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A bstract

The Non-contact Atomic Force Microscope (NC-AFM) now offers the surface scientist the ability 
to resolve individual atoms on the surfaces of insulators. Atomically resolved NC-AFM images 
have now been demonstrated on insulating surfaces such as sodium chloride, calcium difluoride 
and nickel oxide, as well as many metallic and semi-conducting surfaces. However, in nearly all 
experiments the amount of information th a t can be extracted from these images alone is limited, 
and usually the identity of the resolved features is unknown. A great deal more information and 
understanding can be achieved if experimental data  is combined with theoretical modelling of 
NC-AFM.

A theoretical model was developed to  reproduce the real NC-AFM tip-surface interactions and 
to simulate the behaviour of the oscillating cantilever under the influence of these interactions. A 
general study of the components of the tip-surface interaction has been performed, with special 
regard to the complex electrostatic interactions which are relevant to NC-AFM both a t the micro­
scopic and macroscopic scale. This study was used to produce a  physical model of a  NC-AFM tip  
which could be used in further modelling. In an attem pt to characterize some of the im portant 
processes in NC-AFM, the model was first used to analyze the role of the tip, atomic relaxation 
and image forces in NC-AFM imaging.

The model was then applied to  NC-AFM imaging of the 1x1 reconstruction of the (110) surface 
of titanium  dioxide, a classic benchmark in surface science. Theoretical scanlines of the surface 
compared well with experimental results, but it was found th a t image forces were im portant in 
imaging of TiOg. The model, including image forces, was then applied to two characteristic systems 
which have been atomically resolved in NC-AFM: (i) a  thin film of NaCl on a copper substrate and 
(ii) the (111) surface of CaFg. In both cases the theoretical results compared well with experiment 
and extracted a  lot more information about the tip, surface and tip-surface interactions than was 
previously available. In particular, for the first time in NC-AFM imaging of insulators, comparison 
of theory and experiment on the CaFg surface allowed the sublattice imaged in experiments to 
be identified. Finally, the possibility of detecting the exchange force on a  magnetic surface with a  
metal coated NC-AFM tip has been studied theoretically and compared with experimental results 
on the antiferromagnetic NiO (001) surface.

The importance of theoretical modelling of NC-AFM in improving understanding of experimen­
tal results has been demonstrated. The model developed here has proved successful in simulating 
a wide variety of surfaces and interactions, and has greatly increased the amount of physical in­
formation available on the tip  and surface structure, and tip-surface interactions compared to 
experiment alone.
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2. Investigating the effects of silicon tip  contamination in noncontact scanning force microscopy 
(SFM) - P. V. Sushko, A. S. Foster, L. N. Kantorovich and A. L. Shluger, Applied Surface 
Sci. 144 - 145 (1999) 608 - chapter 4.

3. Models of image contrast in scanning force microscopy on insulators - A. L. Shluger, A. I. 
Livshits, A. S. Foster and C. R. A . Catlow, J. Phys.: Condens. M atter 11 (1999) R295 - 
chapters 4 and 6 .

4. Role of Image Forces in NC-AFM of Ionic Surfaces - L. N. Kantorovich, A. S. Foster, A. L. 
Shluger and A. M. Stoneham, Surface Sci. 445 (2000) 283 - chapter 5.

5. Atomically Resolved Edges and Kinks of NaCl islands on C u ( l l l) :  Experiment and Theory
- R. Bennewitz, A. S. Foster, L. N. Kantorovich, M. Bammerlin, Ch. Loppacher, S. Schar, 
M. Guggisberg, E. Meyer and A. L. Shluger, Phys. Rev. B 62 (2000) 2074 - chapter 7.

6 . T ip and Surface Properties from the Distance Dependence of Tip-Surface Interaction - A. 
S. Foster, L. N. Kantorovich and A. L. Shluger, Appl. Phys. A (2000) Accepted - chapters 
5 and 8 .

7. Imaging Problems on Insulators: W hat can be learnt from NC-AFM modelling on CaF2? - 
A. S. Foster, A. L. Rohl and A. L. Shluger, Appl. Phys. A (2000) Accepted - chapter 8 .

8 . Unambiguous Interpretation of Atomically Resolved Force Microscopy Images of an Insulator
- A. S. Foster, C. Barth, A. L. Shluger and M. Reichling, Phys. Rev. Lett. (2001) Submitted
- chapter 8 .

9. Contrast Formation in Atomic Resolution Scanning Force Microscopy on CaFg (111): Ex­
periment and Theory - C. Barth, A. S. Foster, M. Reichling and A. L. Shluger, J. Phys.: 
Condens. M atter (2001) Submitted - chapter 8 .

0.3 Conventions

Some standard conventions used in this study have been listed in this section.

• Length Scale - Angstroms (Â) and nanometres (nm) are the standard length units, where 
10 Â is equal to 1 nm.

• Energy Scale - ElectronVolts (eV) and atomic units are the standard energy units, where 
27.2114 eV is equal to 1 a.u.
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•  Force Scale - ElectronVolts per Angstrom (eV/Â) and nanoNewtons (nN) are the standard
force units, where 1.62 eV/A is equal to 1 nN.

Surface Nomenclature - surfaces are referenced by their Miller Index, where the (001) surface 
is the plane normal to the x-axis in cartesian coordinates. Surface reconstructions are referred 
to  by their extension of the primitive surface unit cell, so the 2 x 2 reconstruction is four 
times the area of the primitive surface unit cell.



Chapter 1

Introduction

The surface was invented by the devil. Wolfgang Pauli.

The study of surfaces has long held great importance in terms of technological applications. Many 
of the im portant properties of materials depend critically on the structure of their surfaces and how 
these surfaces interact with their environment. These surface properties dominate in such diverse 
applications as catalysis, microelectronics, electrochemistry, corrosion, photography, lubrication, 
adhesion, biology etc. The difficulties of producing and maintaining a  clean, uncontaminated 
surface, limited surface science to the study of ’real’ surfaces in the early part of the 20th  century 
[1]. However, many im portant discoveries in surface science were still made in this period, such as 
the photo-electric effect by Einstein and the invention of the transistor by Bardeen and Brattain. 
Nevertheless the problems associated with contamination of surfaces after normal preparation 
meant th a t almost nothing was learnt about surfaces on the atomic scale. In 1937 Davisson and 
Germer were aware th a t their electron diffraction techniques probed the surface layer, yet the 
science community would have to wait a  further 30 years before Photoemission Spectroscopy and 
Low Energy Electron Diffraction (LEED) were standard laboratory probes. This was mainly due 
to  the nature of the experimental techniques available. For example, LEED gives information 
about the long-range order of the surface and studies require atomically flat areas of the order 
of tens of nanometres to give reliable data. Preparation of this type of controlled surface was 
impossible in the first half of the 20th  century.

After the commercial development of Ultra-High Vacuum (UHV) chambers as an offshoot of 
the  sixties space program, the study of surfaces expanded rapidly. It was now possible to prepare 
well-characterized solid surfaces, on which experimental results could be usefully compared with 
theoretical predictions. This experimental expansion coincided with the explosion of computer 
power and now, defected surfaces can be studied theoretically on the atomic scale with very high 
accuracy. However, these experimental techniques are limited in the type and scale of information 
th a t can be gathered. For example. Reflection High Energy Electron Diffraction (RHEED) and 
LEED, techniques commonly used for surface studies, cannot tell you anything about the local 
atomic geometric structure or local defects. Surface preparation is also much more difficult for 
many insulating surfaces compared to metals and semiconductors [2], difficulties in cleaving lead to 
very rough surfaces which are unsuited to  the usual delocalized experimental techniques. To really
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understand processes at surfaces, it is necessary to have information on the local atomic scale. 
Defects themselves also play a crucial role in many surface processes and statistical information 
about a large area of the surface cannot answer questions related to  local surface features. The 
development of Scanning Probe Microscopy (SFM) finally offers the surface scientist the possibility 
to see surfaces on the atomic scale. SFM techniques measure the interaction between a  probing 
tip  and the surface on the atomic scale, so that, in principle, in d iv id u a l atoms on the surface can 
be imaged, an unprecedented ability. Combined with the power of recent theoretical treatm ents 
of surfaces, SFM techniques offer a  possible solution to a  great many of the questions which limit 
the development of surface applications.

As with any experimental technique, it is im portant to develop theoretical models of SFM which 
can be used to interpret the experimental d ata  into information about the atomic structure of the 
surface studied. This study attem pts to develop a  model for one of the most recent SFM techniques, 
the Non-Contact Atomic Force Microscope (NC-AFM). The NC-AFM measures the change in 
frequency of an oscillating cantilever due to the interaction between tip and surface. Contrast in 
an NC-AFM image is usually generated by plotting the change in cantilever height necessary to 
keep the frequency change constant. It has demonstrated phenomenal success in imaging surfaces 
on the atomic scale, with many studies clearly resolving sites with atomic periodicity and atomic­
sized defects. However, the chemical identity of the sites and defects resolved in images is usually 
not available from experiment alone, in fact it is not possible to say whether atoms are imaged a t 
all from experiment alone. A combination of LEED/RHEED d ata  and NC-AFM images can be 
used to  identify the periodicity of the lattice imaged, but only a  comparison of experimental d ata  
with a  theoretical model can establish whether ‘atomic resolution’ has been achieved and identify 
the features imaged. The main motivation of this study is to produce a reliable model of NC-AFM 
imaging of insulating surfaces and use it to extract more information about the tip, surface and 
tip-surface interaction from experimental data  on imaged surfaces, and also to  make predictions 
about NC-AFM imaging of surfaces which are yet to be studied experimentally.

The first part of the study details the methods used and begins in chapter 2 with a detailed 
discussion of the NC-AFM technique itself and the specific interpretation problems associated with 
it. An ‘ideal model’ of those factors which must be represented in any theoretical treatm ent is then 
outlined. Since the NC-AFM effectively measures the tip-surface force across the surface studied, 
the first stage of the theoretical modelling process is to establish the components of the tip-surface 
interaction and the most effective way to calculate them. Chapter 3 discusses the components of 
the tip-surface interaction which are relevant to this study and also gives the details of how their 
contribution is calculated. A clear distinction between the forces im portant in atomic resolution 
and background forces is made. Chapter 4 uses these tip-surface components to establish a  good 
model of the tip  and surface. The tip  itself must be represented at the macroscopic and microscopic 
scale, so th a t the macroscopic background forces and atomically sensitive chemical forces can both 
be included. The final part of the model simulates the behaviour of the cantilever oscillations under 
the infiuence of the tip-surface interactions. A discussion of tip chemical structure was published 
in ref. [3] and the basic model of NC-AFM was detailed in ref. [4]. A review published in ref. [5] 
also discussed many of the issues im portant to modelling and interpretting NC-AFM experiments.

Chapter 5 uses the model to  try  to characterize some im portant processes in NC-AFM imaging. 
Firstly, the model is used to characterize real NC-AFM tips by studying their interactions over a
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metal surface and comparing with experimental results. This showed the importance of frequency 
change vs. distance curves taken after atomic resolution in getting more information on the tip 
and tip-surface interactions from NC-AFM experiments. This was published in ref. [6]. Then the 
importance of atomic displacements due to  the interaction with the tip  is discussed. Finally, the 
role of image forces in various characteristic systems based on a  Sodium Chloride cluster on a metal 
substrate is studied. The model demonstrates th a t for charged steps and charged vacancies, the 
image force dominates the tip-surface interaction. The role of image forces in NC-AFM imaging 
was published in ref. [7].

