oxygen pressure

is increased, the (1x1) represents a lower oxidized precursor state of the mixed

structure.

• The absence of the triangle structure for the reactive deposition recipe suggests

complicated kinetic pathways which are probably related to the Mn/Ag alloy pre-

cursor.

Apart from the formation of the individual structures, also the islands densities and

shapes depend on the preparation parameters. For illustration, �gure 3.5 shows surfaces

covered by (2x1) and mixed-structure islands for two di�erent coverages. The other

preparation conditions have been: deposition in UHV and post annealed in oxygen pres-

sure of 5x10-7mbar. The (2x1)- and mixed-structure islands can be easily distinguished

by their surface texture. The (2x1) islands exhibit bright lines running parallel and the

mixed-structure islands can be recognized by a di�erent contrast of the micro-domains

and the next-layer growth. While the surface morphology at the lower coverage (see

�gure 3.5a) can be described by rectangular-like islands which are clearly separated

from each other, the islands form a complex network at higher coverages in which the

aspect-ratio of the (2x1) phase is signi�cantly increased. In addition, it was observed

that for all preparation recipes the measured coverage is signi�cantly lower that the

nominal coverage indicating that a considerable amount of the deposited Mn remain
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3. Manganese Oxide on the Ag(100) Surface

(a) 100x100 nm2, 2V, 300 pA (b) 150x150 nm2, 2V, 100 pA

Figure 3.5.: STM images of coexisting mixed structure and (2x1) islands on the Ag(100)
surface for two di�erent coverages (a) 1ML and (b) 2ML. Preparation con-
ditions for both: deposition in UHV and post annealed in oxygen pressure
of 5x10-7mbar.

subsurface. Generally, the surface morphology as well as the ratio of areas of the indi-

vidual phases depend strongly on complex kinetic factors and, therefore, no clear trend

could be derived from the STM investigation.

In summary, the growth of ultra thin MnxOy structures on Ag(100) have been studied

by STM within a prede�ned preparation parameter set. Within this set, four di�erent

structure types could be identi�ed and, in addition, clear and reproducible recipes for

their fabrication could be developed.

3.3.2. The MnO (1x1) Structure

The growth as well as the electronic and structural properties of the MnO (1x1) structure

on Ag(100) have been extensively studied in the past [34�39]. The preparation recipes

proposed there can be summarized as follows: reactive deposition of Mn in a low oxygen

pressure following by annealing in UHV for at least one hour. By applying these recipes,

we could reproduce the reported results with one exception: at higher coverage, also

the (2x1) phase was observed. In addition, it was found that if the (1x1) islands are

post-oxidized, the (1x1) phases transform into the mixed structure. This suggests that

the crucial preparation parameter for the (1x1) structure and for the mixed structure is
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(a) 100x100 nm2, 1.7V, 250 pA (b) 50x50 nm2, -2.2V, 100 pA

Figure 3.6.: STM images of (1x1) MnO islands of di�erent height. Nominal coverage of
(a) 0.5ML and (b) 1.5ML. Blue lines in (a) and (b) indicate paths of the
line scans shown in �gure 3.8a and 3.8b, respectively. The green rectangle
in (b) indicate a �at (2x2) structure.

the oxygen dosage.

Unfortunately, no atom-resolved STM images of the (1x1) structure could be achieved

in the course of this investigation. However, the corresponding LEED measurements

strongly suggest that the in the STM observed islands are MnO (1x1) structures. In

�gure 3.6, STM images of the (1x1) structure obtained for two di�erent coverages are

shown. The STM image of �gure 3.6a speci�es the morphology of the MnO islands.

The islands have a rectangular shape aligned parallel to the main crystal axes of the Ag

surface documenting the epitaxial growth of MnO on Ag(100). As indicated by the line

scan shown in �gure 3.8a, the islands appear as depressions of a depth between ca. 2-4Å,

which reveals that (1) the early stage structure is embedded into the Ag(100) surface,

and (2), that a considerable amount of the current tunnels through the MnO structures

revealing a smaller DOS of the structure in the range of 2eV around the Fermi level than

the Ag substrate. The former �nding is in close analogy with the observation made for

NiO/Ag(100) system [51, 52] and emphasizes thereby the strong relation between both

systems. In contrast to the NiO/Ag(100) system, the islands edges appear higher with

respect to the surrounding Ag substrate. Since the lattice constant mismatch of MnO

and Ag is considerable (≈8% for MnO/Ag versus ≈2% for NiO/Ag), the elevation of
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3. Manganese Oxide on the Ag(100) Surface

the island edges might be attributed to combination of strain and electronic e�ects. In

addition, the islands line scan exhibits two di�erent height levels in depth of the islands

indicating bilayer patches to the oxide surface layer. Note, the apparent depth of the

second level is probably lowered by a tip convolution. A possible explanation for the

formation of these bilayer patches would be that early stage islands are buried in the

course of the annealing step due to the high mobility of the silver atoms and act then

as preferred nucleation site for further MnO islands. For the lower coverage case, the

LEED picture (not shown here) and the STM investigation revealed that the surface is

predominately covered by (1x1) islands.

In �gure 3.6b, a STM image of (1x1) islands obtained by deposition of a larger amount

of Mn is shown. It becomes obvious that increasing coverages lead to a 3D growth of

the (1x1) structure. This result is in agreement with the reports found in the literature

- there a islanding e�ect is mentioned if the annealing temperature is su�ciently high

[39]. Also, a �at island with atomic features adjacent to a high (1x1) island is visible

in this �gure (indicated by the green rectangle). The unit cell of this island displays

a (2x2) periodicity, but it is not clear whether this structure is involved in the growth

process of the (1x1) phase. Unfortunately, for the high (1x1) islands, no stable tunneling

condition could be found and, therefore, reliable statements about the islands shape and

height cannot be made.

Figure 3.7 shows two LEED pictures of the Ag(100) surface prepared by the above

mentioned recipe for two di�erent coverages. In both LEED pictures, a superposition

of the Ag, (2x1) and the (1x1) phase patterns is seen. The Ag spots are marked with

yellow circles, the (2x1) spots by red circles and the MnO (1x1) by a green circles. The

increased growth of the (2x1) phase for higher coverages becomes evident if the intensity

of the (2x1) spots is compared to each other. Note, while the (2x1) spots are clearly

visible in the case of 3ML (�gure 3.7b), their intensity is low for 1.5ML (�gure 3.7a)

and vanishes completely for submonolayer coverages (LEED pattern not shown here).

3.3.3. The Mixed Structure

If the surface is post-oxidized at low oxygen pressures, the mixed structure forms for

both deposition variants. Further, it was observed that if (1x1) islands are oxidized at

elevated temperatures, the (1x1) islands transform into mixed structure islands, which

is documented by the STM image of �gure 3.9a. This surface was obtained after post-

oxidation (5x10-7mbar) of the surface shown in �gure 3.6a. This e�ect can be interpreted

in two ways: (1) the mixed structure is just an oxidized termination of the (1x1) MnO
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(a) 117 eV (b) 120 eV

Figure 3.7.: Representative LEED pictures of the (1x1) MnO phase for two di�erent
coverages. Yellow circles mark the Ag-spots, red circles mark the (2x1) spots
and green circles mark the (1x1) spots. Nominal coverage of (a) 1.5ML and
(b) 3ML.
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Figure 3.8.: Height pro�le study on (1x1) MnO islands. (a) Line scan of �at (1x1) islands
shown in �gure 3.6a. (b) Line scan of 3D (1x1) island shown in �gure 3.8b.
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(a) 50x50nm2, 2V, 200 pA (b) 50x50nm2, 2V, 200 pA

Figure 3.9.: STM images of the mixed structure. (a) surface obtained by post-oxidizing
the surface shown in �gure 3.6a; blue line indicates line scan shown in �gure
3.11a. (b) detailed view of surface shown in �gure 3.5b.

phase, i.e. an oxygen reconstruction of the MnO surface, or (2), the (1x1) MnO structure

transforms into a higher oxidized manganese oxide structure. Since island shape and

number do not signi�cantly change during the post-oxidation of the surface, the former

assumption of an oxygen reconstructed MnO surface is more reasonable.

The STM images of �gure 3.9 illustrate the island morphology of the mixed structure.

The islands have a rectangular shape similar to the (1x1) phase and they are surrounded

by a darker rim. The atomic structure does not exhibits any long-range order and is

composed of disordered arrangement of two di�erent micro-domains and therefore it has

been named mixed structure. As already evident from the STM image of �gure 3.9b, the

unit cell sizes of these micro-domains are c(4x4) and (4x2). Also, second layer growth

of the mixed island is visible in �gure 3.9b (the green arrow in �gure 3.5b marks the

�rst layer). The height di�erence between 1st and 2nd layer is found to be ≈ 1.5Å (line

scan not shown here). The line scan across the mixed structure, according to the blue

line in �gure 3.9a and shown in �gure 3.11a, suggests that the structure is embedded in

the Ag substrate.

The atomic details of the mixed structure are speci�ed by the high-resolution STM

image of �gure 3.10a. The unit cells are made up of holes of two di�erent depths and

bright blobs, as revealed by the line scans shown in �gure 3.11b. For illustration, some

of the deep holes are highlighted by green balls in the STM image. The red rectangle
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(a) 20x20nm2 (b)

Figure 3.10.: Atomic details of the mixed structure. (a) high-resolution STM image.
Colored lines indicate paths of the line scan shown in �gure 3.11b. The
red rectangle and the blue square mark the (4x2) and c(4x4) unit cell,
respectively. Green spheres mark deep holes. (b) schematic diagram of
the atomic details of the mixed structure. For the description see text.
The red rectangle and the blue square mark the (4x2) and c(4x4) unit cell,
respectively. The dashed square mark the primitive unit cell of the c(4x4).
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Figure 3.11.: Height pro�les of the mixed structure. (a) line scan according to the blue
line in �gure 3.9a. (b) atomic corrugation of the mixed structure; line scans
according to the colored lines in �gure 3.10a.
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3. Manganese Oxide on the Ag(100) Surface

Figure 3.12.: LEED picture of the Ag(100) surface covered by the mixed structure. Beam
energy is 100 eV. Yellow circles mark the Ag-spots, red circles mark the
(2x1) spots and the green arrows point to the weak c(4x4) spots.

and the blue square mark the (4x2) and c(4x4) unit cell, respectively. In �gure 3.10b,

the symmetry properties of the mixed structure are presented schematically. The black

spheres represent the deep holes, the gray ellipses represent the shallow holes and the

yellow spheres are the bright blobs. As illustrated, the transition between the micro-

domains is realized by irregular packing along the x4 direction of the (4x2) unit cell. If the

hypothesis holds that the mixed structure is an oxygen reconstruction of the (1x1) MnO

phase and, further, if the holes were identi�ed with oxygen atoms, the stoichiometric of

the surface would be MnO2.

Due to the lack of long-range order, clearly visible LEED spots of the c(4x4) and (4x2)

structure are not expected. However, in the LEED picture of �gure 3.12, some spots

related to these structures are visible. In particular, the (2x2) re�ex is visible because

both structures contribute to its intensity. Also, a very slight increase of intensity at the

positions where the other spots are expected can be recognized.

In conclusion, the mixed structure forms at low oxygen pressures in the post-annealing

step. Moreover, the performed experiments suggest that the mixed structure is an

oxygen reconstruction of the (1x1) MnO surface. The structure is composed of disordered
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(a) 150x150 nm2, 2V, 100 pA (b) 50x50 nm2, 2V, 100 pA

Figure 3.13.: STM images of the MnOx triangle phase. Nominal coverage of 0.5ML.
Colored lines in (a) and (b) indicate paths of the line scans shown in �gure
3.14a and 3.14b, respectively. (a) Green encircled islands are of unknown
structure. (b) Detailed view of the triangle phase.

arrangement of c(4x4) and (4x2) micro-domains and therefore it does not exhibit any

long-range order. Consequently, the LEED spots created by mixed structure are very

weak.

3.3.4. The Triangle Structure

The triangle structure emerges at the Ag(100) surface for the following preparation

conditions: deposition of Mn in UHV and post-annealing at high oxygen background

pressure. Since the triangle structure has not been observed for reactive deposition, it

is assumed that the reasons for its formation are related to the Mn/Ag alloy precursor.

As explained in section 3.2, the population of Mn atoms at the surface quickly decreases

after the deposition resulting in a Mn subsurface layer con�guration where only small a

ratio of Mn atoms occupy surface sites. Consequently, if the mentioned recipe is applied,

a comparably small number of Mn atoms are oxidized and in the following the subsurface

Mn atoms only gradually return to the surface. In other words, the stoichiometry at the

surface is always clearly dominated by oxygen. It is therefore reasonable to assume that

the triangle structure consist of highly oxidized Mn atoms.

The following results are related to surfaces which have been prepared by the above
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Figure 3.14.: (a) Height pro�les of the MnO (1x1) islands shown in �gure 3.13a. (b)
Height pro�les of the triangular islands according to the colored lines in
�gure 3.13b.

mentioned recipe. The surface morphology is characterized by the STM images of �gure

3.13. The surface is covered by three structure types: (2x1), triangle and an unknown

structure type (encircled green in �gure 3.13a). The triangle structure is named after

the shape of its islands. In the high-resolution STM image of �gure 3.13b, features

of the atomic ordering of the triangle structure are seen. The island surfaces exhibit

grooves running 30◦rotated to the substrate lattice axis. The islands sizes of the triangle

structures are found to be very small (do not exceed 15 nm). The LEED picture of the

surface shows only the Ag and (2x1) spots (not shown here). The absence of LEED

re�exes of the two other structures can be understood as follows: (1) since the island

sizes of the triangle phase are very low, these islands provide only an insu�cient number

of ordered scattering centers to create di�raction patterns, and (2), the island number

of the unknown structure must be very low as their island size would be large enough to

create di�raction re�exes. The latter �nding is in agreement with the STM observation

and, therefore, we did not manage to reveal the unit cell size of the unknown structure.

In �gure 3.14, height pro�les of the triangle and the unknown structure are presented.

The unknown structure island in �gure 3.14a is rather high (≈3Å) and exhibits two

di�erent height levels. The height di�erence between the levels is ≈0.5Å. Figure 3.14b
shows the height pro�les of two triangle islands, embedded and on top of the Ag. The

apparent height of these islands is found at around 1Å.
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3.4. The MnO (2x1) Structure

3.4. The MnO (2x1) Structure

In this section, the experimental data of the (2x1) phase are examined in detail. In

addition, a extensive and complete density functional theory (DTF) investigation of the

(2x1)-MnO/Ag(100) system has been performed to determine the exact atomic con�g-

uration and to reveal the underlying growth mechanism. The section is structured as

follows. First, STM, KPFM and LEED images of the single phase (2x1)/Ag(100) surface

are shown and discussed. After the presentation of the experimental data, the �ndings

of the DFT calculations are presented. At last, the obtained results are brie�y reviewed

and summarized.

Most of the experimental and theoretical results presented in the following has been

published in the Journal Physical Review B under the title Kinetic asymmetry in

the growth of two-dimensional Mn oxide nanostripes [53].

3.4.1. LEED, KPFM and STM study

As illustrated in the preparation-structure diagram shown in �gure 3.4, the (2x1) struc-

ture has been observed for a wide range of preparation parameters. Although it is

very often in coexistence with other phases, a preparation recipe for single phase (2x1)-

MnO/Ag(100) surfaces have been discovered, which is documented by the large scale

STM images of �gure 3.15.

Figure 3.15a illustrates the morphology of the MnO oxide islands for a single phase

preparation with nominal coverage of 0.75ML. The Ag-substrate is covered by a com-

plex network of (2x1) MnO stripes following the high-symmetry 〈110〉 directions of the
Ag(100) surface. Despite the square surface pattern of the Ag(100) substrate, the in-

dividual structural domains exhibit a strikingly anisotropic growth: while the width of

the stripes is usually in the range of 5-20 nm for submonolayer coverage, the length of

the islands can reach mesoscopic dimensions (up to ≈ 1µ). The islands display strictly

straight and defect-free island edges and also a very low defect density inside the is-

lands. As indicated by the height pro�les in �gure 3.18a according to the colored lines

in �gure 3.15a, the islands can be either on top of or embedded into the Ag-substrate.

An explanation for this can be given by taking into account the �ndings presented in

the theory part in section 3.4.2. As pointed out there, the islands nucleate at the silver

steps and, since the silver atoms are very mobile at elevated temperatures, they are then

embedded in the course of the post-oxidation process. The dependencies of the mor-

phological properties of the (2x1) phase - such as aspect ration, size and number of the
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(a) 300x300 nm2, 1.8V, 150 pA (b) 150x150 nm2, 2V, 150 pA

Figure 3.15.: Large scale STM images of single phase (2x1) MnO/Ag(100) surfaces with
di�erent Mn coverages: (a) 0.75ML and (b) 1.5 
ML; other preparation
parameters: deposition in UHV and post annealing to 700K in a oxygen
atmosphere of 5x10-7mbar. (a) colored lines indicate line scans in �gure.
(b) blue lines mark borders between (2x1) structures and Ag-substrate.

islands - on the preparations conditions has turned out to be rather complex, since they

change dramatically in the case of the coexisting mixed structure. However, it could be

observed that only for preparation in high oxygen background pressures, the growth of

the (2x1) phase becomes strikingly anisotropic, while in presence of mixed structure, the

aspect ratio of the (2x1) islands signi�cantly decreases. In �gure 3.15b, a STM image

of a (2x1) MnO/Ag(100) surface with higher coverage is shown. As illustrated in this

image, higher coverage results in a larger width of the (2x1) island and does not lead to

second layer growth.

The STM image of �gure 3.16a shows a MnO (2x1) island on a medium scale, where

�rst atomic features are recognizable. The structure is characterized by parallel lines

running along the long island direction. The domain boundaries, as shown in detail in

the inset of �gure 3.16a, do not exhibit any atomic order, which indicates the meeting of

the growing islands rather than an abrupt change in the growth direction of the island.

The LEED picture of �gure 3.16b reveals the (2x1) unit cell of the MnO overlayer.

The yellow and red arrows specify reciprocal unit cells of the Ag-substrate and MnO

overlayer, respectively.

The high-resolution STM images of �gure 3.17 characterize the atomic details of the
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(a) 50x50 nm2, -1.9V, 500 pA (b) 120 eV

Figure 3.16.: (a) High-resolution STM image of a Mn-oxide (2x1) stripe. (b) LEED
picture of a (2x1)MnO/Ag surface.

(a) 15x15 nm2, -1V, 400 pA (b) 6.3x6.3 nm2

Figure 3.17.: Atomic details of the Mn-oxide (2x1) phase. (a) atom-resolved STM image.
(b) detailed view of (a); image has been drift corrected and FFT �ltered.
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Figure 3.18.: Height pro�les of the MnO (2x1) phase. (a) height pro�les according to
the lines in �gure 3.15a illustrating the apparent height of the islands. (b)
height pro�le of the atomic corrugation across the oxygen strips; red line
in �gure 3.17b indicates path of the line scan.

(2x1) structure. Figure 3.18b is an enlarged, drift corrected and FFT-�ltered view of the

(2x1) island depicted in �gure 3.18a. The atomic protrusions in form of bright maxima

specify the (2x1) unit cell of the structure, which is illustrated in �gure 3.18b by a

blue rectangle. In addition, an asymmetric depression is seen in the middle of the unit

cell. As validated by the DFT simulations presented later, the bright maxima and the

asymmetric depression characterize the positions of the oxygen atoms. For illustration,

the position of the oxygen atoms in the unit cell are highlighted by red spots in �gure

3.18b. The atomic corrugation across the lines is around 30 pm (see line scan in �gure

3.18b) and around 10 pm along the lines (line scan not shown here).

In �gure 3.19, the results of a Kelvin Probe Force Microscopy (KPFM) measurement

are presents. The preparation conditions for the measured surface have been: deposition

of 0.3ML in UHV followed by post-annealing in a background pressure of 1x10-6mbar.

The topological signal image of �gure 3.19a shows elongated island in which the island

located in the middle appears higher than the rest, as indicated by the line scan in

�gure 3.19c. The apparent height of the lower islands is found to be ≈ 3Å, while the

height of the high island is ≈ 6Å. Also, the Contact Potential Di�erence (CPD) signal

obtained on top the latter island di�ers from the other ones (see �gure 3.19d). The

former show a CPD of around 60mV, while the latter does not exhibit any signi�cant

workfunction change compared the Ag-substrate, although the island edge is visible in

the CPD image of �gure 3.19b. Taking into account that second layer growth can be

ruled out for the (2x1) structure, these results suggest either a di�erent structure type

for the island in the middle. Concerning the quantitatively measured CPD, a reliable
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(a) 150x150 nm2 (b) 150x150 nm2
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Figure 3.19.: Kelvin Probe Force Microscopy (KPFM) images of the MnO/Ag(100) sys-
tem. (a) topological signal. (b) Contact Potential Di�erence (CPD) signal.
(c) line scan according to (a). (d) line scan according to (b).
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statement about the local workfunction di�erence between the Ag-substrate and the

islands is not possible by these measurements. As reported in the literature [22, 23],

the measure CPD depends considerably on the used AFM cantilever and the actual

tip geometry. In order to obtain reliable information of the local workfunction, further

extensive experimental e�orts accompanied by simulations would be required. However,

a rough trend of the local workfunction change can be derived from these measurements.

In our AFM/KPFM instrument, the sample is grounded and the cantilever is biased to

cancel the Coulomb interaction and, therefore, the more positive CPD signal above the

(2x1) structures indicates a higher work function for them with respect to Ag(100)-

substrate.

In summary, we have prepared and characterized (2x1)-MnO/Ag(100) single phase

surfaces. It was found that the Ag-substrate is covered by a complex network of (2x1)-

MnO structures which is made up of strikingly anisotropic structural domains (stripes).

The LEED picture as well as the high-resolution STM images revealed a (2x1) MnO over-

layer unit cell size. Further, the stripes have been observed either embedded or on top of

the Ag-substrate. In addition, �rst KPFM measurements have been performed on this

system and the preliminary experimental data suggest an increased local workfunction

of the (2x1) structure.

