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Abstract

This thesis presents an atomic resolution dynamic force microscopy study of the
ultrathin ordered aluminium oxide film on (110) oriented surfaces of NiAl, the latter
being an ordered refractory alloy. Work has been carried out in the context of model
catalysis where aluminium oxide/NiAl(110) is used as a model support for nanopar-
ticles. Frequency modulation dynamic force microscopy (FM-DFM) in ultrahigh
vacuum at cryogenic temperatures employing a dual-mode sensor has been used.
The home-built sensor implements FM-DFM and scanning tunnelling microscopy
(STM) into a quartz tuning fork setup with a metal tip. This allows to record both
signals simultaneously but clearly separate from another at the respective position on
the sample. FM-DFM has been found to give an image contrast that reproduces the
complex topography of the oxygen sublattice within the film surface with high accu-
racy. Equipped with this contrast a detailed study of the characteristic line defect
network of the alumina/NiAl(110) including strain relief induced antiphase domain
boundaries, translation related domain boundaries, reflection domain boundaries
and junctions between them could be carried out. Atomic resolution images and
models of the respective surface structures are presented. Three translation domain
boundaries as well as the reflection domain boundaries and the boundary junctions
had not been previously described with respect to their atomic structures. Based
on the acquired FM-DFM data, a comprehensive picture of the boundary network
at the atomic scale has been derived. The aforementioned topographic contrast
together with structural information has finally been taken as prerequisites for an
atomic scale adsorption study conducted with gold atoms on the alumina film. It
is shown that the imaging capabilities of FM-DFM allow the determination of ad-
sorption positions of individual gold ad-atoms on this oxide surface.
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Zusammenfassung
Diese Arbeit stellt eine Studie mit atomar auflösender Kraftmikroskopie an dem
ultradünnen Aluminiumoxid Film auf (110) orientierten Oberflächen von NiAl vor.
Wobei NiAl eine geordnete, hoch temperaturfeste Legierung ist. Die Arbeit wur-
de im Kontext der Modellkatalyse ausgeführt, wo Aluminiumoxid/NiAl(110) als
Modellunterlage für Nanopartikel genutzt wird. Frequenzmodulierende dynamische
Kraftmikroskopie (FM-DFM) im Ultrahochvakuum und bei tiefen Temperaturen
wurde unter Benutzung eines Zweikanal-Sensors angewandt. Der selbstgebaute Sen-
sor implementiert FM-DFM und Rastertunnelmikroskopie (STM) in einem Quartz-
Stimmgabel-Aufbau mit einer Metallspitze. Dies ermöglicht es beide Signale gleich-
zeitig, aber klar voneinander getrennt, an der jeweiligen Position auf der Probe
aufzuzeichnen. Es stellte sich heraus, dass FM-DFM einen Kontrast erzeugt, der die
komplexe Topografie des Sauerstoffgitters an der Oberfläche mit großer Genauigkeit
wiedergibt. Ausgestattet mit solch einem Kontrast konnte eine detaillierte Studie
des charakteristischen Netzwerks von Liniendefekten des Aluminiumoxid/NiAl(110)
einschließlich spannungs- und translations-bedingter Domänengrenzen sowie Refle-
xionsdomänengrenzen durchgeführt werden. Atomar aufgelöste Bilder und Model-
le der jeweiligen Strukturen werden präsentiert. Drei Translationdomänengrenzen,
sowie die Reflexionsdomänengrenzen und die Domänengrenzenknoten waren zuvor
nicht bezüglich ihrer atomaren Strukturen beschrieben worden. Ausgehend von den
aufgenommenen FM-DFM Daten konnte ein umfassendes Bild des Domänengren-
zennetzwerks auf atomarer Skala abgeleitet werden. Der oben erwähnte topografische
Kontrast ist schließlich zusammen mit der Strukturinformation als Ausgangspunkt
für eine Adsorptionsstudie mit Gold auf dem Aluminiumoxidfilm genommen worden.
Es wird gezeigt, dass die Abbildungsmöglichkeiten von FM-DFM die Bestimmung
von Adsorptionspositionen individueller Goldatome auf dieser Oxidoberfläche erlau-
ben.
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Chapter 1

Introduction

Illuminating the relations between functions, e.g. reactivity, of materials and their
structure is one of the persistent tasks of fundamental research. As many processes
occur at outer or internal surfaces, solutions to this problem rely on knowlege of
the surface structure. Because direct understanding of real systems is frequently
too demanding due to their chemical and physical (e.g. structural or electronic)
complexity, more idealised cases are often studied. These can be surfaces of single
crystals or ordered ultrathin films grown epitaxially onto a substrate [1, 2]. Never-
theless even such model systems can deviate considerably from the ideally ordered
case. The most notable differences are point defects, line-defects (including step
edges) and two dimensional defects. As defects can influence the energetics, charge
neutrality and diffusion paths in and on a material they require much attention in
surface chemistry and catalysis studies. However, defects are usually studied in a
second step after characterisation of the pristine material has proceeded to some ex-
tent. The situation is worse for insulating sample systems than for (semi-)conductors
as the electrostatic charging of insulators poses a serious challenge to techniques that
involve probing with charged particles. Unfortunately such techniques have proven
to be the most valuable for surface science.

One viable path to surmount this problem is to use ultrathin insulator films
on conducting substrates [3–7]. Tunnelling of charges through the epilayers gives
sufficient conductivity to prevent charging effects. Metal substrates further allow
efficient heating and cooling of the films. Atomic scale studies of well defined ultra-
thin epitaxial films have become an important part of fundamental research. This
is because such films, only several atomic layers thick, exhibit properties that may
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be archetypical for the material or in the contrary very different from related bulk
phases. Pseudomorphic epilayers may behave just as bulk materials at thicknesses
of only three monolayers, while other systems may produce structures or surface
terminations which are otherwise unstable for bulk material, e.g. polar surfaces.
Furthermore, the interfaces between film and substrate are close enough to the sur-
face to also be studied and to produce interesting structural or electronic effects that
can affect adsorbates. In any case such surface and thickness related phenomena, if
contrasted by the bulk properties, enable a deeper understanding of the interplay
between the different properties of a material.

Consequently, ultrathin films have found applications in model studies for sensors,
semiconductor devices, spintronics and catalysis. This approach has proven to be
particularly fruitful for oxides which rank among the materials with the widest
spectrum of physical and chemical properties [8].

Frequency modulation dynamic force microscopy (FM-DFM), like the earlier es-
tablished scanning tunnelling microscopy (STM), gives highly important real space
information down to the atomic scale. This alone being a highly valued contribution
of these microscopies, researchers in the field strive to develop related spectroscopy
techniques on the basis of detailed understanding of the interactions between probe
and sample. Further, it was recognised at an early stage that forces and tunnelling
currents give to some extent complementary information from the sensing micro-
scope tip and the sample. This is most effectively employed in modern dual-mode fre-
quency modulation dynamic force and scanning tunnelling microscopes and on ultra-
thin films with conducting substrates. One strength of dual-mode FM-DFM/STM
is the comparability of FM-DFM results to theoretical findings via tunnelling based
electronic structure measurements on conducting systems. Very important in this
context is the feasibility of experiments with the same microscopic tip structure in
force and tunnelling measurements. Only this enables direct comparison between
the techniques. As tips tend to restructure frequently, experiments have to be per-
formed in one microscope and in direct succession [9]. Another advantage of the
FM-DFM/STM combination is the extension of studies to thick insulating films and
eventually bulk insulators inaccessible to STM.

The sample system at the focus of this work is the ultrathin aluminium oxide
overlayer grown on (110) faces of intermetallic nickel-aluminium which is among the
most thoroughly studied oxide film systems. It has been developed in the context of
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CHAPTER 1. INTRODUCTION

model catalysis and employed as a flat and well ordered model support for physical
vapor deposited metal particles and catalytic studies of reactions on such particles
[10–12]. Despite a structural deviation from related bulk aluminium oxide phases
it reproduces many of their properties, such as a band gap of several electron volt,
poor reducibility and high chemical inertness. Regardless of the efforts made, the
film structure has been rather elusive over many years producing a formidable puzzle
similar to the famous (7×7) reconstruction on silicon (111) faces [13]. In fact, for
the aluminium oxide film even scanning tunnelling microscopy could not solve the
structure alone. This could only be accomplished in combination with extensive
density functional theory (DFT) modelling.

During the study presented in this thesis, FM-DFM has been performed at low
temperature (5 K) on this aluminium oxide film. Results reproduce accurately
the topography of the structural model, unlike STM results. Equipped with that
extraordinary contrast the defect network, which stems from domain boundaries
penetrating the film surface, has been studied in atomic detail. This includes strain
relief related antiphase domain boundaries, nucleation related translation domain
boundaries, symmetry reduction related reflection domain boundaries and junctions
between several of them. This knowledge of possible surface structures opens up the
opportunity to determine adsorption sites of metal ad-atoms on the alumina film.
Positions of single adsorbed gold atoms within the unit cell have been determined.
This establishes the feasibility of adsorption site determination for easily displaceable
single ad-species with FM-DFM.

Figure 1.1 shows a ball model of the alumina film (red and blue) on its NiAl(110)
substrate (Ni light grey and Al larger and dark grey). It contains three domain
boundaries (lighter colours) and a triple junction between them as well as several
ad-atoms (yellow). The film offers a variety of different adsorption sites within the
unit cell and on domain boundaries.
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Figure 1.1: Ball model of the ultrathin alumina/NiAl(110) surface including three antiphase

domain boundaries from the defect network and their triple junction (large red and small blue

balls for the oxide, boundary and junction sites in lighter colour, substrate Ni light grey and

substrate Al larger and dark grey). Several ad-atoms (yellow) are shown as examples on a

range of sites.
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Chapter 2

Methods and Experimental

Implementation

2.1 Frequency Modulation Dynamic Force Microscopy

Frequency modulation dynamic force microscopy (FM-DFM), also referred to as fre-
quency modulation atomic force microscopy (FM-AFM), is the current state of the
art method in atomic resolution force microscopy. It is also frequently called non-
contact atomic force microscopy (NC-AFM), but this label encompasses other DFM
techniques as well. FM-DFM emerged from a changeful quest for high resolution
with the atomic force microscope (AFM) after the presentation of the technique in
1986 [14]. Several obstacles of physical, conceptual and practical nature have had
to be overcome since then. The main points of concern during this development
will be outlined in this section. This will explain the common use of experimen-
tal observables and parameters different from those in classical AFM and provides
the background for the particular implementation in the setup used for the present
study. It furthermore enables a deeper understanding of the parameters and mea-
sured quantities in view of the interpretation of results. A description of the course
of development from classical AFM to FM-DFM can be found in Ref. [15], more
recent developments and a wealth of results appeared in the two standard book vol-
umes on DFM [16, 17] and more general theoretical as well as experimental aspects
are presented in Refs. [18–20].

The challenges force microscopists faced in gaining atomic resolution were (1) the
jump-to-contact instability, (2) the non-monotonic behaviour of the interaction po-
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tential along the surface normal with a minimum at some distance above the surface,
(3) long-range force components that are superimposed onto those forces which show
atomic scale modulations and eventually, as a consequence of the solution to these
problems, (4) an additional control loop. This explains to a large extent why force
microscopy only now produces the astounding results comparable to or exceeding
those STM has been famous for since its early days [9, 21–23].

The concept of the classical AFM, today frequently dubbed static AFM or con-

tact AFM, is based on a sharp tip attached to a small and soft cantilevered beam
(originally a gold foil with an attached diamond tip) which gets deflected upon force
interaction of the tip with a sample surface. Images are obtainable via adjusting the
tip-sample separation according to a pre-set deflection value by means of electronic
feed-back control and lateral scanning with a set of piezo-actuators (scanner). This
is constant force imaging, or more general, constant signal imaging. A second, more
challenging imaging mode is the constant height mode. It does not employ feed-back
control, i.e. it keeps the piezo position unchanged, and is thus limited to structures
whose height variations are within the decay distance of the detectable signal (i.e.
typically atomic corrugation, monoatomic steps or small clusters). Furthermore
constant height imaging is more strongly limited by unintentional relative move-
ments of tip and sample as introduced by mechanical noise, thermal drift and piezo
creep. Deflections can be measured by detection of tunnelling currents, capacitance
or most commonly laser beam deflections, each from the back of the cantilever. The
minute cantilever movements in the AFM have been considered to follow Hook’s
law (F = −k · z) and to be defined by a force equilibrium between the tip-sample
interaction and the restoring force of the cantilever. Obviously, with this concept
the spring constant k of the cantilever has to be as small as possible if the force
interaction between two atoms on tip and sample with spring constant kts is to be
measured, the latter being of the order of 10 Nm−1 for many inorganic samples.
Cantilevers with spring constants ranging from around 100 Nm−1 to values as small
as 0.006 Nm−1 are realised commercially [24] and a sensitivity of tens of piconewtons
is not uncommon.

However, evaluation of the deflection signal with distance unveiled the stagger-
ing disadvantage of this experimental implementation. During approach of the tip
towards the sample surface a point may be reached where the force gradient of the
tip-sample interaction kts becomes larger than the cantilever spring constant k re-
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CHAPTER 2. METHODS AND EXPERIMENTAL IMPLEMENTATION

sulting in the so-called jump-to-contact instability [18, 25]. The cantilever and tip
move discontinuously towards the surface. Because of this, large sections of the
interaction potential are not accessible in a controlled manner. This has a massive
impact on the imaging mechanism and the obtainable resolution. It was realised
that the observed interactions during imaging exceeded those expected for single
bonds. Applied loads suggested that images were recorded in the repulsive regime
with many atoms in simultaneous contact with the sample rather than by a single
atom contact. While images recorded in such a way frequently show unit cell res-
olution they did not show point defects or other subtle structures within a surface
unit cell, despite their proven existence [25]. Interactions of excess tip atoms with
surrounding regular surface sites are thought to dominate the signal and to prevent
translation of the atomic interaction with a surface point defect into a detectable tip
movement. A particularly striking example is the case of graphite where scanning
tips have been shown to pick up small flakes of the sample which subsequently leads
to good unit cell resolution by coherent sliding of the flake across the graphite sur-
face [26–29]. Nevertheless atomic resolution on several surfaces has been obtained
with this static AFM technique [25, 30, 31].

In order to overcome static AFM’s limited control of tip and cantilever in the
surface force-field one can exploit an additional restoring force provided through an
oscillation of the cantilever. It should be noted, that this does not remove structural
instabilities within the tip and sample which may show a jump behaviour similar
to that just described due to adhesion (wetting). Measurement techniques invoking
oscillating tips are usually summarised under dynamic force microscopy (DFM). In
fact the original AFM vibrated at its cantilever’s resonance frequency for control
purposes [14]. However, the oscillation produces a much more involved dependence
of the measured signal on the tip-sample interaction and further complicates the ex-
periment by adding more variables and parameters. Besides the spring constant and
z-displacement, the oscillation turns the free resonance frequency f0, the oscillation
amplitude AOSC, shifts of the resonance frequency Δf(z) (frequency shift) and the
quality factor Q of the resonator into relevant quantities. Furthermore, the energy
loss in the oscillator circuit can be measured which gives information about the en-
ergy dissipation. While so far the tip-, sample- and oscillator-contributions to this
dissipation signal cannot be disentangled, it is a useful observable during experiment.
The resonance curve of a slightly damped driven harmonic oscillator (oscillating can-

7



2.1. FREQUENCY MODULATION DYNAMIC FORCE MICROSCOPY

tilever) is drawn in figure 2.1. The quality factor Q of the resonance is defined by
the ratio of f0 to the full width at half maximum (FWHM). It gives a measure of
the energy loss per oscillation cycle. Fluids decrease Q while operation in vacuum
greatly enhances it [32]. Upon modification of the interaction potential with a slight
non-linear perturbation (interaction with a sample) an altered resonance position
develops for the coupled system. Attractive forces widen the oscillator potential and
cause a lower frequency (negative Δf(z)) while repulsive forces narrow the poten-
tial and cause an increase in Δf(z). This suggests at least two detection schemes,
amplitude modulation and frequency modulation, which are usually subsumed to-
gether with others under NC-AFM alternatively to the DFM denotation. While
frequency modulation allows for an analytical treatment of the relations between
sensor parameters, signal and tip-sample interaction, amplitude modulation atomic
force microscopy (AM-AFM) suffers from slow response and further complications
with respect to the recovery of tip-sample interaction from measured signals [33].
In particular the AM-AFM response time increases with the quality factor of the
oscillator like τ = 2Q/f0 with a detrimental effect on scanning speed [34]. Frequency
modulation does not suffer from this and has therefore developed into the method
of choice for far reaching research in DFM [16, 17, 34]. At the same time one has to
accept an additional amplitude control loop as will be explained shortly.

In any case another intrinsic and practical complication remains even if the full
potential is reproducibly accessible to the probing tip. It results from the non-
monotonic curve shape of the interaction potential during tip-sample approach with
a minimum at some distance from the first atomic layer of the sample. Once the
tip moves beyond the minimum the control electronics face identical signal values
as on the attractive branch, but with an inverted signal slope. Under these settings
the electronics wrongly drive the tip towards the surface and to collide with it (tip
crash). As maximum resolution is to be expected in the lower part of the interaction
curve, or the most shallow of the interaction curves present above different species,
the control deficit beyond the minimum poses a delicate task for the experimenter.

Last but not least, atomic resolution has to be gained despite the presence of
long-range forces which do not show corrugation at the atomic scale, but are never-
theless of considerable strength. In a vacuum environment electrostatic and van der
Waals forces and, if magnetic tip and sample materials are involved, also magnetic
forces have this long-range behaviour. They decay only over tens to hundreds of
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Figure 2.1: Calculated dependence of normalised amplitude response on excitation frequen-

cies for a sinusoidally driven harmonic oscillator subject to slight damping. A shifted curve

indicates the behaviour upon perturbation by coupling to a second much softer spring that

provides an attractive force. The peaks indicate the resonances of the freely oscillating system

f0 and the coupled system fts (tip-sample) respectively. The separation between the peak

positions defines the frequency shift Δf which should be much smaller than f0. Attractive

forces result in negative and repulsive forces in positive values of Δf . The full width at half

maximum of the resonance relates to its Q factor.

nanometres. Electrostatic forces, if not introduced by local surface charges, can be
compensated by electrostatic potential control, which is most effectively achieved
with metallic back electrodes, thin samples and full metal tips. Magnetic forces
can be excluded by (tip) material selection. What persists are the ubiquitous van
der Waals components, residual (e.g. from point defects) electrostatic forces and
magnetic forces, if magnetic materials are to be measured. At this point a second
advantage of DFM becomes obvious. The range of oscillation, i.e. the peak-to-peak
amplitude enters the signal in terms of a weight-function that emphasizes force
components, which vary strongly at this length scale [35].

Self-exciting Oscillation Mode

In FM-DFM the tip is oscillated above the surface at a constant oscillation am-
plitude AOSC. Interactions between the attached tip and a sample lead to a shift
in the resonance frequency. The resonance frequency shift Δf of the oscillator is
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detected continuously and can be utilised as a feed-back signal to control the piezo
displacement relative to the sample during x-y-scans. To achieve stable oscillation
the sensor can be conveniently driven in a self-exciting oscillation mode where the
output oscillatory signal is fed back with additional amplitude correction (automatic
gain control) and phase shift (+90◦) to excite the sensor. This establishes resonance
conditions for the free oscillator and for any coupled system resulting from interac-
tions between tip and sample. A schematic of such a setup is drawn in figure 2.2.
It corresponds to the setup used for the work presented in this thesis. In addition
to FM-DFM imaging this setup alternatively allows the tunnelling current from the
sensing tip to be used to control the tip. In both cases the respective other signal
can be co-recorded. It has to be noted, that the tip trajectories in the two cases are
in general not identical. This means the co-recorded signals differ from images where
this co-recorded signal has been actually used for control [36]. Direct comparability
is only given in constant height mode where the tip trajectory is identical for both
signal channels.

As mentioned before, FM-DFM allows analytical formulae for signal dependence
on tip-sample interaction and sensor parameters to be derived. This shall be retraced
in the following.