The second part of this study is devoted to specific examples of systems studied by NC-AFM 
and the information th a t can be extracted by NC-AFM using a combination of theory and exper­
iment. The systems studied dem onstrate a  wide variety of physical and chemical properties, and 
also dem onstrate clearly how different tip-surface forces can dominate in different systems. Chap­
ter 6 focuses on the titanium  dioxide 1 x 1 (110) surface, a wide gap semiconducting material which 
has been well-characterized structurally by several experimental and theoretical techniques. The 
surface has also been atomically resolved in several experiments and represents a good benchmark 
for theoretical comparison. The model reproduces experimentally observed contrast on the TiOg 
surface with experimental parameters and predicts th a t for a tip  with a  negative electrostatic po­
tential, the titanium  atoms would be imaged as bright. However, the conductivity of TiOg means 
th a t image forces due to polarization could be significant in NC-AFM imaging of the TiOg and 
their introduction to the modelling reverses the predicted contrast. This chapter is organized in 
order to clearly outline each stage of applying the modelling process to a real system. Further 
chapters will focus more on the results rather than the method.

Chapter 7 is devoted to  a  comparison of theoretical modelling with experiments on NaCl thin 
films on a  copper substrate. NC-AFM experiments on this system demonstrated atomic resolution 
of kinks and step-edges of islands of NaCl on top of the substrate. The experimental images showed 
a clear increase in contrast or brightness at these edges and kinks compared to resolution over the 
fiat terraces. Modelling of this system demonstrated th a t this increase in contrast is due to the 
low-coordination of these sites. The low-coordination increases the electrostatic potential gradient 
a t kinks and edges, and also increases the susceptibility of kink and edge ions to displacement 
when the tip  is in close proximity. Both these effects cause an increase in attractive forces at 
low-coordinated sites and a  corresponding increase in contrast. The model also demonstrated 
the importance of the microscopic chemical structure of the tip  on atomic resolution. Simulated 
images with a negative potential tip  were reversed compared to images with a  positive potential 
tip  and it was not possible to establish completely which sublattice was imaged as bright in the 
experiments. The combined experimental and theoretical study of NC-AFM imaging of NaCl thin 
films was published in ref. [8].

Chapter 8 focuses on a classic insulating system, calcium difiuoride. As a  wide gap insulator 
CaFg represents a  good example of insulating systems in general. The 1 x 1 (111) surface of CaFg 
has been imaged in atomic resolution by NC-AFM successfully and atomic sized defects have also 
been observed after exposure to oxygen. The first stage of modelling on CaF2 focused on using 
the system is an example to  study why other insulating surfaces, such as magnesium oxide and 
alumina, have yet to be imaged in atomic resolution. The calculations predict th a t the main 
source of imaging difficulties is the roughness of these surfaces after cleavage. Simulated scanlines
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across the CaF2 surface show th a t its complexity produces secondary features, which in principle 
could be used to establish which sublattice is imaged in experiments and give a  great deal of in­
formation about the chemical structure of the tip. In the second stage of modelling on CaFg, the 
possibility of sublattice identification is studied by comparing directly with experimental evidence. 
The macroscopic properties of the tip were characterized by comparison between theoretical and 
experimental frequency change vs. distance curves, and then used to  generate simulated scan­
lines and images with experimental parameters. These simulated results demonstrated very good 
agreement with experimental data  and even reproduced directly the change in images observed 
experimentally as the tip moves close to the surface. A comparison of observed secondary features 
in theory and experiment predicts that the tip  used in the experiment had a positive potential, 
and th a t the images showed the protruding F  sublattice as bright with a  deeper F sublattice pro­
ducing a  characteristic triangular contrast pattern. The study of the source of imaging difficulties 
in NC-AFM was published in ref. [9] and the combined experimental and theoretical study of 
NC-AFM imaging of CaFg was published in ref. [10] and ref. [11].

Chapter 9 moves to the more complex physics of the (001) surface of nickel oxide. Although the 
chemical structure of this system is quite simple and has the same lattice as MgO, NiO is a  magnetic 
system. I t ’s most stable surface is anti-ferromagnetic and this has motivated experimentalists to 
try  to use NC-AFM with an iron coated tip to measure the exchange force on this surface. This 
would correspond to a  clear difference in contrast over spin up and spin down Ni ions a t the surface. 
An initial estimate of the size of this exchange force and the corresponding change in contrast is 
made using a advanced model of NC-AFM with a full ab-initio treatm ent of atomic interactions, 
electron and spin density. The role of ion jumps in limiting measurement of the exchange force 
was also studied.

Finally, in chapter 10 general conclusions from the study as a  whole are discussed, drawing on 
the results from all the other chapters. These are then used to make some suggestions for future 
directions of both theoretical and experimental work in NC-AFM.
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Introduction

The first part of this study focuses on the methods used to  model NC-AFM. This begins with a 
description of the relevant forces and how they are calculated. Then the model itself is detailed 
and the NC-AFM simulation process is described. Finally, the model is applied to  characterize 
some of the im portant processes in NC-AFM imaging.
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Chapter 2

The Non-contact Atomic Force 
Microscope

2.1 Introduction

This work aimed to model one of the newest techniques in the toolkit of the experimental surface 
scientist, the dynamic or non-contact atomic force microscope (NC-AFM). The original AFM was 
developed in 1986 by Binnig, Quate and Gerber [12], in the same year th a t Binnig and Rohrer 
shared the Nobel Prize for their earlier invention in 1982 of probably the most successful of the 
SFM family, the scanning tunneling microscope (STM) [13].

The STM utilizes an atomically sharp tip which is placed sufficiently close to the sample so that 
tunneling of electrons between the two is possible. The tunneling current as a function of the tip- 
surface separation across the sample provides an image th a t reflects the local density of electronic 
states a t the Fermi level of the uppermost atoms a t the surface of the sample [14]. This technique 
has proved extremely successful in imaging metallic and semi-conducting surfaces with ‘atomic 
resolution’ in recent years [15, 16], but suffers from several drawbacks due to the mechanism of 
imaging. Most obviously, the STM can only image conducting surfaces or insulating fllms on top of 
conducting substrates [17]. Secondly, as discussed above, the STM does not directly image surface 
topography, but images the electronic structure of the sample. This can lead to ambiguities and 
inconsistencies in image interpretation and analysis. The AFM was developed to try  and provide 
an experimental technique which could image a  wide-range of conducting and insulating materials 
w ithout these problems.

2.2 Experimental Setup

In AFM the probing tip is attached to  a  cantilever, and tip-surface forces, as opposed to current, 
are detected from microscopic deflections of the cantilever. Figure 2.1 shows a  general picture of 
the experimental setup of an atomic force microscope. The whole system is suspended by four 
springs to  damp any external vibrations and is also within an Ultra-High Vacuum (UHV) chamber 
to minimize environmental contaminants. The whole chamber is normally a t room tem perature,
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but very recently low tem perature NC-AFM [18] has been introduced, where the chamber is kept 

a t less than  15 K and therm al noise is greatly reduced. The deflections of the cantilever (3) are 
m easured using a laser (1) detected via a photodiode (5). The position of the sample (directly 
opposite the cantilever a t (3)) is controlled by piezo-electric devices a t (6) and (8).

Figure 2.1: Experim ental Setup of an AFM [19]

Unlike the STM, the AFM is not restricted to conducting tips and samples. There is also 
no restriction to tip-surface separations of the order of atomic separation, meaning tip-surface 
interactions of various decay lengths can be probed. The AFM has become a widely used, and 

trusted , technique for imaging of surfaces at large scale (nm=> /rm), especially in the  fields of 
m aterials engineering [20] and biology [21]. However, one of the most exciting and challenging 
aims of this technique, and all SPM techniques in general, is imaging of surfaces a t the atom ic scale. 
This requires probing the tip-surface interaction a t close range, so th a t the  differences in forces 

over specific atoms can be detected. The ‘contact’ mode of AFM (C-AFM) operation probes the 
surface a t atomically close separations (<  2 Â) where the interactions are dom inated by short-range 
a ttrac tive  and repulsive interatom ic forces. This mode of operation has proved to be unreliable 
for stable imaging in atomic resolution. Although early C-AFM studies dem onstrated images w ith 
atom ic periodicity, it soon became clear th a t the images produced were really a convolution of the
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tip  and the surface [22, 23, 24]. The small tip-surface separation in C-AFM meant th a t the atoms 
a t and under the tip apex were extremely unstable, and likely to  jum p from the tip  to  surface 
and vice versa. These instabilities meant th a t it was impossible to  determine whether images 
were really showing atoms or just showing how the properties of the tip  and surface change while 
scanning. The tip  itself was also likely to crash into the surface due to instability, damaging the 
surface and completely changing the imaging properties of the tip. In an effort to remove the 
destructive effects of instabilities from AFM imaging, the non-contact mode of AFM operation 
was developed. The specifics of this mode of operation are discussed in the next few sections, but 
it is im portant to first emphasize the experimental success already shown by this technique. After 
the first atomically resolved images of semiconductor surfaces [25], the technique soon expanded to 
successfully image halide [26, 27] and oxide surfaces [28, 29]. However, the technique still remains 
unreliable and although many groups have imaged a  variety of surfaces with NC-AFM [30, 31], 
atomic resolution still remains rare and for most insulating systems, unobtained.

2.2.1 E lectrical Setup

Figure 2.2 shows a  circuit diagram of the standard electrical setup of a NC-AFM. In this diagram 
it is clear th a t voltages Udc and Uac are applied to the back of the sample beneath the tip (there 
is a  m etal plate beneath the sample being imaged) . Usually this effective bias is applied to the 
sample to  minimize the electrostatic forces between the tip  and surface [32, 33]. The general 
idea behind this process is th a t if electrons are allowed to fiow between two different conducting 
materials (in this case tip and sam ple/substrate connected by an effective wire) there will be a 
contact potential U between them, as the electrons must pay energy to  travel from the material 
with the smaller work function to the material with the higher one. The resultant difference in 
surface potential of the two materials produces an electrostatic force between them of the form:

F { x , y , z )  = ~ U H x , y )  (2.1)

where C  is the tip-sample capacitance. By applying combined a.c. and d.c voltage to the system 
this force can be locally minimized (effectively removed from the tip-surface interactions). This 
electrostatic minimization is very similar to  performing kelvin probe microscopy (KPM) [33], but 
in KPM the whole purpose of the experiment is to find this U and use it to infer properties of the 
sample. However, in KPM the sample is always conductive and electrons fiow from tip  to sample 
via a wire, whereas in AFM most samples are insulating and the electrons fiow from tip to the 
conducting substrate under the sample.