3.4.2. DFT Calculations and Structural Model

In order to determine the atomic structure and to reveal details about the underly-

ing growth mechanism, �rst-principles DFT+U calculation have been performed by the

group of Alessandro Fortunelli (CNR-ICCOM and IPCF, Consiglio Nazionale delle Re-

cerche). Here, the results of this analysis are presented and the theoretical approach is

only roughly described. Further information about the detailed theoretical approach is

provided in the publication mentioned in the introduction of this section [53].

In the following, the theoretical approach is brie�y summarized. The calculations have

been performed on a periodic slap model and by employing DFT with gradient-corrected

or hybrid exchange-correlation (xc-) functionals. A dipole correction has been applied

to eliminate spurious Coulomb interactions within the z-periodic arrangement of the

slaps. The e�ects of the Coulomb repulsion between the d-electrons in the oxide �lm

have been taken into account by applying the DFT+U approach [54, 55]. Within this

approach, Perdew-Burke-Ernzerhof (PBE) xc-functional and ultrasoft pseudopotentials

have been used, where the values of U have been chosen in the range of 0.0 to 6.0 to

sample its importance. To obtain the optimized structure model, four layers of Ag in
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(a) Top-view (b) Side-view

(c) Initial state of growth

Figure 3.20.: Structural model for the (2x1)-MnO/Ag(100) system: (a) top-view and
simulated STM image of +1.0V, and (b) side-view. (c) growth of a MnO
island on the border of a silver step: the structure of the (1x1)-like pat-
tern (left) and the (2x1)-like pattern (right); energetics predicted by the
DFT+U approach (with U=4.5 eV): (2x1)-like pattern is favored by 1.74 eV
with respect to the (1x1)-like pattern. Figures taken from [53].

(100) stacking and a MnO �lm on one side of the metallic slap is considered. The silver

atom positions are �xed, while the positions of the oxide �lm atoms are varied until

the forces were smaller than 0.01 Å/eV per atom. The STM images were simulated by

plotting the local density of states at constant height of around 2Å (Terso�-Hamann

approach [19, 20]).

In general, it was found that the results obtained for the MnO/Ag(100) system are

in close analogy with those obtained from the DFT-analysis of the NiO/Ag(100) system

[51]. The structural model for the (2x1)-MnO/Ag(100) system obtained by the DFT+U

analysis is shown in �gure 3.20a. The simulated STM image of �gure 3.20a identi�es the

bright lines observed in the measured STM images as the outermost oxygen atoms of the

structure. In table 3.2, the resulting relative energies of the (1x1)-MnO/Ag(100) and

(2x1)-MnO/Ag(100) structures for di�erent magnetic structures are shown as a function
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(1x1)-MnO/Ag(100) (2x1)-MnO/Ag(100)

xc-functional AFM2 FM AFM1 AFM2 FM AFM1

PBE+U, (U=0.0 eV) +0.38 +0.69 +0.79 +0.00 +0.24 +0.88
PBE+U, (U=4.5 eV) +0.00 +0.19 +0.18 +1.19 +1.74 +1.62
PBE+U, (U=6.0 eV) +0.00 +0.16 +0.14 +1.36 +1.83 +1.74

HSE06 +0.00 +1.40
B3PW91 +0.00 +0.60

Table 3.2.: Energetic of the (1x1)-MnO structure against the (2x1)-MnO structure. Val-
ues are reported per MnO unit. Di�erent magnetic arrangements are con-
sidered: FerroMagnetic (FM), AntiFerroMagnetic stripe-style (called AFM1
in the case of the (100)-1x1 phase and AFM2 in the case of the (2x1) phase)
and AntiFerroMagnetic zig-zag-type (AFM3). Table taken form [53].

[110]-O border [-110]-MnO border

Adsorption [eV] Di�usion [eV] Adsorption [eV] Di�usion [eV]

Mn 2.4 0.12 1.2 -
Ag 0.2 0.10 0.3 -

Table 3.3.: Adsorption and di�usion barrier energies of Mn and Ag adatoms adsorbed
on the [110]-O and [-110]-MnO borders of a MnO (2x1) island. The corre-
sponding con�gurations are shown in �gure 3.21. Values taken form [53].

of the employed xc-functional. It can be seen that the energies predicted by the indi-

vidual xc-functionals are in good agreement, except for the pure DFT/PBE approach,

which identi�es the (2x1) structure as the energetically most favored. Previous exper-

iments on NiO/Ag(100) have shown that the (1x1) structure is energetically preferred

with respect to the (2x1) structure [51] indicating that the pure DFT/GGA approach

is inaccurate for these systems. The reasons for the formation of the (2x1) structure

must then be related to a kinetic stabilization. Therefore, the energies of the structural

models of the initial stages of the growth are compared to each other. Here, it has

been assumed that the growth of the (2x1) structure starts at the Ag step edges. The

structural models are depicted in �gure 3.20c. The predicted energy di�erence between

the (1x1)-like and the (2x1)-like line structures was found to be 1.74 eV for the PBE+U

(U=4.5eV) approach and 1.36 eV for the B3PW91 functional implying a preferred growth

of the (2x1) structure in the presence of silver steps.

In order to investigate theoretically the growth process, also selected capture and

di�usion processes have been studied by the DFT+U approach. In �gure 3.21, the
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(a) [110]-O direction

(b) [-110]-MnO direction

Figure 3.21.: Di�usion process of a Mn adatom along the (a) [110]-O border and (b)
[-110]-MnO border of MnO (2x1) island [53].
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3. Manganese Oxide on the Ag(100) Surface

structural models of the investigated capture and di�usion processes are shown, where

a single Mn adatom is interacting and moving along the [110]-O island edge (�gure

3.21a) and the [-110]-MnO island edge (�gure 3.21b). The calculated energies for the

individual situations are listed in table 3.3. It is remarkable that the di�usion barriers

are not proportional to the capture energies. The capture energy is higher for the

[110]-O edge because an incoming adatom is interacting with two oxygen atoms, while

it interacts with only one on the [-110]-MnO edge. On the other hand, the [110]-O

edge provides a possible pathway for di�usion along the edge without breaking the

bonding. In �gure 3.21a, two minima con�guration are shown on the right and left

side, whereas the saddle point is shown in the middle. In contrast, such a pathway is

missing for the [-110]-MnO edge, and consequently, the adatom loses all its binding to

the oxide island when jumping from one adsorption site to the next one. Therefore, in

�gure 3.21b, only one minimum is shown, as it has not been possible to single out the

relevant saddle point which can be associated with the di�usion process. The arrow in

�gure 3.21b indicates the way to the next regular adsorption site, which is also much

longer compared to the [110]-O edge. These �ndings provide a basis for rationalizing

the asymmetric, preferentially uniaxial growth of the (2x1) structure: the incoming Mn

adatoms attach to the [110] and [-110] edges, but can quickly di�use along the former,

while they become immobile at the latter. Considering the di�usion of Ag atoms along

the edges, we found a qualitative similar result with the di�erence that the adsorption

energies are smaller (about 0.3 eV). The weak binding ensures the mobility of the Ag

atoms at a temperature of 700-800K and therefore the (2x1)-MnO stripes are embedded

in the course of the in the post-annealing/oxidation step, which is in turn in accordance

with the observation of embedded and on-top structures.

Summarizing, the present simulations suggest that the growth of the MnO in oxygen

atmosphere starts at the Ag(100) steps in the metastable (2x1) row structure. The so-

formed (2x1) rows then continue to grow in narrow anisotropic strips since the di�usion

conditions along the speci�c edges di�ers considerable from each other: the adatoms are

mobile at the [110]-O edge, whereas they are stuck at the [-110]-MnO edge.
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3.5. Summary

3.5. Summary

In this chapter, the growth of ultra thin �lms of MnxOy on the Ag(100) surface has been

studied by means of STM and LEED. The controlled growth of ordered MnxOy struc-

tures has been realized by the tuning of the preparation parameters within a prede�ned

range. In this context, four relevant structures have been identi�ed and extensively char-

acterized: the (1x1)-MnO, the mixed-structure, the (2x1)-MnO and the triangular struc-

ture. By reviewing the obtained experimental data, a preparation parameter-structure

diagram has been compiled which constitutes a comprehensive map for the controlled

growth of the MnxOy structures.

The (1x1)-MnO structure has been observed for similar preparation conditions as re-

ported in the literature [34�39]. The performed growth experiments indicate that the

crucial preparation parameter for the growth of the (1x1) structure is the oxygen dosage:

the structure transforms entirely into the mixed structure in the presence oxygen. The

STM investigation revealed the formation of 3D island for higher coverages, i.e. the

system exhibits for these preparation conditions a Volmer-Weber growth mode, while

the early-stage (1x1) islands are found to be embedded into the Ag substrate. If the

oxygen pressure is increased, the mixed structure emerges. The mixed structure islands

are composed of disordered micro-domains of c(4x2) and (4x4) Ag unit cell reconstruc-

tions. However, the transformation of the (1x1)-MnO structure into the mixed structure

without a change in shape and size of the islands might indicate that it is an oxygen

termination layer on top of the (1x1)-MnO surface.

Single phase (2x1)-MnO/Ag(100) systems are obtained, if the oxygen pressure is fur-

ther increased. The surface morphology of this system is characterized by complex

network of long and narrow (2x1) nanostripes. The (2x1) strips have a defect free struc-

ture and exhibit perfectly straight edge; they have been observed either on top of or

embedded into the substrate. The exact atomic structure as well as the details about

the strikingly anisotropic growth could be rationalized by �rst principle DFT calcula-

tions: (1) the growth of the (2x1) structure starts at the silver step edge, and (2), the

anisotropic growth is a result of di�erent di�usion conditions at the island edges.
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4. Tungsten Oxide Clusters on the

Ag(100) Surface

4.1. Introduction and Motivation

Tungsten trioxide (WO3) is an early transition metal oxide which crystallizes in distorted

variants of the rhenium trioxide (ReO3) structure. Its unit cell is made up of a framework

of corner-sharing WO6 octahedra that are, depending on the temperature, di�erently

distorted or tilted. The oxidation number of the tungsten is +6 and therefore the

electron con�guration of the compound is denoted as 5d0, i.e. the tungsten valence

electrons of the 6s and 5d orbitals are transferred to the 2p orbital of the surrounding

oxygen atoms. The �ve phase transitions that WO3 undergoes between 0K and 1010K

are listed in table 4.1. It is notable that the highest symmetry structure, the cubic,

is missing. For transition metal oxides, whose basic structural elements are octahedra,

this is typical and can be considered as a consequence of the geometric nature of the

d-orbitals. The distortions are often explained by the Jahn-Teller theorem, which states

that the degeneration of occupied d-orbitals is lifted by lowering the symmetry of the

molecule or structure. However, this not case for WO3 since it is a closed shell transition

metal oxide, i.e. the 4d orbitals are fully occupied and the 5d orbitals are empty, and,

consequently, a lifting of the degeneracy has no energetic advantage. The distortions are

then understood in terms of the second-order Jahn-Teller e�ect [56], according to which

a interaction between the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) leads again to a lowering in symmetry. In the

case of WO3, the orbitals which are involved in this interaction are the occupied oxygen

2p states and the unoccupied tungsten 5dz2 and 5dx2−y2 states. Due to the speci�c

octahedral arrangement of the atoms, this orbitals exhibit a su�cient overlap to cause

a structural change.

Another notable property of tungsten oxides is to form non-stoichimetric WO3-x com-

pounds, the so-called Magnéli phases. The phase diagram of the tungsten oxide system
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4. Tungsten Oxide Clusters on the Ag(100) Surface

Symmetry Temperature [K] lattice parameters [Å]

tetragonal 1010 - 1170 a = 5.25, b = 3.91 Ref. [57]
orthorombic 600 - 1170 a = 7.34, b = 7.57, c = 7.75 Ref. [58]
monoclinic 290 - 600 a = 7.31, b = 7.54, c = 7.69 Ref. [59]

β = 90.9◦

triclinic 230 - 290 a = 7.31, b = 7.52, c = 7.69 Ref. [60]
α = 88.8◦, β = 90.9◦, γ = 90.9◦

monoclinic 0 - 230 a = 5.28, b = 5.16, c = 7.66 Ref. [61]
β = 91.8◦

Table 4.1.: Crystallographic phases and corresponding lattice parameters of the WO3

system.

Phase Space groups a [nm] b [nm] c [nm] α [deg]

WO2.92 [W25O73] Monoclinic, P2/n 1.1930 0.3820 5.9720 98.30
WO2.90 [W20O58] Monoclinic, P2/m 1.205 0.3767 2.359 94.72
WO2.83 [W24O68] Monoclinic 1.931 0.3781 1.707 104.4

WO2.72 [W18O49], γ-phase Monoclinic, P2/m 1.828 0.3755 1.398 115.14
WO2, δ-phase Monoclinic, P21/n 0.5605 0.4892 0.5550 120.42

Table 4.2.: Crystallographic phases and corresponding lattice parameters for W-O Mag-
néli phases, values taken from Ref. [62].

is rather complex and therefore it will be not described in detail here, but an excellent

summary of the system can be found in Ref. [62]. In short, all compounds of WO3-x

are explained by the formation of planar structural defects, also called crystallographic

shear planes. In table 4.2 the crystallographic data of the individual Magnéli phases

together with the rutile WO2 phase are listed.

Concerning its electronic properties, WO3 is usually classi�ed as a n-type metal oxide

semiconductor. The experimentally measured values for the band gap range from 2.6 eV

to 3.2 eV depending on the method and the sample preparation [63�65]. Recently, a

systematical hybrid DFT study to investigate theoretically the electronic and structural

properties of WO3 has been presented by Pacchioni and coworkers [66�68]. There, it

could be shown that the application of hybrid functionals leads (HSE06) to calculated

values for the band gap and lattice constants which are for the �rst time in good agree-

ment with the measured values. The DFT study also revealed a highly ionic nature of

the binding: the valence band is mainly formed by the O 2p states, while the conduction

band consists predominately of W 5d states. In addition, the electronic properties of
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4.1. Introduction and Motivation

non-stoichiometric WO3-x have been investigated [66]. It was found that oxygen va-

cancies change the conduction properties from semiconducting to metallic. A extensive

experimental study on the electrical conductivities of the di�erent WO3 polymorphs is

given in Ref. [69].

In the past, thin �lms of tungsten trioxide have been a subject of intense study mainly

because of their outstanding electrochromic, photo-catalytic and gas-sensing properties.

The electrochromic phenomenon was actually discovered in thin �lms of tungsten oxides

and this material is still the most promising candidate for electrochromic devices, such as

smart windows [70�73]. Another important application for thin WO3 �lms could be the

production of molecular hydrogen via photo-catalytic water splitting, since band gap and

band positions of WO3 match the corresponding redox-potential good enough to allow

su�cient exploitation of the solar energy [74�76]. Moreover, it has been reported that

thin �lms of WO3 have remarkable capabilities to detect various gases, such as NOx [77�

79], CO [80], H2O [81] and O3 [82]. Since the quality of the above mentioned e�ects of

the WO3 thin �lms depend strongly on their crystal structure, composition and surface

morphology, a lot of e�ort has been made to study their structural properties with

respect to their preparation conditions and post-deposition treatment [62, 71, 73, 77�

87]. The deposition methods which have been applied to produce thin WO3 �lms are

numerous and range from typical physical vapor deposition (PVD) methods, such as

thermal evaporation [77, 79, 80, 84], electron beam evaporation [62], RF-sputtering

[78, 82], pulsed laser ablation [71, 86] and hot �lament metal oxide deposition [87], to

several chemical vapor deposition (CVP) methods [83, 85, 88, 89]. At least as large as

the number of deposition methods is the number of methods which has been used to

characterize the obtained thin �lms: X-ray di�raction (XRD) [62, 71, 73, 77�83, 86, 87],

X-ray photoelectron spectroscopy (XPS) [77�79, 83, 87], scanning electron microscopy

(SEM) [62, 71, 79, 81, 87], atomic force microscopy (AFM) [62, 73, 77, 79, 83, 86],

transmission electron microscopy (TEM) [83, 84, 86], transmission electron di�raction

(TED) [84, 86], X-ray �uorescence spectroscopy (XRFS) [81, 83], Raman spectroscopy

(RS) [71, 80, 86, 87], and IR-spectroscopy [71, 87], to list only the most important. The

following short summary of the reported results focuses only on experiments that are

related to our work, i.e. experiments that deal with �lms of pure WO3 produced by

PVD methods [62, 71, 78, 80, 84, 86, 87]. The raw material for all of these experiments

has been commercially available tungsten trioxide powder and the reported thicknesses

of the resulting �lms were from 100 nm to 600 nm. Generally, if the thin �lms are

heated to temperatures above 350◦C, a qualitative phase transitions to more ordered
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4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) (b)

Figure 4.1.: (a) structural details of a (WO3)3 cluster [90]. (b) The 3D contour plot of
the HOMO of (WO3)3- [91].

�lms have been observed in all experiments. A comprehensive study by means of XRD,

RS, high-resolution TEM and TED on the structural temperature dependencies of well

crystallized monoclinic thin �lms have been presented Ramana et al. [86]. Beside

monoclinic and orthorhombic structures, also the formation of hexagonal structures has

been seen at higher temperatures. XPS studies by Diaz-Reyes et al. on monoclinic

�lms have revealed a binding energy of the tungsten 4f7/2 core level of 35.6 eV [87]. By

employing the XRD technique, Berger et al. have reported the formation of porous

layers, i.e. metallic non-stoichiometric WO3-x structures, at temperatures higher than

800◦C [62].

In recent years, tungsten oxide clusters have gained interests due to their promis-

ing properties in fabrication of nanopatterned functional ultra thin �lms. Maleknia et

al. has demonstrated that thermal desorption of tungsten oxides results in the for-

mation of cyclic (WO3)3 and (WO3)6 clusters in the gas phase [25]. A qualitatively

di�erent approach to create and deposit cyclic (WO3)3 cluster on clean TiO2 has been

employed by Bondarchuk et al. [92]. There, direct UHV sublimation of WO3 powder

lead to surfaces covered exclusively with (WO3)3 clusters. Further, low temperature

STM studies by Wagner et al. on (WO3)3 clusters generated by UHV sublimation and

deposited on Cu(110) and Cu(110)-(2x1)O revealed that intact (WO3)3 cluster arrive

at the copper substrate [93, 94]. By applying DFT calculations, Huang and coworkers

have investigated theoretically the electronic and structural properties of (WO3)3 clus-

ters [90, 91, 95]. They have discovered delocalized d-orbitals in the center of the circle

as the most outstanding feature of (WO3)3 clusters [90]. The d-orbital aromaticity of

the clusters is illustrated in �gure 4.1.

The undistorted variant of the monoclinic WO3 structure, the ReO3 structure, forms

the basis for the perovskite structure, which is one of the most important for ternary
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oxides. Hence, WO3 is a promising source material for the fabrication of ternary oxides.

Only recently, Denk et al. succeeded in fabricating and characterizing a 2D copper

tungstate (CuWO4) by UHV deposition of (WO3)3 clusters onto a the Cu(110)-(2x1)O

reconstruction [96].

In this work, the growth of ultra thin WO3 �lms on the Ag(100) surface is char-

acterized by means of STM, LEED, LEEM and MicroLEED technique. Therefore, a

(WO3)3 cluster beam has been created by sublimation of tungsten trioxide powder in a

high-temperature e�usion cell under ultra-high vacuum conditions, and has then been

directed onto the Ag(100) substrate. Overall, three di�erent phases of tungsten oxides

have been identi�ed: disordered fractal islands, a incommensurable square-like structure

and an incommensurable rectangular structure. All structures have been identi�ed and

characterized by STM studies. The disordered fractal growth takes place when the tung-

sten clusters are evaporated at room temperature. If the substrate is annealed to certain

threshold temperature of 650K, ordered square WO3 and rectangular structures form.

The square phase shows Stranski-Krastanov growth in which 3D-island growth starts

on extended and fully intact wetting layer. STM and LEED investigations showed that

the interfacial relation between the incommensurable single layer islands and Ag(100)

is characterized by an incommensurable and rotational disordered superstructure and

therefore they exhibit distinct Moiré patterns with di�erent orientation and periodicity

indicating a weak substrate-overlayer bonding. The needle-like 3D islands on top of the

wetting layer exhibits a strikingly anisotropic and unidirectional growth. Additionally,

LEEM and MicroLEED studies have revealed that if the substrate is kept at elevated

temperatures, the square-like phase transforms into a rectangular phase. The speed of

this transformation process depends on the substrate temperature.

4.2. Fractal Growth

As mentioned in the introduction of this chapter, previous experiments could prove that

when WO3 powder is sublimated or desorbed under vaccum conditions, (WO3)3 clusters

form in the gas phase [25]. Wagner et al. have deposited those (WO3)3 clusters on

Cu(110) and Cu(110)-(2x1)O surfaces and have performed STM studies on them at low

and room temperature [94]. In particular, if the clusters were evaporated at 5K, the low

temperature STM measurements provided valuable experimental data on structure and

bonding of single clusters [93]. Furthermore, it was found that the clusters assemble to

epitaxially ordered 1D- and 2D-structures between low and room temperatures. The aim
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4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) 200x200 nm2, 1.0V, 240pA (b) 300x300 nm2, 2.2V, 150pA

Figure 4.2.: Ag(100) surface covered with fractal WO3 islands. (a) coverage of 0.07ML;
blue line indicates the path of the line scan shown in �gure 4.4a. (b) coverage
of 0.5ML.

of the experiments described in the following was to check the actual state of the (WO3)3
clusters on the Ag(100) surface at room temperature (RT). Of particular interest are

the questions: (1) whether the clusters remain intact at the Ag(100) surface, and (2),

to what extent does the Ag(100) surface in�uence the growth process of clusters into

extended structures. A further bene�t of these experiments was that the evaporation

rate could be calibrated by the measured coverages of WO3.