Irrespective of the particular interaction force Fts(z) the following formula can be
derived by classical perturbation theory from Newton’s equation of motion for the
slightly damped externally driven harmonic oscillator. The frequency shift can be
written as:

Δf(z) = − f0
π AOSC k

∫ 1

−1

Fts(z + AOSC(1 + u))
u√

1− u2
du (2.1)

with u = cos(2πf0t) [37]. In this derivation the generally nonlinear interaction is
treated as a perturbation, which only holds if the energy stored in the oscillator is
much larger than the interaction energy Uts(z) between tip and sample [38]. This can
obviously be obtained by choosing large values for AOSC and/or k. For a commercial
micro-machined cantilever with k ≈ 0.01 Nm−1 this leads to an AOSC on the order
of 10 nm. Taking, on the contrary, a stiff oscillator like the one used in this study
and described later in the text (quartz tuning fork; k = 25, 000 Nm−1) values for
AOSC can be as small as fractions of an ångström. Resulting absolute values of
Δf have to be much smaller than f0, e.g. Δf = −5 Hz versus f0 > 15 kHz in
our experiments. Such considerations play a major role in the design of FM-DFM
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Figure 2.2: Detection scheme for the dual-mode FM-DFM/STM used in this study. Either
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tip can be utilised as a control signal. The setup allows switching between both detection

channels and simultaneous recording of the respective other signal in either case.
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Figure 2.3: Increase of the frequency shift Δf(z) with decreasing oscillation amplitude

AOSC. An increase of the signal to more than 7 times the initial value is observed, upon

decreasing the amplitude value by 70 % from curve 1 through to 6. Curves have been recorded

subsequently at the same surface site. No tip changes occurred.

experiments. In figure 2.3 frequency shift Δf(z) curves are displayed, which have
been recorded on the same surface site, but with different oscillation amplitudes
AOSC. The curves show a clear improvement of the Δf(z) signal by a factor of more
than 7 upon reduction of AOSC to 30 % of the initial value. At extremely small
amplitudes (5 pm), if detectable and controllable, it might be possible to recover
the original derivative relation between Δf(z) and force.

The inversion of formula (2.1) for arbitrary Fts(z) and in particular arbitrary AOSC

is not straightforward and several approximations for the small or large amplitude
regimes have been used [39]. In the small amplitude limit the frequency shift signal
becomes again the simple derivative of the interaction force Fts(z) known from static
AFM. Formulae for the large amplitude limit have to be evaluated numerically and
have been presented in the literature [38–40]. Eventually the following formula (2.2)
was proposed for all Fts(z) and the full range of AOSC [37]. This has been valuable
as modern sensors are frequently operated in the range of a few ångström which is
covered by neither the small, nor the large amplitude approximations.
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Fts(D) =

2k
f0

∫ ∞

D

Δf(z)

(
1 +

A
1/2
OSC

8
√
π(z −D)

− A
3/2
OSC√

2(z −D)

d

dz

)
dz . (2.2)

Here AOSC is the oscillation amplitude, and k and f0 are the sensor parameters
spring constant (stiffness) and free resonance frequency. D is the minimum spacing
between the respective foremost tip-sample atom centres at closest approach and z

is the tip-sample distance in general. Note, that this is experimentally ill defined due
to uncontrollable mutual mechanical and thermal movement as well as to varying tip
trajectories for different tip structures. The recorded frequency shift is denoted as
Δf(z) and Fts is the interaction force between tip and sample. Integrating equation
(2.2) gives the corresponding expression for the interaction energy Uts(D) between
tip and sample:

Uts(D) =

2k
f0

∫ ∞

D

Δf(z)

(
(z −D) +

A
1/2
OSC

4

√
z −D

π
+

A
2/3
OSC√

2(z −D)

)
dz . (2.3)

These formulae are accurate to about 5 % and the authors provide an implemen-
tation for computations with computer algebra software [41]. A drawback is the loss
of absolute position as the first data points in the results are aligned to the left of
the graph. Subsequent alignment is hampered because the relation F = −Grad · U
between force and potential energy, generally holds only approximately for Δf and
Fts(z). The reason can be found in the formula (2.1). While the parameters f0

and k are simply proportionality factors, AOSC has qualitative impact onto the fre-
quency shift curve. This can be seen if the z-displacement in figure 2.3 is reduced
by the respective value of AOSC for each curve. A clear shift of the minimum with
decreasing AOSC towards a limiting value at larger distance from the surface would
become visible, confirming that the measured Δf(z) signal is only the derivative
of Fts(z) for small amplitudes. The meaning of ’small’ is defined by the width and
curvature of the potential curve. Even values of a few 10 pm for AOSC produce
substantial deviations of the Δf(z) curve from the derivative of Fts(z). Only for
oscillation amplitudes much smaller than the signal decay length may that relation

13



2.1. FREQUENCY MODULATION DYNAMIC FORCE MICROSCOPY

be recovered. Force and potential data may be necessary for direct comparison with
theory.

While the formulae above are quite advanced and the results satisfactory, further
problems arise when results from different sensors are to be compared. A question
that can be addressed by a procedure which gives a normalised frequency shift γ(z),
normalised using the sensor parameters [38]. However, another obstacle destroys
much of this achievement: the influence of the tip. As each Δf(z) signal reproduces
the influence of the individual microscopic tip present during its recording, even
data from the very same sensor can not be directly compared. The issue can be
approached by another normalisation process [21], or alternatively a subtraction
procedure demonstrated in Ref. [23]. In the latter case a surface potential is imaged
with and without a well defined tip adsorbate (e.g. CO) followed by subtraction of
the result produced by the bare tip as a background. While the problem may be
solvable, it is common practice to present and compare Δf(z) data directly. This
also has another reason. As FM-DFM produces images in the constant Δf mode at
intermediate values of AOSC, interaction forces are not obtainable from an individual
image alone.

The acronym FM-DFM shall be used throughout this work for the frequency
modulation technique described above, in order to promote clarity and transparence
in force microscopy. In the associated publications it has been proceeded accordingly.
It is believed that this gives several advantages: It identifies FM-DFM as a dynamic
technique in contrast to the static bending of the classic AFM and displays the
implemented frequency modulation detection scheme. The latter seems necessary
as further measurement and detection schemes exists, e.g. Q-control AFM [42],
intermittent contact mode (also known as TappingModeTM) [43] and others, which
are denoted as NC-AFM just like FM-DFM and AM-AFM. While the label NC-
AFM has gained huge attention and popularity throughout the entire field of force
microscopy, spanning such diverse areas as biological studies under physiological
conditions and studies on single crystals at cryogenic temperatures with atomic
resolution, this seems mainly historically motivated. The notion of non-contact
brings with it some conceptual difficulties when analysing the details of the imaging
mechanisms and leads to confusion between different implementations of DFM. This
is because it is the point of contact which is of central interest to many DFM
measurements.
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2.2 Scanning Tunnelling Microscopy

The Nobel prize winning STM is the ancestor of the AFM and FM-DFM introduced
in the previous section 2.1. With its invention and development by Gerd Binnig and
Heinrich Rohrer an experimental method became available whose visualisation and
characterisation capabilities for individual atomic sites at (crystal) surfaces exceeds
even those of field ion and field emission microscopy (FIM, FEM) [44, 45]. In fact the
technique, and equally all other scanning probe microscopy techniques (SPM, SxM),
does not even rely on ordered atom arrangements like previously developed diffrac-
tion methods do. It also does not submit the sample to the stress of large electric
fields like those present in FIM [46]. Since then many other scanning probe meth-
ods have been invented, all based on different tip-sample interaction signals. With
no claim on completion there are the scanning near-field optical (SNOM) [47–49],
capacitance (SCM) [50], Kelvin probe(force)(KPM/KPFM) [51], magnetic exchange
force (MExFM) [52], nonlinear dielectric (SNDM) [53], spreading resistance (SSRM)
[54], near-field acoustic (SNAM) [55] and ion conductance (SICM) [56] microscopes
(see also Refs. [57, 58] and references therein). The background for this milestone
achievement was the field of (vacuum) tunnelling which had evolved around theoret-
ical work and experiments on metal-insulator-metal structures and superconductors
[59, 60]. This already existing theoretical basis fuelled the quick expansion and im-
provement of the technique. Various microscope designs have been presented since
then. They differ in their scanner geometry (tube, tripod) and their coarse approach
mechanisms (inchworm, louse, walker, Pan design) and reach different stability (me-
chanical, thermal), linearity, accessibility (for sample size, shape and transfer) and
(scan) dimensions (louse, beetle, Aarhus, Pan design) [61–68, 68, 69]. Experimental
and theoretical development went hand in hand. Central to the STM technique is a
minute vacuum gap between a ’sharp’ conductive stylus (the tip) and the surface of
the likewise conductive sample. The required conductivity is a limitation that can
be overcome by FM-DFM. The gap spacing is set sufficiently small that electron
wave functions of tip and sample overlap and electron tunnelling occurs. While this
would be unnoticeable in thermodynamic equilibrium between the two electrodes
(tip and sample), a small tunnelling current is detectable upon application of a bias
voltage between them. With typical bias voltages ranging from millivolts to volts,
tunnelling currents range from picoamperes to tens of nanoamperes for conductors.
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Figure 2.4: Tunnelling current IT versus tip-sample displacement. The change in slope in this

logarithmic plot occurs near the minimum of the Δf curve and therefore near the turning

point on the attractive slope of the corresponding force curve where repulsive interaction

begins to occur. Oscillation amplitude and sample bias voltage were set to AOSC = 3.8 Å

and VS = −300 mV.

Piezo-scanner based image recording has already been introduced in the FM-DFM
section 2.1. It has been transferred from STM onto all other SPM techniques and is
most commonly done in two modalities. For STM that means constant current mode
and constant height mode. However, one should note that trajectories of constant
current are not identical to geometrical topography of a surface as different atomic
species may lead to different conductivities at equal geometrical height. Differences
can be substantial as can be seen from the comparison of empty state STM images
and FM-DFM topography images of the alumina/NiAl(110), especially at domain
boundaries, throughout this work and from many sample systems in the literature.
Mechanical stability obviously becomes a paramount concern if the apex of a sharp
stylus, in fact a certain atom of it, is to be positioned above a particular atomic site
of a surface. Therefore STM and FM-DFM likewise strongly profit from ultrahigh
vacuum (UHV) and low temperature environments. Their introduction to STM led
to the first deliberate and well defined spatial manipulation of individual atoms ever
performed [70]. The exponential dependence of tunnelling current on tip-sample
distance is usually easy to observe. Figure 2.4 shows a logarithmic plot of the tun-
nelling current to emphasize this. The change in slope at smaller distances, left of
the dotted vertical line, occurs near the onset of repulsive interaction and may be
assigned to the initiation of contact formation between tip and sample. However,
considering the wide range of applied tunnelling resistances (tens of kiloohms up to
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gigaohms), an influence from the finite input impedance of the preamplifier has to
be considered [71]. Here the simultaneously recorded Δf(z) curve in the diagram
gives further insight. The onset (dotted vertical line) of the deviation from the tun-
nelling regime on the right hand side of the graph falls into the minimum of Fts(z),
where contact is made. This holds because the employed value of AOSC is still larger
than necessary for an exact derivative relation between Fts(z) and Δf(z). As a
consequence, the minimum of the Δf curve is close to that of Fts(z) and possibly
even slightly closer to the surface. Usually tip-sample displacement is given relative
to the position connected to the current set-point (relative z-displacement) or with
respect to some scanner rest position (absolute z-displacement). The point of con-
tact formation, on the contrary, can be taken as a sample (and tip) related reference
point for the tip-sample distance for the particular atomic tip apex configuration
present during a particular measurement. Empirically found behaviours of the cur-
rent in the tunnelling regime are conveniently described by the following equation.
The tunnelling current IT(z) depends exponentially on the z-displacement [72].

IT(z) = I0 · exp (−2κ · z) , (2.4)

where κ, the inverse of the decay length, depends on the potential barrier height
and z denotes the spacing between tip and sample. I0 is proportional to the voltage
drop VS across the tip-sample gap and depends further on the respective densities of
electron states. While this simple functional description for the tunnelling current
can be formulated as an approximation from more elaborate theory [18, 73] its
quantitative application is everything but straightforward. The main reason is the
notoriously difficult description of the tip shape on the nanometre scale and at the
level of atomic orbitals, which have to be described correctly for the foremost atoms
if quantitative results are to be obtained. In most practical cases the shape of this
atomic arrangement at the tip apex is unknown.

In dual-mode FM-DFM/STM operation the tip has to be oscillated with the
consequence that the tunnelling current oscillates as well. As the experimental signal
electronics has a limited bandwidth (typically about 1 kHz) only a time averaged
value 〈IT(z)〉 of the tunnelling current can be measured. Due to the oscillation
of the tip this is equivalent to spatial averaging along the path of the oscillation.
The qualitative behaviour of this quantity 〈IT(z)〉 is equivalent to that of IT(z) and
decays exponentially with distance. Only the detected values are obviously lower
than corresponding peak values for IT(z) are. Only recently a formula has been
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presented which should allow the calculation of momentary tunnelling currents from
the recorded averaged values for an arbitrary oscillation amplitude [74].

2.3 Experimental Aspects

The experimental setup used for the whole course of this study is a dual-mode fre-
quency modulation dynamic force and scanning tunnelling microscope (FM-DFM/
STM) operated in an UHV (lower than 10−10 mbar) and cryogenic (5 K) environ-
ment [75, 76]. It has been developed on the basis of the UHV, cryogenic environ-
ment, mechanical damping and electrical insulation concepts of one of the early low
temperature scanning tunnelling microscopes [77, 78]. In contrast to the two older
microscopes which make use of this platform and are pure STMs, the setup used
for this study utilises a different sensor allowing alternatively, but also simultane-
ously the sensing of tip-sample forces. The force channel requires an associated low
temperature (5 K) amplifier. Another modification in this setup is the piezoelectric
coarse approach of the microscope which is much easier to handle and maintain. De-
spite a rather large and ’open’ microscope setup, very high mechanical and thermal
stability are achieved. The setup is briefly introduced in the following section.

2.3.1 Ultrahigh Vacuum and Low Temperature Environment

The overall setup at the Fritz-Haber-Institut in Berlin is housed within a hut to
improve acoustic and electromagnetic shielding. It is built over a hole in the concrete
floor (pit) allowing for the attachment of a pendulum in a cryostat at the bottom
of the machine. The acoustic housing is continued in the basement. The machine
consists of two stainless steel UHV chambers which rest on a wooden frame carried by
the four feet of an active damping system [79]. The two chambers can be separated
from each other via gate valves in the pipe connecting them to one another and
to a gas port. Both chambers hold an electron gun for electron beam annealing of
the sample, a sputter gun with attached leak valve for sputtering with argon ions,
pressure gauges and metal evaporators for the single ad-atom adsorption studies
presented in chapter 5.1 (see also section 2.3.7). A quadrupole mass spectrometer
is accessible from both chambers and a four grid reverse view low-energy electron
diffraction (LEED) apparatus is situated in one of them. Each chamber is equipped
with a turbo molecular pump, an ion getter pump and a titanium sublimation
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Figure 2.5: Schematic of the UHV and cryogenic environment. The microscope head is

suspended from the UHV chamber by means of a pendulum mechanism for mechanical de-

coupling. The pendulum and its microscope compartment are under UHV. A low-temperature

amplifier is attached to the outside of the pendulum. A cylindrical exchange gas canister (≈
5-15 mbar He) separates the pendulum from the cryogen in the surrounding bath cryostat (liq-

uid helium or nitrogen) to reduce acoustic noise transmission while still allowing for thermal

coupling to the bath.
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pump. Both chambers share a common roughing pump system (turbo molecular and
membrane pump), which is located outside the microscope hut. The turbo molecular
pumps as well as roughing pumps are switched off or are spatially separated from
the machine during measurement to eliminate mechanical vibrations.

The low temperature compartment with pendulum and cryostat is drawn in fig-
ure 2.5. The central part of the mechanical damping system is a pendulum with the
microscope head at its lower end. It is suspended by steel bellows from one of the
UHV chambers and can move independent from the cryostat surrounding it. Addi-
tionally the pendulum is equipped with an eddy current break. With a gate valve
at its upper end, the pendulum can be separated from the preparation chambers.
The whole pendulum is evacuated with base pressures that are presumably lower
than in the rest of the chamber due to the surrounding cryostat bath acting as a
cryo-pump. Between the pendulum and the cryogen bath (liquid helium or liquid
nitrogen) a cylindrical exchange gas canister is placed and filled with helium gas
at 5-15 mbar pressure. This enables thermal equilibrium between the microscope
head and the cryogen to be reached, but prevents acoustic noise and other vibra-
tions from being transmitted through the cryogen to the pendulum [75, 77, 78]. A
movable mechanical shutter closes the pendulum tube at the lower end. Radiation
shields attached radially to the outside of the pendulum, and thus subdividing the
exchange gas canister, further improve the thermal stability [75]. The microscope
can be kept cool over months before the capacity of the cryo-pump has to be regen-
erated. This long-term cleanliness can be seen from the total absence of residual gas
adsorbates on the sample surfaces.

2.3.2 Microscope Head

The microscope itself is located on a circular stainless steel slab and accessible
through the pendulum tube above. As shown in figure 2.6 the microscope body
rests on three stacks of piezoceramic elements which are operated as an inertia
drive for coarse approach of the whole microscope towards the sample stage in front
of it. Reproducibility of the approach is reasonable. Once positioned in front of
the sample at low temperature, the maximum accessible scan area is broader than
a single step sidewards of the walker unit. The sample is clamped in the holder
in an upright position with the surface normal pointing along the z-axis of the
microscope scanner. This scanner is built as a tripod scanner with its x and y
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Figure 2.6: The microscope head: Trapezoidal microscope body (walker unit) on three

shear-piezo stacks. Attached to it the tripod scanner, the additional dither piezo and sensor.

In front of it the sample stage with sample holder and disc shaped sample. Of the latter two

only one half is drawn.

piezoceramic elements connected by a solid state joint. The z piezo is longer than
those for x and y and all three are only few centimetres long. The actual sensor is
built on a ceramic carrier plate and attached to the end of the z-piezo. The z-piezo
element comprises an additional thin segment of piezo ceramic with equally oriented
polarization directly underneath the sensor carrier (dither piezo). This is electrically
insulated from the z scan-piezo and used to mechanically excite the tip oscillation
for FM-DFM measurements. Operation at 5 K increases the mechanical stability
of microscope and sensor (glue). At the same time it reduces the thermal drift and
creep of the piezo elements and also reduces thermally induced electronic noise in
the low temperature amplification stage of the force channel.