However, there remain some inconsistencies in applying this minimization procedure. In NC- 
AFM it is normally performed at only one point {x, y , z )  and it is assumed th a t the potential 
is uniform. Also in some NC-AFM setups it is not clear whether there is a direct electrical 
connection between the tip  and sample. In later sections the effect of applied bias and electrostatic 
minimization in NC-AFM imaging will be discussed.
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Figure 2.2: Circuit Diagram for standard NC-AFM operation

2.3 NC-AFM  Operation

Figure 2.3 shows a schematic drawing of the actual operation of an atomic force microscope in 
non-contact mode. The whole tip-cantilever system is oscillated as it scans over the surface. As the 
tip is moved across the surface the interaction between the tip  and the surface causes a change in 
the frequency of the oscillations. In most experimental setups the microscope scans the surface at 
constant frequency change and a t a constant amplitude. This means th a t two electronic feedback 
loops are required. The first loop regulates the equilibrium height of the tip above the surface 
so th a t the frequency change remains constant, obviously this process is not instantaneous and 
there is some finite time between a  change in the frequency and the deflection of the cantilever 
to compensate. The second loop attem pts to keep the amplitude constant, this is necessary 
because the cantilever oscillations are damped and the amplitude of the cantilever will decay if a 
compensating excitation amplitude is not applied. Again there is a finite time between decay of the 
amplitude and compensation. A topographic image is generated by measuring the height of the tip  
a t constant frequency change as a  function of its position over the surface. Contrast in images is 
normally calibrated so th a t bright represents strong attraction and bigger tip-surface separation, 
and dark represents weaker attraction and smaller tip-surface separation. An example image can 
be seen in figure 2.4. Another possible mode of operation is the ‘constant-height’ mode, where 
only the amplitude is regulated and the frequency change, not cantilever height, produces image 
contrast. This mode of operation generally reduces noise in images, but it requires the tip  to be 
scanned at higher speeds to avoid crashing and this can introduce image artifacts (see chapter 8).
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Atomically resolved images have also been produced using damping, but a theoretical treatm ent of 
Non-Contact Dissipation Force Microscopy [34] and the dam ping mechanism is beyond the scope 

of this study. Examples of dam ping images can be seen in chapter 7.
The cantilever is usually oscillated a t a frequency, /o , of about 100-200 kHz and an am plitude, 

A i ,  of 100-200 Â. The tip  is moved very slowly across the surface (10 - 50 nm s“ ^) and each 
pixel in an image is an average from several hundred oscillations (about 100 oscillations in 0.01 

nm for a  frequency of 100 kHz a t scanning speed 10 nm s“ ^). The exact param eters depend 
on the cantilevers used and can vary widely [35]. The cantilevers are produced with a  certain 

stiffness, k, which is usually in the range 1 - 5 0  N /m . The elastic force in the cantilever due to the 
oscillations, along with sensitive control over the frequency and am plitude allows the tip  to  be held 

in a  net attractive tip-surface interaction at all times, which greatly reduces the probability of the 

tip  crashing into the surface. This also means th a t the tip-surface separation during atomically 
resolved scanning will be of the order of 4 - 5 Â (based on theoretical predictions, for example see 

chapter 6), much further than  in the contact regime. The greater separation when scanning means 
th a t the probability of ions jum ping between tip  and surface is reduced, although this remains an 
issue in NC-AFM and its role in imaging will be discussed later.

Oscillating
Cantilever

Surface of Sample

Height

Figure 2.3: Schematic of Non-Contact AFM Operation. A i  is oscillation am plitude and /o is the 
frequency of oscillations.

2.3.1 Normalized Frequency Shift

At this stage it is useful to  introduce the Normalized Frequency Shift (70) [36], as a  representation 
of the m agnitude of the force in an NC-AFM experiment which is independent of the param eters 
used. The frequency shift itself is dependent on the am plitude, frequency etc. of the cantilever 
oscillations, so is not a good measure of the force. Assuming th a t the force between tip  and sample 

can be well represented by an inverse power law:

F(z) =  - C z - " (2 .2)
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where C is a  tip-surface force constant and n  is the order of the power, the frequency shift is given 
by [36]:

A f  (d ,k ,A i , fo ,n )  = 1 /o C
i d "  Vo

cos#
-dx (2.3)

2 x k A i d ^ j Q  {1 -f (A i/d) (cosx +  1)}"

where d is the tip-surface closest approach and x  =  fot. For large amplitudes, such th a t A \ ' ^  d^& 
Taylor series expansion of the denominator of eq. 2.3 around xq = tt {x‘ = x —ir̂  œ s x  ~  — I-I-X2/ 2) 
and substitution {y = y jA i l2 d x ')  gives:

with:

h
ro

(n) =  /
J —C

-dy

(2.4)

(2.5)

since A f  oc fo/kA^^^  for large amplitudes for all inverse power forces independent of the exponent 
n, the set of parameters th a t is currently needed for a  full description of a NC-AFM experiment 
can be condensed into a single param eter, the normalized frequency shift 70:

To =
A f k A f  

fo
(2.6)

where A f  here is the frequency shift at imaging. This allows a  comparison to  be made between 
the magnitude of forces seen in various experiments. Table 2.1 gives a  comparison of 70 for 
different materials imaged in atomic resolution. Clearly atomic resolution can be achieved for a 
wide variety of 70, although studies [35] have suggested th a t certain param eter sets will minimize 
the noise in experiments. It should be emphasized that 70 tells nothing about the components of 
the tip-surface force, but indicates the relative magnitude between different experiments.

Sample 70 (fN ^m ) Ref.
S i( l l l ) -65.4 [25]

NaCl(OOl) -21.2 [26]
TiO2(110) -15.2 [37]
InP(llO ) -3.8 [38]

Table 2 .1: Comparison of normalized frequency shift for different surfaces imaged in atomic reso­
lution by NC-AFM.

2.4 Image Analysis

Figure 2.4 shows four experimentally produced images of the sodium chloride surface with atomic 
resolution. This represents the final result of the imaging process, although this may have also 
undergone several stages of data  filtering and Fourier analysis to  reduce noise. It is at this stage 
th a t several of the problems associated with NC-AFM imaging become evident. Unlike the STM 
and Tersoff-Hamann theory [14], there as yet does not exist a reliable model for interpretting NC- 
AFM images. If we take figure 2.4 as an example, although by calculating the distances between
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bright (or dark) parts of an image, strong conclusions about the periodicity of the lattice imaged 
can be made, it is not possible to distinguish which of the two sublattices (Na or Cl) is being 
imaged as bright or even if interstitials are being imaged.

%
5

Figure 2.4: NC-AFM image of NaCl Surface [39].

Figure 2.4 also shows two point defects on the surface and how they move across the surface 
over a period of about two hours, with schematic drawings to the right of the figure showing the 
experimentalists’ interpretation of what is happening. However, there is no way to determine the 
nature of the defect from these images alone, in fact it is difficult to obtain much real physical 
information at all from NC-AFM images. This is really the motivation behind the theoretical 
efforts to understand the interactions involved in imaging, and it is also the thread which will 
connect all the research presented in this study. By developing a reliable model for understanding 
the mechanism of contrast in NC-AFM, theory can then increase greatly the amount of physical 
information that can be extracted from images.

2.5 Ideal Model

Before discussing the interactions important in NC-AFM and how they can be modelled, it is useful 
to develop an ‘idealized’ model which demonstrates those properties which must be modelled in a 
good simulation of NC-AFM. These properties can be effectively categorized into 3 different areas: 
(i) tip, (ii) surface and (iii) experimental setup.

• Tip - macroscopic size and shape; conductivity; microscopic chemical structure; charging.

• Surface - macroscopic thickness; conductivity; microscopic chemical structure; charging.

• Experimental Setup - cantilever oscillations; conducting substrate; applied bias between tip 
and surface.

Fig. 2.5 shows a schematic diagram of this ideal setup.
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Figure 2.5: Idealized schematic of the setup needed to model an NC-AFM experiment, fo is the 
frequency of cantilever oscillations and U is the applied bias between conducting substrate and 
tip.

Most of these properties are self-explanatory and it is easy to see why it is important to model 
them and their effect on the tip-surface interaction. For example, the van der Waals interaction 
between tip and surface is almost totally dominated by the macroscopic size and shape of the 
tip. Also, since the NC-AFM is designed to measure atomic force, it is important to represent 
the microscopic tip and surface at an atomistic level so that the interactions over different atoms 
can be calculated. Finally, the whole system must model the dynamic effects introduced by the 
oscillations of the cantilever. This setup assumes that the conductivity of the tip and surface 
in real experiments is enough to keep their surfaces at constant potential at each point of slow 
cantilever oscillations.

Although fig. 2.5 shows a direct electrical connection between tip and surface, other possibilities 
may exist. For example, a setup where the tip and substrate are decoupled and their potentials are 
changed independently is equivalent, since only the absolute magnitude of the potential difference 
between the tip and the metal substrate matters.

In the next chapter the role of these properties in the tip-surface interaction will be discussed 
in detail, as will the components of the tip-surface interaction itself and the methods used to 
calculate it.



Chapter 3

Methods of Calculating the 
Tip-Surface Forces

3.1 Components of the Tip-Surface Interaction

The tip-surface interaction defines those forces which play a role in non-contact AFM imaging. It 
is impossible to discuss every possible interaction th a t occurs during an experiment, however it 
is clear th a t for a  technique to be reliable a  consistent set of significant interactions must exist. 
If the interactions varied wildly between experiments then no useful comparisons or conclusions 
could be made. In this chapter the significant interactions in NC-AFM will be explained, along 
with the methods used to  calculate their contribution in modelling and discussion of when they 
are im portant.

As suggested in chapter 2 , accurately representing the interactions between tip and surface 
while scanning means th a t the tip  must be modelled on both the macroscopic and microscopic 
level. For example, knowledge of the tip  structure on the macroscopic scale is required for cal­
culation of the van der Waals interaction between the tip  and surface. However, the tip-surface 
separation is not well defined on an atomic scale, so to avoid errors at short distances the van 
der Waals interaction between the tip  and surface atoms in the contact area should be considered 
atomistically. Many studies [40, 41] of scanning force microscopy have demonstrated th a t it is 
im portant to  model the tip-surface interaction a t an atomistic level because surface relaxation 
and tip contamination [24] by surface and /o r ambient atoms has a significant eflFect on contrast 
in SFM images. Therefore a complete model must include not only an accurate description of 
these forces, but also an accurate description of the behaviour of tip  and surface atoms under the 
infiuence of these forces.

Representing the macroscopic and microscopic properties of the tip-surface interactions is 
achieved by dividing the tip  model into two parts i) a  macroscopic part and ii) an atomistic ’nano­
tip ’ at the end of the macroscopic part. Figure 3.1 shows a  schematic of an example tip-surface 
model. NC-AFM tips’ macroscopic shape has been experimentally determined as a  pyramidal by 
scanning the AFM tip across a  surface of sharp pins [42] and by Scanning Transmission Electron 
Microscopy (STEM) images [43]. This pyramidal shape is represented by a conical macroscopic

33
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tip of angle 7 with a sphere of radius R at the end and the atomistic nano-tip is embedded at the 
base of the sphere. Representation of the nano-tip will be discussed in chapter 4.

Figure 3.1: Schematic of integration of macroscopic and microscopic tip.

In this chapter it is important to remember the standard experimental conditions for NC-AFM 
imaging, UHV and room temperature. This means that certain forces, for example capillary forces, 
which were relevant for C-AFM in air will not be discussed here. An excellent review of the forces 
which are relevant to AFM in general can be found in ref. [44], however this study focuses on 
NC-AFM and the relevant forces are as follows:

• Chemical Forces - forces due to atomistic interactions in the nano-tip and surface. Relevant 
in all systems.

• Van der Waals Force - force due to interaction of fluctuating dipoles in the macroscopic tip 
and surface. Relevant in all systems.

• Image Force - due to polarization of conducting materials. Relevant if tip and/or surface is 
conducting.

• Capacitance Force - due to potential difference between tip and surface/substrate. Relevant 
if bias is applied or there is a significant contact potential between tip and surface.

• Forces due to Tip and Surface Charging - relevant if tip and/or surface is charged.

• Magnetic Forces - due to the interaction of a magnetic tip and surface. Relevant if tip and/or 
surface are magnetic.

In the following sections, each of these components will be discussed in detail and the method for 
calculating their contribution to the tip-surface interaction will be described.
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3.2 Chemical Forces

Chemical forces really represent the atomistic interactions, the forces which are calculated for 
each pair of atoms in the system. Although in reality all the forces discussed in this chapter are 
the result of atomic interactions, most of the other forces can be accurately approximated by a 
macroscopic interaction. Excepting chemical forces, only the image force depends on the atomic 
configuration of the tip and surface, and still th a t is only dependent on the charge of atoms and 
not their identity. Chemical forces in atomistic simulations are generated from charge-charge 
electrostatic interactions, very short-range repulsive interactions due to electron orbital overlap 
and atom-atom van der Waals interactions. This description still holds for ab initio simulation, but 
then discrete charge interactions with separate attractive and repulsive components are replaced 
by more physical electron-electron, nuclear-electron and nuclear-nuclear interactions.