In all experiments, the tungsten trioxide powder has been evaporated at 1000◦C re-

sulting in a low deposition rate of ca. 0.22ML/min. In �gure 4.2a, a STM image of the

Ag(100) surface covered with WO3 islands is shown. In this experiment only a small

amount of WO3 was deposited onto the surface. It clearly proves the fractal nature of

the island growth. All islands display many thin branches which change their growth

directions randomly. This kind of growth is usually modeled by the di�usion limited

aggregation (DLA) approach [97]. Simulations which follow this approach produce ram-

i�ed fractal structures without taking into account any surface patterns [49]. Therefore,

the observation of fractal islands strongly suggests a very shallow energy landscape for

the molecules, and, thus, the in�uence of the substrate on the island growth can be

considered as negligibly small. In �gure 4.2b a STM images of the fractal WO3/Ag(100)

surface with higher coverages is presented. At a �rst glance, it can be seen that increas-

ing the coverage does not lead to further growth of island size, but to a higher density
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4.2. Fractal Growth

(a) 140x140 nm2, 1.5V, 200pA (b) 51x51 nm2, 1.0V, 240pA

Figure 4.3.: Detailed view on the Ag(100) surface covered with fractal WO3 islands. (a)
fractal islands of WO3 in the presence of Ag step. (b) small scale image of
a fractal island, blue and red line indicate the paths of the line scans shown
in �gure 4.4b.

of nucleation centers. The blue line in �gure 4.2a indicates the path of the line scan

depicted in �gure 4.4a. The pro�le of the islands exhibits a strong variation in island

height between 2Å and 8Å. This reveals a nested growth of the WO3 molecules where

molecules can rest on each other rather than a strictly 2D-growth. In addition to the

STM measurements, the fractal WO3/Ag(100) surfaces were investigated also by LEED

and, as expected, only the (1x1) spots of the Ag structure could be observed in the

LEED pattern (not shown here).

In �gure 4.3, STM images of the surface on a smaller scale are shown. Figure 4.3a
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Figure 4.4.: Height pro�les of fractals islands. (a) line scan in �gure 4.2a, (b) line scan
in �gure 4.3b.
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highlights the fractal growth process in presence of a mono-atomic silver step. Appar-

ently, the WO3 molecules are not able to overcome the silver step and, therefore, the

step edges form accumulation sites for island nucleation. Furthermore, the entire step

seems to be decorated by WO3 molecules. Both �ndings might indicate a strong immo-

bilization of the molecules at the step edge. A detailed view on a single fractal WO3

island is presented in �gure 4.3b. This STM image emphasizes the disordered structural

character of the islands in lateral directions and in height. Because of this highly disor-

dered morphology, it is not possible to identify the (WO3)3 clusters as the elementary

building block of the fractal islands. The blue and the red line mark the path of the

height pro�les shown in �gure 4.4b. The width of the branches at the narrow sites is

ca. 2 nm which is about four times the size of a single cluster. Compared with that, a

DLA model based on a simple hit-and-stick mechanism would predict branch widths of

the length of a single building block. Therefore, further di�usion of the molecules along

each other is obvious even though it is signi�cantly decreased compared to the detached

case [98].

In conclusion, (WO3)3 clusters deposited on Ag(100) at RT form rami�ed fractal

islands. This growth process strongly indicates a very weak coupling between WO3

molecules and the Ag(100) substrate. Further, the increased accumulation of WO3

molecules at the Ag steps is interpreted as decreased mobility of the molecules at the

step edge, i.e. WO3-step interaction is much higher compared to interaction on �at

terraces. The analysis of the height pro�le and the branch widths rule out a simple

hit-and-stick mechanism, but rather suggests a nested growth in which the molecules

are able to di�use onto and along each other. Unfortunately, the STM measurements

could not reveal whether the (WO3)3 clusters remain intact at surface.

4.3. The Moiré Phase

Following the experiments at room temperature described in the previous section, the

growth of WO3 molecules on Ag(100) is further studied at elevated temperatures. Here,

it has been observed that substrate temperatures higher than ca. 700K lead to a crys-

tallization of the WO3 molecules into well ordered islands. The structure of the ordered

WOx islands may be strongly related to the monoclinic WO3 bulk phase, since their

unit cells are similar in size and symmetry. The WOx overlayer-substrate relation is

characterized by a incommensurable and rotational disordered superstructure. As a

consequence of this rotational disorder, the 2D WOx islands display a great variety of
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(a) 300x300 nm2, 0.8V, 300 pA, (b) 150x150 nm2, 0.9V, 200 pA

Figure 4.5.: (WO3)3 clusters evaporated (∼0.75ML) onto Ag(100) at RT followed by
post-annealing to 700K. (a) large scale STM image; the blue line indicates
the path of the height pro�le shown in �gure 4.8b. (b) intermediate scale
STM image showing Moiré patterns on top of the (WOx) islands.

Moiré patterns. This eye-catching feature inspired us to name it Moiré phase. Further,

if WO3 molecules are evaporated onto an annealed substrate, the growth of the Moiré

phase occurs purely in Stranski�Krastanov mode. The rather abrupt transition from 2D

to 3D growth is characterized by strikingly anisotropic needles located directly on top

of the 2D wetting layer.

In this section, a detailed STM study on the growth of ultra thin WOx �lms on

Ag(100) combined with LEED measurements is presented. The outline of this section

is as follows. First, the preparation variants alongside with the resulting growth modes

are discussed. Further, the structural properties of the Moiré phase are elucidated by a

representative selection of high-resolution STM images. Following this discussion, atom-

resolved STM images of Morié islands aligned parallel to the substrate are examined to

obtain reliable values for the lattice constant of the phase. Next, the structural and

morphological properties of the needle-like 3D islands are studied in detail. At last, the

obtained results are brie�y discussed and summarized.

4.3.1. Growth Modes and Structural Properties

From a series of growth experiments at di�erent substrate temperatures followed by

several post-annealing steps, the threshold temperature at which the crystallization pro-

55



4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) Height Image, 500x500 nm2 (b) Current Image, 150x150 nm2

Figure 4.6.: (WO3)3 clusters evaporated onto a hot Ag(100) substrate (∼750K). (a) large
scale STM image of the WOx wetting layer. The needles on top of the layer
indicate the beginning 3D island growth. The blue line indicate the path
of the line scan shown in �gure 4.8a. (b) current signal STM image of the
wetting layer. The patterning in between the needle structure is caused by
the maxima of the Moiré pattern.

cess starts has been located in the range of 600-700K. Furthermore, these experiments

revealed that the structural properties of the Moiré islands are independent from the

preparation conditions. However, the growth mode depends signi�cantly on the sub-

strate temperatures during the deposition. Therefore, it is reasonable to distinguish

between two preparation variants. First, if the substrate temperature is below the

threshold temperature during the evaporation process, fractal islands form at the surface

which look similar to those described in the previous section. Then, the surface has to

be post-annealed to temperatures above the threshold temperature in order to produce

compact ultra thin �lms. The STM image of �gure 4.5 illustrates the resulting surface

morphology of this preparation variant. It shows many di�erent islands on nanometer

scale that display a great variety of diversi�ed Moiré pattern. The second variant is to

deposit the (WO3)3 clusters at substrate temperatures above the threshold temperature.

Hence, the formation of ordered islands occurs already in the course of deposition. The

obtained surface morphology is characterized by the STM images shown in �gure 4.6.

In contrast to the former variant, a regular and fully intact wetting layer is seen in the

STM. In addition, beginning 3D island growth in form of sharp needles is observed on
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(a) 25x25 nm2 (b) 60 eV

Figure 4.7.: Incommensurable and rotational disordered superstructure of the WOx over-
layer. (a) high-resolution STM image of two adjacent WOx island of di�erent
orientation. (b) representative LEED pattern for ultra thin WOx layers.

top of the wetting layer. The presence of a wetting layer is more evident if the current

signal image in �gure 4.6b is viewed. Here, the patterning in between the needle-like

structures is created by the Morié maxima of the WOx monolayer. As it is shown later

by a in situ LEEM study presented in section 4.7, the island sizes exceed the nanometer

scale and, therefore, it is no longer possible to study the growth kinetics by means of

STM. The dramatic di�erence in islands size and island number can be understood by

simple considerations based on mean-�eld nucleation theory (MFNT). A central result of

the MFNT is that the island density depends on the ratio of di�usion rate to deposition

�ux. In the case of the �rst preparation variant, the WO3 material can be considered as

instantly deposited, since all of the material is already present at the Ag(100) surface

when the crystallization process takes place. Therefore, the deposition �ux is rather high

which in turn leads to high island densities. The strikingly low island densities obtained

for the second preparation variant can be explained in the same way by the moderate

deposition rate in the range of 0.1-0.2ML/min.

The representative LEED pattern, shown in �gure 4.7b, speci�es the interfacial re-

lation between the WOx overlayer and Ag(100) substrate. It is composed of the Ag

substrate spots, marked by yellow circles, and a circular pattern created by the WOx

overlayer structure. From the circular shape of the LEED pattern, the rotational dis-

ordered growth of the WOx islands becomes evident. Using the Ag(100) lattice spots
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Figure 4.8.: Height pro�les of the ultra thin WOx layer. (a) height pro�le of the needle
structures according to the blue line in 4.6a. (b) height pro�le of the 2D
islands according to the blue line in �gure 4.5a. (c) bias study on island
height.

as a reference, we obtain for the lattice dimensions of the ring in real space 3.6Å. In

addition, a clear variation in intensity is seen indicating preferred orientations of nu-

cleation. The highest intensity is observed for islands rotated by 45◦ with respect to

substrate (indicated by the red circels) followed by a smeared out intensity maximum

aligned parallel to the substrate. The 45◦ spots are surrounded by di�use rings which

are attributed to the Moiré patterns. The LEED measurements showed similar results

for both preparation variants, although the intensity variation changed from prepara-

tion to preparation, but no clear pattern could be recognized here. This �ndings are

con�rmed by STM measurements. The STM image of �gure 4.7a shows two adjacent

WOx islands with di�erent Morié patterns. The blue lines in the image speci�es the

crystalline direction of the islands. Note, despite the small di�erence in orientation of

the islands, the Morié patterns di�er notably from each other. The domain boundary,

where the two islands meet, does not exhibits any atomic order.

In �gure 4.8, studies of the height of the ultra thin layer are presented. The plot in

�gure 4.8a shows the cross-section pro�les of the needle-like 3D islands measured in �g-
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4.3. The Moiré Phase

(a) 0.5V, 400 pA (b) 0.5V, 100 pA (c) 0.5V, 200 pA

Figure 4.9.: High-resolution STM images of the 2D WOx layer. The rotations of the
WOx layer lattice with respect to the Ag lattice are (a) 0◦, (b) 22◦, (c) 45◦.

ure 4.6a. The sharp and thin shape of the needles documents a pure Stranski�Krastanov

(SK) growth mode. Usually, the SK growth is explained by a strain energy that grows

with layer thickness, which in turn causes a change from 2D to 3D growth at a certain

layer thickness. This is particularly the case for commensurable systems that are charac-

terized by a strong adsorbate-substrate coupling and a large lattice constant mismatch.

However, this does not apply to our system, since incommensurable growth is observed

meaning that the lattice strain energy is comparably low. In order to clearly resolve the

underlying mechanism for this strikingly abrupt transition from 2D to 3D growth, a rea-

sonable structure model is required. The exact structural and morphological properties

of the needles are studied in detail in section 4.3.3. The line scan shown in �gure 4.8b

reveals a apparent height of ∼ 3.7Å for the 2D islands. The dependence of the apparent

height on STM bias voltage is depicted in �gure 4.8c. The height value varies between

3.0Å and 5.0Å in the proper tunneling region. The best tunneling conditions to image

the WOx 2D layer were found at a bias voltage of 0.8 V, while voltages below ∼ 0.4 V

lead to crashes of the tip into surface.

The STM images of �gure 4.9 specify the atomic details of the WOx layer structure.

As illustrated in these images, the individual islands exhibit di�erent Moiré patterns

with di�erent corrugations. While the formation of Moiré patterns of di�erent orienta-

tion and periodicity can be easily understood in terms of two superimposed lattices of

di�erent orientations, the corrugation of the patterns must be governed by more com-

plex reasons. The selection of surfaces in �gure 4.9 is supposed to demonstrate the

variety of di�erent observed Moiré pattern corrugations. It is small for islands aligned

parallel to substrate (�gure 4.9a), it nearly vanishes for layers rotated by 22◦ (�gure
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4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) 15x15 nm2, 0.9V, 500 pA (b) 15x15 nm2, 1.6V, 150 pA

Figure 4.10.: High-resolution STM images of anisotropic and rectangular Moiré patterns.
(a) anisotropic corrugation is highlighted by black arrows. (b) Distortion
corrected STM image. Moiré unit cell is indicated by the black rectangle.
The black ellipse emphasizes the distortion of the Moiré maxima.

4.9b) and it becomes highest for layers rotated by 45◦ (�gure 4.9c). The corresponding

layer-substrate orientations have been determined by the �tting procedure introduced

in section 4.4, where the observed Moiré patterns are studied in detail.

At �rst glance, the unit cell is square and, as shown in detail in the next section, the

lattice constant of the unit cell is a ≈ 3.75Å. Also, the observation of a circular LEED

pattern suggests a square unit cell. Considering the lattice parameters for the WOx bulk

phase listed in table 4.1, one �nds that the lattice constant found for the WOx 2D layer

is close to one half of the relevant bulk phases. For reasons described in the introduction

of this chapter, the bulk phases always tend to lower the symmetry of their unit cells. It

is therefore reasonable to consider such a lowering of the symmetry also for the 2D-layer.

If the di�erence between the bulk lattice constants is taken as a reference, a mismatch of

only a few picometers for the 2D lattice constant is expected. Usually, it is not possible

to resolve such small lengths in the STM. However, the observed Moiré patterns show

very often anisotropic corrugations and rectangular symmetry indicating a not perfectly

square unit cell of the overlayer. In �gure 4.10, these deviations from the regular square

Moiré pattern are illustrated. In the STM image of �gure 4.10a, the observed anisotropic

corrugation is highlighted by black arrows. Furthermore, although the distortion of

the STM image in �gure 4.10b has been corrected following the structure comparing
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4.3. The Moiré Phase

(SC) method described in section A.5, the Morié pattern still exhibits a rectangular

symmetry, as indicated by the black rectangle. Also, a distortion of the Moiré maxima

is observed in the STM image as indicated by the black ellipse. In order to quantify

the lattice constant mismatch, we adopted the �tting procedure described in section

4.4 by assuming a rectangular overlayer grid. The values obtained by �tting the layer

shown in �gure 4.10b are a = 3.76Å and b = 3.72Å. Note, these values are only a

�rst approximation, since a regular squared lattice has been assumed for the distortion

correction.

4.3.2. Lattice Constant

Measuring exact lattice constants of surface structures by STM is generally hindered

by two reason. First, STM images are always distorted by a thermal drift, and second,

the exact calibration factor of the STM depends on various numbers of settings and

it is, therefore, only known to a very rough degree. In section A, the distortions in

SPM images are studied in detail and also methods to determine them and to correct

the images are presented. However, those methods have their limits and therefore the

lattice constants can be measured only within a certain error range. However, if Moiré

patterns are observed, these measurement problems will vanish as all grids, both atomic

lattices and the Moiré pattern, are in�uenced by distortions to the same degree. The

lattice constants can then be determined in a very accurate manner by studying the

dimensions of the observed Moiré patterns. In the following, atom-resolved STM images

of the Moiré phase are examined to obtain a reliable value of the lattice constant. Here,

we focus only on islands with a particular orientation, namelyWOx island aligned parallel

to the substrate structure. The lattice constant of these islands can be obtained by a

very simple but reliable method, and additionally, the substrate-parallel orientation of

the islands is easily identi�ed by the parallel orientation of the Moiré pattern and the

atomic lattice structure.

Substrate-parallel islands are particularly well suited for measuring the lattice con-

stant. This is based on the fact that only a superposition of two parallel rectangular

patterns creates Moiré patterns that are again rectangular and parallel to their con-

stituents. In other words, the lattice vectors of all involved grids point into the same

direction. To determine the actual lattice constant, the ratio of the overlayer lattice

constant and the dimension of the Morié pattern is measured from the STM images and
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4. Tungsten Oxide Clusters on the Ag(100) Surface

inserted into a transformed version of the simple Moiré formula:

a = b
am
Sm

+ b (4.1)

where a is the real overlayer lattice constant, am the measured overlayer constant, b

the substrate lattice constant which is known, and Sm the measured dimension of the

Moiré pattern. The determination of lattice constants is simpli�ed and improved by this

method due to following reasons:

1. The simple 1-D Moiré relation can be used to describe the dimension of

the Moiré pattern, while in the case of non-parallel 2D-grids the dimension and

orientation of the resulting pattern cannot be described by a formula.

2. The measurement of angles between the involved girds is avoided, be-

cause the orientations of the substrate, the island structure and the Moiré are the

same. Since the thermal drift has a particularly large impact on the observed

grid angles, measuring angels is a substantial source of measurement errors and

requires therefore a complete thermal drift analysis. A further bene�t in this

context is that the substrate orientation does not have to be measured separately.

Substrate-parallel islands can easily be identi�ed by observing parallel orientations

of the Moiré pattern and the atomic layer lattice.

3. The lateral measurement errors caused by thermal drift compensate

each other, because in equation 4.1 only a ratio between the atomic and the

Moiré gird dimension is utilized. For the same reason, the issue of the lateral

calibration of the STM can be ignored.

As a result, this method allows one to specify the layer lattice constant in a very accurate

manner without the need of taking into account any error considerations.

In �gure 4.11a, an atom-resolved STM image of a substrate-parallel Moiré island is

presented. In the unprocessed STM image the Moiré pattern is hard to recognize because

of its small corrugation. The existence of a parallel Moiré pattern is only evident, when

the fast-Fourier-transformation (FFT) algorithm is applied to the image. Figure 4.11b

shows the 2D Fourier spectrum of the STM image. It exhibits sharp and distinct spots

which can be easily assigned to the corresponding grids by their position in the spectrum.

The reciprocal unit cells of the atomic WOx structure and the Moiré pattern are marked

by red and blue rectangles, respectively. As evident from the corresponding retrace STM

image, the green encircled features are produced by mechanical oscillations of the sample
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4.3. The Moiré Phase

(a) 10x10 nm2, 0.4V, 250 pA (b)

Figure 4.11.: WOx island aligned parallel to the Ag(100) substrate. (a) High-resolution
STM image. (b) FFT spectrum of (b); red and blue squares mark the
spots of layer lattice and Moiré pattern, respectively. The green encircled
features are produced by mechanical oscillation of the sample stage.

Direction am [Å] Sm [Å] a [Å] S [Å]

�gure 4.11
(1,0) 4.15 14.21 3.73 12.79
(0,1) 4.25 14.29 3.75 12.72

(1,0) 4.34 15.15 3.72 12.96
(0,1) 4.13 14.18 3.74 12.74

(1,0) 4.10 14.60 3.75 12.60
(0,1) 3.80 12.70 3.70 12.20

Table 4.3.: Analysis of substrate parallel Moiré patterns. am and Sm are the measured
overlayer constants and measured dimension of the Moiré patterns, respec-
tively; a and S are the real overlayer constants and real dimensions of the
Moiré patterns, respectively. The real values are calculated with equation
4.1. Note, the designations of the directions of the FFT-spots were chosen
arbitrarily.
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4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) 500x500 nm2, 1.2V, 200 pA (b) 300x300 nm2, 0.45V, 170 pA

Figure 4.12.: Large scale STM image of needle growth deposited with di�erent rates.
(a) Topographic-signal STM image; nominal WO3 coverage was 1.35 ML;
deposition rate of 0.13ML/min; colored lines mark paths of the line scans
shown in �gure 4.13a. (b) Current signal STM image; nominal WO3 cov-
erage of 1.70 ML; deposition rate was 0.25ML/min.

stage and are not related to the surface. In table 4.3, the result of the analysis of the FFT

image is listed. The measured values for am and Sm have been inserted into equation 4.1

to obtain the real value for WOx layer lattice constant a. As it can be seen, the obtained

di�erence between the lattice constants of the individual direction is rather small. In

order to test the reliability of these values, we have performed this evaluation method on

all atomically resolved STM measurements of substrate parallel islands (see table 4.3).

The value for the di�erence varies in the range of ∆a = 0.05Å. This highlights very well

the limit of the STM measurements concerning lattice constant measurements, since the

only relevant source of measurement errors are the reading errors when measuring the

distances in the STM image.

4.3.3. Needles

As described above, a strikingly anisotropic 3D growth occurs on the 2D wetting layer

if the (WO3)3 are deposited onto a Ag(100) substrate at elevated temperatures. In this

section, STM images of needle-like 3D islands are examined in detail to reveal their

structural and morphological properties.

The STM images of �gure 4.12 illustrate the morphology of the needle like 3D islands
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Figure 4.13.: Height pro�les of the needle-like 3D islands. (a) line scans according to the
colored lines in 4.12a. (b) line scan of a highly resolved needle according
to the blue line in �gure 4.15a.

on the 2D wetting layer for two di�erent deposition rates. For both cases, a highly

anisotropic and purely unidirectional growth is observed. The island density is signif-

icantly higher for higher deposition rate indicating a straightforward island nucleation

process, as it is described in the mean �eld nucleation theory. In the current signal

STM image of 4.12b, several islands are broadened and exhibit a �at top, while in �gure

4.12a only one island with such a shape is spotted. Since island density is signi�cantly

higher in �gure 4.12b, the formation of �at and broadened needles is interpreted as the

beginning coalescence of the needles. The line scans indicated by the colored lines in

�gure 4.12a (plotted in �gure 4.13a) specify the height pro�les of the islands. The sharp

needles show a nonuniform height which varies from 5.2Å to a few nanometers. The

next layer growth is characterized by a number of di�erent height levels. The observed

jumps in height between the individual levels range from 1Å to 6Å and are not fully

understood yet. In contrast, the �at islands display a nearly uniform height of about

10Å. In addition, a considerable number of line defects running 45◦ rotated with respect

to the needles direction are observed in the current signal image of �gure 4.12b.