2.3.3 Dual-Mode FM-DFM/STM Sensor

Dual-mode sensors aim for integrated dynamic force and scanning tunnelling sens-
ing, with the same tip and the very same tip atoms, for direct comparability of
the two techniques. The UHV compartment and microscope body presented above
have proven very suitable for retrofitting with an additional FM-DFM channel. For
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Figure 2.7: The dual-mode FM-DFM/STM sensor. A quartz tuning fork is glued onto a

MACORTM carrier plate [80]. Its free prong acts as a cantilever. An additional slice of z-

piezo (electrically separate from the z-scan piezo) can be used to excite oscillations along the

common z-axis (dither piezo; contacts P1, P2). A 250 μm diameter Pt/Ir wire is attached

to the free prong of the fork as a tip with electrically insulating epoxy. Tunnelling current

can be recorded via a 50 μm Pt/Rh wire spot-welded to the tip. The force, respectively

frequency shift, signal is read directly from the piezoelectric quartz body of the tuning fork

via its electrodes (T1 and T2). The fixed prong can be either electrically disconnected or

physically removed to reduce unnecessary capacitances.

the sensor, a quartz tuning fork design has been employed. Tuning fork crystal
oscillators are popular devices for frequency control in wrist watches. Their good
oscillation properties, high manufacturing standards, low prices and robust nature
have been first exploited in the SNAM and introduced into SNOM and DFM soon
afterwards [55, 81–83]. Besides the above mentioned advantages there are additional
DFM related benefits in tuning fork or quartz crystal oscillator operation in gen-
eral. First of all they are self sensing, i.e. they generate an electrical signal due
to the piezoelectric effect inherent to quartz. This makes laborious laser alignment
as required for light-pointer four-quadrant diode detection or laser interferometric
detection redundant. Secondly the absence of a laser spot decreases energy dissipa-
tion and therefore the required cooling power of the cryostat significantly. It further
reduces undesired heating of the sample which occurs due to illumination of the sur-
roundings by stray light from the laser spot and the comparably small dimensions of
commonly used micro-cantilever based sensors. Thirdly DFM theory has shown that
the frequency shift signal scales with A

−3/2
OSC (see (2.1)) leading to an improved signal
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at smaller oscillation amplitudes and the possibility to even regain a straightforward
derivative relation between signal and force at extremely low values of AOSC. This
is most conveniently achieved with tuning forks [22, 84, 85]. Fourthly the stiffness
of tuning forks (order of 10,000 Nm−1 compared to 0.001 Nm−1 for cantilevers)
allows a very high degree of control of the oscillator and its tip in the surface poten-
tial. Nonlinearities should be negligible and tuning forks satisfy the assumptions of
the theoretical treatment presented earlier. More recently a quartz length extension

resonator (LER) has been used as an even stiffer force sensor [86–88]. While the
high stiffness of quartz sensors poses a direct contradiction to the classic proposition
regarding sensitivity and lever stiffness in AFM [14] the loss in force sensitivity is
outweighed by improved stability and signal to noise ratio, as long as the overall
small signals are detectable, e.g. by low temperature amplification. Furthermore,
one can attach any conceivable tip at the laboratory site with only some electrically
insulating, UHV compatible epoxy adhesive, a micromanipulator, a microscope and
tweezers or air-tweezers (arest and release of small objects with a hollow needle by
slight underpressure). The conceptual design of the sensor in use which is depicted
in figure 2.7 and the necessary low temperature amplifier have been developed by
Markus Heyde and Hans-Peter Rust [76, 89–91]. To decrease undesired capacitances
in the sensor, the electrode of the fixed prong can be interrupted or the prong phys-
ically removed. This setup then represents the use of the tuning fork as a cantilever.
In this case the symmetry of the fork is broken by the attachment of the tip to only
one prong [92]. This is approximately resolved by the mounting of the tuning fork
to the comparatively infinitely heavy microscope. An alternative approach is to try
to conserve the symmetry of the fork by also attaching mass to the second prong. It
is obviously difficult to match the mass of the tip accurately for such a small object.
This type of sensor may be assembled within half a day by attachment of a tip made
out of an arbitrary material, an electrode wire for the tunnelling current, contacts to
the tuning fork’s electrodes for force sensing and mounting the fork onto some carrier
plate. A sensor of this kind may last a year or longer. High numbers of heating and
cooling cycles may have a slightly degrading effect on individual sensors, as may too
many excitation frequency sweeps in order to record the sensors resonance curve.
However, no reliable data are yet available and both can be reduced to a minimum.
While the tip wire could be electrochemically etched, this has not been done for
several reasons. First of all Pt/Ir is not as conveniently etched as tungsten wires,
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secondly extremely slender tips could introduce further spring constants into the
sensor-tip-sample system and even bend or break in the worst case. Consequently
the tip wire is rather thick (250 μm) and has been mechanically cut. This is also
advantageous with low temperature and UHV operation where changing the tip is
highly time consuming. One should also keep in mind that the structures to be
resolved are only of heights on the order of a few ångström. Even etched or cleaved
tips are typically not well defined down to this level.

The sensors employed for this study were based on quartz tuning forks with a
nominal resonance frequency of 32,768 kHz and prong dimensions of 3.8 mm × 0.3
mm × 0.6 mm (length × width × height) with the overall length of the fork being 5.6
mm. All were fitted with tips made of mechanically cut 250 μm Pt wires containing
10 % Ir. The resulting sensor parameters were spring constants k ≈ 22,000 Nm−1,
free resonance frequencies f0 in the range of 17.8 - 21 kHz and Q factors between
22,000 and 25,000. Operation at low temperature and in UHV is crucial as the
improved vibrational characteristics of the sensor (higher Q factor and f0) prove
[89]. Figure 2.8 shows four typical signal curves recorded from both the tunnelling
and the frequency shift channel simultaneously. They have been recorded for varying
tip-sample distance and bias voltage respectively, with the z-control switched off. In
the first case, the tip is approached towards the surface and retracted afterwards
while the signal is recorded, while the tip is kept at rest in the bias dependent
measurements and the bias voltage VS varied instead. The shift away from zero
bias of the Δf parabola along the abscissa gives the contact potantial between tip
and sample (Kelvin probe measurement). Use of full metal tips allows for the very
good potential control necessary for the detection of minute changes in the contact
potential, e.g. at charged point or line defects in thin films [9, 93].

Prevention of Crosstalk

It was recognised very early that strict electrical separation between the quartz
material and electrodes of the tuning fork and the tunnelling current carrying tip
has to be implemented [90]. This is in contrast to other sensor designs [94, 95].
The chosen sensor design is not subject to the current crosstalk debate which has
its origin in conductive connections between metallic tips and quartz sensor (tuning
fork, LER) electrodes. In that case, charges from the piezoelectric effect of the
quartz get modified by contributions from the tunnelling current. The current thus
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Figure 2.8: Dual-mode capability of the sensor. Simultaneously recorded frequency shift

and tunnelling current for (a) varying z-displacement and (b) varying bias voltage with the

tip at rest, respectively. In both cases the feedback control is switched off. The shift of

the parabola apex with respect to VS = 0 V indicates the contact potential between tip and

sample.

influences the force detection and separate measurement of both signals becomes
impossible. However, there are other measurement artefacts which may occur in all
dual-mode FM-DFM/STM sensors, in micro-cantilevers as well as quartz sensors.
Fortunately the problems can be avoided. They result typically from changes of
the sample bias voltage induced via the signal electronics. This may happen if the
tunnelling current amplifier gets overloaded or has insufficient bandwidth [71]. In
both cases a finite potential difference would emerge between the amplifier entrance
leads and added onto VS (see figure 2.2). As a consequence the electrostatic force
components would change and again separate measurements of Δf and IT would
be impossible. The unintended voltage change is typically limited by the threshold
voltages of diodes (±0.7 V) connected to the entrance leads of the amplifier for
protection. This effect of the signal electronics plays an important role in signal-
distance curves as well as images at low tunnelling gap resistance and high currents.
The solution is the adjustment of the amplifier gain factor. Bandwidth is not a
problem in the system used for the present work.
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As explained above, crosstalk can affect the force measurement via the tunnelling
current. As the direction of the latter is bias dependent easy means can be de-
vised to verify the absence of crosstalk. Since with the electrostatic forces there
exists a bias dependent contribution to the force signal their behaviour can be ex-
amined. It should be parabolic as in figure 2.8(b). Crosstalk would introduce an
asymmetric distortion of the graph. This sensor and charge related crosstalk can
also introduce seemingly decreasing dissipation signals with increasing tip-sample
interaction, which is clearly an artefact. Here the tunnelling current acts as an un-
intended excitation of the tuning fork. Ensuring that the dissipation stays constant
or slightly increasing with smaller tip-sample separations proves the absence of this
type of crosstalk. Signal electronics related crosstalks are avoided by monitoring the
tunnelling current and selecting another amplifier gain factor if necessary.

2.3.4 Sensor Calibration

In order to obtain quantitative results for the tip-sample interaction force Fts and
energy Uts, calibration schemes have to be devised for the tip-sample separation as
well as for sensor parameters. Even if most publications do not convert to forces
and energies, it is standard to present images with the values of Δf and the sen-
sor parameters f0, k and AOSC. The free resonance frequency f0 is fairly easily
determined from frequency sweeps like those shown schematically in figure 2.1 and
z-displacement is typically calibrated by referencing the piezo-voltage to x-ray crys-
tal structures via imaging of single, double and multiple step edges on one or several
atomically well defined samples (e.g. NiAl(110), Ag(001)). More difficult, especially
for stiff sensors like tuning forks, is the calibration of its spring constant k. For
cantilevers comparison to artefact standards or the attachment of small beads are
common, but this seems rather insufficient for the much stiffer tuning forks. Due to
their stiffness typical methods for k determination via static bending with microde-
vices are inefficient for quartz tuning forks. Also mass loading based upon adhesion
of small test particles allows only mass loadings that are too small for calibration.
An alternative may be the defined successive etching of the actual tip wire in order
to gain defined mass changes [96]. Calculation from geometric dimensions and elas-
tic materials constants may largely overestimate k for tuning fork geometries [85]. If
signal electronics band width permits it, thermal excitations may be used for spring
constant calibration.
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While f0 and k are merely proportionality factors in equation 2.1, amplitude has
a qualitative influence on the signal. Extraction of forces from a Δf -curve assuming
the wrong value for AOSC leads to a misrepresentation of force components with
different decay lengths with respect to each other. For the determination of the
oscillation amplitude AOSC an evaluation of several calibration schemes exists. All
schemes are performed in situ, i.e. in front of the sample, and are based on a certain
tip-sample interaction measured with an oscillating tip (average tunnelling current
〈IT(z)(z)〉, Δf(z), γ(z), Δf ′(z)) as well as a linear relation between the detected
amplitude AOSC and the excitation amplitude AEXC [85]. For tuning forks it seems
reasonable to assume a linear behaviour down to small excitation amplitudes [97].
Amplitude determination then proceeds as follows. A set-point is chosen for the
selected signal and AOSC is recorded as AEXC is increased. Any increase in AEXC

requires an adjustment of the oscillator’s equilibrium position in order to keep the
signal setpoint. The respective z-position is recorded as well. With increasing AEXC

the oscillator has to be retracted from the surface. Due to the non-linear nature of
the tip-sample interaction which decays towards infinite distances from the surface
and the fact that control is performed on a fixed set-point for the oscillating tips,
a plot of AEXC versus oscillator equilibrium position approaches a constant slope
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Figure 2.9: Resulting oscillator equilibrium position zEQU versus excited oscillation amplitude

AReadout for determination of AOSC via control on averaged tunnelling current. 〈IT(z)〉 =

50 pA, VS = 100 mV. Calibration factor α = 4.5 pm/mV.
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ba

Figure 2.10: The sample and sample holder. (a) Photograph of one of the NiAl(110)

samples, glowing orange on its sample holder during heating by electron bombardment from

the rear side. (b) Sketch of sample and sample holder. The sample is drawn at a distance to

reveal the hole for electron impact heating underneath the normal sample position.

only towards large amplitudes. With increasing AOSC a point is reached where
each increase in AOSC produces contributions to the signal, and hence a deviation
from the pre-set value, in the oscillation cycle towards the surface while the signal is
basically zero in the other half-cycle. Consequently, the deviation from the set-point
is corrected by retraction of the equilibrium position of the oscillating tip by exactly
the amount by which AOSC had been increased initially. Static bending which is
quite important in soft cantilevers should play a minor role for tuning forks [98].
As AOSC is supposed to increase linearly from zero with AEXC the slope constant is
unity. The type and extent of non-linear onset of the calibration curve is determined
by the interaction chosen for calibration. The shorter the decay length of the signal,
the sooner constant slope is reached. Calibrating using the tunnelling current is most
convenient [85]. Such a calibration curve based on 〈IT(z)〉 is plotted in figure 2.9.
The advantage of the calibration schemes shown above is the general applicability
in FM-DFM. After all it requires exactly the prerequisites that FM-DFM is based
on.

2.3.5 Sample

Two NiAl(110) single crystal samples have been used. Mechanical cutting and pol-
ishing allows orientation of the crystal surface within 0.5◦ of the desired (110) plane.
Samples have been stored, prepared, transferred and imaged within the UHV cham-
bers of the experimental setup. Each sample is a cylindrical disc measuring about
8 mm in diameter with a thickness of 1.5 mm, as depicted in figure 2.10. They are
mounted onto sapphire base-plates that have metal bridges to the left and right of
the samples which allow gripping with the manipulator clamp. They furthermore
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contain a hole in the centre of the plate to access the sample from the rear for sample
heating by electron impact. Small thin tantalum sheets reaching into thin notches,
cut into the sample edge on opposing sites, clamp the samples to their base plate.
A thermocouple is inserted into a tiny hole drilled radially into the sample edge.
The NiAl[11̄0] axis of the samples is in the horizontal position if mounted onto the
sample holder with the thermocouple hole at the top. Occurrence of this axis at
about 45◦ in FM-DFM and STM images is due to the orientation of the microscope
scan piezos in space (see figure 2.6).

2.3.6 Image Evaluation

While FM-DFM provides a rather direct connection between data and results, data
evaluation has been performed carefully.

In general the data quality of our low temperature FM-DFM is high enough to
always present unfiltered images and curves.
Nevertheless is it necessary to level images and to adjust their grey scale. This has
been done with the freely available WSxM software which has also been used for 2D
Fourier and autocorrelation analysis as well as the extraction of cutouts and height
calibrated line-profiles [99]. For direct comparison with the theoretical model from
the literature a correction for the minute thermal drift becomes necessary. Such
drift has been found to be small and very slow. Drift induced deviations of the
alumina/NiAl(110) surface unit cell from the value determined by LEED amounts
to less than 100 pm. The drift can be considered linear throughout the images.
This enables straightforward correction for thermal drift and slight image distortion
due to a minute deviation of the tripod from rectangular arrangement. This can be
accomplished with vector graphics software. Atomic resolution images have been
compared to the unit cell structures of the DFT model [100, 101]. To compare
with the model, images have been scaled to the slightly broader unit cell of the
theoretical model. Very good agreement between imaged protrusions and atomic
sites of the model has been found. One has to refer to the actual (LEED, SXRD)
lattice constants to recognise the coincidence points only for the determination of the
large coincidence site lattice in section 4.3. In this case the fractional coordinates
of the DFT positions have been drawn with respect to the lattice constants and
angle from LEED. Calculations have so far only been performed for the rather
basic structures in the film, i.e. the unit cell and the simplest domain boundary,
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and may not be feasible for laterally more extended and less periodic structures in
the film (e.g. steps within boundary paths, boundary junctions, reflection domain
boundaries, step edges). Geometric models have been developed from so called
dichromatic patterns based on the model. A dichromatic pattern is a superposition
of lattices created by extension of the two lattices from adjacent domains to the
respective other side of the boundary with the reflection and translation relation
present at the individual boundary. The atomic bases are included and each is
assigned a colour. Hence the name dichromatic pattern. Boundary structures are
then derived by removal of all sites belonging to the lattice from the respective other
side of the boundary and, if necessary, additional placement of sites according to
the observed positions at the boundary. In the final model all regular sites of both
domains are coloured as in the DFT model (red and blue), while newly inserted
or alternatively placed atoms are given in lighter colours (orange, light blue). All
models of domain boundaries presented in the following except for antiphase domain
boundary type I have been obtained by this method.

2.3.7 Built-in and Portable Microevaporators

In atomic scale studies it is often desirable to analyse adsorbates at a coverage far
below one monolayer. Quite often single adsorbates are to be studied. As they
often bind only weakly to the substrate they exhibit strong mobility at conditions
typically present in preparation chambers (e.g. room temperature). If adsorbates
are deposited at such high temperature diffusion will facilitate nucleation and growth
of larger agglomerates which may or may not be ordered or similar in shape or size to
each other. To be able to image single species, adsorbates have to be delivered onto
the cold surface at very low coverage. This can be done by cooled manipulators or
conveniently by portable as well as built-in low power evaporators directly in the low
temperature environment of the microscope compartment [102, 103]. The latter way
of built-in evaporators has been pursued for the work presented in chapter 5.1. The
working principle of the evaporators is simple and can be implemented at the site of
the microscope or portable on a sample holder. A tungsten filament is loaded with
a high purity wire of the desired metal which melts way below the melting point of
tungsten and wets the filament wire upon annealing. Glowing of the filament at low
power and over short times (tens of seconds) produces coverages in the low percent
range or below while releasing only small amounts of heat towards the sample [102].
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So far this has been used for several simple metals and transition metals.
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Chapter 3

The Ultrathin Alumina Film on

NiAl(110)

3.1 The NiAl(110) Substrate

The stoichiometric composition of nickel-aluminium produces a body centred cubic
(CsCl) crystal structure (B2 in Strukturbericht notation) with lattice constant a =
2.8870 Å at room temperature [104]. Several isostructural compounds exist, among
them the transition metal aluminides CoAl, FeAl, RuAl, RhAl and IrAl and fur-
thermore CoGa, NiGa, RuGa, RuSc, PdIn and others. Stoichiometric NiAl exhibits
a high degree of chemical order due to covalent contributions in addition to the
metallic bond (intermetallic compound). It exists over a substantial composition
range at the centre of the Ni-Al binary phase diagram with high thermal stability
making it attractive as a high temperature material (Tmelt = 1638◦C). For a concise
review of physical and mechanical properties of NiAl see Ref. [105]. This thermal
stability is attractive for the formation of ordered overlayers where the substrate
needs to tolerate temperatures high enough to order the film, which is well above
500◦C for aluminium oxides. Nickel-aluminides themselves play a role in aviation
and turbine blades due to their light weight, hardness, good thermal properties and
corrosion resistance. The latter is due to its ability to form adhering oxide passiva-
tion layers. This fact has also been used in the development of the model support for
catalysis, treated in the next sections of this text. NiAl can also be used to derive
carrier-free catalysts for hydrogenation reactions, i.e. Raney nickel [106]). With
Ni3Al there exists a stable more nickel-rich composition in the phase diagram sug-
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Figure 3.1: (a) FM-DFM overview image of the bare NiAl(110) surface. Scan area: 130 nm

× 130 nm, Δf = −2.5 Hz, VS = 800 mV. (b) LEED image of a clean NiAl(110) surface.

Ekin = 120 eV.

gesting that nickel is easily dissolved in NiAl. This is advantageous for maintaining
the stoichiometric surface composition as sputtering and annealing during sample
preparation in surface science studies preferentially remove the lighter aluminium
atoms. Taking the acceptance towards Ni and several available diffusion channels
via triple defects and interstitials it is no surprise that ordered and stoichiometric
NiAl(110) surfaces can be obtained reliably even after many surface preparations.
The surfaces of the two crystals used for the present study are of (110) orientation
and cut to an accuracy of 0.5◦ with respect to this lattice plane.

The NiAl(110) unit cell is of rectangular geometry and measures 4.08 Å × 2.89
Å according to x-ray diffraction [104]. Al and Ni atoms are present in equal propor-
tions. The bulk terminated surface would consist of two interpenetrating rectangular
lattices of equal dimensions, each carrying one atomic species and being positioned
at the centre of the respective other. Rare STM images showing both species do in-
deed exhibit highly ordered arrays of inequivalent sites [107]. LEED, Medium-energy

ion scattering (MEIS) and theoretical studies confirmed a slight rippling among the
topmost aluminium and nickel layers of 20-30 pm [108–110]. This is related to en-
ergy gain by inward relaxation of the outer Ni layer due to both strengthened Ni
d-bonds and spill out of Al sp-electrons into the vacuum and outward relaxation
of the Al layer [110]. Preparation of the NiAl(110) crystal faces was performed by
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repeated cycles of sputtering the sample with argon ions (800 V, 10 μA) for 45 min-
utes followed by annealing at 1000◦C through electron bombardment from behind
for 10 minutes (see section 2.3.5). A representative NiAl(110) surface prior to the
last preparation cycle has been imaged with FM-DFM. An image is reproduced in
figure 3.1(a). Alongside the image a typical LEED pattern of a clean NiAl(110)
surface is shown, obtained with the 4-grid LEED setup. Due to the well established
film preparation in general and for our UHV chamber in particular, the film prepa-
ration could be performed without the repeated recording of LEED images. In any
case, LEED images of reasonable quality recorded with a standard 4 grid LEED
apparatus at room temperature do not necessarily imply sufficient local order for
scanning probe measurements. The sample was therefore transferred directly to the
microscope after preparation. For LEED images we refer to (spot-profile-analysis-
or SPA-)LEED studies in the literature [111–114].