The chemical forces are the most im portant interaction in NC-AFM, they are the only in­
teractions which can really distinguish atomic identities and are therefore responsible for atomic 
resolution in images (further discussion in chapter 4). They also define the atomic structure of 
the tip  and surface, and are responsible for atomic displacements when the tip  is close to the 
surface. Since they are so crucial to understanding NC-AFM imaging, it is im portant to check the 
interactions with as many experimental and theoretical benchmarks as possible for each system 
studied.

3.2.1 Calculating A tom istic Interactions

The level of complexity needed to calculate the atomistic interactions in NC-AFM depends on 
the properties of the system being studied. The various methods are discussed in detail below, 
but first it is im portant to establish the criteria for choosing a  method. For the interactions 
of ionic systems, where the electron charge density is localized on the atomic cores and there 
is no significant charge transfer, it is sufficient to use a  pair-potential treatm ent via the Shell 
Model (SM). Shell model calculations are very computationally cheap and systems of several 
hundred atoms can be calculated on a  PC. However, the interactions in SM calculations must 
be parametrized for each pair of atoms and this leads to problems in overall accuracy - although 
very high accuracy can be achieved for specific physical properties. It should be noted th a t the 
parameters for the SM interactions are always checked by comparison to  experiment or quantum 
mechanical calculations. Examples of this can be seen in chapters 6 and 8 , in the studies of T i02  

and CaFg respectively.

For semi-conducting or metallic systems it is im portant to represent the delocalized electron 
density correctly and therefore a  more rigorous quantum  mechanical treatm ent should be used 
throughout. In this case ah initio Hartree Fock Theory (HF) or Density Functional Theory (DFT) 
is used. An example of this can be seen in the study of silicon clusters in chapter 4. Ab initio 
calculations occupy the opposite end of the computational physics spectrum, they are very expen­
sive and calculations of a  hundred atoms requires the use of a supercomputer. In contrast to  SM 
calculations, ab initio techniques, in principle, do not need any param eterization and provide very 
high levels of overall accuracy.
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3.2.2 The Shell Model

In the Shell model, atomic interactions are represented by potentials between each pair of atoms 
in the system. Electronic polarization of the atoms is implemented via the Dick-Overhauser 
model [45], in which an atom is considered as a charged core connected by a harmonic spring 
to a massless charged shell (see figure 3.2). The equilibrium distance between the core and shell 
is a representation of the electronic polarization of that atom. This is important, as there are 
no electrons in the SM, all atoms are effectively represented by point charges and the shells 
approximate the effects of electron density flow on the atomic interactions.

Spring (k)

Core 
Charge Q

Atom Formal Charge = Q + q

Massless Shell 
Charge q

Figure 3.2: Schematic diagram of core and shell atomic representation.

The interactions between cores and shells are controlled by empirical potentials whose param­
eters are fitted to achieve the best possible comparison with experiment or ab initio techniques. 
The potentials are usually derived from three interactions: (i) electrostatic coulomb interactions 
between the atoms (cores and shells), (ii) van der Waals interactions and (iii) short-range repulsive 
interactions. The charge-charge electrostatic interaction between atoms i and j  is given as the 
sum of four terms:

y e l e c ̂ QiQj , Q i Q j ,
* ^  ATTEQ\Tsi-Tsj\ ^  AneolTci - T c j \  47T£o | ^  in £o  \t si ~  Tcj\

where i ^  j , n  is the number of atoms, qi is the shell charge of atom i, Qi the core charge of atom 
%, Tsi is the position vector of the shell of atom i and Vd is the position vector of the core of atom i. 
Buckingham two-body potentials were used throughout this study to represent the non-coulombic 
short-range interactions between the shells. These potentials have the following form:

y .^ c n  ^  j -  (3 .2)
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where C, A  and p are parametrized constants specific to  each pair of shells i and j ,  and i /  j .  Note 
th a t for some atoms there is no shell and all references to  distance apply to the position of the 
core instead. The first term  in equation (3.2) represents the attractive van der Waals interaction 
and the second term  the short-range repulsion due to electron cloud overlap. For shells there is 
also an additional contribution to the interaction due to  the elastic force in the spring connecting 
core and shell. This force is equal to kôri, where k  is the parametrized spring constant between a 
core-shell pair and is the distance between the centres of core and shell for atom  i. The spring 
interaction between the cores and shells is given by:

y .p r m ! i  ^  1  ( 3 . 3 )

Combining equations (3.1), (3.2) and (3.3)gives the total energy of the system as:

1 ”  r
e  = - J 2  + 2^ /^ * ”^] (3.4)

This can then be minimized with respect to core and shell positions to find the equiUbrium 
geometry of relaxed atoms in the system. Usually certain atoms within the tip-surface unit cell 
remain frozen to  represent the interface between the macroscopic and microscopic features, e.g. 
in fig. 3.1 region I would be relaxed and region II would be frozen. For infinite systems the unit 
cell is repeated, according to  the system lattice vectors, across space until the atomic interactions 
converge to the desired accuracy. For bulk samples the cell is repeated in three dimensions, but 
for surfaces two possibilities exist. One method for calculating surfaces is by cutting the infinite 
bulk system and creating a  series of slabs which are infinite in two dimensions, but separated in 
the third dimension by a large vacuum gap. These slabs are a good model of a  surface if the gap 
is large enough th a t there is no significant interaction between the slabs. Another method for 
calculating surfaces is just to repeat the cell in two dimensions, directly generating a  real infinite 
surface. Note th a t the electrostatic interaction converges conditionally for an infinite system and 
methods, such as Ewald summation [46], must be used to calculate this contribution.

3.2.3 D ensity  Functional Theory

The following derivation and discussion is based on th a t given by Ohno et al [46] and is by no 
means a comprehensive treatm ent. For more details of the derivation and a  deeper discussion of 
its significance please consult th a t text.

Density Functional Theory is one of many ah initio techniques which attem pt to solve the 
many-body Schrodinger equation:

2, . . .A T )  =  E i^ i { l ,  2, ...N) (3.5)

where H  is the Hamiltonian of a  quantum  mechanical system composed of N  particles, is 
its 2th wavefunction and E{ is the energy eigenvalue of the ith  state. The particle coordinates 
(1,2, ...jV) are usually associated with a  spin and a position coordinate. For electronic systems 
with non-relativistic velocities the Hamiltonian for an iV-electron system is:
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i=l i>j * *  ̂ i=l

where the first term  of equation (3.6) represents the electron kinetic energy, the second term the 
electron-electron Coulomb interactions and the third term  is the coulomb potential generated by 
the nuclei. This equation also assumes th a t the nuclei are effectively stationary with respect to 
electron motion (Born-Oppenheimer approximation).

Initial approaches to this problem attem pted to transform the full A^-body equation into N  
single-body equations by using the Hartree-Fock (HF) approximation (see section 3.2.4). This 
approximation basically affects the accuracy with which the ‘exchange-correlation’ contribution 
to the total energy is calculated. The exchange contribution is a direct consequence of Pauli’s 
exclusion principle, which prohibits two fermions from occupying the same quantum  state. This 
reduces the probability of one electron being near another electron of the same spin. The correla­
tion contribution is due to the reduction in probability of an electron being near another electron 
due to strong electron-electron Coulomb repulsion. HF only includes the correlation contribu­
tion for similar spin electrons, but neglects entirely the contribution for opposite spin electrons. 
Traditionally (and confusingly....) the part of exchange-correlation included in HF is known as 
‘Exchange’ and th a t neglected is known as ‘Correlation’.

In contrast to these methods which try to  determine approximations of the electron density 
or many-electron wavefunction, DFT can “exactly” calculate any ground-state property from the 
electron density. In 1964, Hohenberg and Kohn [47] considered the ground state  of the electron- 
gas system in an external potential v{r), and proved th a t the following density functional theorem 
holds exactly; There is a  universal functional F[p(r)j of the electron charge density p{r) that 
defines the total energy of the electronic system as:

E  =  y  u(r)p(r)dr +  F[p{r)] (3.7)

The energy of the system can be minimized to find the true electron charge density in the external 
potential. This theory is exact for a non-degenerate ground state. Unfortunately, as yet an exact 
general form of the functional F’[p(r)] has not been found, so approximations must be used.

L ocal D e n sity  A p p ro x im a tio n

The most commonly used and successful approximation is the Local Density Approximation
(LDA), first formulated by Kohn and Sham [48] in 1965. If the electron kinetic energy is written
as r[p (r)] then in the LDA the universal functional is given by (note th a t atomic units are used 
throughout this section):

F[p(r)] =  T[p(r)] + ^ j  +  B ..[p(r)] (3.8)

where Exclpij)] is the exchange-correlation energy functional and is given as:

Exc \p]~ j  P (r) €xc {p) dr (3.9)
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where Cxc (r) is the exchange and correlation energy per particle of a uniform electron gas of density 
p. The LDA uses the exchange-correlation energy of the homogeneous electron gas, evaluated from 
the charge density at the point r under consideration. Effectively a t r, p =  p(r) and Exc is equal 
to the exchange-correlation energy for the electron-gas system which has a homogeneous charge 
density p. This is valid if the inhomogeneity of p(r) is small, but the main approximation of LDA 
is th a t this is applied even if the inhomogeneity is large. By applying the variational principle 
to equation (3.7), with the constraint th a t for an N  electron system f  p(r)dr =  iV, the following 
equation is obtained:

/  { 0 +
where p  is the Lagrangian multiplier equivalent to  the chemical potential. Using the wavefunction 

of the Ath level, the charge density is defined as :

N

(3.11)
A = 1

which allows the kinetic energy to be defined as:

1  ̂ r
T[p(r)] =  - 5  E  /  « W V ^ A C r ) *  (3.12)

A = 1

The solution of equation (3.10) is then given by solving the following effective one-electron Schrodinger 
equation for i/f\:

+  "(r) +  y  +  ^ } V 'A ( r )  =  €AV-A(r) (3.13)

where 6a is the energy eigenvalue of the Ath state. This equation is called the Kohn-Sham equation 
and the eigenvalues are usually identified as the one-electron energy levels (this is an approximation 
due to LDA’s deviation from the real result for states far below the Fermi level [46]). If equation
(3.13) is solved self-consistently then the solutions, ipx, will be related to  the electron charge 
density and kinetic energy density via equations (3.11) and (3.12), but the Slater determinant 
constructed from ipx is not the true many-electron HF wavefunction. ipx are not the same as the 
one-electron wavefunctions in the Hartree-Fock approximation, but are more directly related to  
the true electronic charge density.

G eneralized  G radient A pproxim ation

Many modern codes using D FT now use more advanced approximations to  improve accuracy for 
certain physical properties. The DFT calculations in this study have been made using the Gen­
eralized Gradient Approximation (GGA) [49, 50, 51, 52]. As stated above, the LDA uses the 
exchange-correlation energy for the uniform electron gas a t every point in the system regardless 
of the homogeneity of the real charge density. For nonuniform charge densities the exchange- 
correlation energy can deviate significantly from the uniform result. This deviation can be ex­
pressed in terms of the gradient and higher spatial derivatives of the to tal charge density. The 
GGA uses the gradient of the charge density to correct for this deviation. For systems where the
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charge density is slowly varying, the GGA has proved to be an improvement over LDA.