In �gure 4.14 a STM image of the WOx layer on a mesoscopic scale (2x2µm2) is

presented. The blue lines in the bottom left corner of the image illustrate the layer

edge. It clearly reveals a gradient of island size towards the island edge and an island

density which remains almost constant over the entire layer. From this, the following
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4. Tungsten Oxide Clusters on the Ag(100) Surface

Figure 4.14.: STM image of the WOx layer on a mesoscopic scale (2000x1000 nm2, 0.8V,
100 pA). Blue contour lines illustrates the layer edge.

growth mechanism can be derived: the WO3 molecules that arrive at the surface close

to the edge region of the layer are incorporated into the 2D layer if they hit the layer

edge on their di�usion path on top of the layer, while the molecules that arrive at

the surface far away from the layer edge contribute to the 3D island growth. At �rst

glance, the island density seems to be slightly increased at the islands edge, but again

this is attributed to coalescence of the islands in the interior of the layer. Overall, the

presented �ndings concerning the island density and island size are in accordance with

the mean-�eld nucleation theory.

The high-resolution STM image of �gure 4.15a shows a needle-like 3D islands at the

initial stage of growth. It exhibits clear grooves running along the growth direction. The

cross section pro�le plotted in �gure 4.13b quanti�es the height of the island as 5.2Å and

the height di�erence between the individual groove levels as 0.8Å. Besides the atomic

details of the needle, also the atomic structure of the wetting layer is resolved in the

STM image. For this reason, the growth of the needle with respect to the wetting layer

can be characterized. As illustrated by the crystal axes of coordinates in �gure 4.15a,

the growth direction of the needles are parallel to one of the wetting layer directions.

This becomes better visible, if the FFT spectrum of the STM image of �gure 4.15a is

considered (see �gure 4.15b). The features that are related to the wetting layer and the

Morié pattern are indicated by the blue and purple circles, respectively. The feature

identi�ed with the needle is encircled green. As it can be clearly seen, the needle is

aligned parallel to a certain crystal direction of the wetting layer. The growth in a

preferred crystal direction of the wetting layer supports the previous stated assumptions
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(a) 50x50 nm2, 0.4V, 300 pA (b)

Figure 4.15.: Orientation of the needle-like 3D structures. (a) current signal STM image
of the atom resolved wetting layer and needle structure; blue line indicates
path of line scan shown in �gure 4.13b. (b) FFT spectrum of (a); blue and
purple circles mark atomic and Moiré features, respectively; the needle
feature is encircled green.

of a distorte squared wetting layer unit cell and of a growth mechanism following low

symmetrical packing of the WO3 molecules.

The high-resolution STM image of �gure 4.16 recorded at the top of a �at 3D island

speci�es the atomic structure of the needle-like islands. The vector tracking method (see

section A.4) yielded a square like unit cell and lattice vector dimensions very similar

to the wetting layer. The structural identity of the wetting layer and the needles is

con�rmed thereby. In addition, a very attenuated Morié pattern in accordance to the

Moiré pattern of the underlying wetting layer is observed.

In �gure 4.17, a study on the line defects mentioned earlier is presented. As it is re-

vealed by the high-resolution STM image of �gure 4.17b, these line defects are atomically

ordered and, in addition, they are 45◦ rotated with respect to the wetting layer structure

(see crystal axes of coordinates in �gure 4.17). By reviewing the entire measured STM

data, it can be concluded that the line defects are most pronounced in layers rotated 45◦

with respect to Ag(100) substrate. Hence, the defects run preferentially parallel to the

atomic lattice of the Ag(100) substrate. The line scans plotted in �gure 4.17c specify

the cross section pro�le of the line defects. Here, three di�erent height levels are found

at 0.8Å, 2.2Å and 6.5Å. As mentioned above, the line defects are atomically ordered
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4. Tungsten Oxide Clusters on the Ag(100) Surface

Figure 4.16.: High-resolution STM image shows the top of a needle-like 3D island. The
unit cell is marked by a blue rectangle. Scan parameters: 100x32Å2, 0.45V,
170 pA.

and their lateral periodicity of the atomic feature observed along the lines is found at

6.0Å (line scan not shown here).

4.3.4. Discussion and Summary

The growth of ultra thin WOx �lms on Ag(100) at elevated substrate temperatures has

been studied and characterized by means of STM and LEED techniques. The threshold

temperature at which a crystallization process is initiated has been located in the range

of 600-700K. Two di�erent preparation variants to fabricate ordered 2D WOx structures

have been introduced and discussed. It has been shown that the deposition of the

(WO3)3 clusters at substrate temperatures above the threshold leads to the formation

of an extended and fully intact WOx wetting layer. Further, the strikingly anisotropic

and unidirectional needle-like structures on top of the wetting layer could be identi�ed

as next layer growth. Concerning the atomic structure of the WOx overlayer and the

interfacial properties of the WOx/Ag(100) system, the obtained measurement results

suggest: (1) an incommensurate and rotationally disordered overlayer superstructure

with respect to the substrate, and (2), a square unit cell of the overlayer with a lattice

constant of ≈ 3.75Å. In addition, a detailed analysis of the Moiré patterns observed in

the STM images revealed small distortions of the overlayer unit cells.

In the following, the above presented �ndings will be brie�y discussed. The rotation-

ally disordered growth of the WOx overlayer reveals again a very weak coupling of the

layer structure to the Ag surface pattern - this result is in close analogy to that obtained

for the fractal growth of (WO3)3 clusters at RT (see section 4.2). Further, the lattice

parameters of the bulk phases in table 4.1 and 4.2, and also the structural details of the

cyclic (WO3)3 cluster shown in �gure 4.1, indicate a typical W-O bond length in the

range of 1.87-1.92Å, which is about twice the measured lattice constant of the 2D WOx
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(a) 50x50 nm2, 0.4V, 300 pA
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Figure 4.17.: High-resolution STM image of a needle structure on and line defects in the
WOx wetting layer. (a) 3D view of the topological signal image. (b) Top
view of the current signal image. (c) Line scans according to the colored
lines in (b): the blue line shows the cross-section of a needle structure; the
other lines show the cross-sections of the line defects.
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4. Tungsten Oxide Clusters on the Ag(100) Surface

Figure 4.18.: Proposed structural model of the 2D Moiré phase structure. Blue spheres
are the W atoms; red spheres are the O atoms; green lines illustrate the
corner-sharing quadratic WO3 pyramid.

structure. Taking this into account and also the AES measurements presented in sec-

tion 4.6, which suggest a WO3 stoichiometry, we propose the following structural model

for the WOx overlayer: a planar WO2 layer in which the tungsten atoms are linked by

oxygen atoms and arranged in a square pattern because the expected lattice constant of

this con�guration would re�ect the measured ones, and, in addition, a further oxygen

atom is bound to each tungsten atom on top of the WO2 layer in order to establish the

WO3 stoichiometry. The basic structural elements of the layer would then be a corner-

sharing quadratic WO3 pyramid with oxygen atoms in the corners and a tungsten atom

in the middle of the base. In �gure 4.18, the proposed structural model is illustrated.

In this picture, the observed atomic features in the high-resolution STM images would

represent the oxygen atoms in the apex position of the pyramids.

4.4. Moiré Pattern Analysis

As described in the previous section, the observed islands and layers display a great

variety of diversi�ed Moiré pattern due to the rotationally disordered alignment to the

substrate lattice. However, di�erent Moiré corrugations for di�erent layer-substrate

orientations have been noticed in the atom-resolved STM images of the Moiré phase,

and the di�erence between the lowest and highest observed corrugations is almost one
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order of magnitude. In this section, the relation between the orientation of the layer and

the Moiré corrugation is studied in detail. For this reason, the exact angular relation

between layer and substrate lattice must be known, and therefore, they are determined

by �tting the observed Moiré patterns.

This section is organized as follows. First, a �tting procedure to obtain the angluar

relation is introduced. Then, a simple spring-ball model to explain and interpret the

observed Moiré corrugation is proposed following the assumption that the origin of the

corrugation is a modulation of the atomic positions. At last, the proposed model is

applied to the available STM data and the obtained result are discussed.

As pointed out before, the layer unit cell is not perfectly square, but the deviations

from the square cell are extremely small. For simplicity, this deviation is neglected and

the in the following presented considerations are based on a squared layer unit cell.

4.4.1. Fitting of Moiré Patterns

STM images that reveal the orientation of Ag-substrate with respect to the STM setting,

i.e. the sample plate on which the single crystal is mounted, are usually very rare since

it is very hard to achieve atomic resolution on a clean Ag(100) crystal. A further

problem is that orientation of the Ag-substrate in the STM setting is not �xed, because

the crystal was very often removed from and remounted on the sample plate in the

course of the experimental work. Hence, very often only the atomic orientation of the

WOx overlayer is known from the STM measurements, while the corresponding Ag(100)

substrate orientation is unknown, and thus the angle between the overlayer lattice and

the substrate lattice is also not known. Further, the measured layer lattice constant is

not very reliable, because the calibration factors of the piezo actuators are not accurately

known either (see section A). However, both quantities, overlayer-substrate angle and

overlayer lattice constant, are uniquely de�ned by the relation of the Moiré pattern and

the atomic layer structure. The aim of the �tting procedure presented in the following

is therefore to identify the unknown lattice parameters of the involved grids, namely the

lattice constant of WOx layer and the orientation with respect to the substrate.

If two square grids of �xed size are superimposed, the dimension and orientation of the

resulting Moiré pattern depend on the angle between the lattice vectors of the individual

grids. Because of the squared symmetry of the WO3 layer and the Ag(100) surface, the

set of relevant angles between the layer and the substrate is from 0◦ to 45◦. In the

following this angle is denoted as Layer-Substrate (LS) angle. The basic principles of

the �tting procedure can be summarized as follows:
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4. Tungsten Oxide Clusters on the Ag(100) Surface

• Two square grids are created and superimposed to each other. These grids repre-

senting layer and substrate.

• An amplitude value is assigned to every layer grid point depending on its rela-

tive position to substrate grid points. Here, the distance to the nearest neighbor

substrate grid point is de�ned as the amplitude value. In principle, also a more

sophisticated amplitude relation could be used, but we chose this simple one in

order to save computational time.

• The resulting amplitude map exhibits a Moiré pattern which depend on four input

parameters: lattice constants and orientations of both superimposed grids.

• A distortion is introduced to the amplitude map according to the distortion in the

STM image which is determined by the structure comparing method (see section

A.5).

• The distorted amplitude map is then compared to the measured Moiré pattern.

Therefore, a cost function has to be de�ned which describes the quality of the

match. Here, the sum of di�erences between the measured FFT �ltered Moiré

pattern and the amplitude map is used.

• Two of the input parameters are given, namely the surface lattice constant for

Ag(100) and the layer orientation in the instrument frame. The former is known

form literature (see section 2.2.1) and the latter can be directly measured from

the STM images. The remaining two input parameters, layer lattice constant and

substrate orientation, are varied to minimize the cost function. For this purpose,

the Nelder-Mead optimization algorithm has been applied [99].

The optimization algorithm is only e�ective when appropriate starting values are chosen.

On the basis of the consideration presented in section 4.3.2, 3.75Å has been chosen for

the starting value for the layer lattice constant. However, the starting value for the

substrate orientation must be a educated guess.

In �gure 4.19 the application of the �tting procedure is demonstrated. The high-

resolution STM image of the Moiré pattern that has been �tted is shown in �gure 4.19a.

The obtained substrate grid is plotted in �gure 4.19b superimposed to measured STM

data. The gray balls represent the obtained lateral positions of the Ag atoms, while the

purple atoms highlight the positions of the WO3 layer atoms. The parameters yielded

by the �t are: a LS-angle of 44◦ and a layer lattice constant of 3.76Å. Beside the
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(a) 20x20 nm2, -1.0V, 400 pA (b) 7x7 nm2

Figure 4.19.: Fitting of the Morié pattern. Obtained lattice parameters are: LS-angle of
44◦, layer lattice constant of 3.76Å. (a) high-resolution STM image used
for �t. (b) detail view of (a) together with grids obtained from the �tting;
purple balls are layer atoms, gray balls are silver atoms.

determination of the exact substrate-layer lattice relation, a further considerable bene�t

is that the lateral distances of the WO3 layer atoms with respect to the substrate atoms

are obtained by the �tting. Usually, this is very tricky task for conventional STM

measurements because proper tunneling conditions must be found for both materials,

which in turn is very often simply impossible.

4.4.2. Moiré Corrugation

A theoretical study on the mechanism of the observation of Moiré patterns in STM

has been presented by Kobayashi [100]. There, the origin of Moireé patterns in STM

has been explained in terms of three-dimensional tunneling. Also the modulation of

the atomic positions by the substrate has been considered as possible explanation for

Moiré patterns, but it was argued that Morié patterns have not been observed by AFM

yet. In other words, the observation of Moiré patterns on ultra thin �lms due to atomic

displacement from the equilibrium position cannot be ruled out. In this section, we follow

the assumption of an atomic displacement as origin for Moiré patterns and propose a

simple model related to the Frenkel-Kontorova (FK) approach to explain the observed

relation between Moiré corrugation and LS-angle. Further, since the WO3 layer displays

a great variety of diversi�ed Moiré patterns, a profound experimental data set is available
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4. Tungsten Oxide Clusters on the Ag(100) Surface

Figure 4.20.: Schematic diagram of a layer atom harmonically coupled to the equilibrium
position by its nearest neighbors.

to test the model. The here proposed model considers only stationary states and di�ers

in that point from the FK model as it considers mainly dynamic aspects of lateral moving

defects (kinks) [101].

Spring-Ball-Model

Let us start our consideration with a layer atom that is harmonically coupled to its

nearest neighbor (NN) atoms and subjected to an external force. As we are interested in

the atomic displacement in height, the vertical coupling of the atom to the equilibrium

position is in focus. The 1D case of this situation is presented schematically in �gure

4.20. From an atomic point of view, the directional character of the atom bonds is

modeled by a harmonic potential. This assumption is valid only if the displacements

from the equilibrium positions are small. It could be argued that also the bond length

increases by a displacement of the atom in height. However, since the maximal observed

displacements are in the range of 0.025Å, the bond lengthening can be neglected.

In the case of a 2D network of NN coupled atoms, the situation depicted in �gure 4.20

is mathematical characterized by following equation

Fn,m = k(4zn,m − zn−1,m − zn+1,m − zn,m−1 − zn,m+1) (4.2)

where k is the force constant, zx,y are z-positions of the atoms at the layer coordinates

x and y, and Fn,m is the external force acting on the atom at the position n,m. Such
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4.4. Moiré Pattern Analysis

a coupling between the layer atoms can be interpreted as a layer that tends to be as

�at as possible. This becomes more visible when the continuum limit of equation 4.2 is

viewed:

F (x, y) = k

(
∂2z(x, y)

∂x2
+
∂2z(x, y)

∂y2

)
(4.3)

As it can be easily seen, the curvature of the layer at position (x, y) is proportional to the

force at position (x, y) with the proportional factor k. If no force is acting, the solution

of the partial di�erential equation 4.3 is a �at surface clamped between the boundary

condition.

If the external force is speci�ed for each layer atom, and also the boundary conditions

for the atoms at the edges, the resulting set of equations of the form 4.2 constitutes a

system of equations. The z-positions of all layer atoms are then obtained by solving this

system of equations. On the other hand, if the z-positions of the layer atoms are known,

the force acting on the individual atoms can be calculated by equation 4.2.

Calculating the Force Field

In order to apply this consideration on the available STM data, we measure �rst the

individual z-positions of all atoms found in the STM image and, subsequently, calculate

the external forces according to equation 4.2. Since the force constant of the bond is not

known, the obtained values represent only the ratio of the substrate-induced force to the

bond force constant, i.e. the curvature of the layer. In addition, the relative positions of

the WO3 layer atoms within the Ag(100) surface unit cell are known from the previously

introduced Moiré �tting procedure. Therefore, the measured heights of the layer atoms

and the obtained forces can be assigned to their position in the Ag(100) unit cell and,

hence, height and force �eld maps of the substrate unit cell are compiled.

In �gure 4.21a the force �eld calculated from the STM data shown in �gure 4.19a is

presented. The silver atoms are located at the corner sites of the normalized Ag(100)

unit cell. The strongest repulsive force is found directly on top of the Ag atom, while the

strongest attractive force is located at the bridge sites. In the center of the force map, a

slight asymmetry is observed which is attributed to the not prefect square layer unit cell.

In �gure 4.21b, the corresponding height map of the force map is shown. The highest

position, i.e. the corrugation of the analyzed Moiré pattern, is ∼ 0.30Å. Hence, the

variation in distance to the surface is rather high for this layer if it is compared to typical

atomic radii of transition metals (∼ 1.3Å). A variation of up to 20% of atomic radii

suggests that also consideration about the height dependence of the surface potential
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Figure 4.21.: Unit cell force map of surface shown in �gure 4.19. The LS angle is 44◦;
Moiré corrugation is ∼ 0.30Å. (a) 3D-view of the force map; black dots
are measured data. (b) top view of the corresponding unit cell height map.
(c) top view of the force map.
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Figure 4.22.: Unit cell force map of a �at layer. The LS angle is 8◦; Moiré corrugation
is ∼ 0.05Å. (a) 3D-view of the force map; black dots are measured data.
(b) corresponding STM image. (c) top view of the force map.
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4. Tungsten Oxide Clusters on the Ag(100) Surface

must be taken into account in order to correctly interpret and understand the force

�eld. Strictly speaking, the obtained force �eld does not re�ect the surface potential at

a certain distance from the surface.

In comparison, the force map in �gure 4.22 is obtained from the �attest Moiré layer

found in the acquired data. Here, the measured corrugation of the layer is only 0.05Å.

As it can be seen, this force map is rather di�erent from the force map of the strongly

corrugated layer of �gure 4.21c. Again, the strongest repulsive forces are above the Ag

atoms, but in contrast the strongest attractive force is seen in the hollow site and almost

no force is acting in the bridge sites. Furthermore, the force �eld has the simple shape

of a harmonic function of the form

F (x, y)

k
= h (cos(2πx) + cos(2πy)) (4.4)

where x and y are the coordinates in the unit cell and h is the amplitude. This model

function has then be used to perform a least square �t of the force map. The �t is

of excellent quality and yielded an amplitude value of h = 0.05Å. As a result, the

assumption of a 2D layer seems to be reasonable as the obtained force �eld indicates

that the surface potential at a certain distance of the substrate is simply harmonic

consisting only of �rst order terms of the Fourier series.

Moiré Pattern Simulation

In the following, Morié patterns are simulated to show that the above proposed spring-

ball-model can explain successfully the observed variation of the Morié corrugations. As

mentioned, if the force �eld and boundary conditions are de�ned, the z-positions of the

atoms are determined by the resulting system of equations. The solution of the system

of equations exhibits a Moiré pattern when the force �eld is periodic. Motivated by the

results obtained from the analysis of the STM data, the external force �eld is de�ned

according to equation 4.4 in which the periodicity is given by the lattice parameters of

the substrate, namely LS angle and lattice mismatch of substrate and layer. The speci�c

force �eld used for the following simulations of the Moiré pattern has then the form

Fn,m = h cos

(
2π
al
as
n(cosφ− sinφ)

)
+ h cos

(
2π
al
as
m(cosφ+ sinφ)

)
(4.5)

where Fn,m is the force acting on atom at the layer position (n,m), h is the amplitude, al
and as are the layer and substrate lattice constant, respectively, and φ is the LS-angle.
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4.4. Moiré Pattern Analysis

(a) 10x10 nm2, 0.5V, 400 pA (b) Simulated Moiré pattern, φ = 0◦

(c) 10x10 nm2, 0.5V, 200 pA (d) Simulated Moiré pattern, φ = 44◦

Figure 4.23.: Simulation of Moiré pattern. (a) and (c) FFT �ltered and distortion cor-
rected STM data. (b) and (d) solution of the system of equations for LS
angles of φ = 0◦ and φ = 44◦; force �eld according to equation 4.5 is used.

Concerning the boundary conditions, the layer is �xed to zero at the boundaries. Note

that the here assumed force �eld corresponds to the force �eld observed for the �at layer.

It is therefore expected that the simulated Moiré patterns do not reproduce very well

the observed patterns of the strongly corrugated layers.

Two example solutions of the system of equations for φ = 0◦ and φ = 44◦ are shown

in �gure 4.23. The other force �eld parameters have been al = 3.75Å, as = 2.89Å and

h = 0.05Å. The chosen value for h is motivated by the �t performed on the calculated

force �eld data of �gure 4.22. Concerning the shape of the Moiré maxima, the agreement

of the simulated pattern with the measured STM data for the �at layer, i.e. φ = 0◦, is

acceptable (see �gure 4.23a and 4.23b), while the shapes do not match as well in case
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Figure 4.24.: Comparison of simulated and measured (a) Moiré corrugation and (b)
Moiré periodicities. The blue line indicates the simulated data; red balls
indicate measured STM data.

of the strongly corrugated layer obtained for φ = 44◦ (see �gure 4.23c and 4.23d). In

the measured STM data of the strongly corrugated layer, the Moiré maxima have its

typically observed squared shape in a parallel arrangement. The simulation yields also

squared maxima but with incorrect orientation.

Of particular interests are the Moiré corrugations produced by the simulation. There-

fore, the system of equations has been solved for a set of LS-angles from φ = 0◦ to

φ = 45◦, and the Moiré corrugations and perodicities are compared to the values ac-

quired from the measured STM data. The other simulation parameters are the same as

above. In �gure 4.24, the results of the simulation are shown. The blue line represents

the data obtained from the simulation, while the red points are the measured values. As

expected, the values for the simulated periodicities agree perfectly with the measured
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4.5. The Rectangular Phase

periodicities, since they are not correlated to the model but to the relation of the lattices

(see �gure 4.24b). Nevertheless, the simulations show that the layer lattice constant of

al = 3.75Å leads to the best agreement with the measured perodicities. The noise of the

measured Moiré data in the region of φ = 45◦ is attributed to the observed distortions

of the Morié patterns (see section 4.3.1). In �gure 4.24a, the comparison of corrugations

is presented. The model describes very well low corrugated layers, but it fails for the

higher corrugated ones. As pointed out above, this is expected since the force �eld for

a highly corrugated layer is rather complex and is not described by a simple harmonic

function.