3.2 The Ordered Ultrathin Alumina Film on NiAl(110)

Formation of ultrathin ordered aluminium oxide overlayers on NiAl(110) and a con-
venient preparation procedure were discovered around 1990 [10, 111]. The films can
be produced in two subsequent steps. In the first, an amorphous oxygen overlayer
is produced by dissociative adsorption of molecular oxygen at about 280◦C onto the
alloy surface which has been prepared beforehand by sputtering and annealing. In
the second step the oxygen covered surface is annealed in vacuum to around 800◦C.
Initial dosing of 1200 L (1 L = 1 Langmuir = 10−6 Torr·s) produces saturation cov-
erage. Lower doses result in partial oxide coverage. Alternatively, high temperature
preparations have been described, in which the film is produced in one step by simul-
taneous adsorption an annealing [115, 116]. For the work presented in the following,
preparation has followed the two-step scheme. Growth proceeds via the formation
of oxide nuclei at high spatial density [115, 117]. Emerging crystalline oxide do-
mains order, grow and decrease in their number with increasing annealing time and
temperature until the film decomposes and desorbs above 1100◦C. Identification of
the film is typically accomplished by its characteristic LEED pattern or directly by
its typical line-defect network in SPM [112]. The preparation procedure is very well
established and the result highly reproducible with respect to morphology, defect
network and local structure. One can therefore speak of ’the film’ even if different
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preparations have been used. Characterisation of the film with e.g. Auger elec-

tron spectroscopy (AES) and SPA-LEED has determined two-dimensional growth,
i.e. with a thickness limited to 5 Å, and only substrate induced steps (known from
STM). A study on a surface orientation vicinal to the NiAl(110) surface has even
shown an increase in terrace width upon oxidation [118]. Therein an impression of
the emerging oxide covered terraces and step edges is shown. The shape of the step
edges differs greatly after oxidation from those of the bare NiAl(110) indicating the
reshaping of the surface during oxidation. A high resolution FM-DFM image across
a step edge is shown in figure 3.2 indicating the high degree of order in this oxide
film.

B
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a b

Figure 3.2: (a) FM-DFM image of two alumina/NiAl(110) terraces separated by a

monoatomic step edge. All step edges in this system are substrate induced. Scan area:

10 nm × 9.3 nm, Δf = −3.5 Hz, VS = −100 mV. (b) Photograph of a LEED pattern from

the alumina/NiAl(110). The greyscale has been inverted. Ekin = 42 eV.

Besides the clear morphological and epitaxial picture of the film it is also chemi-
cally and structurally well defined. For example the oxide overlayer does not contain
any nickel oxides. Here, the solubility of nickel in the bulk of the substrate plays
a favourable role, but already comparison of the different heats of formation for
aluminium oxide and nickel oxide bulk phases strongly suggests the formation of an
alumina phase (Al2O3: -1690.7 kJ/mol, NiO: -240.8 kJ/mol [119]). This is confirmed
by photoelectron spectroscopy which shows different aluminium oxidation states, but
no nickel states other than the bulk states which fade in intensity upon film prepa-
ration and detection angles further off the surface normal. Vibrational spectra and
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the electron band structure of the film have been measured and compared with out-
comes for a 4 layer structure containing distorted closed packed oxygen layers [10].
The results suggested a similarity to γ-alumina on the basis of derived occupancy
of tetrahedrally and octahedrally coordinated sites for aluminium ions. While STM
has proven extremely useful during the course of study, it took a long time until
it resolved the structure properly and even then conclusive interpretation turned
out to be hardly possible. This is due to a number of different image contrasts
being obtained. Most of them are related to certain tip configurations and ranges
of tunnelling parameters, but others can occur within one image at otherwise iden-
tical conditions. Furthermore alumina/NiAl(110), like other films shows not only
conceptually easy empty and filled state image contrasts, but also enables imaging
within its band gap [120–122], this band gap being quite large (6.7 eV) [123]. This
has been explained by the involvement of metal induced states and intermixing be-
tween oxide and substrate states at the interface. This unsatisfactory situation could
be resolved by high resolution STM data and cutting-edge DFT calculations [100].
Yet even in this final structural model the interpretation of STM contrasts relies on
profound theoretical back-up. The STM/DFT model shall be decribed in the follow-
ing. The model consists of the NiAl substrate covered with two aluminium-oxygen
double layers in the following sequence OS/AlS/Oi/Ali/NiAl(110). An interfacial
layer of 16 aluminium ions Ali anchors the film to the sustrate. It is arranged in
pentagon-heptagon pairs and can be understood as a defected honeycomb network.
The interfacial oxygen (Oi) layer with 24 sites has a distorted hexagonal (quasi-
hexagonal) structure just like the nearly identical layer of 24 surface aluminium ions
(AlS) above it. Each Oi ion is coordinated by two Ali sites and one AlS ion directly
above it. The surface oxygen (OS) layer contains 28 sites and produces interesting
square and rectangular structures. This results in tetrahedrally and square pyra-
midally coordinated AlS ions. The square pyramids can be considered as bisected
octahedrons. This structure has been determined by placing the positions for three
out of four layers of ion positions according to STM images. The fourth layer could
then be derived computationally. The whole study involved extensive evaluation of
local arrangements and smaller cells before the final structure was determined with
a large computational supercell that contained two alumina unit cells and NiAl sub-
strate layers. However, the incommensurability of the oxide along the NiAl[11̄0]
direction is only partially captured in this model as the computational cell had to
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be made commensurate to render the calculations feasible. Nevertheless, the model
coincides with experimental evidence obtained from surface truncation rod analysis
(SXRD), vibrational analysis (high-resolution electron energy loss spectroscopy −
HREELS) and naturally with STM [100, 124]. It has also been extended to the
structurally simplest domain boundary (see section 4.1.1) [101]. Despite its minute
thickness, and the oxide-vacuum and the oxide-substrate interface being so close, the
film shows resemblance to γ-alumina if one refers to the occupation of tetrahedrally
and octahedrally coordinated aluminium ions. As both are occupied, a similarity to
α-alumina with only octahedrally coordinated sites can be excluded. For this reason
a similarity with γ-alumina has been assumed for this metastable alumina film.

With the preparation methods mentioned, the partial pseudomorphic growth evi-
dent from electron diffraction and the particularly limited thickness, it becomes clear
that kinetic aspects play a role in the definition of this ultrathin film. An example
of this is the adsorption step, which defines the oxidation strength and therefore the
amount of oxygen contained in the final film. Only a part of the initially adsorbed
amorphous oxygen goes into the final film, the rest desorbs during the annealing
step. It is also worth mentioning that the film is decomposed upon heating to
1100◦C, a temperature not particularly high compared to the melting points of bulk
alumina phases. The endeavor of describing the chemical and structural properties
of this ultrathin crystalline alumina phase has turned it into one of the best studied
film systems available. The techniques that were employed so far during the course
of study are listed in table 3.1.

Yet, independent real space confirmation of the structural model at high spatial
resolution had still been missing prior to the current FM-DFM study and the struc-
ture of the surface defect network had been described only rudimentarily. As adsorp-
tion site determination is hampered by unidentified structures, very detrimental for
studies of single adsorbates, it is highly desirable to have a detailed understanding of
the surface structure. It is known, e.g. for palladium, that it adsorbs preferentially
at the domain boundaries in the oxide film, but the determination of adsorption
sites from SPM images requires knowledge of the surface structure underneath the
adsorbate (see chapter 5.1). It will be shown in the following that FM-DFM is
the method of choice to determine the surface structure with high accuracy. From
that starting point a concise picture of the atomic structure of the defect network
is developed on the basis of atomic resolution FM-DFM images.
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Table 3.1: Studies on alumina/NiAl(110) present in the literature

Technique Object of study Reference

AES film thickness, composition [10, 125–127]
DFT initial oxidation of NiAl(110), structure of unit cell

and APDB I
[100, 101, 128–
132]

EELS/HREELS electronic structure, vibrational states [10, 133]
EPR adsorbate dynamics [134]
contact AFM terraces [107]
FM-DFM wave-pattern, OS-topography of unit cell, APDBs

I, II, III, IV, TDBs, RDBs and junctions
[135–139]

KPFM band bending at APDB I [93]
LEEM nucleation and growth, introduction of APDBs

into existing oxide
[115, 140, 141]

MEIS stoichiometry [124]
Molecular beams interaction with molecules [12, 142, 143]
(AR-)UPS band structure of the film [10]
(SPA-)LEED growth, epitaxial relation, symmetry, unit cell di-

mension, APDBs, high and low T preparation
[10, 111, 112,
114, 115, 126,
141]

STM morphology, boundary network, boundary topol-
ogy, OS-,AlS- and Ali-layer lateral structures (unit
cell, APDB I+II), interface, wave-pattern, elec-
tronic structure, electronic defects at APDBs

[100, 101, 107,
112, 117, 120,
121, 144–146]

SXRD crystal truncation rods, registry with substrate,
unit cell dimensions

[114, 130, 147,
148]

TEM unsupported film, film lattice planes, boundaries [149]
TPD complete substrate coverage by the film via CO

TPD
[112]

XAS band gap [123]
XPS Al oxidation states [150]
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Figure 3.3: Partial incommensurability in real space. Scheme of the real space lattices of

oxide (B domain) and substrate according to LEED data in Refs. [10]. Blue bars high-

light the matching atom rows in the substrate along the commensurable NiAl[11̄0] direction.

Commensurability exists only perpendicular to the blue lines, not parallel to them.

Partial commensurability as seen in real space

Incommensurability of the alumina film along NiAl[001] and commensurability along
NiAl[11̄0] is easily detected in (SPA-)LEED and transmission electron microscopy

(TEM) results [112, 114, 149] by the lack or presence of common periodicity and
common diffraction spots for substrate and overlayer. The real space correspondence
is shown in figure 3.3. The effect is less obvious, but identified as follows from the
reciprocal space pattern. Along the NiAl[001] direction no periodic repetition of
sites with equivalent overlayer-substrate relation occurs. That does not mean that
no match of nodes from both lattices can happen at every other site at all. As
the substrate unit has a symmetry plane perpendicular to [001], the range across
which registry sites are distributed narrows down to 1.45 Å. Assuming for example
that interfacial bonds and atom positions would allow for 10 pm relaxation, this
hints towards 14 inequivalent anchoring sites over that distance. With a unit cell
of the size of the oxide a site could possibly be repeated on average once every 14
nm. Consequently smaller domains may have no two unit cells in exactly equivalent
registry. Along NiAl[11̄0] there is a periodic match with equidistant lines (4.08 Å)
along the substrate unit cell with no reference to particular sites. From a SPM
point of view it is so far unclear whether these lines are nickel or aluminium rows.
The row matching that has been proposed on the basis of SXRD and DFT suggests
matching with nickel rows [100, 130]. The partial incommensurability just described
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has consequences for the oxide unit cells. While each may have the identical surface
structure their interface is likely to show subtle differences. Note that the DFT
model contains only two inequivalent oxide unit cells. STM images are known for
slight irregular variations of their contrast across the surface. In parts they will
originate from the varying registry at the interface. FM-DFM images do not show
such variations across domains. However, at domain boundaries, that relieve the
strain resulting from commensurability along NiAl[11̄0], striking features have been
found in the film topography. This will be highlighted in the following chapters
and could well indicate the local registry which could solve the registry question for
combined FM-DFM/STM measurements.
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3.3. SURFACE STRUCTURE OF ALUMINA ON NIAL(110) BY FM-DFM

3.3 Surface Structure of Alumina on NiAl(110) by

FM-DFM

Imaging the surface unit cell structure of alumina/NiAl(110) implies resolving the
large number of similar and closely spaced sites contained in the STM/DFT model’s
topmost layers, if possible, in all three dimensions. Beforehand there had been no
information as to what the nature of the imaging mechanism for the used Pt/Ir tip on
this oxide surface would be. Theory generally considers oxide terminated tips over
oxide surfaces. This is based on the assumption that small oxide pieces will be picked
up during scanning or a native oxide of the tip material is formed (see chapters 6 and
17 in Ref. [16]). For oxides, imaging of one ionic species at a time is usually observed.
This leads directly to the open question of contrast inversion upon exchange of the
terminating ion at the tip apex. While some results from MgO [151] seem to back
up this idea it may not be ionic attraction or repulsion which contributes most
importantly to atomic scale FM-DFM contrast. Therefore, structure evaluation
from recorded FM-DFM images has been done for alumina/NiAl(110) without any
prior assumption with respect to contrast formation.

To recall their epitaxial relation, the alumina and NiAl(110) substrate unit cells
as well as substrate and oxide lattice directions are summarised in figure 3.4(a).
Throughout the text the vectorial notation for the b1 and b2 lattice vectors is omitted
to avoid cumbersome nomenclature. Considerations apply equally to both reflection

b

� B
b1

NiAl(110)

A [1
10

]

b2

a c

[001]

Figure 3.4: (a) Epitaxial relation between the two parallelogram shaped oxide reflection

domains and the rectangular NiAl(110) substrate cell (oxide: b1 = 10.55 Å, b2 = 17.88 Å,

α = 88.7◦, NiAl(110): 2.89 Å × 4.08 Å). (b) and (c) Atomically resolved FM-DFM images

of the two reflection domains A and B. Unit cells are indicated and individual protrusions

marked by crosses. Scan size: 3 nm × 3 nm, sensor parameters: (b) Δf = −6.2 Hz, AOSC

= 1.4 Å, (c) Δf = −6.7 Hz, AOSC = 1.7 Å.
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domains. The oxide unit cells have been determined to be parallelogram shaped
reflection domain cells by LEED [10, 111]. Lattice axes with constants b1 = 10.55
Å, b2 = 17.88 Å enclose an angle α = 88.7◦. This makes the oxide unit cells about
16 times larger than the rectangular substrate cell (2.89 Å × 4.08 Å). The b2 axis of
A and B domains are rotated by ±24◦ from NiAl[11̄0] [10, 112, 113]. A more recent
SXRD study confirmed this result (b1 = 10.59 Å, b2 = 18.01 Å, α = 88.85◦) [130].
The DFT model has a slightly broader unit cell (b1 = 10.93 Å, b2 = 17.90 Å, α =
88.16◦) to obtain the commensurate arrangement for the computational supercell,
which is necessary to render the problem treatable [100].

The first atomically resolved force microscopy images of both reflection domains
are shown in figure 3.4(b-c). Twenty eight protrusions at roughly 3 Å lateral spacing
are visible within each unit cell. However, vertical corrugation is only around 40
pm. Considering the slight contrast variations between the two images just shown,
it has to be evaluated what structure most likely produces these images.

For each image the lateral positions of protrusions within the unit cell have been
identified and analysed statistically. Evaluation had to be done on an individual
image, but also among different images and may be performed with the aid of mesh
and correlation averaging methods respectively. In particular, one has to ensure that
the analysed images have been recorded with different microscopic tip terminations
and preferentially on different sample positions. This helps to exclude that observed
structures are tip artefacts and to identify lattice distortions if they are present and
resolvable. A convenient test to double-check the results is a comparison with the
structure derived for the corresponding reflection domain [137]. This procedure is
demonstrated for the first atomic resolution images in figure 3.5.

Results from this process can then be compared to the outcome of theoretical work
as shown in figure 3.6. Therein averaged experimental positions (black crosses) are
compared to the OS (large red circles) and AlS (small blue circles) sublattices of
the DFT model (coordinates have been taken from the supplement to Ref.[100]).
Agreement is found between the observed protrusions and the surface oxygen (OS)
sites. They match in number and, within experimental error, in lateral arrangement.
Confusion with the slightly lower lying surface aluminium (AlS) is impossible as there
are 24 of them, according to the model and STM data, compared to the 28 imaged
sites which match the exact same number of OS sites in the model. Therefore the
observed sites marked by protrusions in the FM-DFM images shall be identified with
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a

b d

c e

Figure 3.5: Structure analysis with FM-DFM images. (a) Positions taken from ten trial

overlays of protrusions within a single image. (b) average positions from the trials for that

image (similar to mesh averaging). (c) Results from different images recorded with differ-

ent microscopic tip terminations. (d) Average over results from different tips (similar to

correlation averaging). (e) Test by comparison between both reflection domains.
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a b

Figure 3.6: Lateral positions obtained from atomically resolved FM-DFM images drawn to

scale onto those of the DFT model [100]. The dashed grey line is the unit cell frame position

underlying the DFT coordinate list. (a) Domain A, (b) domain B.

OS atomic sites throughout the rest of the text. The model comprises rectangular
and square oxygen arrangements, marked by green boxes in the image. They mark
five-fold (pyramidally) coordinated AlS sites and constitute important structural
elements. Such blocks appear in two orientations within the unit cell. Each type is
connected into chains along b1 by further square oxygen groups. These rectangles
of 8 OS comfortably guide the eye through the FM-DFM images of the complex
surface structure.

Note that the unit cell frame has been shifted from the AlS sites with lateral
internal coordinates (0,0) in the DFT model onto an experimentally observed OS

site in the rectangular block nearly parallel to NiAl[001]. This choice is related to
the actual position of the large unit cell in the acquired images. Due to particular
structural variations at domain boundaries this position for the lattice nodes has
to be changed once more in more recent images (see e.g. figure 4.3). Much clearer
than in images recorded at lower resolution, a pronounced wave pattern is found by
visual inspection in figures 3.4(b-c). This confirms the findings of the only FM-DFM
and STM study performed so far [135]. Therein the authors had pointed out that
equidistant stripe like protrusions occur in FM-DFM images parallel to b1. These
stripes are similar to those observed in STM in some empty state images at elevated
bias voltages [121]. Each unit cell lies across two such stripes. In contrast to FM-
DFM, stripes appear as associated pairs in STM with alternating spacing. In that
FM-DFM work the authors also observed domain boundaries which appeared to be
depressions or ridges depending on the tip state. This last remark, however, raises
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Figure 3.7: Comparison between relative topographic corrugations in FM-DFM data and

the DFT model. (a) Rectangular block of 8 OS sites at a larger angle to NiAl[001]. (b)

Corresponding block nearly parallel to that direction. Crosses give the respective OS sites of

the model [100]. Scan parameters: Δf = −6.7 Hz, AOSC = 1.7 Å.

the question of what is reproduced in FM-DFM images. Is it actually possible that
FM-DFM measures topography? While this is sometimes light-heartedly assumed
for FM-DFM in general, there has been evidence that the assumption could fail
altogether [21]. The rather complex structure of the film and the observed wave-
like structure superimposed over the atomic corrugation made careful analysis of
imaged lateral positions necessary. This is because double-tip effects may easily
produce protrusions where no actual sites are and such doubling effects may affect
low lying sites while the tip could be sharp enough for high lying ones.

Topography can subsequently be examined with line-profiles taken from carefully
levelled images of the highest resolution. Figure 3.7 shows line-profiles across the two
rows of 4 OS located on the rectangular structural elements in the unit cell. They
stem from an image with contrast similar to that in figure 3.4(c). Also indicated
are the height values of the corresponding OS sites from the model. It has to be
emphasised, that FM-DFM images usually do not contain absolute height or distance
information with respect to the substrate or the tip-sample separation. Therefore the
image compares relative displacements and they are found to be in good qualitative
and quantitative agreement with the calculated topographic corrugation of the DFT
model [100]. Sites show opposing development of the topographic height along the
sequences of 4 sites in each oxygen rectangle. It is also observable that the 8 OS

sites on different crests behave inequivalently. This property was found in the model
only after its observation in FM-DFM images. The OS block nearly aligned with
NiAl[001] is less corrugated but at larger relative height in total. It is there where
the highest protrusions within the unit cell are observed. As in-plane symmetry
predicts equivalence for these two structural elements, this effect will be related to
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Figure 3.8: (a) High quality FM-DFM image of the alumina surface unit cell. (b) Comparison

of lateral positions with the DFT model. Scan size: 4.2 nm × 4.2 nm, sensor parameters:

Δf = −2.75 Hz, AOSC = 3.8 Å, VS = −220 mV. (c) Comparison of topographic corrugation

with that of the DFT model [100]. Upper graph: rectangular block of 8 OS nearly parallel

to NiAl[001], lower graph: block at a larger angle to NiAl[001] (see lines in corresponding

colour and orientation in (b)).

the epitaxy of the film, especially to the matching with nickel rows. This wave-like
topography of the model is already found in the DFT model upon closer inspection.
The underlying AlS layer however, is predicted to be flat. A small surface dipole
moment results from the spacing between the layers (40 pm on average).

The wave-like elevations are therefore actual topographic features of the OS sub-
lattice at the film surface. It is noted that no contrast inversion has been observed.
Furthermore it has been found that the confirmed surface oxygen contrast shown
in figure 3.4 is present in the vast majority of the recorded images. However, this
topographic contrast shows some sensitivity to double and multiple tip effects due to
the wave-like corrugation of the film. This can be seen from figure 3.4(b) which pro-
duces a more pronounced corrugation than the image in subfigure (c) but a poorer
match with the model. In fact this is due to tip influence. More recent images with
even better contrast and resolution support the argument that high quality atom
resolved FM-DFM images give quantitative agreement with the lateral positions
and topography of the model [138]. This is considered the first real space and high
resolution confirmation of the DFT model by the author. One of the best images
and the corresponding topography evaluation are shown in figure 3.8.