3.2.4 Hartree-Fock Theory

Another ab initio method for solving the many-body Schrodinger equation (equation (3.5)), is 
Hartree-Fock theory. As discussed in section 3.2.3, this method attem pts to  transform  the full N -  
body equation into N  single-body equations. According to quantum  mechanics, one can determine 
the ground state of the Hamiltonian, H,  by means of the variational principle for the normalized 
wavefunction ’$^(1,2, , AT):

(Ÿ \H\ $ )  =  ^ 2  ^  • • ' ^ 2  I  ^*(1 ,2 , " ,  N ) H ^ { 1 , 2, " ,  N )dr\dr 2 • • • d r ^  =  m in im u m  =  Eq
«1 «2 SN

(3.14)
where a* is the spin direction of the ith  electron. According to  this variational principle, an approx­
imate wavefunction ^ (1 ,2 , "  -, Â ) can be found which minimizes the expectation value ($  \H\ ^ ) ,  
since the expectation value is always greater than the true ground state energy. Assuming th a t 
the electrons are independent, then $ ( 1, 2 ,- • • Â ) is a  Slater determinant of single-particle wave­
functions such that:

Ÿ ( l ,2 , ...jV ) =  ^

îAl(l) V’2(i) V’n (i )
V î(2) ^̂ 2(2) V'w(2)

M N )  ••• ^pN{N)

(3.15)

where i j )x{ i )  is the one-electron wavefunction of the Ath level, which depends on the position, r%, 
and spin direction, s*, of the ith  electron, and forms an orthonormal set:

{fpx I'fpu) = ' ^  j'ipl{i)'ip^{i)dTi = 6xv (3.16)
St

Using equation (3.15) as a  trial solution, the expectation value can be evaluated as:

(»  |f f | *> =  E  (V-A l% l V>*) +  2 E  \ U \ M u )  -  2 E  |[1| (3.17)
A = 1  \ , v  X,v

where the Hamiltonian is divided into the one-electron part H q and the electron-electron Coulomb 
interaction U. H q represents the 1st and 3rd terms of equation (3.6) and U the remaining term. 
Using Lagrangian multipliers to keep the normalization condition, equation (3.16), the variational 
problem of equation (3.17) is solved:

N

^  (# A  1^01 V’a) +  \U\ IpX'tpu) -  ^  {S'tpX'tpu \U\ ^u^^x) ~ ^ ^ X  (# A  | ^a) =  0 (3.18)
A = 1  X,v X,v  A

where ex denotes the Lagrangian multiplier. To satisfy equation (3.18) for an arbitrary variation
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{ôipx\, the one-electron wavefunction ip\ should satisfy:

Hoipx{i)+
N  .

y=l sj

N

|/=1 8-
'fpAi) = CAV'A(i) 

(3.19)
Equation (3.19) is known as the Hartree-Fock equation and the use of the single Slater determi­
nant, equation (3.15), to express the many-electron wavefunction is known as the Hartree-Fock 
approximation. The Hartree-Fock equation represents the one-electron approximation for inter­
acting fermions which includes the anti-symmetry of the wavefunction or exchange interaction. If 
this contribution is ignored, then it is called the Hartree approximation.

3.2.5 Periodic System s

For calculations of real crystals, both the ah initio techniques discussed previously must be imple­
mented for infinite systems. This section outlines the methods used to represent the interactions 
of an infinite system with an ah initio treatm ent.

The atomic positions of a pure bulk crystal are invariant when they are translated by any sum 
R , called the lattice vector, of integer multiples of three primitive translation vectors a i , a 2, a 3. 
This means th a t the potential of an infinite crystal system V  (r) has perfect periodicity and trans­
lational invariance such th a t V (r-f R ) =  V (r). Since the Hamiltonian of the one-electron problem 
is translationary invariant, the effective one-electron wavefunctions can be w ritten as a product of 
an exponential and a periodic function, UkA(r +  R ) =  Ukx(r) for the Ath level , such that:

V^A(r) =  e**‘-*‘ukA(r) 

where k is the wave vector. This is called the Bloch Theorem and it satisfies:

(3.20)

V^A(r +  R ) =  A^-^il\x{r), 

which is known as the Bloch function, and the orthonormality condition:

/ V’k A (r)V ’k 'A '(r )d r  =  6kk'<^AA'

(3.21)

(3.22)

where the integral is over the whole system. Then it is easy to  verify th a t iphxir) and UkA(r) 
satisfy the eigenvalue equation for the effective one-electron problem:

H'V^A(r) = ^kA(r) =  €kAV’kA(r) (3.23)

and

-ffkUkA(r) = - ( k - : V ) ^  +  y ( r ) WkA(r) =  eicAWkA(r) (3.24)

for the wavevector k. The energy eigenvalue 6kA of each level A changes smoothly as a  function 
of k and forms a curve along one direction of k in e — k space. Plots of these curves in different k 
directions are called the band structure of the crystal.
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Now, by using reciprocal lattice vectors b i , b 2, b 3 such th a t a^.bj =  2Trôij and G  as the
reciprocal space equivalent of R , the periodic function can be expanded as a Fourier series:

î^kx(r) =  ÿ =  ^UkA (G)e*® '^ (3.25)

Wkx(G) = -^  f  UkA(r)e“ *® *‘d r (3.26)
V "  Jcel l

where is the volume of the unit cell. Substituting equation (3.25) into the Bloch theorem, 
equation (3.20), gives:

=  ^ 5 k A { G )e ‘<“+ ° ) -  (3.27)

The basis function

|k +  G) =  ^ e :(k + G ).r^  (3.28)

normalized across the unit cell volume, is called a plane wave and the representation of the one- 
electron wavefunction in a  periodic potential by equation (3.27) is called a  plane wave expansion. 
The maximum value of the kinetic energy, |G ^ ,  of the plane waves is limited in real calculations 
and is usually referred to as the cutoff energy.

It is also possible to represent the effective one-electron wavefunction in the periodic potential 
as a  superposition of localized orbitals, 0 a (r)? centred at each unit cell:

0kA(r) =  -ÿ= 5^c**^’̂ 0A(r — R ) (3.29)
V ' R

Again equation (3.29) satisfies the Bloch theorem.

Using the fact th a t the wavefunction does not change if an arbitrary G  is added to  the wavevec­
to r i.e. 0 kA (r) =  0 (k+G)A(r), the wavevector can be confined within a minimum region bounded 
by the planes bisecting perpendicularly the lines from the origin to the neighbouring reciprocal
lattice points. This region is called the first Brillouin zone (1st BZ) and the ground-state charge
density is a sum over the occupied levels of Bloch functions within the 1st BZ:

p W  =  ^  ^  IV’kA(r)!^ (3.30)
A o cc  l i E l s t B Z

where 0kx(r) is an eigenstate of equation (3.23). Furthermore, due to translational symmetry:

(0kA| H  |0k'A') =  €kA<̂ kk'<̂ AA' (3.31)

if k  and k ' belong to the 1st BZ. For calculations of insulators and semiconductors, which have an 
energy band gap between valence and conduction states, the density can be accurately defined by 
an appropriate small k-point sampling of the 1st BZ. For metals a  much larger density of k-points 
is required in the 1st BZ, as some of the bands are only partially filled and the Fermi energy is 
unknown before the calculation.
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3.2.6 Programs for Calculating Chem ical Forces

M A R V IN

Nearly all Shell model calculations presented in this study were performed with the MARVIN 
com puter code [53, 54, 55]. This code implements the full SM for 2D periodic systems i.e. it 
reproduces the interactions of an infinite surface without the need for calculating the interactions 
of an infinite number of atoms. MARVIN achieves this by repeating a  unit cell of atoms in 2 
dimensions by specified lattice vectors. For tip-surface calculations this unit cell includes the 
whole tip  and a large block of the surface (see fig. 3.1), but for surface-only calculations the unit 
cell may contain only a few atoms. Only the full interactions for this unit cell are calculated 
explicitly and an Ewald summation is used to calculate the long-range electrostatic contribution 
of the infinite system to the to tal energy. MARVIN uses the Conjugate Gradient algorithm and 
a hybrid Newton algorithm to minimize the total energy with respect to the geometry of the unit 
cell.

V A SP

In this study the VASP [56, 57] code was used to perform Density Functional Theory calculations. 
In this code the effective one-electron wavefunctions, ipx, are expanded by plane wave basis func­
tions. This method is based on the Car-Parrinello technique [58], in which the total energy of 
the system is minimized with respect to the plane wave coefficients of the occupied orbitals. As 
with MARVIN, VASP is a periodic code and it generates an infinite 3D system from a  specified 
unit cell and lattice vectors. Surfaces can be studied with VASP by using the slab method dis­
cussed previously. For all calculations the generalized Gradient Approximation (GGA) functional 
of Perdew and Wang [59, 60] known as GGA-II has been used.

VASP also implements ultrasoft Vanderbilt pseudopotentials [61, 62], so th a t the core electrons 
are not treated explicitly and the effective one-electron potential is given by the sum of atomic 
pseudopotentials, the Coulomb potential due to the average valence electron density and the 
exchange-correlation potential. For some atoms, ’soft’ and ’hard’ ultrasoft pseudopotentials were 
available, but in this study only the safer ’hard’ potentials were used.

CRY STAL98

In this study the CRYSTAL98 [63] code waa used to  perform Hartree-Fock calculations. This 
approximates the one-electron wavefunctions by a  linear combination of Gaussian localized atomic 
orbitals (e"^’’̂ ). As with VASP, CRYSTAL98 is a periodic code and it generates an infinite 3D 
system from a specified unit cell and lattice vectors. Surfaces can be studied with CRYSTAL98 
by using the slab method discussed previously. All calculations were performed without pseudo­
potentials (i.e. all-electron) and using Unrestricted Hartree-Fock (UHF) where the overall spin 
of the electrons on each atom is not restricted to zero. There is no geometry optimization in 
CRYSTAL98, so all calculations were performed with experimentally determined geometries.
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3.3 Van der Waals Force

The van der Waals force represents the electromagnetic interaction of fluctuating dipoles in the 
atoms of the tip  and surface. Basically, fluctuations of the electronic structure in one component 
induces dipoles in the other, the dipoles in both interact and a  force between them  is generated. 
This force is always attractive i.e. tip  and surface are attracted  to one another, and is present 
regardless of the tip/surface setup used or the environmental conditions of the experiment (except­
ing AFM experiments in liquids [64]). This is the same interaction mentioned in section 3.2, but 
in th a t case the number of atoms is small enough th a t the van der Waals force can be calculated 
explicitly by summing the interaction of all pairs of atoms. The full tip  contains billions of atoms 
and it is impossible to sum all the interactions, therefore an approximation must be made based 
on the material and structure of the tip.

Assuming th a t the potential, V (r), between two atoms separated by a  distance r  is known, 
then the force between them  is deflned by the gradient of th a t potential:

/ ( r )  =  - V V { r )  (3.32)

For the van der Waals interaction the potential is of the form:

where Ce is the interaction constant as deflned by London [65] and is speciflc to the identity of 
the interacting atoms. Hamaker [66] then performed the integration of the interaction potential 
to calculate the total interaction between two macroscopic bodies. Hamaker used the following 
hypotheses in his derivation:

additivity - the total interaction can be obtained by the pairwise summation of the individual 
contributions.

continuous medium - the summation can be replaced by an integration over the volumes 
of the interacting bodies assuming th a t each atom  occupies a  volume dV  with a  number 
density p.

• uniform material properties - p and Ce are uniform over the volume of the bodies.