Also remarkable is that the simulated curve as well as the measured data of the Moiré

corrugation re�ect very well the intensity distribution along the circular LEED patterns

(see �gure 4.7b). As a reminder, a strong and sharp intensity maximum at φ = 45◦ and

a lower smeared out maximum at φ = 0◦ has been observed. Consequently, the growth

of higher corrugated layers is preferred.

4.5. The Rectangular Phase

Besides the square-like Moiré structures, an additional phase of tungsten oxide emerges

on the Ag(100) surface during the deposition of (WO3)3 clusters at elevated tempera-

tures. This phase has a rectangular atomic structure and, as the Moiré phase, the atomic

orientation of the islands is again variable with respect to Ag(100) substrate. In this

section, STM images and the LEED pattern of the rectangular phase are examined in

detail. Since the island sizes are of mesoscopic order, we focus here only on structural

aspects of the phase. A detail in situ LEEM study on the growth kinetics will be pre-

sented in section 4.7. Nevertheless, some of the �ndings of the LEEM study are included

here.

As revealed by the LEEM measurements (see section 4.7), the growth speed of the

rectangular phase is signi�cantly lower than of the Moiré phase. Therefore, the crucial

preparation parameter for number and size of the rectangular phase islands is the time of

annealing. Usually, the annealing had been stopped simultaneously with the evaporation

and, thus, the annealing time was proportional to the layer thickness. A problem that

arises from this was that if an ultra thin �lm had been evaporated, all the rectangular

phase islands were still in the initial stage of growth, i.e. their size and number was

small, and it was usually very hard to �nd them in the STM. In order to investigate

submonolayer coverages of the rectangular phase more systematically and also to study

81



4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) 500x500 nm2, 0.7V, 100 pA (b) 300x300 nm2, 0.88V, 500 pA
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Figure 4.25.: Large scale STM images of the rectangular phase in varying stages of
growth. (a) advance stage, (b) initial stage. (c) and (d) line scanes marked
in (a) and (b), respectively.

islands in an advanced stage of the growth, the annealing of the sample had been contin-

ued for 1 hour in some of the experiments. The presented data are therefore classi�ed in

two sorts of experiments: long and short annealing. In the following, islands are referred

as initial stage or advanced stage, depending on the time they have been annealed.

Large scale STM images of growth experiments with long and short annealing time are

presented in �gure 4.25a and 4.25b, respectively. The island in �gure 4.25b is assumed

to be in the initial stage of growth and has a more elongated shape. Its height with

respect to the silver is around 7.5Å. Both islands exhibit the beginning growth of the

next layer in form of highly anisotropic needles, but a remarkable di�erence is found in

island height and shape. The needles on the advanced stage island (see �gure 4.25a)

have a uniform height of ca. 4.8Å and show well-de�ned island edges. In contrast, the
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4.5. The Rectangular Phase

(a) 150x150 nm2, 1.5V, 100 pA (b) 60 eV

Figure 4.26.: (a) Defects in initial stage islands. The inset in (a) shows a high-resolution
image of the island surface. (b) LEED pattern of a thick layer.

cross section of the needles of the initial stage island have a more triangle-like shape

and the variation of height range from 4.8Å to 9Å. While all needles of the initial

stage island point into the same direction, a change in orientation is observed for the

needles of the advanced island in the upper range of the image. This might indicate a

polycrystalline nature of the island. Further, both islands display clefts and cracks. The

height of the cleft measured at the island in �gure 4.25a is ca. 7.5Å and is equal to the

previously mentioned island height of the initial stage island. The high-resolution image

of an initial stage island, shown in the inset of �gure 4.26a, reveals a high density of

defects in the surface structure. This increased density of defects has been only observed

for initial stage islands.

Figure 4.26b shows the LEED pattern obtained from a thick layer (∼4ML), i.e. long-

time annealed surface. The pattern is composed of two rings arising from the tungsten

oxide islands and of the Ag-substrate spots. The Ag-substrate spots are marked by

yellow circles. Using the Ag(100) lattice constant as a reference, we obtain for the

lattice dimensions of the rings in real space 3.67Å and 4.59Å. Therefore, the larger

ring is identi�ed with the Moiré phase, while the smaller ring must originate from the

rectangular structure. The observation of a circular LEED pattern proves a rotational

disorder of the rectangular phase islands. Both rings exhibit a variation in intensity

indicating preferred orientations of island nucleation. In both rings, intensity maxima

aligned parallel to the Ag-substrate are observed (marked in the �gure with green dots)
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4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) 15x15 nm2, 0.7V, 100 pA (b) 5x5 nm2, 0.7V, 100 pA

Figure 4.27.: High-resolution STM images of the rectangular phase. (a) FFT-�lter im-
age. (b) detailed view of (a); image is distortion corrected. The rectangular
unit cell is marked by a blue rectangle in image (b).

as well as the typically pronounced intensity in the 45◦ region for the Moiré phase ring.

The STM images of �gure 4.27 speci�es the atomic structure of the rectangular phase.

In order to allow a quantitative evaluation of the STM data, a detailed analysis of the

distortion of the STM image has been performed following the vector tracking (VT)

analysis described in section A.4. The exact calibration parameters of the STM, which

signi�cantly improves the VT-method, are determined at a previously measured Moiré

phase STM image. The VT-analysis yielded a rectangular unit cell with the lattice

constants of a = 5.53Å and b = 4.72Å. The distortion parameters obtained by the VT-

analysis were used to correct the image of �gure 4.27. The detailed view of corrected

image is presented in �gure 4.27b and the undistorted unit cell is marked by a blue

rectangle in this image. The symmetry of the unit cell is classi�ed by the p2mm 2D-

space group. It has two re�ections in perpendicular directions and a 2-fold rotation

symmetry. The atomic corrugation along the deep corners of the unit cell is ∼ 0.27Å,

while it is ∼ 0.22Å along the re�ection axes located in the middle of the unit cell. The

STM images of �gure 4.27 were actually measured on top of advanced stage island,

but, apart from the defects, the same structure was also observed on top of initial stage

islands.

If we compare the here measured values for the lattice constants with the values of the

di�erent tungsten oxide structures listed in table 4.1 and 4.2, it can be clearly seen that
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Technique a [Å] b [Å] h [Å]

LEED 4.6
STM 5.5 4.7 4.8

micro-LEEM 5.4 4.7
rutile WO2 5.605 4.892 4.786

Table 4.4.: Obtained lattice constants for the rectangular phase together with the values
obtained from the micro-LEEM study and the lattice constants of rutile WO2.
Note, h speci�es the height of the unit cell instead of the length of the lattice
vector c. Values for the rutile WO2 structure are take from Ref. [62].

the best match is found for the rutile WO2 structure. In table 4.4 all relevant values are

summarized. Note, the h value speci�es the height of the unit cell, instead of the length

of the third lattice vector c. In case of the STM measurement, the height of the needles

on advance stage islands has been regarded as the height of the unit cell. Furthermore,

the 2D symmetry properties of the rutile crystal structure coincide with the symmetry

properties found for the unit cell of the rectangular phase. These agreements might

indicate that the rectangular phase is may be related to the rutile WO2 structure.

In summary, the rectangular phase has been characterized by STM and LEED studies.

The circular LEED patterns created by the rectangular islands have revealed a rotational

disorder of the islands with respect to the substrate orientation. High-resolution STM

images of the atomic structure have been analyzed in detail (1) to obtain reliable values

for the lattice constants, and (2), to reveal the symmetry properties of the unit cell.

Further, the obtained lattice constants have been compared to the values in the literature

and the best match was found for the rutile WO2 structure.

4.6. Auger Electron Spectroscopy Study

In this section, the growth of (WO3)3 clusters on Ag(100) is investigated by means

of Auger electron spectroscopy (AES). Since it is assumed that the stoichiometry of

WO3 is conserved for disordered ultra thin tungsten oxide �lms, these experiments are

supposed to give information of the chemical composition of the ordered �lms. For

this, three di�erent growth experiments have been carried out to compare the measured

AES of ordered and disordered layers: thick and thin (WO3)3 layers deposited at room

temperature (RT) have been characterized by AES before and after they have been

crystallized by annealing; additionally, the growth of a layer of intermediate thickness
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Figure 4.28.: Auger Electron Spectra (AES) of a thick (WO3)3 layer on Ag(100) evap-
orated at RT. The blue and green line represents the AES of the surface
before and after annealing, respectively. Note, y-scales are di�erent for the
di�erent Auger transitions.

(2.5ML) at RT and elevated substrate temperatures has been studied.

First, the growth experiment on a thick layer is discussed. For this, multiple mono-

layers of (WO3)3 clusters have been evaporated onto the Ag(100) surface at room tem-

perature. The resulting thick layer has then been characterized by LEED and AES. The

LEED pattern (not shown here) exhibited very weak Ag(100) spots without any fur-

ther superstructures indicating a disordered layer that covers large parts of the Ag(100)

surface. After that, the layer has been annealed to 700K and has been again investi-

gated by LEED and AES. The LEED pattern (not shown here) of the annealed surfaces

showed the circle corresponding to the ordered WO3 structures, along with Ag spots of

increased intensity. In �gure 4.28 the AES for both surfaces are shown. The AES reveal

that the tungsten and oxygen peaks intensity decrease after the annealing step, while

the silver peaks increase. The loss of intensity of the tungsten and oxygen peak can be

explained by the formation of WO3 3D-structures causing a decrease of the overall WO3

surface area. A further consequence of the 3D growth is that additional areas of silver

are uncovered leading to an increased Ag peak thereby. The ratio of intensity between

the tungsten and the oxygen peak remains unchanged for both surfaces which strongly

suggests that the stoichiometry of the WO3 fractal phase and ordered (WO3) structures

is the same.
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Figure 4.29.: Auger Electron Spectra (AES) of thin (WO3)3 layer on Ag(100) evaporated
at RT. The blue and green line represents the AES of the surface before
and after annealing, respectively. Note, y-scales are equal for both spectra.

The drawback of the thick layer growth experiments is that a mixture of coexisting

WO3 phase is present at the surface after annealing. Therefore, an additional growth

experiment has been performed with a surface covered only with 2D-islands, i.e. the

Morié phase. Previous STM studies, presented in section 4.3.1, have shown that evap-

oration of submonolayer coverages at RT followed by a annealing step leads to surfaces

that are covered mainly by small Morié islands. Hence, only 0.75ML of (WO3)3 clusters

have been evaporated at RT and subsequently annealed to 700K. The �lm has been

characterized by LEED and AES before and after the annealing. The LEED pattern

of the annealed surface was similar to the patterns obtained from previous preparations

(see �gure 4.7b). Figure 4.29 shows the obtained AES. In contrast to the thick layer,

the Auger electron intensity caused by the silver MNN transition (not shown here) re-

mained the same meaning that the areas of plain silver have not increased. Further,

the ratio of intensity between the tungsten and the oxygen peak has been a�ected by

the annealing step: while the intensity of the tungsten peaks is the same for both struc-

tures, the oxygen peak is increased for the Morié phase. Since the evaporation and the

annealing have taken place in UHV, it is impossible that this rise in intensity is caused

by an enrichment of oxygen in the layer. A possible explanation would be a decreased

scattering of the oxygen Auger electrons in the Moiré phase due to a oxygen terminated

layer structure. A closer view on Figure 4.29a reveals a additional peak at 190 eV besides
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Figure 4.30.: Auger Electron Spectra of (WO3)3 layers of intermeadiate thickness on
Ag(100) evaporated at di�erent substrate temperatures. The blue and
green line represents the experiment with substrate temperature at RT
and 500K, respectively. Note, y-scales are di�erent for the di�erent Auger
transitions.

the expected tungsten peaks at 167 eV, 179 eV, 207 eV and 212 eV. This peak is identi�ed

as a di�raction feature of the Ag(100) surface as it can be seen also on the AES of the

clean Ag(100) surface (see section 2.2.1).

At last, the AES of two WO3 layers of intermediate thickness evaporated at di�er-

ent substrate temperatures are compared to each other. Here, two separate growth

experiments have been performed: (1) with the substrate temperature at RT to create a

disordered layer, and (2), with substrate temperatures held at 700K to create an ordered

wetting layer. In both cases, the nominal coverage has been 2.5ML of (WO3)3 clusters.

In �gure 4.30 the obtained results of experiment are summarized. Again, the ratio of

intensity between the oxygen and tungsten peak are the same for both experiments.

The increase silver peak con�rms the STM studies, which suggest large areas of plain

silver for the ordered surface. The loss of intensity of the tungsten and oxygen peak

is mainly attributed to the growth of needle-like 3D structures (see section 4.3.3). But

since each layer has been evaporated separately, some of the in intensity di�erence can

be also caused by di�erence in coverage of WO3.

From this measurement, it can be concluded that the ordered tungsten oxide structures

have the same chemical composition as the tungsten oxide clusters, which is WO3. The
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(a) 4.5 eV, 10µm (b) 60 eV

Figure 4.31.: Clean Ag(100) surface. (a) LEEM image. (b) LEED pattern.

rise of intensity of the oxygen peak in the thin layer experiment might indicates an

atomic model of the Moiré phase with oxygen atoms in the top positions.

4.7. Growth Kinetics Investigation by LEEM

As described in the previous sections the island size of both observed oxide phases exceed

the nanometer scale when molecular (WO3)3 clusters are evaporated on a Ag(100) crystal

at elevated temperatures. Thus, it is no longer feasible to gather reliable information

about crucial growth parameters, such as island shape, coverage and the phase structure,

by means of STM studies. For this reason, the LEEM technique has been applied to

investigate the growth kinetics of WO3 oxide on Ag(100). Here, an in situ real-time

observation of the growth process followed by micro-LEED and LEEM I-V measurement

is presented.

In �gure 4.31, the condition of the cleaned silver crystal prior to the growth experi-

ments is documented. The LEEM image of �gure 4.31a has been recorded in the mirror

electron microscopy (MEM) regime, which designates the electron energy range below

5 eV. The MEM mode is very sensitive to variations of the electric �eld near the surface

and, therefore, curved impurities a are usually very well imaged and appear as a uniform

dark disk surrounded by a bright fringe. Only a small number of these disks is seen in

the LEEM-MEM image con�rming that the cleaning procedure has led to large areas
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4. Tungsten Oxide Clusters on the Ag(100) Surface

of impurity-free and �at Ag(100) surfaces. The LEED pattern shown in �gure 4.31b

supports this �nding. Beside the square reciprocal lattice of the Ag(100) surface, almost

no background radiation is recognized there.

In the following the experimental details are brie�y discussed. (WO3)3 has been

deposited on a Ag(100) single crystal at 770K for 30min. After the deposition has

been stopped, the annealing of the surface has been continued for 2 hours. The initial

growth of Moiré and rectangular phases as well as the transformation from the Moiré to

the rectangular phase has been observed in real-time. Selected-area low-energy electron

di�raction (micro-LEED) on small sample areas (aperture size 250 nm) has been used

to identify the atomic structure of the individual phase domains. In addition, intensity-

voltage measurements in real space (LEEM-IV) have been performed on both phases.

The LEEM image of �gure 4.32 speci�es the surface con�guration of a �nished WO3

growth experiment. It shows the Ag(100) surface (dark areas) covered with two sort

of di�erent phases, a large extended layer (appears gray) and small elongated islands

(bright islands). An electron beam energy of 21 eV has been chosen, because the best

contrast conditions for the observation of both phases are achieved thereby. The shape

and contrast of the individual domains indicate already di�erent atomic structures. To

determine the atomic lattices, we performed microdi�raction on the individual phase

domains. The results of the micro-LEED measurements are shown in �gure 4.33 and

4.34. The LEED patterns of �gure 4.33 has been measured at three representative posi-

tions of the gray extended layer. Beside the atomic layer structure, also a superimposed

and green colored Ag(100) pattern is shown. From comparison with the Ag(100) pat-

tern, a lattice constant of 3.7Å is revealed, which identi�es the extended layer as the

Moiré phase layer. Further, the obtained patterns are in agreement with the results of

the STM studies: a rotationally disordered and incommensurable superstructure of the

Moiré layer and an orientation dependent intensity of the Moiré pattern. The atomic

lattice of the small elongated islands is speci�ed by the LEED pattern of �gure 4.34.

It shows a rectangular unit cell with lattice constants a = 5.4Å and b = 4.7Å which

corresponds very well to the values obtained for the rectangular phase by STM. Here,

LEED I-V measurement from 30 eV to 60 eV has been performed on this structure and

for all electron energies a missing of (1,0) spots has been observed. In �gure 4.34, only

two representative electron energies of the obtained data set is shown. Further micro-

LEED measurement (not shown here) on the rectangular phase islands revealed again

rotational disordered island orientations.

The high-resolution LEEM images of �gure 4.35 provide a detailed view of the island
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Figure 4.32.: LEEM image of an ultra thin WO3 Moiré layer and rectangular phase
islands. The bright and small elongated islands are the rectangular phase
islands. Large gray area is the Moiré layer. Dark areas are plain silver.
Diameter of the �eld of view is 30µm; electron energy is 21 eV.
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4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) ∼ 5◦ (b) ∼ 20◦ (c) ∼ 45◦

Figure 4.33.: Single domain micro-LEED patterns of WO3 Moiré layers on Ag(100).
Spots of the superimposed Ag(100) pattern are inked green. Figure cap-
tions indicate orientation. Electron energy is 31 eV for all images.

(a) 40 eV (b) 54 eV

Figure 4.34.: Single domain micro-LEED patterns of rectangular WO3 phase on Ag(100)
for di�erent electron energies.
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(a) 21 eV, 3µm (b) 10.4 eV, 5µm

Figure 4.35.: High-resoultion LEEM image of WO3 on Ag(100). (a) rectangular phase
island. (b) rectangular phase island surrounded by a Moiré layer. Dark
strips show needle-like structures.

shape and texture. The rectangular phase islands (bright in �gure 4.35a) exhibit an

anisotropic growth leading to well-de�ned island edges in and fringed edges normal to

the growth direction. Further, a very inhomogeneous surface texture with elongated

features is observed. In �gure 4.35b the texture of the Moiré layer can be viewed. Note,

the beam energy is 10.4 eV to highlight the texture of the layer, and therefore, the

contrast conditions are changed. The LEEM image shows are rectangular phase island

(dark island located in the middle of the LEEM image) surrounded by two adjacent Moiré

layers (bright). On top of one of the Moiré layers, unidirectional strips are observed which

are considered to be the needles-like 3D structures. While the Moiré layer in the upper

region of the LEEM image shows well-de�ned edges, the lower layer exhibits on one

side a very fringed edge morphology. Here, the history of the growth experiment might

be important. As shown later in detail, the Moiré layer vanishes at a temperature of

770K and the growth of the rectangular phase island continues although no material is

deposited. During this process, the backsliding edges of the Moiré layer transform into

a fringed and frayed morphology.

The growth of the Moiré layer is shown in �gure 4.36. The �rst LEEM image of

�gure 4.36a is recorded in the MEM regime and shows the Ag(100) surface soon after

the deposition has started. In contrast to the clean surface (see �gure 4.31) many

dark spots are observed indicating many droplets on the surface which are su�ciently
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4. Tungsten Oxide Clusters on the Ag(100) Surface

(a) 95 sec, 4.5 eV (b) 174 sec, 18.5 eV (c) 294 sec, 21 eV

(d) 414 sec, 21 eV (e) 534 sec, 21 eV (f) 654 sec, 21 eV

(g) 774 sec, 21 eV (h) 894 sec, 21 eV (i) 1014 sec, 21 eV

Figure 4.36.: Sequence of LEEM images obtained during the growth of a WO3 Moiré
layer on Ag(100). Diameter of �eld of view is 10µm for all image. Figure
captions indicate elapsed deposition time and electron beam energy.
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Figure 4.37.: LEEM image of WO3 Moiré layer and rectangular phase islands directly
after deposition has been stop. Diameter of the �eld of view is 20µm;
electron energy is 21 eV.
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(a) 21 eV, 30µm (b) 21 eV, 30µm

Figure 4.38.: Time evolution of WO3 phases at 770K. Elapsed time between (a) and (b)
is 65min.

curved to cause a change in the electric �eld. The transition to higher beam energies

revealed that some of these droplets are condensation nuclei of the rectangular phase. A

rather slow growth of the rectangular island is observed in the course of the deposition

compared to the rapid expansion of the Moiré phase layer (entering the �eld of view

in �gure 4.36d). The continuously growth of the Moiré layer by edge attachment, i.e

without secondary nucleation events, produce layer sizes of several tens of micrometer

in a few minutes. In addition, the Morié layer seems to experience a growth barrier in

the middle of the �eld of view, since the propagation of the layer suddenly stopped there

leading to a enhance growth into the lower regions of the �eld of view. In �gure 4.37, the

surface is shown in a larger �eld of view directly after the depositions was stopped. The

surface is mainly covered by the Morié phase layer (>30%) and only a minor coverage

(<1%) of rectangular islands is observed.

Figure 4.38 illustrates the time evolution of the surface at 770K. During the micro-

LEED measurements after the deposition, it has been discovered that the rectangular

phase has grown at the cost of the Moiré layer. Therefore, the time evolution of a

larger area of the surface at 770K has been monitored by LEEM after the micro-LEED

measurements. The LEEM image of �gure 4.38a speci�es the initial state of the surface,

i.e. when the measurements were started. The �nial state LEEM image of �gure 4.38b

documents the transformation process. The detailed coverage analysis is presented in

table 4.5. The di�erence in coverage reveals that the decrease of the Moiré layer coverage
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initial [%] after 65min [%] di�erence [%]

Moiré 36.7 28.5 -8.2
Rectangular 5.2 7.1 +1.9

Table 4.5.: Time development of coverage in �gure 4.38.

is 4 times higher than the increase of the rectangular phase coverage.