Once the FM-DFM contrast(s) resulting from a structure is(are) identified fur-
ther details of the structure can be assessed from individual images if their quality
suffices. The previous analysis revealed a reproducible contrast mechanism for Pt/Ir
tips on alumina/NiAl(110). Atomic resolution can be obtained by scanning certain
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c dba

Figure 3.9: Comparison of an atomic resolution image of silicon with recent results

from different alumina surfaces. Sizes: 4 nm × 4 nm. (a) Si(111)-(7×7) [152],

(b) alumina/Ni3Al(111) [153, 212], (c) Al2O3(0001)-(
√
31 × √

31)R9◦ [154], (d) alu-

mina/NiAl(110) [138]. Beneath each image a model of the imaged sites is shown.

stable microscopic tips at a moderate (nominal) attractive interaction with related
frequency shifts usually in the range of -7 Hz < Δf < -1 Hz for (nominal) Pt/Ir tips.
While a complete picture is not yet available in full physical and chemical detail,
this contrast is straightforwardly interpreted as the topographic corrugation of the
topmost oxygen sublattice of the film. Other contrasts are either flawed (double-
tips) or do not give proper atomic resolution. They also occur much less frequently.
FM-DFM therefore masters this rather complex oxide surface structure which can,
like other complex metal oxide surfaces, be regarded as a benchmark system for res-
olution exceeding the requirements of e.g. the Si(111)-(7×7) reconstruction or rock
salt {001} surfaces. Figure 3.9 illustrates this by direct comparison of the silicon
surface with three complex alumina surfaces, that of the alumina film on Ni3Al(111),
the (

√
31 × √

31)R9◦ reconstructed α-Al2O3(0001) surface and alumina/NiAl(110)
[138, 152–154]. The images show areas of equal size.

The resolution on alumina/NiAl(110) shown in figure 3.8 is a perfect starting
point to determine the atomic structure of the defects created where domain bound-
aries of the film emerge at its surface.
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3.4 Alumina Films on Other Substrates

Besides alumina/NiAl(110) about twenty ultrathin epitaxial alumina films have been
reported on other substrates. With no claim to be exhaustive these are alumina
films on the (001), (110) and (111) faces of aluminium [155–157], NiAl [10, 158–
160], Ni3Al [153, 161–168] and FeAl [169, 170], on Fe3Al(110) [171], CoAl(100)
[172, 173], γ-TiAl(111) [174–176], Cu-9%Al(111) [177, 178], on decagonal AlCoNi
[179] and icosahedral AlPdMn [180] and AlCuFe quasicrystals [181, 182], Ni(111)
[183], Mo(100) and (110) [184], Ag(111) [185, 186], Ru(0001) [187–189], Ta(110)
[190], Re(0001) [191, 192], Fe(110) [193], Nb(110)/sapphire(0001) [194–196] and
furthermore on other films or as a buffer layer as alumina on NiAl/Ni(111) [197, 198],
NiAl/Cu(111) [199], Ni3Al/Ni(111), SiO2/Si, Si(001)-H [200], SiO2/Mo(100) [201]
and in GaN/alumina/Si. Compilations of data and results on several of the systems
can be found in Refs. [5, 6, 11, 202]. Many more films exist, but are thicker
(several nm or tens of nm) and often involve further components or polycrystalline
substrates [203]. For most of the latter no LEED or STM data have been presented
to give evidence of the high surface order that is so advantageous in atomic scale
surface studies. Besides the disordered phases on aluminium single crystals and
technologically interesting buffer layers on niobium the crystalline alumina films on
various facets of the ordered intermetallics - isostructural to NiAl or not - are the
most remarkable in the context of this work. Single crystal surfaces of equivalent
orientation produce qualitatively very similar epitaxial modes for the alumina. This
is found to be especially pronounced for the NiAl(110) and FeAl(110) faces. In
fact the films observed on those surfaces also occur on Cu-9%Al(111), on thin NiAl
films on Ni(111) [198] and even on Al containing quasicrystals [179, 180, 204]. This
connection is interesting because the peculiar stoichiometry of alumina/NiAl(110)
suggested that the structure of the film was a unique product of the properties of
both materials, especially the geometry of the surface cell. The latter, however,
does not seem to have such a strong influence on the atomic structure. It appears as
if these two dimensional alumina structures are a more general phenomenon [205].
Ordered thin films related to other sesquioxides can be grown on the (110) and (100)
faces of the B2 alloy CoGa (isostructural to NiAl). In the case of GaOx/CoGa(110)
LEED shows a nearly hexagonal arrangement and close to commensurate growth
[206]. As several other sesquioxides also produce corundum bulk structures (V2O3,
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Cr2O3, α-Ga2O3, α-Fe2O3, Ti2O3, Rh2O3, Co2O3) and some amount of miscibility
occurs among them, it would be interesting to further explore related 2-dimensional
systems with respect to their existence and mutual chemistry.
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Chapter 4

Domain Boundaries within Ultrathin

Alumina on NiAl(110)

The partial pseudomorphic epitaxy described above and the dimensions and symme-
try of the unit cells make domain boundaries almost inevitable in alumina/NiAl(110),
although their structure is largely unknown. Nevertheless, early works already tried
to gain structural information on domain boundaries. Most notably are the SPA-
LEED and STM results [112, 117, 146]. This thesis presents the most extensive
atomic scale study of surface structures in the alumina/NiAl(110) ultrathin film
system so far. As the film is strained along the [11̄0] substrate direction (com-
mensurability with matching to nickel rows [130]) there may be boundaries related
to misfit dislocations at the film-substrate interface. Such domain boundaries will
have translation character. Without detailed knowledge of their origin and struc-
ture they were called antiphase boundaries or antiphase domain boundaries. Along
the incommensurate film direction, i.e. NiAl[001], there will be no stress and no
need for relaxation. Even more obvious is the possibility of translation related do-
main boundaries from nucleation at lateral displacements that are incompatible with
translations in the oxide lattice. Due to the much larger overlayer unit cell and the
high density of nucleation centres emerging from the amorphous precursor a large
number of such incompatible lateral shifts between the respective lattices is conceiv-
able. Eventually there will also be domain boundaries related to the lower symmetry
of the oxide compared to the substrate. In this case, they will be reflection domain
boundaries.

The antiphase domain boundaries (APDBs), nucleation related translation do-

51



AI

AI

AI

AI

AI

AI

AI

AI

AI

BI

BI

BI

BI

BI

BI

BII

BII

BI

BII

AIV

RDG

RDG

RDG

RDG

S
te

p
ed

ge

BI

BIII

BI

BII

BII BIII
BII

Step edge

AII

BI

BII

AI

AII

[001]

[11
0]A

B�

NiAl(110)

b1
b2

b1

b2

24°

BIII

AIII

RDB,
TDB

AIV

BIV

AI-step

AI-step-
cascade

BI-step

BI-step-
cascade

A

B

a

b

c

A

B

Figure 4.1: Domain boundary types. (a) Reproduction of the scheme for geometric relations

among film and substrate unit cells. (b) Sketch of the different domain boundary types and

their orientation with respect to the oxide unit cells. APDBs I, II, III and IV as well as

nucleation related TDBs and RDBs. (c) STM overview scan (IT = +400 pA, VS = +3.5

V, scan area: 100 nm × 100 nm) showing the domain boundaries as bright protrusions.

Nucleation related boundaries are not present, but would look much like RDBs (see figure

4.13). The latter two, together with step edges, can encircle an oxide domain.

main boundaries (TDBs) and reflection domain boundaries (RDBs), together with
step edges, form the characteristic defect network of this ultrathin film. While it
changes to some extent with preparation conditions, e.g. by domain coarsening with
increasing annealing temperature and time and decreasing APDB density at high
temperature [115, 141], recurring qualitatively identical patterns can be identified.
Domain boundaries can cross a whole domain and segment it into narrow stripes. If
a domain covers one terrace, these stripes may run across the whole terrace. In con-
trast to this, domain boundaries also form branched networks within an oxide patch
which often results in a mesh pattern of very regular appearance. Other boundaries,
while also forming a few junctions, behave less regularly and delimit compact oxide
areas thereby often running along curved lines. Figure 4.1(c) gives an impression of
several fairly small domains exhibiting most features of the domain boundary net-
work, except nucleation related TDBs. However, the latter appear much like RDBs
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in images recorded at the chosen parameters (see figure 4.13). A phenomenological
description on the basis of STM overview images can be found in Ref. [146]. Im-
ages like the ones used in that study, while still state of the art at the respective
imaging parameters, do not reveal structural information on the atomic scale. This
was overcome by the first atomic resolution low temperature STM studies on this
topic which resolved parts of two types of APDBs [121]. Domain boundary nomen-
clature used in that work is extended in the present work. The nomenclature and
orientation of unit cells and boundaries is detailed in figure 4.13(a-b) and will be
used throughout this work.

In the following subsections the atomic structure, mutual relation and orienta-
tion with respect to the substrate of the different types of domain boundaries are
examined by FM-DFM. Several structures have been resolved for the first time. In
particular atomically resolved images of RDBs will be presented. Useful insight is
obtained from junctions - locations where different boundaries connect to each other
- and steps within certain types of boundaries. The obtained surface structures are
addressed with respect to important recurring atomic arrangements.

4.1 Antiphase Domain Boundaries

Antiphase Domain Boundaries (APDBs) are boundaries between two otherwise
equivalent domains which exhibit mutual translations incompatible with the ox-
ide lattice translations. Hence their structures are out of phase. Frequently they
produce equivalent sites at the boundary that are located opposite to each other.
In SPA-LEED their contribution leads to splitting of spots due to an out of phase
scattering relation of the respective areas [207]. This definition seems somewhat
historically founded but is found throughout the field of surface science. However, it
is noted that in bulk crystallography, where antiphase boundaries are encountered
upon separation of partial dislocations, for example in superalloys, more stringent
definitions are found [208]. Following the basic characterisation by SPA-LEED [112],
different types of APDBs have been identified in alumina/NiAl(110), but for some
only their existence has been confirmed [107, 117, 146]. In total there are four types
of boundaries labelled as APDBs. They are conveniently denoted with roman num-
bers and the label (A,B) of the respective reflection domain, e.g. A I or B IV. As
their structures will satisfy reflection symmetry, the letters A,B can be omitted for
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Figure 4.2: (a) FM-DFM overview image of four APDBs visible as trenches; Δf = −3.0 Hz,

VS = 1 mV, AOSC = 3.8 Å, scan area 22 nm × 34 nm. (b) Boundaries are highlighted in

the reproduction of the image with unit cell lattices. The three left strands represent straight

type I boundaries (B I) with lateral displacements appearing as steps in the APDBs while the

top-right strand is a zigzagged type II boundary (B II).

general considerations. Types I and II have been studied in atomic detail and with
respect to electronic structure by STM and type I, the one of highest long-range
order, also with DFT [101, 121, 209].

A low-energy electron microscopy (LEEM) study conducted at the preparation
temperature of the film showed that APDBs are built into oxide islands only after
crystallisation. This clearly excludes the nucleation and impinging island model in
favour of strain relief as the origin of APDBs [141]. In that work the APDBs were
also associated with misfit dislocations that terminate the epitaxy related stacking
fault at the interface along NiAl[11̄0]. All of the strain relief related APDBs are well
ordered and can be categorised by the respective reflection domain, the orientation of
their Burgers vector, the orientation of the boundary path with respect to oxide and
substrate axes in general and within the unit cell, as well as the length of the building
units. Junctions between several of these APDBs show that close relationships exist
between them.

A 34 nm × 22 nm FM-DFM overview image is shown in figure 4.2. It shows an
oxide area of B reflection orientation that is parted into different domains by four
APDBs. Their paths are visible as shallow trenches. From left to right there are
three (straight) B I boundaries with occasional steps and cascades of steps and one
(zigzagged) B II APDB. To emphasize this, structures have been highlighted with
unit cell lattices in figure 4.2(b). It is obvious that there are qualitative differences
in path direction and displacement across the boundary for the two APDB types.
The quality of this image is better than unit cell resolution. This can be assessed

54



CHAPTER 4. DOMAIN BOUNDARIES WITHIN ULTRATHIN ALUMINA ON
NIAL(110)

by the oval protrusions which have two different inclinations against the lattice axes
within the unit cell. In addition they split up at the domain boundaries, which is
most obvious for the straight sections of the B I APDBs if observed at grazing angles
along the boundary path. These oval protrusions are the pairs of OS atoms found
on each wave-crest of high resolution images like the one in figure 3.8.

A description of the domain boundaries as line-defects has been adopted in
previous works due to their one dimensional appearance in SPM. With the alu-
mina/NiAl(110) film thickness in the range of dislocation core diameters the dis-
placement across the boundaries is considered to be equal to the Burgers vectors
of the underlying misfit dislocations. The domain boundary network is therefore
intimately related with a dislocation network at the film-substrate interface and
considered to be basically two dimensional.

4.1.1 Antiphase Domain Boundaries I (straight)

Straight or type I APDBs are the most prominent feature in the domain boundary
network of the alumina film. This is due to their highly regular nature and the
electronic defect states associated with them [101, 121]. They often delimit two
adjacent domains in the form of straight lines that can reach lengths of several
hundred nanometres with lateral spacings within a narrow distribution around 9
nm. Beautiful examples can be found in Refs. [107, 135, 144]. They may exhibit
characteristic steps or cascades of steps in their path. The FM-DFM overview image
in figure 4.2 earlier in this text also clearly shows this behaviour. As they cannot
terminate within a terrace, but only at the circumference of an oxide patch or at
other boundaries, they are sometimes observed to cross a complete terrace if no
other boundaries like RDBs or nucleation related TDBs confine the oxide domains
they separate. Within an oxide patch, type I APDBs may form junctions and
networks with other types of APDBs. To understand their electronic properties,
mutual relations and function in the alumina epitaxy, attempts have been made to
resolve their atomic structure. Atomically resolved STM images and a DFT model
based on them have been published [101, 121]. The model has been calculated for
a substantially strained film-substrate configuration containing one unit cell across
a type I boundary. At the boundary the unit cell has been extended by 3 Å along
b2 according to STM results. However, its surface topography requires independent
real space confirmation. Equipped with the imaging contrast presented for the
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Figure 4.3: Atomic resolution FM-DFM image of a type I APBD in a B domain. (a) Image

with indication of new structures at the boundary. Scan area: 6.4 nm × 6.4 nm. Parameters:

Δf = −2.75 Hz, AOSC = 3.8 Å, VS = −220 mV. (b) Image covered with an adjusted model.

Additional sites at the boundary are drawn in lighter colour. The Burgers vector is indicated

by yellow arrows, the new structural elements by light green boxes, spacious OS groups by

dotted ellipses and the quasi-hexagonal OS rows are exemplified with a dashed white line.

(c) Cutout (3.5 nm × 3.5 nm) taken from (b) at the position indicated by the box.

alumina/NiAl(110) unit cell in section 3.3 this can be obtained from FM-DFM
images.

An atomically resolved FM-DFM image across a type I APDB in a B domain
is shown in figure 4.3. Upon visual inspection of the images the straight segment
of the boundary forms a trench parallel to the crests and troughs of the wave-like
topography of the respective neighbouring oxide domains. Direct comparison with
the lateral positions from the DFT model shows very good agreement ( see figure
4.3(b-c)). The 3 Å displacement across the boundary along b2 agrees very well with
the Burgers vector reported from STM [121]. It is noted that the Burgers vector
follows one of the quasi-haxagonal axes of the OS and AlS layers. The enlarged
cutout in figure 4.3(c) also shows a particularly spacious oxygen quadrangle (dotted
ellipse) created in every unit cell at the boundary. It is recognised that the struc-
tural elements (green squares and rectangles in the model) of the oxide basis are
modified along the boundary. The new structure shows a ’L’-shaped topography as
highlighted by yellow lines in figure 4.3(a). In fact is it always those positions on the
crest that are affected in figure 4.3 and no APDB I has been observed with a differ-
ent path through the unit cell, neither in FM-DFM nor in STM. APDB I produces
always the same structure, which is repeated in every unit cell along the boundary.
Hence their regular appearance. Note that the structural elements (blocks of 8 OS
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Figure 4.4: (a) Within the dotted box 167 line-profiles have been taken across the APDB I.

(b) The mean calculated from the 167 profiles gives the corrugation averaged over two unit

cells along b1. Equivalent crests are marked with vertical lines. Numbers give the spacings

between these crests in terrace and boundary unit cells. (c) Four single line-profiles taken

along solid white lines indicated in (a).

sites) involved in the APDB structure are those nearly parallel to NiAl[001]. That
it has to be always the same path through the oxide unit cell which is taken by
an APDB I is supported by the following frequent observation. Spacings between
different APDB I and their lateral displacements by steps and cascades of steps are
always one unit cell or integer multiples of a unit cell [107, 117, 146]. Structural
elements parallel to NiAl[001] also play a role in other APDBs, as will be shown in
following chapters. Closer examination of the topography reveals that the lowering
in the trench is small, 10 pm on average. This value was determined by taking line
sections along the b2 direction of the domains and subsequent averaging along b1.
This procedure is indicated in figure 4.4. In subfigure (a) 167 adjoined line-profiles
have been extracted parallel to the long edge of the dotted box. Their arithmetic
mean is plotted in (b) showing the ≈10 pm depression at the boundary. Single
profiles taken at lines 1-4, parallel to the four adjacent OS rows which cross the
boundary, are plotted in (c). The topography of the new block of 6 OS sites at the
boundary in the FM-DFM image has been compared with the DFT model and both
agree on the indicated ’L’-shaped arrangement of protrusions. This topographic
feature shall be revisited later in the text.

57



4.1. ANTIPHASE DOMAIN BOUNDARIES

fe [001]

b [001]
c

d

a

Figure 4.5: Atomic resolution FM-DFM image of two possible sideways displacements within

a straight APDB in alumina/NiAl(110). (a) Image of a single step displacement along the

short diagonal (along NiAl[11̄0]). Scan area 6.1 nm × 6.1 nm. Δf = −1.25 Hz, AOSC = 3.8

Å, VS = −200 mV. (b) Geometrically adjusted model with inserted rows of 4 oxygen and 4

aluminium sites at an angle of 60◦ to b2. (c) Enlarged cutout taken at the box in (b). Cutout:

3.5 nm × 3.5 nm. Large ellipses in (c) indicate the spacious oxygen arrangement along the

boundary. The small ellipse describes a position where the ideal model of the domain structure

is insufficient and predicts a closer arrangement than observed. (d) Cascade of steps off the

inital boundary axis. Parallel displacements occur along the long oxide unit cell diagonal, i.e.

in an opposite direction to that in (a-c). Scan area: 4.6 nm × 4.6 nm. Δf = −5.2 Hz,

AOSC = 3.8 Å, VS = −200 mV (e) Geometric model with inserted rows of 4 oxygen and

4 aluminium sites at an angle of −60◦ to b2. (f) Enlarged cutout from (e). Reduced and

enlarged square groups of OS sites are encircled by dotted ellipses. Dotted ellipses highlight

the sites of reduced and extended former squares of oxygen sites. The cutout measures 3

nm × 3 nm. Yellow arrows in (c) and (f) denote direction and length (3 Å) of the Burgers

vector of the boundary.