This then allows the total force between two arbitrarily shaped bodies to be given by:

Fvdw = Pip2 f  [  f{r)dVidV2  (3.34)
Jv2 Jvi

where pi and p2 are the number densities and Vi and V2 are the volumes of bodies 1 and 2 

respectively. The Hamaker constant for the interaction is then:

H  =  'K^CePiP2 (3.35)

This study uses the derivation of Argento and French [67] for the to ta l van der Waals force
between a  conical tip of angle 7  and radius R  (see flg. 3.1) and a  plane. The total force is given
by:
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_  -  s in 7 ) ( i îs in 7  — zosin7  — i î  — 2:0) ^  tan  7 [%o sin 7  +  A sin 7  +  cos(27)]
6%o (R + zo — R  sin 7 )^ 6 cos 7 (2:0 + R  — R s in j ) ^

(3.36)
where zo is the tip-surface separation. Calculation of the van der Waals contribution to the to tal 
tip-surface force requires only knowledge of 7 , R  and H.  7  and R  depend only on the tip-shape, and 
this can be estimated from experimental studies of NC-AFM tip  properties (see section 4). The 
Hamaker constant, H ,  depends on the geometry and materials of the tip  and surface. However, 
the NC-AFM system is assumed to be well represented by a  conical tip and a  planar surface, so 
H  effectively depends only on the m aterial of the tip  and surface.

3.4 Image Force

The image force is the interaction due to the polarization of the conducting electrodes (i.e. of the 
conducting tip  and the substrate) by the charged atoms of the sample. This is im portant for any 
tip-surface (or just surface) setup containing conducting materials e.g. interaction of a  conducting 
tip  with an insulating surface or studying the properties of an insulating thin film on top of a 
metal substrate.

The potential on conducting electrodes is maintained by external sources (i.e. by the “battery”). 
From the point of view of classical electrostatics the polarization of the conductors by external 
charges is caused by the additional potential on the conductors due to the charges. This extra 
potential is compensated by a  charge flow from one electrode to another to  keep the potential on 
the conductors flxed. This work is done by the battery. As a  result, there will be some distribution 
of the net charge on the surfaces of conductors induced by the point charges situated in the free 
space between them. The net charge on each conducting electrode would interact with the to tal 
charge on other conductors and with the point charges. Hereafter this interaction is called the 
image interaction.

3.4.1 E lectrostatic energy o f a system  o f m etals and charges

The derivation of the electrostatic energy given here is taken from ref. [68] and th a t should be 
consulted for a  more thorough discussion. Consider a  set of finite metallic conductors of arb itrary  
shape and an arbitrary distribution of point charges {%} at the points {r^} anywhere in the free 
space outside the conductors. Assume th a t the conductors, which will hereafter be designated by 
indices m, m ', are kept a t some fixed potentials <f>m. These potentials are provided by the batteries.

It is known from the standard textbooks (e.g. Refs. [69], [70], [71]) how to  calculate the energy 
accumulated in the electrostatic field E  created by point charges and metals. Using the to tal 
energy of the fleld, Utot = ^  (the integral is taken over the volume a  outside the metals
since inside those the fleld E  =  0) and applying the Poisson equation for the fleld, one gets:

Utot =  ^  Qrn<l>m (3.37)
i  m

where the first sum is taken over all point charges and the second one over all conductors. Qm =
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f  fsm  is the charge on the metal m, where the integral is performed over the surface Sm 
of the metal. Note that the surface integral over a remote surface a t infinity (which is surrounding 
all the metals and the point charges) vanishes due to rapid decrease of the potential to zero there 
[70]. Therefore, this derivation is not valid for infinite metals for which this assumption is not 
correct (e.g. a charged infinite metal conductor). It should also be noted th a t according to  classical 
theory, the charge is distributed a t the surface, i.e. it does not penetrate into the bulk of the metal; 
quantum  theory [72], [73], [74] gives a  certain distribution of the surface charge in the direction 
to the bulk.

The result of Eq. (3.37) has a  very simple physical meaning: every charge q a t the point r ,  
(either a  point charge outside the metals or the distributed charge on a  metal surface) gets energy 
^q<j){Tq), where the factor |  is needed to avoid double counting. Note th a t the potential 0(r) is 
produced both by the metals (i.e. by the distributed charges on their surfaces) and by the point 
charges. Note also th a t both the potential (j>{Ti) on point charges and the charges Qm on the 
metals are unknown and should be calculated by solving the Poisson equation. The effect of the 
metals comes into play via the boundary conditions and the charges Qm-

In order to calculate the electrostatic force imposed on any of the conductors, a  method essen­
tially similar to the one of Ref. [70] was used. In this method an arbitrary  distribution of metals is 
considered without point charges. The force is obtained by differentiating the energy with respect 
to  the corresponding position of the metal of interest. It is shown in Ref. [70] th a t the same 
expression for the force is obtained in the cases of fixed potentials or fixed charges on the metals. 
This, however, is not the case if the point charges are present. Indeed, if some metal is moved by 
the vector 6r, work SA — —F 6r  is done by the external force against the force F  imposed on the 
conductor. When the conductor is moved to the new position, the potential 0(r) in the system 
will change by <50(r). The potential on any metal m  will no longer be equal to the fixed value 
<t>m SO th a t there should be some charge flow between the connected conductors to maintain the 
potential on them. Therefore, some work 6A  will be spent in changing the potential energy of the 
field (given by Eq. (3.37)) by the amount

and some work SAb is done in transferring charge between the conductors. The latter work SAb is 
done by the batteries (as the charge flows via the battery from one conductor to another) and so 
should be taken with the minus sign: 6A  =  —SAb +  SUtot- Alternatively, one could think of the 
batteries being incorporated into the system; in th a t case it would mean th a t the work done by 
the batteries would reduce the to tal potential energy of the whole system.

Let SQm be the change of the charge on the conductor m, then the work SAb = ^ m  ^m^Qm  (cf. 
Eq. (2.5) in Ref. [70]). Since YIm ^Qm =  0, this is the work needed to distribute the zero charge 
initially stored a t infinity (where the potential is zero) between different metals by transferring 
the amounts SQm to  the each metal m. Using the above given expressions, we obtain:

S A  =  —F S r  =  — (j>mSQm  +  SU tot
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so th a t the final expression for the force imposed on the displaced metal becomes

F  =  (3.38)
cfr

with the effective energy (or the total potential energy of the whole system which includes the 
batteries as well) defined as:

^ e / /  =  % “  9 Qm<i>m (3.39)

3.4.2 Tip-surface Im age Interaction

In order to calculate the force imposed on the tip  the following expression for the to tal energy of 
the system was used:

Utot = 2  5 3  ~^Uei (3.40)

where Vij is the interatomic potential between atoms i , j .  This to tal energy is a function of both 
the tip position Zs and the coordinates r* of all atoms (and shells see section 3.2.1) involved.

The last term  in Eq. (3.40) represents the to tal electrostatic energy of the whole system. It 
is assumed th a t the Coulomb interaction between all atoms is included in the first term  in Eq. 
(3.40) and hence should be excluded from Uei. Therefore, the energy Uei includes the interaction 
of the atoms in the system with the macroscopic tip and substrate. As has been demonstrated, 
the correct electrostatic energy should incorporate the work done by the battery to maintain 
the constant potential on the electrodes. Following the derivation in ref. [68] the electrostatic 
component of the total energy can be written as:

Uei =  + '^qi(f>^^Hri) + i  ^ g ig j0 m d ( r i , r j )  (3.41)

Here V  is the potential difference applied to the metal electrodes. W ithout loss of generality, one 
can choose the potential (f> on the metal plane to  be zero, so th a t the potential on the macroscopic 
part of the tip will he (f> = V. It should be noted th a t the substrate is considered in the limit of 
a  sphere of a very big radius R ' ^  R  since the metal electrodes formally cannot be infinite. The 
charge on the tip  without charges outside the metals (i.e. when there are only bare electrodes 
and the polarization effects can be neglected) is and the electrostatic potential of the bare 
electrodes anywhere outside the metals is (r). The charge and the potential (r) depend 
only on the geometry of the capacitor formed by the two electrodes and on the bias V.  The charge 

can be calculated from the potential (r) as follows [70]: ^  f  f  ^ g ^ d s  where
the integration is performed over the entire surface of the macroscopic part of the tip  with the 
integrand being the normal derivative of the potential (r); the normal n  is directed outside 
the metal. Summation in the second term  of Eq. (3.41) is performed over the atoms and shells of 
the sample and those of the tip  apex which are represented by point charges % at positions r*.

Finally, 0md(r, r ')  in Eq. (3.41) is the potential at r  due to  image charges induced on the metals 
by a  unit point charge at r '.  This function is directly related to the Green function G (r, r ')  of 
the Laplace equation, 0 i„d (r,r ')  =  G (r,r ')  -  773 7̂1, and is symmetric, i.e. <^t„d(r,r') =  0 i„d (r ',r) ,
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due to the symmetry of the Green function itself [71]. The total potential at r  due to  a net charge 
induced on all conductors present in the system by all the point charges {g*},

0ind(r) =  ^  Tj) (3.42)
i

is the image potential Note th a t the last double summation in Eq. (3.41) includes the i = j  term  
as well. This term  corresponds to the interaction of the charge qi with its own polarization.

The function <^tnd(r, r ')  and, therefore, the image potential, <^tw(r), together with the potential 
(r) of the bare electrodes could be calculated if the exact Green function of the electrostatic 

problem is known
A r'G (r ,r ')  =  —47r^(r — r ')  (3.43)

with the corresponding boundary conditions (G(r, r ')  =  0 when r  or r' belong to  either the 
substrate or the tip  surface) [71]. Therefore, given the applied bias V, the geometric characteristics 
of the capacitor and the positions {r^} of the point charges {g*} between the tip  and sample, one 
can calculate the electrostatic energy Uei- The problem is th a t the Green function for real tip- 
sample shapes and arrangements is difficult to calculate. In this study a  planar-spherical geometry 
of the junction, as depicted in fig. 3.3, is used.

3.4.3 Solution o f the electrostatic problem  o f point charges inside the  
sphere-plane capacitor

First, the calculation of the potential 0^°) (r) of the bare electrodes is considered, i.e. the capacitor 
problem. It should be noted th a t the potential 0(®^(r) satisfies the same boundary conditions as 
the original problem, i.e. 0 °̂) =  0 and 0 °̂) =  V at the lower and upper electrodes, respectively. 
The solution for the plane-spherical capacitor is well known [75] and can be given using the method 
of image charges. Since this solution is needed for calculating forces later on, it is given here in 
detail. It is convenient to choose the coordinate system as shown in fig. 3.3. Note, however, that 
the positions of the image charges in fig. 3.3 axe only relevant for the later discussion of the induced 
potential. It is easy to check th a t the following two infinite sequences of image charges give the 
potential at the sphere and the metal plane as V  and zero respectively. The first sequence is given 
by the image charges çi =  R V  and then for all fc =  1 ,2 ,. . . ,  where the dimensionless
constants Dk are defined by the recurrence relation Dk+i = 2A — ^ w i t h  D i = 2X and A =  ^  >  1, 
Zg being the distance between the sphere centre and the plane (fig. 3.3). The point charges {%} 
are all inside the sphere along the line normal to the surface passing through the sphere centre. 
Their z-coordinates are as follows: zi = Zg and = R ^ X — =  R{Dk+i — A) for all 
k = 1 ,2 ,—  The second sequence of charges is formed by the images of the first sequence 
with respect to the metal plane, i.e. çĵ  = —% and zj  ̂ = —Zk- An interesting point about the 
image charges {ç*} is th a t they converge very quickly at the point Zqo — Ry/X^ — 1 (i.e. Zk -> Zoo 
with k oo) and th a t Zk+i < Zk for all k. This is because the numbers Dk converge rapidly to 
the limiting value Doo =  A -I- y/X^ — 1 which follows from the original recurrent relation above, 
Doo =  2A — Therefore, while calculating the potential 0^°) (r), one can consider the charges 
{çfc} and {çj[.} explicitly only up to  some k = ko — 1 and then sum up the rest of the charges to 
infinity analytically to obtain the effective charge Çoo =  Y l^ k o  ~  t»e
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placed at Zoo- This can be used instead of the rest of the series:

or,fhi

where çjk =  ç* for k < ko and ç^o =  ^ooi then, =  (0 , 0 , z&) is the position vector of the charge % 
and Tç/̂  =  arçj. =  (0 , 0 , — z^) is the position of the charge ^  {a means reflection with respect to  the 
substrate surface z =  0). To find the charge which is also needed for the calculation of the 
electrostatic energy, eq. (3.41), the normal derivative of the potential on the sphere should
be calculated and then the corresponding surface integral should be solved (see above). However, 
it is useful to recall th a t the total charge induced on the metal sphere due to  an external charge 
is equal exactly to the image charge inside the sphere [70], [71]. Therefore, the following can be 
immediately obtained:

<3® =  (3.45)

Note th a t the potential (r) and the charge depend on the position z« of the sphere 
indirectly via the charges çjt and their positions according to the recurrent expressions above. 
Therefore, care has to be taken when calculating the contribution to  the force imposed on the tip  
due to bias V (i.e. when differentiating 0 (‘̂ ^(r) and in Eq. (3.41)).