Additionally, LEEM intensity-voltage measurements have been performed. Here, it

can be distinguished between two regimes: the LEEM-MEM transition (below 5 eV) and

the LEEM regime (above 5 eV). In the LEEM regime, the contrast mechanism, i.e. inten-

sity of the elastically back scattered electron waves, is described by dynamical multiple

scattering LEED theory [16]. In general, this approach allows one to interpret the re-

�ected electron intensity from the surface region in terms of its electronic band structure.

If ultra thin �lms are the systems under study, also quantum-size e�ects plays a crucial

role. These e�ects can be understood in terms of interference phenomena between the

re�ected waves at the layer surface and the layer-substrate interface. Especially in the

working regime below 30 eV, quantum-interference peaks are produced by varying the

beam energy. The energies, at which these peaks occur, are related to the �lm thickness

and the atomic structure. Figure 4.39a shows the voltage-intensity spectrum obtained

on both phases and the plan silver. In particular, the Morié phase layer shows a clear

double peak in the 10 eV region and a small wide peak at 26 eV. However, to extract

e�ective information from the spectrum, a structure model and dynamical LEED theory

calculation are required. The spectra of �gure 4.39b are recorded in the MEM regime.

Those spectra are related to the local work function. But again, only extensive analysis

of the spectra can reveal the relative work functions.

In summary, we have observed in real-time the growth of two di�erent WO3 phases,

namely the Moiré phase and the rectangular phase, on Ag(100) by means of LEEM.

The observed phases have been identi�ed by single domain Micro-LEED measurements

and the results of the STM and LEED studies are con�rmed thereby. Due to the large

�eld of view of the LEEM, reliable statements about the growth kinetics and about

the surface morphology on a mesoscopic scale can be made: (1) the speed of growth

is signi�cantly higher for the Moiré phase, (2) the Moiré phase forms large extended

layers whereas the islands of the rectangular phase are characterized by a small size and

a elongated shape, and (3), the Moié phase transforms into the rectangular phase at

elevated substrate temperatures. In addition, the performed LEED-IV and LEEM-IV

measurements provide a basis for further theoretical investigations.

97



4. Tungsten Oxide Clusters on the Ag(100) Surface

5 10 15 20 25 30 35 40 45 50

Kinetic Energy [eV]

In
te
ns
it
y

Rectangular
Moire
Silver

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Kinetic Energy [eV]

In
te
ns
it
y

Rectangular
Moire
Silver

(b)

Figure 4.39.: LEEM intensity vs. voltage measurements. (a) LEEM region. (b) LEEM-
MEM transition.
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4.8. Summary

In this chapter, a experimental study of the growth of cyclic (WO3)3 clusters on the

Ag(100) surface has been presented. The growth of three di�erent structures has been

observed: fractal islands, the square Moiré structure and the rectangular structure. The

growth properties of the system are characterized by abrupt change in the region of

600-700K from fractal to compact 2D structures.

The Moiré structure has a square unit cell which is incommensurable and rotationally

disordered with respected to Ag(100) unit cell. As a consequence, the Moiré islands

exhibit a great variety of diversi�ed Moiré patterns. The growth of fractal islands as

well as the rotationally disordered overlayer superstructure indicate a very weak cou-

pling of tungsten oxide to the Ag surface pattern. If the fractal islands are annealed

to temperature above the threshold, they are transformed into 2D Moiré structures and

the resulting surface morphology is characterized by a large number of islands nanome-

ter scale. On the other, a extended and defect-free Moiré wetting layer forms if the

deposition of the clusters takes place above the threshold temperature. On top of the

wetting layer, beginning 3D-growth in form of sharp needles is observed. The analysis

of the Morié patterns yields a lattice constant of the unit cell of a = 3.75Å. However,

anisotropic corrugations and distortions of the Moiré patterns might indicate a weak dis-

torted overlayer unit cell. The dependencies of the Moiré corrugation on the overlayer

orientation could be explained by a simple spring-ball model. Further, high-resolution

STM images of needle-like 3D structures revealed that: (1) the needles are orientated

along one of the high symmetry directions of the overlayer lattice, and (2), the structural

properties of the needles are identical to that of the wetting layer. The STM, LEED and

LEEM investigations yield lattice constants for the rectangular structure of a = 5.5Å

and b = 4.7Å, which are similar to the reported bulk lattice constants of the rutile WO2

phase.

The growth of the Moiré wetting layer and the rectangular islands has been observed in

real-time by employing the LEEM technique. Futher, the LEEM investigation revealed

that the Moiré phase grow faster, but transforms gradually into the rectangular phase

at higher temperatures.
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5. General Aspects of High Electric

Field Experiments

5.1. Introduction and Motivation

A novel promising approach in the fabrication of ultra thin �lms is to exploit the in�uence

of the high electric �elds. The idea behind this approach is that su�ciently large �elds

can e�ectively change the energetic situation of the surface-adsorbate complex to trigger

the growth of otherwise unstable structures [102].

In the past, the physics and chemistry on metal surfaces under high electric �elds have

been studied by employing �eld emission microscopy (FEM) and �eld ion microscopy

(FIM) techniques [103�110]. For the �rst time, Tsong at al. have observed a �eld

induced change of the surface di�usion: a directional walk of single adatoms which

has been regarded as consequence of the �eld gradient on the tip surfaces [104]. An

example for surface chemistry under high electric �eld has been given by Kruse and

coworkers [105]. There, the decomposition of methanol on Pd(111) surface at �elds

strengths of up to 50V/nm has been detected by means of the Pulsed Field Desorption

Mass Spectrometry (PFDMS) method. A further notable �eld-induced surface reaction

is the reported polymerization of acetone [103]. Also, the numerous theoretical studies

on this issue predict a great variety of di�erent �eld-induced e�ects [102, 106�110]. An

excellent review of the progress in understanding of the underlying mechanism of high

electric �eld induced adsorption and reaction processes is given in Ref. [108]. However,

as mentioned, all these investigations employ FIM and FEM techniques to study high

�eld e�ects on surfaces, which have the disadvantage that only terraces of a very small

size can be prepared and investigated.

In order to overcome this shortcoming, Steurer et al. have developed a new exper-

imental approach to expose large and �at surfaces to homogeneous and high electric

DC-�elds [111]. For this, a high-quality miniature electrode has been placed onto a

Ag(100) substrate, which was covered by a well characterized NiO �lm [51, 52], to a
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establish parallel-plate capacitor con�guration. Field strengths of up to 2V/nm could

be realized with this experimental setup. Subsequently to the exposure to strong electric

�elds, the (2x1)-NiO �lm has been characterized by STM and AES, and the observed

modi�cations could be explained within the framework a new dynamic theory model as

redox processes.

In this work, we apply the new experimental method developed by Steurer et al.

to other metal-supported ultra thin transition metal oxides �lms and, also, to bare

Ag(100) surfaces. The surface modi�cations induced by the high electric �elds have

been characterized by means of STM and AES. First, the experimental setup is de-

scribed. In the next chapter, the obtained results for the bare Ag(100), MnO/Ag(100)

and WO3/Ag(100) experiments are presented. Its worth pointing out here that, due

to the lack of theoretical support, the changes in the surface morphology are not well

understood yet. Therefore, the present work focuses on documenting the experimental

results.

5.2. Experimental Setup

Conventionally, electric �elds that are suitable to study �eld-induced phenomena on

surfaces, i.e. �elds that are su�ciently high to e�ectively change the physical and chem-

ical conditions of a metallic surfaces, are generated by sharp tips. Hence, systematical

investigations on this �eld have been done by means of the FIM technique. The ap-

pearance of high �elds at sharp tips can be understood within the image charge picture,

according to which the surface curvature minimizes the distance of the center of charge

to the surface. As a consequence, the areas of plane surfaces are indirectly proportional

to the obtained �eld strengths in this method. Therefore, a new method is required, if

one wants to study thin �lm growth under strong �elds on large areas of high symmetric

crystal planes. For this reason, Steurer et al. have developed an experimental method

which exploit a parallel-plate capacitor con�guration to generate high �elds at the sur-

face under study. In this section, the original UHV apparatus designed by Steurer et.

al is presented and brie�y discussed. A detailed description of the experimental setup is

provided in Ref. [112].

First of all, the basic principle of the �eld experiment will be brie�y summarized. A

previously prepared and characterized sample - in our case, a silver single crystal disc

- is inserted in the sample holder stage. A high-quality miniature electrode, shown in

�gure 5.2, is positioned by a linear motion manipulator onto this sample. The electrode is
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(a) (b)

Figure 5.1.: Setup for the �eld experiments. (a) Pictorial schema and (b) photograph.

positively biased by a high-voltage of up to 1500V. During the �eld experiment, the �eld

emission current is monitored by high-accuracy multimeter. After the �eld experiment

is �nished, the sample surface is characterized again by STM and AES. Optionally, the

sample can be heated and exposed to oxygen during the �eld experiment.

In �gure 5.1b, the entire setup with all of its components is depicted. The green and

red arrows indicate the single crystal disc and the miniature electrode, respectively. The

pictorial schema of �gure 5.1a provides a closer view of the experimental details. After

the electrode is landed at the crystal, the suspension of the electrode assures that the

electrode stands force-free with both legs on the sample. A strictly parallel con�guration

of sample surface and the electrode surface is ensured thereby. The miniature electrode

is shown in �gure 5.2. The corpus of the stamp, which is made of SiO2, supports a gold

strip evaporated on top that speci�es the size of the exposed area. In the sketch of �gure

5.2a, all relevant dimensions of the electrode stamp are indicated. As it can be seen in

�gure 5.1, the surface area of the sample is signi�cantly higher than the base area of

the miniature electrode. This allows one to perform reference measurements outside the

area where the electrode has been placed on the sample. The gap between sample and

the gold coating is 780 nm. The voltage applied to the electrode has been in the range

of 800-1500V. Consequently, nominal �elds strengths of up to 1.9V/nm can be reached

with this setup. Such �eld strengths are su�ciently strong to cause �eld emission at the

sample surface. The analysis of the �eld emission characteristics by a Fowler-Nordheim
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(a) (b)

Figure 5.2.: Miniature electrode used for the �eld experiments. (a) Blueprint. (b) Pho-
tography.

�t yielded a slightly higher �eld strength of 2.3V/nm (see Ref. [112]).

In the course of the work with this apparatus, the following observations have been

made. It has been discovered that the quality of the electrode surface has considerably

decreased after several �eld experiments and, thus, the miniature electrode needed to be

replaced periodically by a new one. At the beginning of the experiment, the �eld emis-

sion current exhibits �uctuations. However, these �uctuations gradually decreases with

the time of the experiment. Further, the STM measurements at di�erent positions on

the sample have revealed that the observed intensity of the �eld induced e�ects depends

considerably on the position in the exposed area indicating a not perfectly homogeneous

electric �eld within the electrodes. Unfortunately, a reliable statement about the vari-

ation in �eld strength cannot be made. Hence, the in�uence of the other experimental

parameters, such as temperature or oxygen atmosphere, on the �eld experiment could

not be investigated systematically as the exact local �eld strength at the sample posi-

tion under study was not known. Therefore, its worth pointing out here, that the STM

images of �eld-induced e�ects presented in the following sections show only positions

where a signi�cant change in the surface morphology has been observed.

In summary, the here presented experimental method is dedicated to investigate the

in�uence of spatially extended, homogeneous and strong electric DC-�elds on surface

chemistry and �lm growth. The maximum �eld strength that can be achieved by this

setup is E ∼ 2 V/nm.

106



6. Electric Field Induced Changes of

the Surface Morphology

6.1. Bare Ag(100)

Here, the results of the �eld experiments on pure Ag(100) surfaces are presented. For

this, the Ag(100) crystal has been cleaned by several sputtering and annealing cycles.

The purity of the Ag(100)-surface has been characterized by means of STM, LEED and

AES prior to the experiment. This section is structured as follows. First, the results

of experiments performed on �at and smooth Ag(100) surfaces are shown. Then, the

STM images of the �eld induced surface modi�cations of sputtered Ag(100) surfaces,

i.e. surfaces that have not been annealed after the last sputter cycle, are presented.

6.1.1. Flat Surfaces

First, �eld experiments have been performed on �at Ag(100) surfaces. It was found that

the presence of molecular oxygen in the UHV chamber does not a�ect the obtained re-

sults. On the other hand, the surface morphologies depend signi�cantly on the substrate

temperature during the experiment.

In �gure 6.1, the modi�cation of the Ag(100) surface is documented. The STM image

of �gure 6.1a shows the �at and clean Ag(100) surface prior to the �eld experiment. At

this speci�c position of the surface, a few monoatomic silver steps are seen, but overall

the surface conditions are characterized by large areas of �at terraces. As illustrated

in the large-scale STM image of �gure 6.1b, after the exposure to a electric �eld of

around 1V/nm at RT, the roughness of the surface has considerably increased. The

high-resolution STM image of 6.2a speci�es the change in morphology of the Ag(100)

surface. The new morphology of the surface is characterized by cluster-like features and

small-area islands. The line scan shown in �gure 6.2a indicates a island height of ∼ 2Å

and a cluster height of < 4Å. Note, the height of the observed islands equates the height
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(a) 300x300 nm2, 1V, 500 pA (b) 300x300 nm2, 1V, 500 pA

Figure 6.1.: STM images of �eld-induced surface modi�cations on pure and �at Ag(100).
(a) before and (b) after the surface has been exposed to high electric �elds
at RT.
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Figure 6.2.: STM image of the �eld-induced surface modi�cation on pure and �at
Ag(100) at RT. (a) High-resolution STM image . (b) Line scan according
to the blue line in (a).
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(a) 100x100 nm2, 1V, 500 pA
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Figure 6.3.: Field-induced surface modi�cation on pure and �at Ag(100) at 400K. (a)
STM image. (b) Line scans according to the colored lines in (a).

of a monoatomic silver step. The AES (not shown here) did not exhibit any signi�cant

change between spectra recorded before and after the �eld experiment.

The STM image of �gure 6.3 shows a representative STM image obtained for a �eld ex-

periment at substrate temperatures of 400K. The surface morphology has again changed

signi�cantly compared to the initial morphology. In contrast to the RT experiment, the

roughening e�ect is less pronounced and no cluster-like features can be observed. This

might be attributed to the increased mobility of the silver atoms. As indicated by the

line scan of �gure 6.3b, the step height of the terraces is again ∼ 2Å. In addition,

further features embedded into the Ag(100) surface are observed (see red line scan in

�gure 6.3b) might be interpreted as the formation of atomic defects (holes) during the

�eld experiment. This interpretation is supported by the AES (not shown here) which

did not exhibit any impurity features.

6.1.2. Sputtered Surfaces

Next, sputtered Ag(100) surfaces have been investigated. The here presented experiment

is described in detail by Steurer et al. in the supplementary information for Ref. [111].

In order to perform �eld experiments on a rough Ag(100) surface, the �nal annealing step

in the cleaning process of the surface has been skipped. Due to the high roughness of the

surface, the local electric �eld at Ag(100) surface is assumed to be rather inhomogeneous,
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(a) 150x150 nm2, 1V, 200 pA
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Figure 6.4.: (a) STM image of the sputtered Ag(100) surface prior to the �eld experi-
ment. (b) Line scans according to the colored lines in (a).

and therefore di�erent �eld induced e�ects on the surface morphology are expected. The

experiment presented here has been carried out at RT, in an oxygen background pressure

of 5x10-7mbar and with a electric �eld of E ∼ 2 V/m applied for 1 hour.

The STM image of �gure 6.4a speci�es the surface conditions prior to the �eld ex-

periment. The surface morphology is characterized by a hill-valley landscape in which a

weak symmetry aligned parallel to the main symmetry axes of the surface structure can

be observed. The line scan of �gure 6.4b reveals a typical height di�erence between hills

and valleys of a few tens of nanometers. In �gure 6.5, a large-scale STM image recorded

after the exposure to a strong electric �eld is shown. As obvious from this image, the

hill-valley landscape has vanished and �at extended terraces have formed. Since the mo-

bility of the silver atoms is already high at RT and the duration of the �eld experiment is

long, this e�ect could be caused also by regular di�usion processes. Therefore, reference

STM measurements have been performed outside the E-�eld exposed area. These STM

measurements (not shown here) clearly revealed that the smoothing of the surface is

promoted by the E-�eld. In addition, a considerable number of surface inhomogeneities

are observed at the large terrace in the STM image of �gure 6.5a. The line scans across

them, shown in �gure 6.5b, specify their apparent height as ∼ 0.8Å. Steurer et al. in-

terpret them as small embedded AgOx islands [111]. This interpretation is rationalized

by the AES (see Ref. [111]) which exhibits a increased intensity in the oxygen KLL

transition regions.
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6.2. (2x1)-MnO on Ag(100)

(a) 300x300 nm2, 1V, 350 pA
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Figure 6.5.: Field-induced surface modi�cation on sputtered Ag(100) at RT and in pres-
ence of an oxygen atmosphere. (a) STM image. (b) Line scans according to
the colored lines in (a).

6.2. (2x1)-MnO on Ag(100)

As mentioned in the introduction, the application of high electric �elds to the (2x1)-

NiO/Ag(100) system lead to a reduction of the (2x1)-nanostructures [111]. Since the

(2x1)-NiO/Ag(100) system is related to (2x1)-MnO/Ag(100), it was reasonable to per-

form also �eld experiments on the latter to achieve a better understanding of the reported

�eld-induced redox-process. In this section, we present the results of the �eld experi-

ments on the (2x1)-MnO/Ag(100) system. An extensive experimental and theoretical

study on the (2x1)-NiO/Ag(100) and (2x1)-MnO/Ag(100) systems can be found in Ref.

[51] and [53], respectively.

The STM-image of �gure 6.6a has been recorded prior to the �eld experiment. It

documents that the preparation of the single-phase (2x1)-MnO/Ag(100) has been suc-

cessful: the Ag(100) surface is covered only by (2x1) islands and absolutly no impurities

are present at the surface. In �gure 6.6b, a STM image recorded after the exposure to

high electric �eld (E ∼ 1 V/m, 1h) is shown. The �eld experiment has been performed

at RT and under UHV conditions. Two sorts of surface modi�cations can be observed

in the STM image: (1) (2x1)-MnO islands are covered by cluster-like features, and (2),

rectangular islands are seen between the MnO islands. The height of the rectangular

islands is found to be ∼ 2Å (see line scan of �gure 6.7b), and therefore these islands are
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6. Electric Field Induced Changes of the Surface Morphology

(a) 150x150 nm2, 1.8V, 150 pA (b) 150x150 nm2, 1.2V, 100 pA

Figure 6.6.: STM images of (2x1)-MnO islands on Ag(100) (a) before and (b) after the
exposure to high electric �elds. Experimental parameters: E ∼ 1 V/m, RT
and UHV.
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Figure 6.7.: (a) Line scan across the cluster-like features according to the blue line in
�gure 6.6b. (b) Height pro�le of the rectangular islands; line scan according
to red line in �gure 6.6b.
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6.2. (2x1)-MnO on Ag(100)

(a) 150x150 nm2, 2V, 100 pA (b) 50x50 nm2, 2V, 150 pA

Figure 6.8.: High-resolution STM images of �eld-induced surface modi�cations of the
(2x1)-MnO/Ag(100) system; the images show a position where the �eld-
induced e�ects are less pronounced.

identi�ed as silver islands. As indicated by the line scan of �gure 6.7a, the clusters ex-

hibit a 3D growth and can reach heights of up to 1 nm. Therefore, simple considerations

based on surface free energies might suggest that these clusters are of metallic nature.

In the course of the investigation, a lot of tip changes has been recognized indicating

a strong interaction of the STM tip with the clusters. Therefore, high-resolution STM

images could be achieved only at sample positions where the �eld-induced surface modi-

�cations are less pronounced. The STM images of �gure 6.8 have been recorded at such

a position. These images reveal two further modi�cations of the Ag(100) substrate: (1)

dark point-like features that are uniformly distributed, and (2), chains on top of the

substrate that are aligned parallel to high symmetric directions.

Further, it was observed that the clusters on top of the (2x1)-islands can be wiped-o�

by the STM tip. Therefore, a series of consecutive STM images have been recorded

at the same surface position. The STM images of �gure 6.9 show the initial and �nial

surface conditions of this measurement. Apparently, some of the clusters (marked by

the green circles in �gure 6.9a) have disappeared. Furthermore, the STM image of �gure

6.9b reveals that the (2x1) structure at the previous positions of the clusters (marked

by the red circles) is still intact. Therefore, a �eld-induced chemical reaction of the

(2x1)-structure can be ruled out. This �nding is further supported by the AES study

shown in �gure 6.10. The AES spectra, which have been recorded before and after the
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6. Electric Field Induced Changes of the Surface Morphology

(a) 50x50 nm2, 1.5V, 100 pA (b) 50x50 nm2, 2V, 150 pA

Figure 6.9.: Wipe-o� of clusters on top of the (2x1)-MnO islands. High-resolution STM
images of (a) the initial scan and (b) the �nal scan. Green circles in (a)
mark the clusters which have been wiped-o�; red circles in (b) mark the
former positions of the wiped-o� clusters
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Figure 6.10.: Auger electron spectra of the oxygen-KLL and manganese-MNN transition
regions recorded before and after the exposure to high electric �elds.
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6.3. Tungsten Oxide on Ag(100)

exposure to high electric �elds, do not exhibit any signi�cant di�erence. As mentioned

in section 5.2, the intensity of the observed �eld-induced e�ects depends strongly on

the position in the E-�eld exposed area. Therefore, several AES have been recorded at

di�erent positions for both cases, before and after the �eld experiment. However, all of

the AES have been identical.

In summary, we have performed �eld experiments on the well characterized (2x1)-

MnO/Ag(100) surface. The high electric �elds lead to signi�cant surface modi�cations

which are characterized by high clusters on top of and rectangular islands outside the

(2x1) islands. The height of 2Å of the rectangular islands suggests that these are Ag-

islands. Moreover, the wipe-o� experiment revealed that the (2x1)-structures are still

intact, and therefore a �eld-induced chemical reaction of the (2x1)-MnO structures can

be ruled out. This is in contrast to the �ndings for the (2x1)-NiO structures, which has

been identi�ed as a resonance e�ect.