Lateral Displacements in Type I Antiphase Domain Boundaries

The above mentioned lateral displacements within type I APDBs are intriguing
features of this APDB type. They occur as parallel translations of the boundary
path along b2 and seem to introduce some flexibility into it. As a result slightly
curved boundary paths are allowed. A closer look reveals that their introduction is
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not arbitrary. Quite often only a single step is observed with a displacement in the
b2 direction by one unit cell. Multiple steps (cascades) always invoke displacements
by multiples of b2. This conserves the described structure of the APDB I within the
unit cell. Furthermore there is a preferred directional sense to the displacements.
They mostly proceed along the long diagonal of the respective unit cell and always
at an obtuse angle to the foregoing straight segment. Therefore type I boundaries
usually comprise steps only in one direction for each reflection domain. Neighbouring
boundaries are often displaced in close analogy. However, as if exceptions proved the
rule, the image in figure 4.5(a-c) shows a step along the short diagonal of the unit cell.
This is the only occasion of such a case the author is aware of. The origin may be the
fact that this structure has been found in proximity to a terrace step edge. As the
boundary structure has to cross the wave-crest not involved in the pristine straight
boundary structure (Burgers vector conservation) different structures emerge which
involve enlarged or reduced OS squares. It is these modified structural elements
that guide the eye to the boundary in the two images. They are a rotated rectangle
of 6 OS sites together with a rectangle of 8 OS that gets laterally enlarged by an
additional row of 4 sites for the single step in in subfigures (a-c). An interesting
feature of the observed structure is the change in topography across the APDB step.
The topography of the block of 6 OS gets rotated by 180◦, an effect that may result
from the local registry with the substrate. The extent of this connection to the
local interface structure is however unclear. If such a relation exists and is unique,
such topographic features would allow determination of the local registry. This
is a very promising prospect, as the incommensurability along NiAl[001] prevents
identification of the exact position of the film on the substrate. This in turn causes
certain difficulties in adsorption studies (see section 5.1). An alternative albeit less
general approach to the question would be a partial oxide coverage of the substrate
[210]. Subfigures 4.5(d-f) show a cascade of regular orientation. Within the cascade a
simple pair of OS atoms replaces the usual square group between the OS rectangles
on those crests not at the centre of the normal boundary structure. Where the
structure traverses crests with regular OS block orientation (along NiAl[001]) the
usual rectangle of 6 is created. At the steps a localised electronic defect exists
which is imaged by STM as a separate spot (chain of spots for cascades) between
the adjacent lines that originate from the defects on the linear boundary sections.
One possible mechanism creating the steps in type I APDBs could be glide of one
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oxide half-plane parallel to b2 due to strain relief and materials transport during
crystallisation and cooling. In the picture of the interfacial dislocations the lateral
displacements are kinks, as they do not involve climb, but slip along b2 within the
glide plane of the dislocations, i.e. the interfacial plane. Whether bulk mosaicity
induced strains are compensated during crystallisation by such displacements is
unknown.

Probe Spectroscopy Measurements on Antiphase Domain Boundaries

This thesis is mainly concerned with the topography of the alumina overlayer and in
particular of its domain boundaries. As structural defects also imply modified elec-
tronic structures, studies with scanning tunnelling spectroscopy (STS) and KPFM
measurements have been performed on the APDBs of the alumina film [93, 101, 211].
Therein, without going into details, several electronic defect states could be identi-
fied and it has been shown that they are oxygen deficient F2+-like centres. The band
bending resulting from a defect related charge transfer could be confirmed by KPFM.
The signal changes in the latter measurements are as little as 20 mV, but clearly
resolvable. The study of contact potential difference (CPD) across surface sites by
KPFM is currently the most promising spectroscopic method in FM-DFM. It pro-
vides information on the electronic structure that is to some degree complementary
to STS measurements and has been found to allow identification of defect species
which were undistinguishable in STS [9]. Allowing for the notoriously ill-determined
tip apex structure in SPM it becomes clear that comparative measurements between
STS and KPFM have to be performed with the same tip apex and therefore in one
machine and consecutively [9, 21]. Dual-mode machines, like the one in use, make
this possible.

4.1.2 Antiphase Domain Boundaries II (zigzagged)

Zigzagged or type II APDBs differ from the previously described straight type I
APDBs in their local and global orientation of their path through the oxide, but also
in the orientation of the displacement they produce between the adjacent domains.
The latter has components along both, the oxide’s b2 and b1 direction. While their
overall appearance in FM-DFM and STM images is less regular they have been
found to produce reproducible and ordered structures [121]. Two images showing
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Figure 4.6: High resolution FM-DFM images of type II APDBs in alumina/NiAl(110). White

arrows point to oxygen rows across the boundaries. (a) Inequivalent types of subunits appear

along this boundary. Two longer sections are centred at the structural elements marked by

yellow lines while parts of a shorter type occur at the left and right edge of the image. The

adjusted model is superimposed in (b). Yellow arrows denote direction and length (3 Å) of the

Burgers vector of the boundary. Scan area 4.9 nm × 7.4 nm. Δf = −2.66 Hz, AOSC = 3.8

Å, VS = −100 mV. (c-d) FM-DFM image of another section of APDB II. Note the changing

topography. Scan area 6.5 nm × 6.5 nm. Δf = −2.55 Hz, AOSC = 3.8 Å, VS = −100 mV.

sections of B II boundaries several unit cells in length are given in figure 4.6. They
seem to acquire various structures in the affected unit cells. At first glance the
only repeated features in these boundaries are the linear OS rows (white arrows)
crossing the APDB at certain distances along its path. An adjusted model in 4.6(b)
highlights them as parts of modified OS blocks which get extended from the usual 8
to 10 sites. Structural elements of the unit cell and the modified structures derived
from them at the APDB are again marked by green and light green boxes. Their
separations along the boundary are decisive. Only three such spacings have been
observed. They are accompanied by specific boundary structures. From this, three
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Figure 4.7: Atomic resolution FM-DFM images of the building blocks of APDB II in alu-

mina/NiAl(110). Structures with a length of 7, 9 and 11 oxygen sites between two rectangles

of 10 OS sites (white arrows) are given in (a),(c) and (e). The adjusted models are super-

imposed in (b),(d),(f). Structural building blocks affected by the insertion of oxygen and

aluminium rows (in lighter colour) are highlighted with yellow lines and light green boxes re-

spectively. Yellow arrows denote the direction of the 3 Å long Burgers vector of the boundary.

(a)-(b) Scan area 3 nm × 3 nm, Δf = −2.66 Hz, AOSC = 3.8 Å, VS = −100 mV. (c)-(d)

3.4 nm × 3.4 nm, Δf = −2 Hz, AOSC = 3.8 Å, VS = −270 mV. (e)-(f) Scan area 3.5 nm

× 3.5 nm, Δf = −2.55 Hz, AOSC = 3.8 Å, VS = −100 mV. In (c) and (d) the image is

actually of an A domain and has been mirrored for comparability as no image of appropriate

quality was available of this particular feature from a B domain.

building blocks of the type II APDBs can be identified. In the overview image above
one type of these building blocks is shown. Atomic resolution FM-DFM images of all
three structures are reproduced in figure 4.7. They obviously differ in their length.
Between each two equivalent blocks of 10 OS atoms a row of oxygen sites is inserted
parallel to one of the quasi-hexagonal rows. The length of this row changes between
the building blocks between 7, 9 and 11. In this way different tilt angles of the
APDB II path against b2 are introduced; 0◦, 30◦ and 50◦ are observed. With respect
to the long unit cell diagonal, a frequently occurring global path orientation for this
boundary, this gives 0◦, −20◦ and +30◦ and allows compliance with global directions
within the stated range of angles under local variation of the path. An overview
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over local and global boundary path orientations is given in figure 4.8 for both
reflection domains. The inset therein demonstrates the displacements facilitated
by the individual boundary with respect to the substrate unit cell. The latter
consists of two hollow-sites opposite each other at 3 Å separation and a 180◦ rotation
relation. As the Burgers vectors lie along quasi-hexagonal OS and AlS rows, their
orientation is also given in figure 4.8. From the orientation of bI and bII with large
components along NiAl[11̄0] it is clear that APDBs of these types allow relief of
epitaxial strain. However, despite several differences to the APDB I, the APDB II
shows an effect in its topography similar to the rotation at lateral displacements
in type I. Figure 4.6 shows variations in the topography along the boundary in
addition to the different lateral atomic arrangements. Different topographies can
arise for the same lateral positions as indicated by yellow lines in the figure 4.7.
Most striking about the topographic changes is their symmetry. Depressions can
appear rotated by 180◦, but do not have to, as figures 4.6(a-d) show. In order
to analyse the relation of this topography effect to local film-substrate registry a
systematic atomic scale study along boundaries, across their lateral displacements
and especially across boundary arrays, i.e. across several domains perpendicular to
the APDBs, needed to be conducted.

4.1.3 Antiphase Domain Boundaries III (short, straight)

A third type of APDB, denoted as type III in the following, has not been described
at the atomic level so far despite appearing about as frequently as types I and II.
This may have to do with less pronounced electronic effects at this boundary in STM
images and the fact that it usually occurs with a short boundary length. It has to be
noted though, that type III is of utmost importance for structural integrity at every
junction within the mesh motif of the domain boundary network. Its contribution
is in fact paramount for the regular appearance of the meshes. Details are shown
in this section. Furthermore, favourable sites for nucleation and growth of metal
clusters on the alumina film may be related to the appearance of type III APDBs.
Figure 4.9 shows an atomic resolution FM-DFM image of an APDB III. It follows a
path with a relatively small angle (≈ 16◦) towards the b2 direction. Its displacement
vector (Burgers vector) matches those for type I and II APDBs in length, but has
a different orientation. It points along the third quasi-hexagonal axis of the OS and
AlS sublattices and therefore along NiAl[001]. Consequently an APDB III can not
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Figure 4.8: Schemes indicating the orientations of APDB boundaries of types I, II, III and

IV in the pristine oxide unit cell for both reflection orientations (A,B). Local (solid black

lines) and commonly observed global path directions (dashed grey lines) are indicated. The

quasi-hexagonal axes of the OS and AlS oxide sublattices (stars of red/blue lines) are plotted

alongside the different boundaries. Burgers vectors for the boundaries are shown within each

scheme, but also in comparison to the substrate surface lattice (see inset). The respective

Burgers vectors are denoted with the roman number of the respective boundaries, e.g. bII.

Small green crosses on the NiAl unit cell mark two hollow-sites 3Å apart.

produce strain relief. The path in each unit cell is compatible with the introduction
of one additional site into each quasi-hexagonal OS and AlS row containing the
Burgers vector where the APDB III separates two oxide domains. The boundary
path has been found to lie alternatively parallel to b2 or along the long diagonal of
the unit cell. Again it is marked by characteristically modified structural elements.
The structure involves three characteristically extended structures. One, a hexagon
of OS sites, always associated with OS squares on the crest containing OS blocks at
angles to NiAl[001] and two more on crests with structural elements along NiAl[001].
The latter two can be assigned to the boundary path along b2 (rectangles with 10 OS

sites) or along the long diagonal (rectangles with 6 OS sites). The different segments
may alternate along the boundary which is in line with the frequent observation of
total boundary lengths of multiples of two unit cells, hence the angle of about 16◦.
This produces the regular steps within the APDB I when combined with APDBs
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Figure 4.9: (a) Atomic resolution FM-DFM image of an A III APDB in alumina/NiAl(110).

Scan size: 5 nm × 5 nm, Scan parameters: Δf = −2.5 Hz, AOSC = 3.8 Å, VS = −100 mV.

(b) Image with adjusted model. Burgers vector is indicated by yellow arrows and (modified)

structural elements highlighted with (light) green boxes. (c) Model without underlying image

and limited to the area within the dashed box in (b). 5 nm × 2.5 nm.

II and III. However, APDB III does not produce a visible topographic depression
like APDBs I and II. Only one earlier example can be found in the literature and
it is commonly overlooked as it is not at the focus of that work [121]. The lack of
change in topography and in electronic structure together with the missing strain
relief across the APDB III make this boundary a defect of different character. It is
intimately linked structurally to the boundary types I and II. This is demonstrated
by the junction structure treated in the next section.

4.1.4 Junctions among APDBs I-III and the Mesh Network

The existence of boundary networks between APDBs is only enabled by certain triple
junctions between them. An atomically resolved FM-DFM image of such a junction
between type I, II and III APDBs is shown in figure 4.10 for an A domain. An elbow
shaped depression stemming from the APDBs I and II runs from the top left to the
bottom right of the image with the junction slightly above its centre. The junction
line is parallel to the surface normal. The sense of the line vectors lI, lII, lIII for the
defects underlying each boundary is chosen to be away from the junction. Taking
the additional plane of the dislocation to be inserted from above, the Burgers vectors
have the orientations indicated in figure 4.10. This assumption is based on the actual
observation of inserted atom rows and is different from the viewpoint adopted in
Ref. [141]. For the present case the small ’T’ symbols in the drawing from that
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Figure 4.10: (a) Atomic resolution FM-DFM image of three APDBs (types A I, A II and A III)

in the ultrathin alumina/NiAl(110) which converge into a triple junction line. (b) Image as

in (a) with an adjusted model superimposed. (c) Cutout of marked section in (b). Yellow

arrows indicate the Burgers vectors of the three APDBs. Scan area: 4.7 nm × 4.7 nm.

Δf = −2.5 Hz, AOSC = 3.8 Å, VS = −100 mV. Cutout: 2.8 nm × 2.8 nm.

work would be turned upside-down. The unit cell structures of the three individual
domains are maintained up to the three boundaries. This confines the junction of
the three APDBs to the very small area of one of the equilateral triangles formed
by OS sites within the oxide unit cell. No obvious lateral distortions of the atomic
structures occur around the boundaries or the junction. The topography shows no
changes other than those typical for the three types of APDBs. The junction at
the other end of the type III boundary can be expected to equal the structures just
presented except for a 180◦ rotation which is compatible with the two-fold symmetry
of the oxide structure. The existence of triple junctions now allows the formation
of extended networks of APDBs and the associated dislocations. At each junction
the Burgers vectors of the three joining APDBs add to zero, thus satisfying Frank’s
node condition for the underlying dislocations similar to Kirchhoff’s law for currents
at junctions in an electric network. If it was not for type III, a displacement in the
lattice at the junction would result which could only be accommodated by straining
the OS and AlS surface structures. Such strain would be energetically unfavourable
and is not observed. The typically short length of type III line segments may be
explained by the reduction of boundary area and by less efficient strain relief along its
Burgers vector parallel to NiAl[001]. It compensates for the fact that type I APDBs
have no component of the Burgers vector along the oxide’s b1 direction to prevent a
further energy increase by lattice distortions around the junction line. If an APDB
III should connect to only one of the other APDBs it has to cross the whole domain
(which frequently means a whole terrace). Strain then has to be compensated at the
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domain circumference by an appropriate translational component in an encircling
RDB, in a nucleation related translation domain boundary or across a step edge.
The OS triangle right at the junction may have a character similar to those in the
thin alumina film on Ni3Al(111) where each unit cell contains such an OS group
with threefold symmetry and special adsorption properties [212].

The Mesh Pattern in the APDB Network

Networks composed of APDBs I, II and III and their triple junctions are ubiqui-
tous in the alumina/NiAl(110). Resulting structures are often very regular meshes
of different sizes, but only few possible shapes. Figure 4.11(a) shows an image of
the mesh motif in the domain boundary network of the alumina film (B domain).
It consists of APDBs of types I and II as well as those of type III which connect
junctions of the previous two. Note the repeated little bows in the same direction
in the B II segments. They indicate repeated building units in that boundary type.
In contrast to the meshes shown here the pattern can also consist of type I and II
segments of similar length and the type II can adopt the orientation of its interme-
diate subunit on average. The basic unit in the pattern is then close to a diamond
which is only slightly truncated by the type III APDBs. Figure 4.11(b) illustrates
a possible explanation for the mesh network. It can be understood as originating
from two intersecting groups of APDBs. One of type I and another of type II. At
each of the junctions the underlying dislocations react and form a node which re-
sults in a fourfold junction line of the associated domain boundaries. The condition
bI·bII < 0 for the dislocation reaction in their glide plane (film-substrate interface)
is fulfilled. At the node (junction) the sum of all Burgers vectors has to be zero
to satisfy Frank’s node condition if massive lattice strain is to be prevented. This
is facilitated by the decomposition of each junction into two triple junctions which
are connected by a well defined segment of APDB III which delivers the required
missing Burgers vector bIII. Otherwise each created junction line would have edge
character itself. The decomposition of a fourfold junction between two boundaries
into two threefold junctions spanning a segment of a third boundary is frequently
observed in domain boundary structures in various materials and explained by a
reduction of the overall boundary energy. This picture invokes concepts of stress
equilibrium along the boundary planes and the absence of anisotropy for the inter-
facial free energies of the boundaries. The observed structures show that this is not
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Figure 4.11: (a) STM image of a regular mesh pattern involving type I, II and III APDBs as

indicated by their symbols. The aspect ratio of the lengths of APDB II to I is about 3. IT

= +100 pA, VS = +5 V, scan area: 53 nm × 66 nm. (b) Sketch of the dislocation reaction

between groups of dislocations underlying type I and type II boundaries which is consulted

to explain the mash pattern in (a).

the case. This can be seen as follows. Under the assumed conditions triple junctions
would form angles of 120◦ between the joining boundaries. From figures 4.10 and
4.11 it is clear that this is not the case for the triple junctions in alumina/NiAl(110).
Observed angles are 140◦, 150◦ and 70◦. One obvious deviation from isotropy is the
largely predetermined path of the two APDB I at the two junctions terminating the
APDB III segments. This special junction symmetry, the preferred directions of the
three involved APDBs and the similar likelihood of appearance, the parallel growth,
mostly constant and similar spacings of APDBs I and II as well as the necessary
but unfavourable type III produce the prominent mesh pattern in the ultrathin alu-
mina/NiAl(110) and are the origin of its regularity. The integration of the APDB
network at the atomic scale is straightforward as it does not require large strain or
massive atom rearrangement.

4.1.5 Antiphase Domain Boundaries IV

A further boundary, which is tentatively labeled APDB IV, develops in a well ordered
fashion and across whole domains. It runs along a direction also accessible to type
II boundaries but behaves more regularly and is clearly dominated by one sequence
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Figure 4.12: (a) Atomic resolution FM-DFM image of a B IV APDB in alumina/NiAl(110).

Angles formed by the two different boundary building units with b1 are indicated. Scan area:

6.3 nm × 7.6 nm. Δf = −7 Hz, AOSC = 3.8 Å, VS = −0.5 mV. (b) Image covered with the

adjusted model. Yellow arrows indicate the displacement across the boundary respectively.

Original and modified structural elements are highlighted by green and light green boxes. For

dashed boxes see text. (c) Model from (b) without image. (d) Model placed on a larger

STM image (IT = +50 pA, VS = +3.5 V, scan area: 13 nm × 15 nm) at the position where

(a) has been taken. White lines mark faint wave crests present in the STM image.

of structural building units. It appears less frequently, but with a unique signature
in the STM images (see the dotted line in the upper right part of figure 4.1 for
an A domain and on the diagonal of figure 4.12(d) for a B domain). Inclined by
39◦ against b1 it runs in straight lines across whole domains, sometimes intersecting
APDBs, e.g. type I APDBs. The burgers vector only has a component along the b2

oxide lattice direction but is significantly larger than for type I APDBs.

Figure 4.12(a) shows an atomically resolved FM-DFM image of a B IV bound-
ary. The most obvious deviations from the two adjacent domains are two rectangular
structures, each marked by two arrows, that lie nearly perpendicular to the wave-
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like crests of the domains. Inspection of images recorded at slightly shifted lateral
positions reveals two more such structures in the upper left and lower right corners
of the image. In the unit cells between them, two rectangular blocks of 8 surface
oxygen sites of identical orientation sit exactly opposite one another, each belonging
to one domain. These two structural building units are repeated along the boundary
forming sequences. A short and a long sequence have been found (as indicated in
figure 4.12(a)). The number of the second subunit in the sequences varies between
one and two. This leads to two different angles between the b1 oxide direction and
lines connecting equivalent sites in the sequences (39◦ and 28◦). However, the larger
subunit occurs seldomly (see figure 4.12(d)) leading to an overall direction of the
boundary at an angle of 39◦ with respect to b1, the angle formed by the shorter
sequence. In figure 4.12(b) the image has been covered with unit cells from the
DFT model and additional positions at the boundary. The resulting model without
the underlying image is given in figure 4.12(c). Only at the boundary have OS sites
been placed differently to cover the observed protrusions. On the atomic scale this
boundary produces its own characteristic features as just mentioned above. Two
blocks, each with six oxygen sites, connect those crests of the adjacent domains
having their structural units (green rectangles) in identical orientation and nearly
parallel to NiAl[001]. The new structures arise from the oxygen square within the
unit cell model that connect the structural units to each other. Consequently the
other crest from each domain does not exist in these cells of the BIV boundary. The
emerging structures are spacious, but apparently follow the building rules found for
the pristine oxide [100, 101, 212]. The second subunit then suppresses structural ele-
ments on the respective other crest, leaving two parallel blocks of 8 OS sites opposite
each other. In the space between them, topographic protrusions reminiscent of the
suppressed blocks of the second crest are observed as indicated by dashed rectangles.
This is of highest visibility in the contrast of the short sequence. The second building
block of the APDB IV is shifted by half a unit cell along b2 with respect to the first
one. It therefore affects the structures on the crest conserved in the first building
block. They seem to alternate along the boundary path leading to the electronic
states that protrude along the APDB IV in zipper-like arrangements of protrusions
in empty state STM images (see figure 4.1). The question arises where and how
the electronic defects occur which are so typical for this boundary in STM. A direct
comparison of the structure observed by FM-DFM is shown in figure 4.12(d). The
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model from figure 4.12(c) is superimposed onto an STM image recorded at the same
position. Bright protrusions due to electronic structure imaged in STM match the
new structures observed at the type IV boundary. Bright protrusions along type IV
boundaries appear in STM at the blocks of 2 × 6 OS sites in the FM-DFM image.
They do so at tunnelling parameters comparable to those for detection of the defects
introduced by APDBs I and II. This suggest that the electronic defects in type IV
APDBs originate from similar kinds of atomic defect structures as at the type I
and II boundaries. A candidate for the oxygen deficient defect determined for the
APDB I is found at the centre of the 2 × 6 OS blocks. They resemble the spacious
oxygen quadrangles from figure 4.3. It has been mentioned before that the faint
wave pattern visible in figure 4.12(d) along b1 (see groups of parallel white lines) is
closely related to the wave crests produced by the chains of structural elements in
the topography of the pristine film.