Next is the calculation of the function 0tnd(r, r') in Eq. (3.41). This function corresponds to 
the image potential at a point r due to  a unit charge a t r'. This potential is to be defined in 
such a way that together with the direct potential of the unit point charge, it should be zero on 
both electrodes (the boundary condition for the Green function). Thus, a  unit charge g =  1 at 
somewhere outside the metal electrodes must be considered, as shown in fig. 3.3. First, a direct 
image —q of this charge is created with respect to the plane a t the point =  avg to maintain 
zero potential a t the plane. Then, images of the two charges, q = 1 and —q = —1, are created 
with respect to the sphere to get two image charges =  — |r ,-R ,[  Ci =  j , as shown
in fig. 3.3 where R* =  (0,0, Zg). These image charges are both inside the sphere by construction 
and their positions can be written down using a vector function f(r) =  R« +  follows:

=  f(rg) and =  f(^rg). Now the potential at the surface will be zero. At the next step the 
images and C[ = — of the charges and are created in the plane a t points
and respectively, to get the potential a t the plane also zero. This process is continued and in 
this way two infinite sequences of image charges are constructed, which are given by the following 
recurrence relations:

(3.46)
ra+1 -  - R ,  + r<Trç^-R,|2

where k — 1 ,2 , . . .  and similarly for the (-sequence. Note, however, th a t the two sequences sta rt 
from different initial charges. Namely, the (-sequence starts from the original charge q while the (- 
sequence from its image in the plane —q. The two sequences {(*;} and {(&} are to  be accompanied 
by the other two sequences {(][.} and {((.} which are the images of the former charges with respect 
to the plane. The four sequences of the image charges and the charges q and —q provide the 
correct solution for the problem formulated above since they produce the potential which is the
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m etal sphere

m etal plane

image of 
the sphere

Figure 3.3: Construction of image charges in the sphere-plane capacitor system due to one charge 
q outside the metals.

solution of the corresponding Poisson equation and, at the same time, is zero both on the metal 
sphere and the metal plane.

It is useful to study the convergence properties of the sequences of image charges. To simplify 
the notations, it can be assumed that the original charge is in the zz-plane. Then it follows from 
Eq. (3.46) that . It is also seen that 0 and Zqo = Ry/N^ — 1 (see above)
as t  00 and the same for the (-sequence. This means that the image charges inside the sphere 
move towards the vertical line passing through the centre of the sphere and finally converge at 
the same point Zoo- This is the same behaviour observed for charges in the capacitor problem at 
the beginning of this subsection (see fig. 3.3). In fact, the calculation clearly shows a very fast 
convergence so that the series of charges can be summed up from some k = ko. Thus, the image 
potential at a point r  due to the unit charge at is:

0 ind(r,Tg) — r  — err

ko

- + E ,
^ k = l  •-

1 1
|r -

+  Ck
1 1

|r -  rc*
(3.47)

where = ( t  for k < ko and = (fcp , and similarly for the (-sequence. Here Doo
is the geometrical characteristic of the capacitor introduced at the beginning of this subsection.
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3.4.4 The calculation o f the to ta l im age force acting on the tip

In order to calculate the to tal force acting on the tip, the to tal energy has to  be differentiated, 
eq. (3.40), with respect to the position of the sphere, R«. Since only the force acting in the 
z-direction has interest, it is sufficient to study the dependence of the energy on Zg. There will 
be two contributions to  the force. The interatomic interactions between all atoms between the 
conducting sphere and plane lead to  a force which is calculated by diflFerentiating the shell-model 
energy (the first term  in eq. (3.40)). Therefore,

where Uah = f  is the shell model energy. The summation here is performed over all atoms
in between the electrodes. Only positions of the frozen atoms in the nano-tip depend directly on 
Za- However, the equilibrium positions, of the other atoms, determined by the minimisation 
of the energy of Eq. (3.40), will depend indirectly on Za a t equilibrium, =  r^°^(z«). The 
electrostatic energy, Uei, depends on the positions of atoms and the tip  position z«.

The positions of atoms can be denoted by a  vector x  =  ( r i , r 2, . . .) .  The total energy Utot = 
Utot('X;Za)i where the direct dependence on Za comes from relaxed tip atoms of the shell model 
energy, Uah, and from the electrostatic energy, Uei- In equilibrium the total energy is a  minimum:

(d U to t \  
\  d x  I

=  0 (3.49)

where the derivatives are calculated a t a given fixed tip position z«. Let xq =  ( r j ° \ r 2̂ \ . ..) be 
the solution of Eq. (3.49). Then, since xq =  xo(zg), the force is given as:

Ftip = -
dUtot{^o{Za),Za) (  dUtot\  ^Xq (  dUtot\ (  dUtot\

where Eq. (3.49) has been used. This result can be simplified further, the partial derivative of the 
shell-model energy, — is equal to the sum of all z-forces acting on fixed atoms in the tip  due 
to all shell-model interactions, since only these atoms are responsible for the dependence on z« in 
the energy Uah- Therefore, finally the force is:

0 » )

where the first summation runs only over fixed tip  atoms. Thus, in order to  calculate the force 
imposed on the tip  at a  given tip  position z*, one has to relax the positions of atoms with respect 
to the total energy of the system, Uah +  Uei- Then calculate the shell-model force, acting on 
every fixed tip atom in the z-direction as well as the electrostatic contribution to  the force given 
by the last term  in Eq. (3.51).

3.4.5 SCIFI

The Self-Consistent Image Force Interaction (SCIFI) code has been developed to calculate self- 
consistently the equilibrium atomic structure under the influence of microscopic and image forces.
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as well as bias. This code implements the Shell-Model for atomistic interactions as described in 
section 3.2.1, but differs from the MARVIN code in th a t it also relaxes the system with respect 
to image forces and is non-periodic. Interactions with infinite systems, e.g. surfaces, can be 
represented accurately with this method since tip-surface interactions converge rapidly with respect 
to  sample size. The non-periodicity means th a t it is also capable of studying charged systems, as 
it does not suffer from the convergence problems associated with charged periodic systems.

3.5 Capacitance Force

As mentioned in chapter 2 , if electrons are allowed to  flow between two different conducting 
materials (in this case tip and sample/ substrate connected directly by a  wire) there will be a 
contact potential f7 between them, as the electrons must pay energy to  travel from the m aterial 
with the smaller work function to the material with the higher one. This effect is exactly the same 
as th a t discussed in the previous section for the image force, but now the difference in potential 
between the tip  and surface is due to the contact potential, U, not the applied bias, V.  In effect, 
when calculating the image force with an applied bias, capacitance force is included as a  component 
of the overall force and therefore this capacitance force is present in all calculations which include 
the image force component. However, it will prove useful later (see chapter 5) to  be able to 
compare the magnitude of the image force with an independently calculated capacitance force to 
dem onstrate th a t they have the same components. It is im portant to note th a t for electrons to 
flow there must be some direct electrical connection between the tip and surface. Although in 
principle, electrons can transfer between the end of tip  and the surface, at the scanning ranges 
used in NC-AFM this effect is negligible and contact potential will only be significant if there is a 
direct electrical connection.

The difference in surface potential of the two materials produces an electrostatic energy of the 
form:

Eeiec = l c u ^ { x , y )  (3.52)

where C  is the tip-sample capacitance. This can be differentiated with respect to  tip-surface 
separation, z, to give the capacitance force between them:

F { x ,y , z )  = \ ^ U ^ x , y )  (3.53)

The main difficulty in evaluating this expression is in finding a physical expression for C{z) for 
the real tip-shape. Numerical methods can give an exact value for the force, but do not allow 
variations of tip size and curvature to be studied. An approxim ate analytical method [76] has 
been developed which allows the capacitance of an axisymmetrical tip  to  be given as [77]:

C{z) = ^  [  2np'g{z')(Ts{z')dz' (3.54)
^  J t i p

where pa is the analytical surface equation of the tip and <r« is the surface charge density. For a 
conical tip  (see flg. 3.1) of radius R  and sharpness 7 , the capacitance force is given by:
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Fc{z) = TreoU" +
1R ‘̂{1 -  sin7 )

2 [z +  i î ( l  -  sin7 )] ' {ln[tan(7 / 2)]}
R cos  ̂7

H,tip sin 7 [z +  R{1 -  s in 7 )] 
(3.55)

where eo is the dielectric constant of a vacuum and Hup is the height of the tip (effectively distance 
from end of the tip to electrical contact with tip).

The importance of the capacitance force due to the tip-surface interaction depends critically 
on the tip/surface properties and experimental setup. If there is a significant potential difference 
between the tip and surface, then the capacitance force is an important contribution to the inter­
actions. As stated above, a large potential difference could exist if there is a significant difference 
between the work functions of the tip and surface material or a large bias is applied in the ex­
periment. However, as discussed in chapter 2, bias is normally applied to minimize the effect of 
work function differences, so capacitance forces due to contact potential and applied bias should 
in principle cancel each other. This electrostatic minimization process is not well defined and its 
success in cancelling the capacitance force due to work function differences is not clear. In light of 
this it is important to understand how the capacitance force compares with other interactions. For 
a metal surface and a silicon tip, with a potential difference of about 1 V, the capacitance force 
will dominate tip-surface interactions beyond a separation of about 6 - 7  nm and is comparable 
to the van der Waals force at about 5 nm.

-  1

3.5.1 Work Function Anisotropies

The discussion of capacitance force above makes an assumption about surfaces that is not always 
valid. By calculating the capacitance force as a function of z alone, it is assumed that the work 
function is uniform across the surface. On real surfaces, inequivalencies in the work function 
across the surface can arise due to surface preparation, adsorbates, crystallographic orientation 
and variations in local geometry [44, 78]. Real surfaces of any material are not perfectly smooth, 
as is suggested by the very small scale NC-AFM images usually seen. As can be seen in fig. 3.4, 
real surfaces are very rough on the micro-scale and this roughness can lead to inhomogeneities in 
the surface charge density and work function.

2.5 X 2.5 nm*

75€ X 750 nm* direction V  
of cleavage ^

Figure 3.4: Microscale Images of (a) CaF2 [79] and (b) MgO [80] surfaces.