6.3. Tungsten Oxide on Ag(100)

In this section, the in�uence of high electric �elds on two di�erent Ag(100)-supported

WOx structures is studied, namely the fractal WO3 islands and the extended Moiré phase

wetting layer. The structural and growth properties of these structure are described in

detail in chapter 4.

6.3.1. Fractal Islands

Since the structural properties of the fractal WO3 structures di�er considerably from the

other structures investigated in this work, the �eld experiments on these structures were

performed to gain further information about the �eld-induced e�ects. The experimental

details of the here presented �eld experiment are: E ∼ 1 V/m for 1 hour, substrate at

RT and performed in oxygen atmosphere.

The STM image of �gure 6.11a documents the surface conditions prior to the �eld

experiment which is characterized by the typical fractal growth of the (WO3)3 clusters.

For comparison, the STM image of �gure 6.11b shows the surface after the �eld experi-

ment. As obvious from this image, the high electric �eld has not a�ected the structural

properties of the fractal islands. Furthermore, the high-resolution STM image of 6.12a

reveals that the surface modi�cations look similar to those observed outside the (2x1)

islands in the (2x1)-MnO/Ag(100) system: rectangular islands with a height of 2Å (see
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6. Electric Field Induced Changes of the Surface Morphology

(a) 300x300 nm2, 2V, 300 pA (b) 150x150 nm2, 1.7V, 200 pA

Figure 6.11.: Field-induced surface modi�cations in the fractal-WO3/Ag(100) system.
STM images of the surface (a) before and (b) after exposure to high electric
�eld.
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Figure 6.12.: (a) High-resolution STM image of the �eld-induced surface modi�cation in
the fractal-WO3/Ag(100) system. (b) Line scans according to the colored
lines in (a).
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6.3. Tungsten Oxide on Ag(100)

line scan in �gure 6.12b), chains on top of the substrate that are aligned parallel to

the high symmetry directions of the substrate and point-like defects that are randomly

distributed all over the Ag(100) substrate (because of the chosen color code, hard to

see in �gure 6.12a). The line scan according to the red line in �gure 6.12a speci�es the

height of the chains as ∼ 0.6Å.

The amount of deposited (WO3)3 clusters (0.25ML) in this experiment has been too

low to create a detectable Auger electron signal, and therefore no statements about a

possible oxygen loss during the �eld experiment can be made. On the other hand, the

deposition of an increased amount of (WO3)3 clusters would lead to amorphous surfaces

and a STM study become meaningless. However, the AES recorded at the surface shown

in �gure 6.11b did not exhibit any impurity features.

6.3.2. Moire Islands

The in�uence of high �elds on the extended Moiré wetting layer has also been studied.

The feature that distinguishes the WOx wetting layer from the other structures investi-

gated is the island size. While previously studied structures form islands on nanometer

scale, the islands sizes of the WOx wetting layer exhibit mesoscopic (up to µm) dimen-

sions. The experimental details of the here presented experiments are: �eld strength of

E ∼ 1 V/m applied for 1 hour, substrate at RT and performed in oxygen atmosphere.

Since very high needle structures form on top of the wetting layer, the topological signal

STM images provide only an unfavorable view with respect to surface modi�cations.

Therefore, current signal STM images, which represent di�erentiated topological signal

images, are shown in this section.

The STM image of �gure 6.13a speci�es the surface conditions before a high electric

�eld has been applied. The image shows a defect free and extended Moiré wetting layer

with beginning 3D island growth in form of sharp needles. The STM image of �gure 6.13b

illustrates the surface modi�cations induced by the high electric �eld. The surface of the

wetting layer has been remarkably roughened. Apparently, also the needle structures

are a�ected by the surface modi�cation. The STM image of �gure 6.14 shows a sample

position where the �eld-induced e�ects are less pronounced. The image reveals that the

surface roughening is the result of an accumulation of high clusters. Cross-sections of

the clusters are depicted in �gure 6.14b indicating a cluster height up to ∼ 4Å . Again,

the 3D-growth of the clusters might indicate that they are of metallic nature.

In �gure 6.15, the results of the AES measurements are presented. Both spectra have

been recorded after the �eld experiment: inside and outside the exposed sample area. As
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6. Electric Field Induced Changes of the Surface Morphology

(a) 100x100 nm2, 1.5V, 100 pA (b) 150x150 nm2, 2.2V, 50 pA

Figure 6.13.: Field-induced surface modi�cations in the Moiré-WO3/Ag(100) system.
Current-signal STM images of the surface (a) before and (b) after exposure
to high electric �eld.
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Figure 6.14.: Field-induced surface modi�cations in the Moire-WO3/Ag(100) system.
(a) Current-signal STM image shows a position in the exposed area that
exhibits a less pronounced �eld-induced e�ect. (b) Line scans according to
the colored lines in (a).
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Figure 6.15.: Auger electron spectra of the W- and O-transitions recorded outside and
inside the �eld exposed area.

it can be easily seen, the tungsten and oxygen transitions do not signi�cantly di�er from

each other indicating that the Moiré structures have remained unchanged. It is impor-

tant to point out, that only one spectrum has been recorded in each case. As mentioned

above, the �eld-induced surface modi�cations strongly vary over the sample surface. For

instance, large areas have been detected that do not exhibit any surface modi�cation.

Therefore, the result of the AES study may not necessarily be representative.

6.4. Summary

We have performed high electric �eld experiments by employing the experimental ap-

proach introduced by Steurer et al. [112]. The realized �eld strengths have been in

the range of 1− 2 V/nm. The observed �eld-induced surface modi�cations can be sum-

marized as follows: (1) for bare silver, a signi�cant roughening of the surface has been

observed, (2) for the TMO/Ag(100) systems, the modi�cations are characterized by the

appearance of clusters on top of and rectangular islands outside the oxide islands.

While the surface modi�cation for the (2x1)-NiO/Ag(100) system could be identi�ed

as redox process [111], further theoretical e�ort is required in order to understand the

underlying microscopic mechanism for the here presented modi�cations. In addition,

a shortcoming of the experimental setup is that the gold electrode degenerates during

the experiments. Therefore, we recommended reference experiments with a di�erent

electrode material.
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7. Summary

In this chapter, the major results and �ndings of this work are summarized in short

paragraphs.

Growth of MnxOy on Ag(100): The controlled growth of ordered MnxOy struc-

tures has been realized by the tuning of the preparation parameters within a prede�ned

range. In this context, four relevant structures have been identi�ed and extensively char-

acterized: the (1x1)-MnO, the mixed-structure, the (2x1)-MnO and the triangular struc-

ture. By reviewing the obtained experimental data, a preparation parameter-structure

diagram has been compiled which constitutes a comprehensive map for the controlled

growth of the MnxOy structures.

(2x1)-MnO structure: A clear and reproducible recipe for the preparation of sin-

gle phase (2x1)-MnO/Ag(100) systems has been developed. The surface morphology of

this system is characterized by complex network of long and narrow (2x1) nanostripes.

The (2x1) strips have a defect free structure and exhibit perfectly straight edge; they

have been observed either on top of or embedded into the substrate. The exact atomic

structure as well as the details about the strikingly anisotropic growth could be ratio-

nalized by �rst principle DFT calculations: (1) the growth of the (2x1) structure starts

at the silver step edge, and (2), the anisotropic growth is a result of di�erent di�usion

conditions at the island edges.

(1x1)-MnO structure: The (1x1)-MnO structure has been observed for similar

preparation conditions as reported in the literature [34�39]. The performed growth

experiments indicate that the crucial preparation parameter for the growth of the (1x1)

structure is the oxygen dosage: the structure transforms entirely into the mixed structure

in the presence oxygen. The STM investigation revealed the formation of 3D island for

higher coverages, i.e. the system exhibits for these preparation conditions a Volmer-

Weber growth mode, while the early-stage (1x1) islands are found to be embedded into

the Ag substrate.

MnxOy mixed structure: The mixed structure forms at low oxygen pressures in

the post-annealing step. Moreover, the performed experiments suggest that the mixed
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7. Summary

structure is an oxygen reconstruction of the (1x1) MnO surface. The structure is com-

posed of disordered arrangement of c(4x4) and (4x2) micro-domains and therefore it

does not exhibit any long-range order. Consequently, the LEED spots created by mixed

structure are very weak.

Growth of WO3 on Ag(100): A experimental study of the growth of cyclic (WO3)3
clusters on the Ag(100) surface has been presented. The growth of three di�erent struc-

tures has been observed: fractal islands, the square Moiré structure and the rectangular

structure. The growth properties of the system are characterized by abrupt change in

the region of 600-700K from fractal to compact 2D structures.

WO3 fractal growth: (WO3)3 clusters deposited on Ag(100) at RT form rami�ed

fractal islands. This growth process strongly indicates a very weak coupling between

WO3 molecules and the Ag(100) substrate. The analysis of the height pro�le and the

branch widths rule out a simple hit-and-stick mechanism, but rather suggests a nested

growth in which the molecules are able to di�use onto and along each other. Unfortu-

nately, the STM measurements could not reveal whether the (WO3)3 clusters remain

intact at surface.

WOx Moiré structure: The Moiré structure has a square unit cell which is in-

commensurable and rotationally disordered with respected to Ag(100) unit cell. As a

consequence, the Moiré islands exhibit a great variety of diversi�ed Moiré patterns. If

the fractal islands are annealed to temperature above the threshold, they are trans-

formed into 2D Moiré structures and the resulting surface morphology is characterized

by a large number of islands on nanometer scale. On the other, a extended and defect-

free Moiré wetting layer forms if the deposition of the clusters takes place above the

threshold temperature. On top of the wetting layer, beginning 3D-growth in form of

sharp needles is observed. The analysis of the Morié patterns yields a lattice constant

of the unit cell of a = 3.75Å. However, anisotropic corrugations and distortions of the

Moiré patterns might indicate a weak distorted overlayer unit cell. The dependencies

of the Moiré corrugation on the overlayer orientation could be explained by a simple

spring-ball model. Further, high-resolution STM images of needle-like 3D structures

revealed that: (1) the needles are orientated along one of the high symmetry directions

of the overlayer lattice, and (2), the structural properties of the needles are identical to

that of the wetting layer.

WOx rectangular structure: The rectangular structure has been characterized

by STM and LEED studies. The circular LEED patterns created by the rectangular

islands have revealed a rotational disorder of the islands with respect to the substrate
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orientation. High-resolution STM images of the atomic structure have been analyzed

in detail (1) to obtain reliable values for the lattice constants, and (2), to reveal the

symmetry properties of the unit cell. Further, the obtained lattice constants have been

compared to the values in the literature and the best match was found for the rutile

WO2 structure.

LEEM study of the WO3/Ag(100) system: We have observed in real-time the

growth of two di�erent WO3 phases, namely the Moiré phase and the rectangular phase,

on Ag(100) by means of LEEM. The observed phases have been identi�ed by single

domain Micro-LEED measurements and the results of the STM and LEED studies are

con�rmed thereby. Due to the large �eld of view of the LEEM, reliable statements

about the growth kinetics and about the surface morphology on a mesoscopic scale can

be made: (1) the speed of growth is signi�cantly higher for the Moiré phase, and (2), the

Moié phase transforms into the rectangular phase at elevated substrate temperatures.

In addition, the performed LEED-IV and LEEM-IV measurements provide a basis for

further theoretical investigations.

Field Experiments on MnO and WO3 on Ag(100): We have performed high

electric �eld experiments by employing the experimental approach introduced by Steurer

et al. [112]. The realized �eld strengths have been in the range of 1− 2 V/nm. The ob-

served �eld-induced surface modi�cations can be summarized as follows: (1) for bare sil-

ver, a signi�cant roughening of the surface has been observed, (2) for the TMO/Ag(100)

systems, the modi�cations are characterized by the appearance of clusters on top of and

rectangular islands outside the oxide islands. While the surface modi�cation for the

(2x1)-NiO/Ag(100) system could be identi�ed as redox process [111], further theoretical

e�ort is required in order to understand the underlying microscopic mechanism for the

here presented modi�cations. In addition, a shortcoming of the experimental setup is

that the gold electrode degenerates during the experiments. Therefore, we recommended

reference experiments with a di�erent electrode material.
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A. Distortion Analysis of SPM

Images

Images acquired by SPM instruments are normally distorted due to several factors:

inexact calibration of x- and y-axis, non-orthogonality of x- and y- direction of the

scanner, hysteresis of the piezo actuators also called piezo-creep and thermal drift of

the sample with respect to the tip. In order to improve the measurement results gained

by SPM instruments and to allow quantitative analysis, the distortion of the images

must be corrected. For this, the issue can be divided into two parts. First, the SPM

scanner has to be calibrated accurately from time to time. Second, the elimination of

the thermal drift in the obtained images, which is permanently present. The piezo-creep

is also permanently present, but its contributions to the distortion is comparably small

if small scan areas and low scan speeds are chosen. The ability to identify the individual

distorting factors is therefore a crucial requirement for a general correction method.

Up to now, a considerable number of methods for correcting the distortion have been

proposed and widely discussed in the literature [113�123]. A comprehensive overview of

the existing methods and a detailed discussion of them can be found in Ref. [123]. There,

the basic strategies of the reported methods are divided in two classes: (1) the thermal

drift velocity is directly measured by means of two consecutively measured images, and

(2), if the geometrical structure of the scanned surface is known, the drift parameters are

then calculated from a comparison of the measured with the expected structure. The

drawbacks of the individual methods and approaches found in the literature are diverse

and only a short summary will be listed here:

• rather complex numerical approaches [113, 114, 117, 122]

• not the complete set of parameters is determined [113, 115, 117, 118]

• multiple scans of the investigated surface are needed [117]

• special requirements during the scan process [116, 117]
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A. Distortion Analysis of SPM Images

• the individual distorting factors cannot be properly identi�ed [113, 114, 119, 122,

123]

Despite the fact that all methods are su�cient for the speci�c problems of their authors,

a general and consistent consideration of the distortion in SPM is still missing.

The outline of this section is as follows. First, thermal drift is brie�y discussed. Then,

a new e�ective model for describing constantly drifting features in a scan process is in-

troduced. On the basis of this model, four di�erent methods for analyzing the distortion

of SPM images are developed and their advantages or drawbacks are discussed. Finally,

the Structure Comparing (SC) Method, discussed last, is able to identify correctly all

distorting factors. As a result of this approach, the obtained formulas are rather simple

and the method does not require any further processing of the SPM images. Hence, the

e�ort of correcting is low and makes the method simple and practical. Additionally, the

application of the methods is demonstrated on measured STM data. At last, a detailed

study of the in�uence of the piezo creep onto the STM data supported by the introduced

methods is presented.

A.1. Thermal Drift

If a solid is not in thermal equilibrium with its environment, it tends to change in volume.

This phenomenon is well known as thermal expansion. In a STM setting, a change in

volume of the sample leads to a drift of the surface with respect to the scanning tip

resulting in a distortion of the acquired images. This e�ect is usually subsumed in the

expression thermal drift. A brief and general consideration concerning the thermal drift

in STM will be presented here.

While the thermal drift issue is negligible in low and variable temperature STMs,

it is pronounced in room temperature STMs. The reason for this is that in low and

variable temperature STMs the sample stage and the sample are both kept at constant

temperature by a temperature control unit. The sample and the tip are thereby ther-

mally decoupled from the lab environment. This thermal decoupling is missing in the

case of a room temperature STM and, consequently, changes in temperature of the lab

result in a thermally drifting sample. In order to illustrate the impact of small changes

in temperature, a simple calculation is presented here. Let us assume that the sample

stage is made of steel, the sample itself is a silver single crystal disc of 10mm diameter

and the temperature change in the lab is only 1K/h. The maximal thermal drift is
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approximately calculated as follows:

vd ≈
L0∆α∆T

∆t
=

10 · 10−3m · (18.9− 11.5) · 10−6K−1 · 1K
3.6 · 103s

≈ 20 · 10−12
m

s
(A.1)

where vd is the drift velocity, L0 is the initial length, ∆α is the di�erence of the thermal

expansion coe�cients of steel and silver and ∆T the change of temperature in Kelvin.

A drift velocity of 20 pm/s, which is indeed in good agreement with the observed values

as shown later, together with currently used scan speeds results already in a signi�cant

distortion of the images.

A.2. Scanning Process Model

All considerations concerning the correction methods presented in this section are based

on the here introduced scanning process (SP) model for a SPM image. Figure A.1 shows

a schematic diagram of the SP model. The red points are three distinguished features

of the surface. All features are moving with the same time-constant drift velocity vd.

The vectors specify the real position of the features in a �xed coordinate system, i.e.

the �xed undistorted scan area, as well as the real distances to each other. The green

line represents the scanning line which is moving up- or downwards with velocity vs. Its

position in the scan area is denoted as ys. The dashed line marks the upper end of the

measured SPM image with length yi.

The position of the features n = {1, 2, 3, . . . } in the current scan area depends on time
as follows

rn(t) =

(
xn + vxt

yn + vyt

)
(A.2)

where vx and vy are the drift velocities in lateral directions and xn and yn are the initial

coordinates of the feature n. The measured position of feature n is its actual position

in the instrument scope at the time tn when it is detected by the scanning line. This is

the case when the position of the scanning line ys equals the y-position of the moving

feature

vytn + yn = vstn + ys,0 (A.3)

where ys,0 is the initial position of the scanning line. The detection time tn is di�erent for

each feature since the initial y-position yn is di�erent for each feature. Solving equation

A.3 for tn and substituting the result into the vector A.2, we can describe the position r′n
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A. Distortion Analysis of SPM Images

Figure A.1.: Schematic diagram of the scanning process (SP) model. The green line
represents the scanning line, the red points are speci�c features of the
scanned surface and the vectors specify the distance relations between the
objects. The ϕ and s are the calibration parameters of the scanner: non-
orthogonality and scaling mismatch of the x- and y-piezo actuators, respec-
tively.

of featuren in the measured image, i.e. rn(tn), as follows:

x′n = xn +
vx
vs
· yn − ys,0

1− vy
vs

(A.4a)

y′n − ys,0 =
yn − ys,0
1− vy

vs

(A.4b)

To simplify, the ratio of drift velocity to scan speed is referred to as the relative driftd

in the following. Equations A.4 represent an a�ne transformation from the real plane

into the instrument plane in which the term ys,0 is a simple variable translation in y-

direction. This becomes more evident when the di�erence of two position vectors is
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A.2. Scanning Process Model

considered. The a�ne transformation map D from r into r′ is then of the form

D =

 1 dx
1−dy

0 1
1−dy

 (A.5)

where the constant factor ys,0 is eliminated from the equation. As illustrated in �gure

A.1, the scan area is distorted as well and contributes to the overall distortion of the

image. In order to take into account the adjustment of the scanner, a further a�ne map

must be introduced

S = MG =

(
1 s tanϕ

0 s

)(
sx 0

0 sx

)
(A.6)

where s = sy/sx and tanϕ are the scaling mismatch and the non-orthogonality of x-

and y-scanner, respectively. The scanner matrix S has been separated into a distortion

matrix M and a scaling matrix G. Thereby, the scaling issue is decoupled from the

distortion issue. The complete transformation map T from the surface plane r into the

unscaled image plane r′ is the matrix product of M and D in the following order

T = MD =

(
1 s

1−dy (tanϕ+ dx
s

)

0 s
1−dy

)
(A.7)

Note, the matrix product is not commutative and, thus, the order of the matrices is

important. The drift matrix D is applied �rst, because its derivation is based on a

undistorted scan area. For simplicity, the scaling matrix G is not taken into account

here. This is allowed, because it is diagonal and, thus, it is commutative with the others.

All relevant distortion matrices T,D and M have the characteristic form of the matrix

product KC of a shearing matrix K and y-scaling matrix C

G = KC =

(
1 ck

0 c

)
(A.8)

The shearing and y-scaling part, k and c, can be easily identi�ed in the matrices T,D

and M. It is therefore reasonable to describe the problem of distorted SPM images by

the general matrix (equations A.8). The solution for the speci�c cases is obtained by

substituting the corresponding terms into the matrices. For the case of the complete

transformation matrix T, the shearing and y-scaling parts of the distortion will be
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speci�ed here

k = tanϕ+
dx
s

(A.9a)

c =
s

1− dy
(A.9b)

The inverse matrix of the general form, i.e. the transformation from the image plane

into the undistorted surface plane, is

G−1 =

(
1 −k
0 1

c

)
(A.10)

If the distortion parameters are known, this matrix can be applied to all pixels of the

distorted measured image in order to reconstruct the real image of the surface.

It is easy to see that the distortion parameters cannot be calculated from the position

of a single feature in a single image. The systems of equations have only two equations

but four or more unknown variables. In the following, four di�erent methods to calculate

these parameters are introduced.

A.3. Position Tracking Method

The �rst method presented here is the Position Tracking (PT) Method. In this method,

the position of a �xed surface feature is tracked over two consecutively measured images.

The drift velocity is obtained when the displacement of the feature is divided by the time

elapsed between the appearance of the feature in the images. Usually, the elapsed time is

a function of the scan speed and the position of the feature in the measured image. This

simple method is widely used in SPM and has already been described several times in

the literature [114, 122, 123]. The aim here is to illustrate that the formulas presented in

the literature can be easily derived from the SP model and to prove thereby its validity.

As the absolute positions of the features are in the focus, equations A.4 must be applied

to this problem. For this, the initial conditions for the tracked feature in both frames

have to be speci�ed. Therefore, let us assume that the frame sequence is composed of

a frame with up moving scan line immediately followed by a frame with down moving

scan line. The initial conditions are then as follows:

r↑ : ys,0 = 0, vs = vs, x0 = x, y0 = y

r↓ : ys,0 = yi, vs = −vs, x0 = x+ dxyi, y0 = y + dyyi
(A.11)
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These conditions are actually self evident, but two of them should be pointed out.