The boundary provides a displacement of the oxide lattice only along b2. But with
a 12.1 Å distance between equivalent sites the displacement is several times larger
than that of an APDB I or of the other APDBs (3 Å). Taking the rule of thumb for
dislocations, that defect energy increases proportionally to the square of the Burgers
vector [213], to be applicable to the defect network in the ultrathin alumina, such
a huge displacement across the APDB IV should energetically be very disadvanta-
geous. This however conveys another perspective onto this boundary. If the picture
of impinging oxide patches is adopted, either of the domains lacks only 5.8 Å to
complete their unit cells. This way the boundary would simply imply a favourable
translational relation between the two adjacent domains. In both cases the lateral
displacements are larger than in the other well ordered boundaries (APDBs I-III)
and probably less energetically favourable. It may be this that forces the boundary
to be so well ordered and with almost no curvature (to reduce defect length) along its
path through a domain. This fits the observation that type IV boundaries typically
cross whole oxide domains ending at their circumference, i.e. at step edges, RDBs,
or nucleation related translation domain boundaries. While it can not be excluded
that type IV has its origin in strain relief we tentatively associate it with growth
from displaced nuclei. The treatment in the context of APDBs and the roman la-
bel are owed to the high crystallinity, regular appearance, the ability to intersect
APDBs in an ordered fashion and the fact that type IV usually runs right through
a domain instead of being part of its perimeter.
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A summary of translations facilitated by the translation domain boundaries de-
scribed so far is given in figure 4.8. The burgers vectors of the defects are drawn
to scale onto a lattice with NiAl(110) measures. This allows the meaning of the
different APDB Burgers vectors with respect to strain relief and translation relation
across the boundaries to be judged. It should also be noted that two hollow sites
exist in the NiAl(110) unit cell which are of identical symmetry if rotated by 180◦.
This is indicated in figure 4.8 for one unit cell. Sites occupied by substrate atoms
(both species) are given by grey circles and two black crosses mark the hollow sites.
They are separated by ≈ 3 Å along NiAl[11̄0]. As stated at the beginning of the
section, the components of bI and bII along NiAl[11̄0] facilitate strain relief. Con-
sidering the Burgers vectors of type III APDBs it is obvious why strain relief is
not possible at this boundary. The displacement occurs directly along the incom-
mensurate NiAl[001] direction and perpendicular to the direction of strain. For the
type IV boundaries both displacements vectors (12.1 Å and 5.8 Å) are indicated.
The translations produced are much larger and the question arises if they may be a
fortunate case of random lateral displacement between two adjacent domains.

4.2 Nucleation Related Translation Domain Bound-

aries

Nucleation related translation domains and their boundaries are generally expected
to be the trivial case in domain boundary formation during growth if the epilayer
unit cell is larger than that of the substrate. The main reason to distinguish them
from APDBs, which are also translation domain boundaries, are their two different
origins in the case of alumina/NiAl(110): nucleation and strain relief. The large
number of possible oxide translation relations incompatible with oxide lattice trans-
lations due to random nucleation of the oxide domains on the smaller substrate is
sketched in figure 4.13(a). As each oxide cell covers an area of 16 substrate cells the
number of different possible translation relations should be of that order. However,
the boundaries do not have to be abundant. Their number decreases with annealing
time and temperature, i.e. they are rare, likely to be of little order and due to the
rich number of possible translation relations at low occurrence not easy to investi-
gate. Thus, they have not been treated before. One example of a B-B nucleation
related translation domain boundary is visible near the centre of figure 4.13(c). The
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definition of translation vectors (tA−B, tB−A, tA−A, tB−B) between two nucleation
related translation domains with or without additional reflection is depicted in fig-
ure 4.13(b) as the difference vector between the position vectors of equivalent oxide
lattice sites. For the cases A-A, B-B they are easily determined to be the smallest
possible spacing between equivalent OS sites across the domain boundary. For the
B-B boundary shown below tB−B = 14.2 Å has been found. The situation is more
involved for reflection domains. While it may be assumed that certain advanta-
geous translation relations can lead to translation related boundaries of the APDB
types presented above (especially type IV) the more general case is presented on the
atomic level in the following section and especially figures 4.17(a) and 4.16 therein,
together with reflection domain boundaries.
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Figure 4.13: (a) Schematic of the many possible inequivalent translation relations between

oxide domains. (b) Definition of the rigid body translation vectors tA−A, tB−B, tA−B for

oxide translation and reflection domains. (c) STM overview image of a nucleation related

TRD (B-B), a B I APDB and their junctions J1, J2 with two RDBs (B-A,A-B). Arabic

numbers denote the three domains surrounding J1. Dashed boxes indicate areas for which

atomic resolution FM-DFM images are shown in figures 4.16 and 4.17. IT = +250 pA, VS

= +3.5 V, scan area: 31 nm × 31 nm.
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4.3 Reflection Domain Boundaries

Reflection Domain Boundaries (RDBs) occur where adjacent domains meet which
grow with different reflection symmetry with respect to the substrate’s mirror plane.
In the present case the plane of concern is spanned by the surface normal vector and
the NiAl[11̄0] axis. RDBs in alumina/NiAl(110) constitute a quasi-two dimensional
version of reflection boundaries in bulk crystals. Epitaxy defines a common surface
normal for all domains in the film, a mirror plane and the rotation of both lattices
against this plane about the surface normal by ±24◦. The relative orientation of
the lattices (angle-axis pair; mirror plane) is thus always the same: 2 × 24◦, [1̄1̄0];
(001). Only the inclination of the boundary plane towards NiAl[11̄0], i.e. its path
orientation, varies. Therefore the RDBs can be simply described by the angle they
form with b2 of one of the adjacent domains and the relative translation of the two
adjacent lattices. The choice of b2 is due to the fact that NiAl axes would be di-
rectly accessible from FM-DFM images only in the case of a partial oxide coverage.
Symmetric reflection domain boundaries which run parallel to NiAl[11̄0] [117] could
form directly during growth, being possibly only slightly less favourable energetically
than the bare domain, as their creation may require comparably small changes in
bond lengths or angles when the RDB runs parallel to the mirror plane (symmetric
RDB). This would be the quasi-two dimensional correspondence to growth reflection
twins in bulk crystals. However, this idea does not include the rather complex basis
of the oxide unit cell and lack of a mirror plane coplanar to that of the substrate
therein. The observed RDBs are more often asymmetric as they most likely consti-
tute boundaries between impinging domains originating from different nuclei. Such
nuclei can have the same arbitrary translational relation as previously described for
nucleation related TDBs. Consequently such RDBs tend to be of lower order and
irregular line shape on the larger scale. They are often observed to encircle reflection
domains completely together with a segment of a terrace step edge or a nucleation
related TDB. Therefore their boundary planes can have multiple inclinations with
respect to a chosen oxide or substrate lattice direction. Nevertheless, close to sym-
metric RDBs have occasionally been observed and it has been found that RDB paths
can be approximated by a sequence of lines with different inclination where some
orientations seem preferred. Attractive examples can be found in [117, 146].

In figure 4.13(c) several oxide domains with different translation and reflection
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relations and their boundaries between them are displayed. The image also shows
the junctions formed between some of the boundaries. Near the middle of the image
a triple junction, denoted with J1, is formed by two RDBs (B-A, A-B) and the
previously mentioned nucleation related translation domain boundary (B-B) (see
chapter 4.2). In the lower left part of the image a junction (J2) between one RDB
and an APDB I is located. The domains important for the following analysis have
been labelled 1, 1’, 2 and 3. Atomically resolved FM-DFM images of the junctions
and the adjacent boundaries are given below. The respective scan areas are marked
with dashed boxes in figure 4.13(c) and the high resolution images can be found in
figures 4.14, 4.16 and 4.17.

Prior to determination of the atomic structure it should be useful to understand
the origin of the orientations of line segments in such a polygonal chain given by
a particular boundary. Suitable approaches based on lattice geometry and strain
analysis can be found in the metallurgy and solid state physics literature [214].

Besides relative lattice orientation, the boundary path is also governed by elas-
tic strain during growth. This puts certain constraints on triple junctions. Once
equilibrium is reached the three boundaries ought to form angles of 120◦ at such a
triple junction line if no anisotropies in interface energies are present. Figure 4.14(a)
represents such a case. The three boundaries at junction J1 form angles close to
120◦. Once the APDB gets involved (figure 4.14(b)) the situation changes like in the
case of the APDB junction in section 4.1.4. However, the introduction of the APDB
does not form obvious long-range strain around the junction. This already raises
the question of how APDBs are integrated into RDB structures and the question
of rigid body translations across the RDBs and their possible consequences for the
boundary structures.
In order to analyse this and to develop a structural model the dichromatic pattern

and coincidence site lattice (CSL) approach has been persued [214]. This seems
suitable for the present case of a large angle domain boundary where an analysis in
terms of dislocation arrays becomes impossible. Two basic points have been realised.
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Figure 4.14: Atomic resolution FM-DFM images of two RDB-TDB junctions taken within

the large dashed box in figure 4.13. Angles between the boundary planes are indicated.

Numbers 1, 1’, 2, 3 denote the respective domains as in the overview image. Scan sizes: 6.7

nm × 6.7 nm, Δf = −1.7 Hz, AOSC = 3.8 Å, VS = −250 mV. (a) Junction J1 between

two RDBs and a TDB. (b) Junction J2 between a RDB and a B I APDB.

(1) Two lattices with the LEED measures for the alumina/NiAl(110) indeed form
a CSL at an angle of 2 × 24.07◦ towards each other. This is very close to the 2 × 24◦

from the LEED study. The typical criterion for coincidence, the Brandon criterion
would even allow deviations of more than 2◦ [215]. Therefore a CSL exists within
experimental uncertainty and measures 46Å× 78Å.

(2) With the dimensions of the slightly broadened cell from the DFT model, no
such CSL is found. Here one leaves the realm of the model, which was not meant
to describe subtle aspects of the long-range order of the oxide in the first place.

The rectangular unit cell of the alumina/NiAl(110) CSL is drawn for the dichro-
matic pattern in figure 4.15 together with a large reciprocal-space scan from a recent
SPA-LEED study [114]. While physical reality forces the reflection domains to ter-
minate at their common RDB, the LEED patterns from both domains get overlapped
in the SPA-LEED image. Despite this not being an actual superstructure it can still
be seen that the two reflection lattices have common spots as indicated in 4.15(b).
The fine rectangular lattice within the CSL cell represents translations of the two
reflection lattices towards each other that preserve not only the CSL of the unit
cell corners, but the complete dichromatic pattern. The dichromatic pattern carries
out a translation of different direction and magnitude as a consequence. The small
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Figure 4.15: (a) Coincidence site lattice (CSL, bold grey lines) within the dichromatic

pattern of the two alumina/NiAl(110) reflection domains A(red) and B(black). Unit cell

measures: b1 = 10.55 Å, b2 = 17.88 Å, α = 88.7◦, mutual rotation: ±24.07◦, fractional

coordinates from the DFT model [100]. Translations on the fine lattice (DSC lattice) within

the CSL unit cell conserve both, the CSL and dichromatic pattern. Blue circles highlight sites

from both oxide lattices which coincide without being equivalent positions in the respective

unit cells. (b) An especially large SPA-LEED scan from Ref. [114] shows the coincidence of

both reflection lattices from the experimental point of view (Courtesy of Prof. W. Moritz,

LMU München). Ekin = 80 eV.

lattice thus has the properties of a so-called displacements which are symmetry con-

serving (DSC) lattice. Its unit cell measures 2.4Å× 4.1Å. Besides the coincidence
of points with equivalent positions within the respective unit cells, the dichromatic
pattern produces further sites where a black and a red site are not more than 20 pm
apart while stemming from inequivalent positions in the unit cell (blue circles).

The presence of a CSL lattice and its DSC lattice is fortunate. Its existence was
not clear beforehand, as epitaxy is determined primarily by the interaction between
the oxide domain and the substrate and not by favourable relations between adjacent
oxide domains. The CSL gives an unambiguous starting point for image analysis
and to some extent insight into lattice translations even across RDBs. Also, the area
ratio between the CSL and the oxide unit cells is Σ = 19. Thus, the RDBs of the
alumina/NiAl(110) can be considered of low Σ type, a geometry which often implies
favourable boundary properties [216, 217]. Nevertheless one needs to realise that
the CSL is a purely mathematical concept. Not the CSL is physically relevant, but
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paths through the oxide which can be described as lines with a high density of CSL
points on them. As equivalent sites from the adjacent reflection lattices overlap at
these points, they should provide energetically favourable interconnections. Alumina
film RDBs should therefore be found to follow the low index directions of the CSL
lattice. This has indeed been observed (compare e.g. figure 4.20 in [146] with figure
4.15(a)).

Turning to the FM-DFM image in figure 4.16(a), the first atomically resolved
image of a RDB in alumina/NiAl(110), and placing the lattices in the arrangement
of the dichromatic pattern from figure 4.15(a) one easily finds a good match for
the area between the junctions J1 and J2 without further relative translation of the
lattices. This match does not extend across the whole image however. For the B
domains 1’ and 2 additional rigid body translations had to be introduced to place
the model correctly (figure 4.16(b)). These translations obviously come from the
B I APDB and the B-B TDB. With the dichromatic pattern at its original position
prior to translation, the 3Å displacement across B I and the 14.2 Å displacement at
the B-B TDB are at the same time the rigid body translations of the domains 1’
and 2 towards domain 3. It is found that the introduced shifts are not translations
on the DSC lattice. The dichromatic pattern from figure 4.15(a) is therefore altered
across both translation boundaries.

Considering that the average direction of the A-B RDB in figure 4.16 roughly
follows the diagonal of the CSL unit cell, with no CSL point on the boundary at
all, the question arises of what else has an impact on the boundary structures. It
could be that the nearby junction J1 puts constraints on the boundary path even
though it is close to equilibrium itself. A closer look at the structures in the images
yields the following. The boundary segment between J1 and J2 looks itself as if it
forms facets along certain directions. While there are no repeated structures along
the RDB, sections with sites protruding significantly higher from the oxide domain
alternate with areas where the topography is rather low and flat. The flat areas
at the RDB seem to coincide with positions in the dichromatic pattern where the
reflection domains connect via their OS blocks that are parallel to NiAl[001]. This
points again towards a strong influence of the structure of the oxide basis onto the
boundary structure and orientation. It is interesting to note that with respect to the
quasi-hexagonal axes of the OS and AlS sublattices the RDBs may be considered a
small angle boundary of 12◦. While RDB inclinations along CSL lattice vectors may
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Figure 4.16: (a) Composite of three atomically resolved 6.7 nm × 6.7 nm FM-DFM images

of RDBs and their junctions (J1, J2) with a nucleation related TDB as well as with an

APDB B I. The images have been recorded inside the large dashed box in figure 4.13. Local

orientations of the boundary path with respect to b2 are indicated. (b) Same composite

covered with a model derived from a dichromatic pattern based on LEED lattice parameters

and DFT fractional coordinates. Yellow circles mark sites where red and black OS sites are

not more than 20 pm apart in the dichromatic pattern. The CSL unit cells are drawn in

grey between J1 and J2. Overall size: 8.7 nm × 15 nm. Δf = −1.7 Hz, AOSC = 3.8 Å,

VS = −250 mV.
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Figure 4.17: (a) Atomic resolution FM-DFM image of the RDB taken within the square box

in figure 4.13. Scan size: 6.6 nm × 7 nm, Δf = −1.6 Hz, AOSC = 3.8 Å, VS = −250 mV.

(b) Same image as in (a) but with a model superimposed. The model has been generated

from a dichromatic pattern. Yellow circles indicate places where red and black OS sites in

the dichromatic pattern are not more than 20 pm apart.

lead to preferred large scale boundary paths it should be the basis that determines
the structure at the length scale of a unit cell. Experience with the influence of the
quasi-hexagonal structures in the unit cell onto the APDBs I and II supports this.
However, a comprehensive treatment of the boundary structure according to the full
theory of grain boundaries is beyond the scope of this work [214, 218]. One limiting
factor is the large oxide unit cell and the small DSC cell. If partial dislocations on
the latter lattice would play a role this would be extremely difficult to detect.

Considering the atomic structure in figure 4.16 and figure 4.17, which have been
recorded within the dashed boxes in figure 4.13, showing the A-B/B-A RDBs be-
tween domains 1, 2 and 3, it is noticed, that no random holes need to occur at the
RDBs of the alumina film, a question which has previously only been addressed by
carbon monoxide desorption or spectroscopy experiments [112, 219]. One further
notices that the structural deviations from the usual film topography are confined
to a strip that is only slightly wider than 1 nm and that deviations from normal
lateral positions occur over an even narrower area. The few larger protrusions along
the RDB segments in figures 4.16 and 4.17 have some resemblance to the protrusion
in the image series of figure 4.12 (see bottom of that image). Typically they are
only 50 pm higher than the topmost OS sites. While too small for a weakly bound
larger adsorbate, they may represent hydroxyls. While the film is in general quite
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inert against hydroxylation it could be possible that a few such sites are provided at
RDBs. As the observed OS contrast in the FM-DFM images shows sites with higher
electron density there might be the possibility that the protrusions are produced
by point defects. While STM studies did not find point defects within alumina do-
mains, the boundaries have been shown to exhibit such defect centres. Such defects
could also contribute to the electronic signature of RDBs, but would have very low
abundance.

It should be the variability with respect to translations within the boundary
which allows the displacements due to APDB nucleation to be incorporated into
RDBs and nucleation related TDBs

4.4 List of Structural Elements

To conclude the chapters on unit cell and domain boundary structures, a brief listing
of the pristine and modified structural elements in the unit cells of the domain and
the boundaries shall be given. Images of observed structures have been put together
in table 4.1. See also [101, 121, 138].
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Table 4.1: Structural elements within the pristine and defected alumina/NiAl(110).

origin of structural element Unit cell APDB B I APDB B I step

8 OS parallel to NiAl[001]

not parallel to NiAl[001]

origin of structural element APDB B II

8 OS parallel to NiAl[001]

not parallel to NiAl[001]

origin of structural element APDB A III APDB A III APDB I-III junction

8 OS parallel to NiAl[001]

not parallel to NiAl[001]
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Structural elements at the domain boundaries continued

origin of structural element APDB B IV TDB B–B RDB B-A

8 OS parallel to NiAl[001]

not parallel to NiAl[001]

origin of structural element RDB B-A

8 OS parallel to NiAl[001]

not parallel to NiAl[001]
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Chapter 5

Adsorbates on the Ultrathin

Alumina on NiAl(110)

AFM and DFM, just like STM, were already used beyond plain surfaces quite early,
especially for imaging of adsorbates. Plenty of work has been done on small (several
nanometres) and large (10s to 100s of nanometres) particles deposited on various
surfaces including those of bulk oxides. Results are sometimes comparable to STM
images of deposited clusters. They also suffer from the same inherent limitation
that results from convolution of the particle shape with that of the scanning tip.
Individual adsorbates have been observed only in very few cases so far [220]. Some-
times adsorbed rest-gas, hydroxyls or water appears in images, but the nature of the
species usually remains unclear [221, 222]. Imaging of single, weakly bound species
like single atoms or molecules with atomic resolution of the underlying substrate
has not been shown previously. Another issue that FM-DFM has in common with
STM is the resolution of adsorbate and substrate at the same time. Again this is
particularly difficult if the adsorbate is weakly bound. Approaches to overcome such
obstacles are available but are also subject to further investigations. Recently the
atomic structures of flat molecules (pentacene, PTCDA, cephalandole A) have been
resolved by using a technique already known from STM, namely tip functionalising
by adsorption of a single CO molecule [23, 223, 224]. One example, where both
the substrate and the adsorbate were simultaneously resolved has been presented
only very recently [225]. A more straightforward scheme for imaging weakly bound
adsorbates with an arbitrary tip and resolving the substrate is detailed below.