First, the scan speeds in both frames have the same value, but the vectors point in

opposite directions, and secondly, the initial position of the feature in the downward

frame is changed according to the time spent for scanning the upward frame and the

drift velocity. Also the scanner contribution to the transformation must be taken into

account by applying the matrix S (equations A.6) to equations A.4. As a result of this,

the equations A.4 become for the upward frame:

x′↑ = x+
y

1− dy
(dx + s tanϕ) (A.12a)

y′↑ =
sy

1− dy
(A.12b)

and for the downward frame:

x′↓ = x+ dxyi −
y + dxyi − yi

1 + dy
(dx − s tanϕ) (A.13a)

y′↓ =
y + dyyi − yi

1 + dy
+ syi (A.13b)

This system of equations has only four equations but contains six variables. Usually, it

is presumed that the scanner is very well calibrated in order to obtain a solution for the

drift parameters. Then, it is justi�ed to set the scanner parameters to s = 1 and ϕ = 0◦.

However, in order to investigate the in�uence of an incorrect scanner adjustment onto

the resulting values, the scanner parameters are kept in the equations. The system of

equations is now solved for the relative drift velocity of the feature:

dx =
vx
vs

=
s(x′↓ − x′↑ + tanϕ(y′↓ + y′↑ − syi))

2syi − y′↓ − y′↑
(A.14a)

dy =
vy
vs

=
y′↓ − y′↑

2syi − y′↓ − y′↑
(A.14b)

Inserting these equations into equations A.4, we can calculate the position of the tracked

feature in the scan area at the start of the �rst frame as follows:

x = x′↑ − tanϕy′↑ −
y′↑(x

′
↓ − x′↑ + tanϕ(y′↓ + y′↑ − syi))

2yi − y′↓ − y′↑
(A.15a)

y =
1

s

(
y′↑ −

y′↑(y
′
↓ − y′↑)

2syi − y′↓ − y′↑

)
(A.15b)
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Beside the measured positions (x′, y′)↑ and (x′, y′)↓, the drift and the initial positions are

functions also of a not measured quantity, namely the image height yi. However, very

often it is desirable that the correction is independent from the scanner settings. For

this case, the image height can be removed from the formulas A.14 and A.15, when the

frame sequence is changed to frames with the same scanning direction.

To show that those equations are in accordance with the strategy mentioned in the

introduction and in literature [114, 122, 123], we investigate equation A.14a in detail.

If a perfectly calibrated scanner is assumed, i.e. s = 1 and ϕ = 0, the drift velocity in

x-direction can be written as

vx = (x′↓ − x′↑)︸ ︷︷ ︸
displacement

· vs
2yi − y′↓ − y′↑︸ ︷︷ ︸

inverse elapsed time

(A.16)

As it can be easily seen, the �rst part of the term is the displacement of the feature

in x direction and the second part is the inverse form of the elapsed time, since the

denominator in the fraction represents the distance the scanner had to travel.

The authors of Ref. [114, 122, 123] have also suggested to use this method for cali-

brating the scanner. However, equations A.14 and A.15 reveal clearly that it is not fully

suitable for this purpose. The more the scanner calibration is incorrect, the more the

contribution of the thermal drift is incorrectly calculated.

In summary, the PT method requires the positions of a speci�c feature in the two

consecutively measured frames scanned with the same scan speed and knowledge about

the scanner calibration. The method yields only the distortions caused by the thermal

drift and do not provide any information about the calibration conditions of the scanner.

As a consequence, the obtained values do not correspond to real physical quantities if

the scanner is not perfectly calibrated. For calculating the absolute drift velocity, also

the scan speed must be known.

A.4. Vector Tracking Method

When investigating surfaces covered with structured islands, it is usually very hard to

�nd a suitable feature that can be tracked. In this case, one can analyze the distortion of

a lattice vector in two consecutively measured frames to determine the drift parameters.

For the derivation of the relevant formulas, we consider the transformations of vec-

tor∆r21 in two frames measured with opposite scan directions. According to matrix
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A.7, the vector dimensions in the measured image are

x′↑ = x+
sy

1− dy
(tanϕ+

dx
s

) (A.17a)

y′↑ =
sy

1− dy
(A.17b)

If the same vector is scanned in opposite direction, i.e. the sign of the scan speed is

changed, and the assumption of equal drift in both frames holds, the transformation of

the vector becomes

x′↓ = x+
sy

1 + dy
(tanϕ− dx

s
) (A.18a)

y′↓ =
sy

1 + dy
(A.18b)

This system of equations is now solved for the position and the relative drift. The

solution for the relative drift is

dx =
vx
vs

= s

(
x′↑ − x′↓
y′↑ + y′↓

+ tanϕ
y′↓ − y′↑
y′↑ + y′↓

)
(A.19a)

dy =
vy
vs

=
y′↑ − y′↓
y′↑ + y′↓

(A.19b)

The real dimensions of the vector are calculated as follows

x =
x′↑y

′
↓ + y′↑x

′
↓ − 2y′↑y

′
↓ tanϕ

y′↑ + y′↓
(A.20a)

y =
2y′↑y

′
↓

s(y′↑ + y′↓)
(A.20b)

In order to calculate the real vector and the relative drift with this method, the calibra-

tion parameters k and s must be known. Again, these parameters are set to s = 1 and

ϕ = 0, because either the scanner is properly adjusted or its in�uence on the distortion

can be neglected. The recti�ed image is obtained by means of the relations A.9 and the

inverse matrix A.10.

As it can easily be seen, the relative drift and the dimensions of the real vector are

functions only of the dimensions of the measured vectors. Apparently, for this method,

the positions of the vectors in the measured images are irrelevant. It must be ensured

only that the analyzed vectors in both frames have the same real length and the same real
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orientation. Hence, this method is extremely suitable for image pairs of atom resolved

surfaces since the lattice vectors in an ordered structure equal each other perfectly.

However, also every surface feature described by a vector can be used for this method.

Woodward et al. have proposed a related method [118]. There, the transformations

of a reciprocal lattice vector in two consecutive measured frames are considered. The

reported method yields values for the correct reciprocal vector, but neglects the scanner

issue and it does not provide any parameters to rectify the measured image.

Summarizing, the vector tracking (VT) method requires two consecutively measured

frames. The frames must be measured with the same scan speed in opposite directions.

Here, the transformation of lattice vectors of an ordered surface structure is tracked.

Thereby, the distorted lattice vector can be measured on arbitrary positions in both

frames. The VT method is only applicable if the distortion caused by the scanner

adjustment is negligibly small.

A.5. Structure Comparison Method

For the Structure Comparison (SC) method, the knowledge of the atomic structure of

the scanned surface is required. Then, the overall distortion in the measured image

can be determined by investigating the surface unit cell. In more general terms, if the

geometrical relation of two vectors is known, the measured relation of those vectors can

be used to calculate the distortion parameters. The primary bene�t here is that full

correction of the measured image is achieved. Additionally, this method requires only a

single frame, instead of a pair of two consecutive measured frames.

As mentioned, it is assumed that the relation of two vectors to each other is known.

Thus, one of the lattice vectors can be expressed as a function of the other one. If this

is applied to the diagram, shown in Figure A.1, the vector ∆r31 is expressed by a vector

function of ∆r21

∆r31 =

(
x2

y2

)
=

(
f1(x1, y1)

f2(x1, y1)

)
= F(∆r21) (A.21)

To form a fully determined system of equations, the measured distortions of both vectors,

∆r31 and ∆r21, in a single frame are considered. As explained in section A.2, the

transformation of the overall distortion is described by a matrix G speci�ed by equation

A.8. Applying this matrix to both vectors and taking into account the known relation
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of the vectors, we obtain for the measured unit cell following equations

x′1 = x1 + cky1 (A.22a)

y′1 = cy1 (A.22b)

x′2 = f1(x1, y1) + ckf2(x1, y1) (A.22c)

y′2 = cf2(x1, y1) (A.22d)

Next, these equations are solved for the distortion parameters

k =
x′2 − f1(x1, y1)

y′2
=
x′1 − x1
y′1

(A.23a)

c =
y′2

f2(x1, y1)
=
y′1
y1

(A.23b)

This relations are used to eliminate the distortion parameters from equations A.22. The

obtained reduced system is of the form

x′1y
′
2 − x′2y′1 = x1y

′
2 − f1(x1, y1)y′1 (A.24a)

0 = y1y
′
2 − f2(x1, y1)y′1 (A.24b)

where x1 and y1 are the unknown variables. To solve this system, the vector function

f1(x1, y1) and f2(x1, y1) must be speci�ed. Normally, this is done by formulating the

geometrical conditions for the vector pair (see table A.1). As soon as the reconstructed

position (x1, y1) of one of the vectors is known, the distortion parameters can be deter-

mined by equations A.23.

On the basis of the system of equation A.24, the correction for two di�erent sur-

face lattice types have been derived in this thesis, namely the rectangular lattice and

hexagonal lattice. All relevant formulas are listed in table A.1. The obtained distortion

parameters can be directly substituted into the inverse matrix to correct the measured

image. Since the squared lattice is a special case of the rectangular on, those formulas

can be applied to all surface lattice types, except an oblique lattice.

If also the size of the unit cell is known, the scaling factor sx can be calculated thereby.

Let l be the length of the lattice vector ∆r21, then the scaling factor sx is related to the

vectors x-component as follows:

x′1 =

√
x′21 + y′21
l

x1 = sxx1 (A.25)
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Note, that this is only the scaling factor for the x-axis and, as already explained, the

scaling factors for x- and y-axis can di�er from each other.

Similar approaches can be found in the literature [113, 115, 117, 119]. Although all

of these reported methods provide parameters to correct the measured image, they have

one major drawback: the models, on which the derivation of the formulas are based,

are incomplete and, thus, they do not allow a correct interpretation of the individual

distorting factors as it is shown in the next section. Further, the considerations are

focused only on the particular case of hexagonal structure.

In summary, the method yields the overall distortion parameters and, thus, the real

image of the surface can be recovered by applying the inverse transformation speci�ed

in equations A.10 to the measured image. It provides, however, no information about

the individual contributions of the distortion, i.e. the thermal drift and the scanner

adjustment cannot be disentangled. In order to apply the SC method, only a single

image of a well resolved known structure is required.

A.6. Distortion Comparison Method

To identify the individual contributions to the overall distortion of the image, the dis-

tortion of a known unit cell in two consecutive measured frames is analyzed. For this,

the SC method is applied to both frames and the obtained distortion parameters are

then compared to each other.

Our considerations start with two sets of distortion parameters k and c. Those param-

eters belong to two consecutive measured frames and they are obtained by applying the

previously described SC method. According to equations A.9, the distortion parameters

of the �rst frame are related to the relative drift and the scanner adjustment as follows

k1 = tanϕ+
dx
s

(A.26a)

c1 =
s

1− dy
(A.26b)

If the subsequent frame is measured in opposite direction and the thermal drift in both

remains the same, the relations become

k2 = tanϕ− dx
s

(A.27a)

c2 =
s

1 + dy
(A.27b)
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Rectangular Hexagonal

Unit Cell v1

v2

a

b

Geometrical
Conditions

a(x21 + y21) = b(x22 + y22)

x1x2 + y1y2 = 0

x21 + y21 = x22 + y22
−2(x1x2 + y1y2) = x21 + y21

Vector
Relations

f1(x1, y1) =
b

a
y1 = my1

f2(x1, y1) = − b
a
x1 = −mx1

f1(x1, y1) =

√
3y1 − x1

2

f2(x1, y1) =
−y1 −

√
3x1

2

Corrected v1

x1 = y′2
x′1y

′
2 − x′2y′1

(my′1)
2 + y′22

y1 = −my′1
x′1y

′
2 − x′2y′1

(my′1)
2 + y′22

x1 =
(x′1y

′
2 − x′2y′1)(y′1 + 2y′2)

(y′1 + y′2)
2 + y′21 + y′22

y1 = −
√

3y′1(x
′
1y
′
2 − x′2y′1)

(y′1 + y′2)
2 + y′21 + y′22

Distortion
Parameters

k =
m2x′1y

′
2 + x′2y

′
1

(my′1)
2 + y′22

c =
(my′1)

2 + y′22
m(x′1y

′
2 − x′2y′1)

k =
x′1y

′
2 + x′2y

′
1 + 2(x′1y

′
1 + x′2y

′
2)

(y′1 + y′2)
2 + y′21 + y′22

c = −(y′1 + y′2)
2 + y′21 + y′22√

3(x′1y
′
2 − x′2y′1)

Table A.1.: Formulas of the Structure Comparing (SC) Method for rectangular and
hexagonal lattice vectors. Note that the squared lattice is a special case
of the rectangular lattice (m = 1). Therefore, these formulas are applicable
to all surface lattice types except an oblique lattice.
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With this system of equations, the individual parts of the overall distortion can now be

disentangled. The obtained formulas for the scanner adjustment and the relative drift

in lateral directions are

dx =
vx
vs

=
c1c2(k1 − k2)

c1 + c2
(A.28a)

dy =
vy
vs

=
c1 − c2
c1 + c2

(A.28b)

s =
sy
sx

=
2c1c2
c1 + c2

(A.28c)

tanϕ =
k1 + k2

2
(A.28d)

where sx and sy are the scaling factors of the corresponding scan axes. The method yields

only the scaling mismatch s. The scaling factors are determined by comparing the unit

cell sizes of the a priori known structure with the obtained corrected one, as described

in the previous section. Note, this method is not meant to correct the measured image.

However, it is a proper tool to determine the scanner calibration. Also, the thereby

obtained parameters s and ϕ can be used to improve the VT- and PT-method described

in the previous sections.

As a conclusion, this method properly identi�es the individual distorting factors,

namely thermal drift and improper scanner adjustment. The method requires atom

resolved images of a known structure and those images must be measured consecutively

in opposite scan direction.

A.7. Demonstration of the Methods

To demonstrate the practicality of these approaches, the methods are applied to mea-

sured STM data. In this section, the SC-method is used to analyze the distortion of

atom-resolved STM images of Ag(100) surface. The scanner adjustment and the ther-

mal drift are determined with the DC-method. The results obtained thereby are then

compared to the values gained by the VT-method. Additionally, a corrected STM image

of a WO3 layer on Ag is presented.

Figure A.2 shows two consecutively measured STM images of atom-resolved Ag(100)

surface. As required, the images have been scanned with the same speed but in opposite

directions. The square unit cell of the silver surface can be clearly recognized in both

images. The measured unit cells as well as the results of the SC-, DC- and VT-methods
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(a) Upward Frame (b) Downward Frame

Figure A.2.: Two consecutive measured frames of atom resolved silver. Insets show,
magni�ed and FFT-�ltered, the atomic structures. Scan parameters are
10x10 nm2, 100 pA, 100mV.

are summarized in table A.2.

Both measured unit cells exhibit a signi�cant distortion. The correct lattice vectors

are recovered by the SC-method. The agreement of the corrected unit cells indicates

that the assumption of constant thermal drift is very well satis�ed. From the known

unit cell size of silver, a scaling factor of sx = 1.20, is calculated for the corrected

unit cell, which is identical to the scaling factor for the x-axis. The distortions are

quanti�ed by the values of k and c of the SC-method. It is also noticeable here (1)

that the unit cells exhibit di�erent distortions which veri�es the presence of a thermal

drift, and (2), that both unit cells are contracted which suggests an incorrect scanner

calibration. This �nding is con�rmed by the DC-method. While the x- and y-direction

are almost perpendicular to each other, a deviation of only ϕ = 0.13◦ is determined, a

rather high scaling mismatch s between the piezo actuators of around 10% is discovered.

Multiplying the mismatch factor s with the scaling factor of the corrected cell sx, we

obtain a scaling factor of sy = 1.12 for the y-axis. For the STM used for this thesis, it

was found that these values are stable within a measurement session, but tend to change

between di�erent measurements.

The VT-method is applied to both lattice vectors. If a perfectly calibrated scanner

is assumed, s = 1 and ϕ = 0◦, the corrected vectors form a distorted unit cell. Also,

the orientation with respect to the scan area and the relative drift in x-direction are
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upward downward

Measured
Unit Cell

α1 = 34.8◦ a1 = 3.54Å

α2 = −53.9◦ a2 = 3.26Å

α1 = 36.2◦ a1 = 3.26Å

α2 = −47.5◦ a2 = 3.40Å

Structur Comparing Method

Corrected
Unit Cell

α1 = 37.48◦ a = 3.48Å
k = 0.074 c = 0.955

α1 = 37.53◦ a = 3.49Å
k = −0.069 c = 0.907

Distortion Comparing Method

Scanner Parameters
Relative Drift

s = 0.93 ϕ = 0.13◦ dx = 0.067 dy = 0.026

Vector Tracking Method

Reconstructed Vectors
s = 1, ϕ = 0◦

α1 = 35.49◦ a1 = 3.40Å dx = 0.070 dy = 0.024
α2 = −50.55◦ a2 = 3.33Å dx = 0.073 dy = 0.025

Reconstructed Vectors
s = 0.93, ϕ = 0.13◦

α1 = 37.52◦ a1 = 3.48Å dx = 0.065 dy = 0.024
α2 = −52.50◦ a2 = 3.48Å dx = 0.068 dy = 0.025

Table A.2.: Distortion analysis of the atom resolve silver images shown in �gure A.2.
The scaling factor are sx = 1.20 and sy = 1.12.

signi�cantly incorrect. When analyzing this distorted unit cell by means of the SC-

method, the thereby obtained scanner parameters are s = 0.93 and ϕ = 0◦. As expected,

the value of the scaling mismatch factor is correct, because the drift in y-direction is

correctly calculated by the VT-method. In contrast, the non-orthogonality angle of the

scanner axes are erroneous. This demonstrates very well that the VT-method is not fully

suitable for scanner calibration. If the values obtained by the DC-method are used for

the scanner calibration, the VT-method yields a almost perfect square unit cell, whose

orientation is identical with the SC-orientation.

Furthermore, the methods have been used to correct a measured STM image. For this,

another image pair has been analyzed by means of the SC- and DC- method. Figure A.3a

shows a strongly distorted STM image of WO3 layer on Ag. The values obtained from

the analysis are listed in table A.3. The corrected image A.3b is realized by applying

the inverse matrix G−1 (equations A.10) to all pixels of the measured image. After the

distortion has been eliminated, the scale is corrected with the factor sx. The angular

margin resulting from the transformation has been truncated to square the image.
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(a) Measured Image, 10x10 nm2 (b) Recti�ed Image, 8.5x8.5 nm2

Figure A.3.: Correction of a STM image of a strongly distorted WO3 layer. The dis-
tortion parameters k and c are obtained by means of the SC method.
The corrected image is achieved by applying the inverse transformation
G−1 (equtions A.10) to the measured image. Scan parameters are 100 pA,
100mV.

Distorting
Factors

s = 0.978 ϕ = 0.89◦ dx = 0.008 dy = −0.143

Table A.3.: Distortion analysis of the atom-resolve WO3 images shown in �gure A.3.
The scaling factors are sx = 1.15 and sy = 1.13.

A.8. Piezo Creep Study

Up to now, the hysteresis of the piezo actuators, the so-called piezo creep, has been

ignored in our consideration. Hysteresis in piezo actuators denotes the phenomenon that

the displacement induced by an applied voltage depends on the displacement history.

A consequence of the piezo creep is that the scaling factors are not constant in the

overall SPM image. For this reason, a detailed survey of the in�uence of the piezo creep

onto measured STM data is presented here. The piezo creep is studied by measuring

all interatomic distances of a surface lattice observed in a single STM image. The

variations in distance is caused by the piezo creep. The dimensions of the individual

measured vectors are compared to their expected dimensions. By this comparison, the

scaling factors sx and sy are collected for each position of the vectors in the STM image.

Figure A.4 shows the FFT-processed STM data of �gure A.2b. To measure the inter-

143



A. Distortion Analysis of SPM Images

Figure A.4.: Length measurement of the individual vectors. Image shows the FFT-
processed STM data of �gure A.2b. Red and green color indicates length
enlargement and contraction, respectively. Blue gird shows the regular unit
cell obtained from FFT spectra.

atomic distances, the positions of each individual atom must be determined. For this,

a regular grid is superimposed to the image. The unit cell of this grid is the unit cell

measured in the FFT spectra. The centers of mass of each grid cell are the positions of

the atoms. In �gure A.4 the measured vectors are plotted. While the red vectors are

enlarged with respect to the grid, the green ones are contracted.

From the dimensions of the measured vectors, the scaling factors can be deduced.

Therefore, the transformation according to matrix T (equation A.7) is solved for sx and

sy

sx =
(x′ − tanϕ)(1− dy)
x− xdx + ydy

(A.29a)

sy =
y′

y
(1− dy) (A.29b)

where x′ and y′ are the components of the measured vector. The other variables of

the formulas are known from the analysis in the previous section. The scaling factors

obtained by applying equations A.29 are then assigned to positions in the STM image,

where the vectors have been measured. As a result, maps for the scaling factors sx and sy
are obtained. Figures A.5a and A.5b show the scaling maps obtained from the analysis
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A.8. Piezo Creep Study

of the vectors measured in �gure A.4. The scan directions of the STM image have been

from left to right in x-direction and from up to down in y-direction. The scaling factors

in the center of the image are in good agreement with the factors obtained from the

SC- and DC-analysis. However, the scaling factors at the borders di�er considerably

from them. A variation of up to 10% is observed for both scan directions. Figure A.5c

shows the scaling map sx of the corresponding return scan to �gure A.4 with opposite

scan direction in the x-axis. The �uctuations in the center of the maps are attributed

to noise of the STM measurement.

Summarizing these �ndings, it can be concluded that piezo creep is strongest at the

beginning of a line scan. It is therefore suggested to use only the center of the STM

image for highly accurate distance measurements.
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A. Distortion Analysis of SPM Images

(a) Downward scan, sy map

(b) Forward scan, sx map (c) Backward scan, sx map

Figure A.5.: Piezo Creep visualized by maps of the scaling factor sx and sy. (a) and
(b) maps were obtained from the length measurements performed in �gure
A.4, (c) map were obtained from the corresponding backward scan.
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