The alumina/NiAl(110) system poses an interesting system for the study of indi-
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vidual adsorbates. The reasons are threefold. Its flat morphology and limited thick-
ness make it an ideal support for adsorbates partly decoupled from the underlying
metal substrate. Its partial pseudomorphic growth, large unit cell and line-defect
network provide a degree of structural complexity beyond that of rock salt structures
but within a theoretically and experimentally accomplishable range. Adsorbates on
this film can then be used to study particular molecular properties (e.g. short lived
excited states, molecular orbitals), charging and charge stabilisation on adsorbates,
interaction towards the film’s line-defects with their F2+-like centres and formation
of growth nuclei and low dimensional atomic aggregates [93, 101, 133, 226, 227]. Ca-
pabilities of scanning probe measurements can be used to their full extent especially
if applied in a dual-mode implementation. Last but not least experimental work
is greatly aided by the vast amount of previous studies on metallic and molecular
deposits. Adsorbates have usually been deposited by physical vapor deposition in
UHV chambers. The following table lists most of the adsorbates on the alumina film
that have been published, but there is a certain amount of work which has not been
published. Most of the work has been done at very limited spatial resolution on
deposited crystallites or high coverages. Work on individual adsorbed metal atoms
or single molecules on alumina/NiAl(110) has been done with Pd, Pt, Ag, Au, Mn
[209, 227–230], C60, C70, zinc(II)-etioporphyrin I (ZnEtioI), copper phthalocyanine
(CuPc), magnesium porphine (MgP) and naphthalocyanine (NPc). In the following
the first force microscopy study at this level for alumina/NiAl(110) is presented.
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Table 5.1: Literature on adsorbates on alumina/NiAl(110).

Metals on Alumina/NiAl(110)

Al hydroxylated [107, 146]
V [11, 235]
Mn [230]
Co [11, 107, 231–234]
Ni [236]
Ge [236]
Rh [237]
Pd [234, 238]
Ag [209, 239]
Ta [240]
Ir [232]
Pt [11, 229, 241, 242]
Au [139, 226, 227, 243]

Alloys on Alumina/NiAl(110)

AgAu [243]
PdCo [234]

Compounds on Alumina/NiAl(110)

NiO [236]
BaO [244]
ferria [245]
niobia [246]
vanadia [247, 248]
[BMIM][Tf2N](ionic liquid) [249, 250]

Molecules on Alumina/NiAl(110)

CO [133, 251, 252]
CO2 [251]
O2 [133, 251]
NO [142, 251]
NO2 [134]
H2O [251]
D2O [253]
methanol [254]
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C60 [255, 256]
C70 [255]
alkali metals/C60 [257]
Ag/C60 [258]
di-tert-butyl nitroxide [259, 260]
zinc(II)-etioporphyrin I (ZnEtioI) [261, 262]
copper phthalocyanine (CuPc) [263, 264]
magnesium porphine (MgP) [265–267]
naphthalocyanine (NPc) [268]
trans-1,2-dichloroethene/Cu [269]

5.1 Adsorbed Gold Atoms on Alumina on NiAl(110)

This section covers results from a FM-DFM study on gold which has been adsorbed
highly dispersed onto the alumina film on NiAl(110). Gold has been deposited onto
the film at low temperature. With a built-in low-power evaporator as described
in section 2.3.7 this can be done conveniently and reproducibly in the microscope
compartment [102, 209]. The evaporator is loaded with a high purity gold wire
which wets the evaporator’s tungsten filament after initial glowing of the filament.
From there the gold is thermally evaporated at will by heating the filament again.
Evaporation takes tens of seconds plus some time to allow for thermal equilibrium
to be reached, as evaporator operation leads to a temperature increase at the sample
of ≈ 5 K. Despite its considerable kinetic energy, which allows lateral motion across
the surface, the gold adsorbs highly dispersed forming mostly monomers and dimers.
At higher coverages short chains can be produced in larger numbers [209]. Some
of the adsorbed species have been demonstrated to acquire one or several charges
from the metal substrate underneath depending on their size [226, 227]. At this low
temperature no preferential adsorption to step edges or APDBs is observed in the
case of gold. The coverage has been determined to be 0.3 % of a monolayer of AlS
sites in the present study, which is lower than in the studies on gold chains. This
explains why they are mostly absent in the images obtained in the present work.
Only very few short chains have been observed. An FM-DFM image is shown in
figure 5.1. With the Pt/Ir tip in use, adsorbed gold atoms are imaged as bell-shaped
protrusions in STM and FM-DFM. It has been found that the Au atoms cannot be
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Figure 5.1: FM-DFM image of four gold atoms adsorbed onto the cold alumina/NiAl(110)

surface. Scan area: 10 nm × 10 nm. Δf = −1.9 Hz, AOSC = 3.8 Å, VS = −200 mV.

imaged when the alumina surface is resolved atomically at the same time. In that
case the ad-atom is removed from the scan frame by either pushing it aside, but
more likely by adsorption to the tip. This is irrespective of the individual FM-DFM
tip apex.

An understanding of this finding can be gained through the inspection of fre-
quency shift-distance (Δf(z)) curves. The pair of curves shown in figure 5.2 has
been recorded consecutively on the pristine oxide and an Au ad-atom with the same
tip termination. The curves differ greatly. The alumina frequency shift curve reaches
a far deeper minimum than that taken above the gold evidencing that a stronger
interaction can be reached above the oxide. The gold curve also does not approach
the surface as closely as in the alumina case, as one would expect for a protruding
adsorbate. The curve above the gold does not develop a proper minimum, but a
spike-shaped depression instead. This is interpreted as a rapid structural change
in the tip-ad-atom-alumina gap. At such comparably weak interaction it is most
likely the ad-atom which changes position. In fact it has been irreversibly removed
in this case. This behaviour is surprising if the large calculated value of about 2.5
eV for the gold binding energy is consulted [226]. Considering the lateral barriers
resolves this confusion. A reasonable estimate for the lateral diffusion barriers at
surfaces is sometimes taken to be 20 percent of the binding energy and thus 0.5 eV
for gold/alumina/NiAl(110) [1].
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Figure 5.3: Schematic drawings of Δf(z) curves for two types of tip-adsorbate interaction

(1) and (2) on a corrugated surface (red and black curves). (a) Substrate topography is

produced due to curves simply being shifted in z between different lateral sites. The Δf(z)

range allowing adsorbate and substrate to be simultaneously resolved is marked in light grey.

(b) Substrate topography is produced by changes in curve shape between different lateral

positions. The substrate and adsorbate can only be simultaneously resolved in the light grey

shaded region, in the dark grey shaded area the substrate is not resolved.

Gold ad-atoms are removed before atomic resolution on the oxide is achieved.
Knowledge on Δf(z) curves obtained during atomic resolution imaging of the ox-
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ide unit cell produces further understanding of the aspects of FM-DFM contrast
formation which may limit simultaneous imaging. On the alumina film Δf(z)

curves are typically found (at the sensor parameters in use) to produce detectable
z-displacement between neighbouring sites in the lower third of the Δf(z) curve in
figure 5.2. Furthermore their branching point is already lower than the minimum
value of curves obtained on Au ad-atoms. It is obvious that simultaneous imaging is
only possible within the Δf -range common to surface and adsorbate. Consequently
no Δf(z) set-point allows both the oxide corrugation and the protruding ad-atom to
be translated into topographic features at the same time. This is depicted in figure
5.3. The following question arises. Is this limitation in resolving ad-atom and oxide
at the same instant intrinsic to gold atoms on alumina/NiAl(110) and other weakly
bound species and impossible to overcome or simply a matter of insufficient sensi-
tivity, i.e. signal to noise ratios of the experimental setup? Figure 5.3 shows two
possible archetypical scenarios. The first (a) shows two identical curves correspond-
ing to different substrate sites which are displaced towards each other by an amount
Δz in the z-direction at otherwise identical interaction. This displacement exists
everywhere along the two curves, but at large distances from the surface its detec-
tion is subject to noise (z, Δf , AOSC) to a larger extent. In this case resolution is
simply limited by the experimental setup. In the second case (b) the two curves are
not equivalent and are only discernable below a certain branching point. Above, the
substrate cannot be resolved, which limits simultaneous resolution of adsorbate and
substrate to the Δf(z) range below that branching point. To check for simultaneous
resolution of possible adsorbates the curves (1) and (2) in figure 5.3(a-b) represent
two possible adsorbate-tip interactions for the two surface-tip scenarios. In the first
case they make no difference and resolution is in principle possible over the whole
Δf(z) range of both tip-adsorbate interaction curves. In the second case, this does
not hold and simultaneously resolving both features depends on the relative depth
of the tip-adsorbate curve and the branching point of the tip-substrate curves. If the
branching point lies clearly above the minimum of the tip-adsorbate curve, simulta-
neous adsorbate and substrate imaging is possible. Otherwise the substrate cannot
be simultaneously resolved. For the present study of gold on alumina/NiAl(110)
the second case has been found to hold and the tip-adsorbate curve is to shallow to
allow the substrate to be resolved at the same time. Nevertheless, this limitation
can be overcome, as shown in figure 5.4 and explained in the following.
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ba [001]

Figure 5.4: (a) FM-DFM image of an adsorbed gold atom on alumina/NiAl(110). Atomic

resolution has been obtained before and after the tip approached the atom. The tip has been

retracted above it. (b) Same image with positioned model structure. The large blue circle

indicates the position of the ad-atom. Scan area: 6.4 nm × 6.4 nm, Δf = −1.5 Hz (−0.9

Hz above the Au ad-atom), AOSC = 3.8 Å, VS = −200 mV.

As claimed at the beginning of this chapter weakly bound ad-atoms can be imaged
in such a way that the substrate is resolved to an extent which allows determination
of the atomic scale registry between the two of them. The trick is to retract the tip
above the ad-atom. For this purpose the substrate has to be imaged with atomic
resolution at some point within the image before the tip is retracted to allow imaging
of the adsorbate at weaker interaction conditions. It is clear that large imaged
substrate areas, preferably on both sides of the adsorbate, give the best results, in
particular if drift is present. An image showing atomic resolution on the alumina
substrate next to a gold atom adsorbed on alumina/NiAl(110) is given in figure 5.4.
The tip was kept at a setpoint that just allowed the sites in the structural elements
of the oxide to be resolved, especially the characteristic pairs of OS sites on the
inequivalent crests. This allows the unit cell model to be reliably placed for drift
correction and direct structural assignment, and reduces the risk of a tip crash. The
Au atom in the contrary is imaged as a bulky bell-shaped protrusion. Its circular
symmetry allows accurate determination of its centre which is then taken as the
site occupied by the Au ad-atom. Comparison with the OS and AlS sublattices of
the oxide allows the geometrical and chemical nature of the respective site to be
identified.
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This procedure has been successfully performed for a series of individual gold
atoms on both reflection domains of the alumina film. The results are summarised
and compared to theoretical results in figure 5.5. Before commenting on the overall
results, a series of three images has to be mentioned that shows possible artefacts in
such delicate measurements and how to avoid them. They are given in figures 5.5(a-
c) and show how different tip-adsorbate interactions may influence the measurement.
Drawn are the positions for one gold atom extracted from forward (light blue circles)
and backward (blue circles) scans by the procedure explained above. In (a) and
(b) the ad-atom appears slightly displaced either by tip or adsorbate bending. In
(c), after subtle changes in the tip-sample gap, the position of the ad-atom falls
onto one site, which is then taken as adsorption position. Figure 5.5(d) gives all
forward and backward results mapped into one oxide unit cell. It becomes clear
that there is no single adsorption site. Adsorbed gold has instead been found at
various sites throughout the oxide unit cell. One likely reason for this result is the
changing registry of the individual unit cell with the substrate underneath due to
the partial incommensurate growth. Reproduction of this aspect is limited in DFT
calculations. The majority of gold atoms has been found between the wave-crests of
the oxides topmost OS layer. A few sit on the wave-crests and none have been found
on the centers of the structural elements (green rectangles) or the square OS groups
connecting them. This behaviour is found to be reproduced in the distribution of
special adsorption obtained by DFT calculations [139, 226]. Therein adsorption has
been calculated to be especially strong if an AlS is underneath the gold atom, but
other sites allow binding as well. The variation of bond strength over different sites
in the unit cell is shown in figure 5.5(e). The considered sites constitute special
binding sites (AlS,Au) as the gold binds on top of an AlS site which is itself located
above an Al site of the NiAl substrate. The most strongly binding sites as well
as the largest number are situated in the troughs between the elevated structural
elements of the OS sublattice. It may be speculated that the wave-like topography
of the oxide film affects the motion of adsorbates in favour of certain low-lying sites.
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Figure 5.5: (a-c) Gold ad-atom positions from a series of three images. In the first two the

ad-atom position differs between the forward and backward scan while in the third image they

are identical. Δf = −1.50,−1.50 and − 1.58 Hz (−0.9,−0.93 and − 0.93 Hz above the

Au ad-atom). AOSC = 3.8 Å, VS = −200 mV. (d) All observed sites (forward and backward

scans) for Au ad-atoms on both reflection domains mapped into one oxide unit cell. Sizes:

2 nm × 2 nm. (e) Theoretical results for special binding sites (AlS,Au, yellow/green circles)

found for a parallelogram shaped commensurate unit cell (black lines) without consideration

of dispersion forces. Yellow, weakly and green, strongly bound. The substrate in the model

has been superimposed with a wave-like greyscale layer to indicate the low-lying and elevated

surface structures.
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Conclusion and Outlook

Force microscopy measurements in a FM-DFM implementation with full metal tips
have been proven to be very suitable for atomic scale surface studies on a com-
plex metal oxide surface. The setup was a home-built dual-mode FMDFM/STM
machine. Atomic resolution constant Δf images have been obtained from the ul-
trathin aluminium oxide film on NiAl(110). Pt/Ir tips, in contrast to doped silicon
tips in earlier studies, produced a very distinct contrast present in the vast majority
of the images recorded during this study. While detailed understanding in terms
of an atomistic picture is not yet available, it could be shown during the course
of the study that the surface oxygen sites were imaged. Images could be obtained
which reproduce the topographic corrugation of the surface with high accuracy. Ini-
tiated by the experimental results subtle details of the tunnelling microscopy and
density functional theory based model from the literature have been confirmed.
The acquired data provided the first high resolution real-space confirmation of that
structural model.

The obtained contrast has provided a good starting point for the evaluation of the
domain boundary network of the alumina film in unprecedented detail. In addition
to the previously described antiphase domain boundaries I and II, a third could be
forecasted and imaged with atomic resolution. The latter has been found to be the
missing link in the comprehensive description of the ubiquitous mesh pattern within
the defect network. In addition, the structure of the triple junction in this mesh
pattern could be resolved. Two more types of translation boundaries have been de-
scribed at the atomic level. One is a further boundary of high crystalline order which
has been, tentatively, identified as another antiphase domain boundary (type IV).
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The second proves the existence of nucleation related translation domain boundaries.
The wealth of atomic scale images gave insight into the local structures at the line
defects. It has been found repeatedly, that square oxygen groups like the ones found
in the oxide unit cell appear also at the domain boundaries. The comparably rigid
alumina structures with minimum perturbance at the boundaries described so far,
encouraged the study of reflection domain boundaries. Also here, no atomic scale
data had been available before and it has been unclear if reflection boundaries would
be compatible with atomic scale scanned probe microscopy imaging. Recorded im-
ages disproved this assumption, but showed rather complex atomic arrangements
at the boundary. The aluminium oxide epitaxy provides the reflection boundaries
with a low Σ coincidence site lattice orientation, i.e. Σ = 19. This supports a ge-
ometrical approach to the boundary structure. A full description according to the
defect theories of crystalline interfaces could however not been reached. The main
reason was the large and complex oxide unit cell and the resulting huge coincidence
site lattice with a lattice of symmetry conserving displacements, which were in turn
very small. Nevertheless several aspects could be identified, which may determine
the boundary path and structure. This opened the reflection boundaries towards a
deeper understanding and just like in previous studies the experimental data might
greatly aid computational efforts on these complex defect structures.

Knowledge of the surface structures has been acquired in view of atomic scale
studies of adsorbates which are of vital interest in the fields of surface chemistry
and model catalysis. In a pilot study easily movable gold ad-atoms could be imaged
with FM-DFM and their adsorption positions have been determined. Due to the
diverse structures within the oxide unit cell and most likely enhanced by the partial
incommensurability of film and substrate, adsorbed gold atoms have been found
on numerous sites within the oxide unit cell. This is in agreement with theoretical
findings.

The successful analysis of structure, defect structures (and defect nature) as well
as binding positions of single atomic adsorbates reinforced the position of atomic
resolution FM-DFM in surface science. I wish to emphasise that the technique
benefits greatly from the ultrathin oxide samples. With such samples, valuable
connections to other surface science techniques can be established, as with tunnelling
microscopy and density functional theory in case of the present sample system.
While FM-DFM will be applicable to bulk insulators at this high resolution level
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as well, the close interaction with other techniques is highly desirable at this early
stage. In any case, it is absolutely necessary to improve the spectroscopy capabilities
of FM-DFM and their understanding and the direct comparability to STM in the
framework of dual-mode setups will play a major role in this.

In principle the above analysis of domain boundaries is of the kind of which earlier
transmission electron microscopy studies were. Therein epitaxial or thin fused spec-
imens were employed to produce well defined and easily accessible samples for grain
boundary (dislocation) analysis [270, 271]. Epitaxial alumina films on NiAl(110)
are even more precisely defined as no mechanical procedure is involved to produce
a certain misorientation and variations in film thickness can be excluded. Therefore
systems, like related well defined ultrathin alumina phases, may find application
in studies on structure and diffusion at grain boundaries in metastable aluminas.
Here one should also mention earlier electron microscopy work on thinned substrate
samples [149]. It is however surface line-defects which play an outstanding role in
processes like corrosion and weathering, as foreign material enters a boundary via
this opening. FM-DFM could provide atomic scale data for the understanding of
such processes, which also occur in real catalytic systems.
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LIST OF ACRONYMS

List of Acronyms

AES Auger electron spectroscopy
AFM Atomic force microscope/microscopy
AM-AFM Amplitude modulation atomic force microscope/microscopy
APDB Antiphase domain boundary
(AR)-UPS Angle-resolved ultraviolet photoelectron spectroscopy
CPD Contact potential difference
CSL Coincidence site lattice
DSC Displacement shift complete (Displacements which are symmetry conserving)
DFM Dynamic force microscope/microscopy
DFT Density functional theory
EPR Electron paramagnetic resonance
FEM Field emission microscope/microscopy
FIM Field ion microscope/microscopy
FM-AFM Frequency modulation atomic force microscopy
FM-DFM Frequency modulation dynamic force microscope/microscopy
KPFM Kelvin Probe Force Microscopy
LEED Low-energy electron diffraction
LEEM Low-energy electron microscopy
LER Length extension resonator
MEIS Medium-energy ion scattering
NC-AFM Noncontact atomic force microscopy
RDB Reflection domain boundary
SPA-LEED Spot profile analysis low energy electron diffraction
SPM Scanning probe microscopy
STM Scanning tunnelling microscope/microscopy
SxM Scanning probe microscope/microscopy (with e.g. tunnelling, force, . . .)
STS Scanning tunnelling spectroscopy
SXRD Surface x-ray diffraction
TDB Translation domain boundary
TPD Temperature programmed desorption
TEM Transmission electron microscopy
UPS Ultraviolet photoelectron spectroscopy
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XAS X-ray absorption spectroscopy
XPS X-ray photoelectron spectroscopy
UHV Ultrahigh vacuum

KPM/KPFM Kelvin probe (force) microscopy
MExFM Magnetic exchange force microscopy
SCM Scanning capacitance microscopy
SICM Scanning ion conductance microscopy
SNAM Scanning near-field acoustic microscopy
SNDM Scanning nonlinear dielectric microscopy
SNOM Scanning near-field optical microscopy
SSRM Scanning spreading resistance microscopy
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