This is especially relevant for the electrostatic minimization procedure used in experiments
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(see chapter 2), as this minimizes at a single point on the surface before scanning. Variations in 
the work function over the region scanned could render the minimization process invalid, or at 
least approximate. O ther studies [44] have already suggested th a t work function anisotropies are 
the most likely source of the long-range interactions observed in force microscopy of graphite with 
diamond tips.

The contribution of work function anisotropies to  the tip-surface interaction cannot be cal­
culated explicitly, however they can be represented by increased surface charge density or in­
creased / decreased applied bias when calculating the image force contribution [44].

3.6 Forces due to Tip and Surface Charging

Many processes in NC-AFM imaging can introduce charge onto the tip  and surface. Surface 
preparation by cleavage is known to induce very large charges on insulating surfaces [79, 81, 
82, 83], although these can be reduced by annealing. Tip and surface sputtering can also cause 
charging, as can ion exchange between tip  and surface during scanning (tribo-charging). On the 
microscopic scale, these charge defects can appear as strange artifacts in images or as unexpected 
interactions close to the surface. On the macroscopic scale, tip  and surface charging can dominate 
the interactions, and in some cases even prevent stable imaging. It is commonly assumed that 
the very large attractive forces which prevent stable imaging of some insulating oxides e.g. MgO, 
alumina, are due to significant surface charging after cleavage. The significance of tip  and surface 
charging to NC-AFM imaging of CaFg and other insulating surfaces will be discussed in chapter 
8 .

Charging is limited to insulating materials, where the charge density is localized around ion 
positions and the added charge cannot conduct away. This means it is not relevant for imaging of 
metal surfaces, nor for tips which are pure conductors. However, most NC-AFM experiments use 
silicon tips which are likely to be coated by a  thin oxide layer which could be charged. In principle 
charging just adds a  contribution to the charge-charge chemical interaction discussed previously, 
but this interaction can be large if the tip  and surface are oppositely charged. The charge-charge 
interaction for a neutral surface, where all the charged defects have been compensated without 
atomic displacement, decays exponentially into the vacuum and would introduce a  contribution 
to the tip-surface force only at small tip-surface separations. However, usually charged defects 
in the surface cause atoms to move from their ideal lattice sites creating dipoles within the sur­
face. Charge-dipole and dipole-dipole interactions [44] have much longer range than charge-charge 
interactions, and can introduce very long-range electrostatic contributions to the tip-surface inter­
actions. It should also be noted th a t for systems with conducting materials, any charging will also 
change the image force. Charging of the tip will greatly increase the magnitude of image charges 
produced in the conductors and hence the image force. The infiuence of tip-charging on the image 
force is discussed explicitly in chapter 5.

3.7 M agnetic Forces

Magnetic forces are really only im portant when both the tip and sample dem onstrate magnetic 
behaviour e.g. both are ferromagnets. This situation is not encountered in normal NC-AFM,
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but modifications of the standard setup have been performed so th a t the magnetic properties of 
materials can be probed on the nano-scale. These Magnetic Force Microscopes (MFM) [84] have 
proved successful in imaging magnetic domains at very small scales, and offer a  great deal of 
potential for nano-scale magnetic recording.

For a  ferromagnetic tip and sample the magnetic force contribution can be calculated by first 
estimating, theoretically or experimentally, the magnetic moment of the tip and then applying

F  = V {m .B )

where m  is the magnetic moment and B  the magnetic flux density. For a  setup with a  ferromag­
netic tip  and a paramagnetic/ diamagnetic sample the force will be due to  the interaction of the 
induced moment in the sample and the diverging field of the tip. For standard silicon tips and 
insulating/semiconducting surfaces commonly studied in NC-AFM, this interaction will not be 
significant.

3.7.1 A tom ic Scale M agnetic Imaging

The force sensitivity of the NC-AFM technique on the atomic scale has encouraged studies of the 
atomic scale magnetic properties of surfaces. For example, several insulating oxide surfaces are 
anti-ferromagnetic and it is hoped th a t NC-AFM with a spin-polarized tip  could detect the differ­
ence in force over spin up and spin down metal ions. This would represent a  direct measurement 
of the exchange force between the spin of the tip and the spins of the metal ions. Characterizing 
the spin of the tip  and getting close enough to the surface to measure the exchange force without 
crashing are the main obstacles to  this kind of study, and as yet no experimental attem pts have 
been successful.
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Chapter 4

Modelling the NC-AFM

Modelling the NC-AFM is a  process of several stages and as such this chapter is split into four 
sections. The four sections can be summarized as follows:

• The Surface - establishing a  realistic model of the surface from experiment and theory.

•  The Tip - establishing a realistic model of a  NC-AFM tip  using properties known experi­
mentally and properties inferred from theory.

Tip-Surface Interaction - explicitly modelling the macroscopic and microscopic interactions 
between the tip and surface.

Modelling Oscillations - modelling the oscillations of the cantilever under the influence of 
these interactions.

4.1 The Surface

The first stage of the modelling process is establishing a  good representation of the surface being 
studied. However, this process is obviously very specific to the system studied and this section 
will only outline some of the general issues. For specific details on modelling of different surfaces 
see chapters 6 , 7, 8 and 9.

In an experiment the surface is prepared by cleavage along a  specific direction, so the miller 
index, or plane, of the surface is known. However, to  simulate atomic resolution in an NC-AFM 
experiment, knowledge of the surface atomic structure scanned by the tip  is also needed. Most 
surfaces will relax significantly from their ideal bulk term ination after cleavage and some even 
reconstruct to form very different atomic structures, therefore it is im portant to find the what 
the tip  will really ’see’. This can usually be found in the literature from a  combination of other 
experimental techniques and theoretical methods. If a clear consensus on the surface structure 
has been established previously then this can be used directly, e.g. TiOg in chapter 6 . If there 
is no clear consensus, then an accurate structure can be found by ab initio calculations of the 
surface, e.g. CaF2 in chapter 8 . The final stage of the surface modelling is checking th a t the 
empirical methods usually used in the NC-AFM simulation to calculate the atomistic interactions 
also reproduce the same surface structure. Note th a t if empirical methods fail to reproduce the
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surface structure to a  sufficient accuracy or neglect interactions of interest, then more advanced 
m ethods must be used to represent the atomistic interactions, e.g. NiO in chapter 9.

4.2 The Tip

Unfortunately there is very little information on the properties of NC-AFM tips, effectively only 
the most basic qualities are known. The tips are micro-fabricated from silicon in much the same 
way as computer chips. As stated in chapter 3 their macroscopic shape has been experimentally 
determined as a pyramidal. This only gives its structure on the micrometre scale, and there is no 
method for imaging the nano-tip. It is also known th a t the tips are oxidized due to exposure to the 
atmosphere, and although this can be removed by argon ion sputtering, some recent atomically 
resolved images use untreated tips [85].

This limited information must be used as the basis for modelling of the nano-tip. It is known 
th a t the  tip is fabricated from silicon, so one direction of modelling would be to  try  and find 
the most realistic silicon based model possible. This is the method used in some recent ab initio 
studies of NC-AFM [40, 41, 86], and it is a  good basis for beginning the tip  modelling process. 
However, it is also known th a t the tip is oxidized before scanning so its properties may be better 
represented by an oxide based model. Before studying either of these models, it is im portant to 
study the effect of sputtering of the tip  to see if there will be any significant difference between 
treated  and untreated tips.

4.2.1 Argon Ion Bom bardm ent o f Silicon Surfaces 

M eth o d s

There seem to be only two basic methods which can be applied to this preparation procedure. 
The main process for U ltra High Vacuum (UHV) applications involves initial argon sputtering 
a t a specific tem perature to remove the oxide, followed by an anneal to regrow the resultant 
amorphized silicon region. Previous research [87] has indicated th a t the optimum conditions for 
this procedure are room tem perature for the sputtering and 800®C for the anneal. This idea 
works on the basis th a t the surface damage produced by the sputtering is a  strong function of the 
sputtering tem perature and th a t damage from high tem perature bombardment cannot be repaired.

Comfort et al [88], [89] challenge this method and claim to have developed a technique relying 
on high tem perature sputtering. They suggest th a t the efficiency of sputtering is enhanced at 
750°C and th a t by using specific ion energies and doses, the oxide can be removed without damage 
to  the substrate. They suggest th a t the success of this method is because the rate of self-annealing 
at the elevated tem perature is greater than the rate of damage production induced by the ion 
bombardment. Low ion energies insure th a t damage production is restricted to the near surface 
region and is removed by self-annealing. Low doses avoid the excessive removal of silicon atoms 
from the surface which is usually the main cause of roughness. This technique also avoids the need 
of UHV conditions and is carried out a t a pressure below 1 x 10“  ̂ torr.

In spite of the possible benefits of this newer preparation technique, or problems [90], this report 
must focus on the method which is actually applied to  the preparation of AFM tips. The specific 
preparation conditions of interest are usually initial bombardment by 1 keV argon ions a t room
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tem perature and pressures below 10“ ®̂ mbar [30]. Although the preparation of silicon surfaces 
involves an annealing process after the argon sputter, this is not the case for tip  preparation. 
Under UHV conditions heating causes problems with released gases and interaction with dust, 
either of these would prove a  m ajor unknown when focusing on the microscopic nature of an AFM 
tip.

Surface E ffects o f  Ion B om bardm ent and A nnealing

Ironically one of the most thorough studies [91] into the surface effects of ion bombardment and 
annealing involved the use of AFM to study the resultant surfaces. They used a  slightly different 
m ethod of cleaning the surface, making use of a  microwave multipolar plasma reactor instead of 
the normal ion sources (ion gun). Their results focused mainly on the difference between room 
tem perature and high tem perature ion bombardment, but they do show clearly the effects of the 
bom bardm ent on the surface. Although they use very low ion energies (75, 135 eV) impacting on 
a (100) surface, they find th a t even this perturbs the surface significantly and the damage cannot 
be repaired by annealing a t 700 °C. They conclude th a t although clean surfaces can be produced, 
clean and smooth surfaces cannot be. The reconstructed surfaces show (2 x 1) patterns for energies 
less then 200 eV. They find no change in damage depth with respect to the treatm ent time.

Another experiment [92] uses Scanning Tunneling Microscopy (STM) to study the surfaces. 
They bombarded a Si(001)-(2 x 1) surface with 3 keV argon ions a t an impact angle of 30° and 
then annealed it from 245 - 600 °C under UHV. After bombardment STM showed th a t the surface 
consisted of granular grains of diameter ~  1 nm and various steplike structures along the [110] 
direction. This a t first seems in direct contrast to the results produced by other experiments, 
but the very high ion energies seem a likely candidate for the reduction of the size of the grains 
found on the surface. At annealing of 245 °C the grains begin to coalesce to  form clusters of 
size ~  3 nm. Prolonged annealing of about 10 min. promotes crystallization of the amorphous 
layers, producing ( 2 x 1 )  reconstructions surrounded by amorphous layers. As the tem perature 
increases, the reconstructed regions increase and a m ixture of (2 x 1) and (1 x 2) regions appear. 
At 445 °C many monatomic height islands of (2 x 1) reconstruction appear on the surface, these 
are slowly smoothed out by annealing at 500 °C. As the tem perature is increased further to  600 
°C the point defects on the surface are removed, leaving only the line defects. Unfortunately the 
very high ion energy used in this experiment casts significant doubt over the amount of damage 
below the surface. Hu et al [93], [94] carried out spectroscopic ellipsometry studies of the effects 
of bombardment with ion energies in the range 100 - 1500 eV. They found th a t the sample was 
damaged to  a  depth of 13 nm with an ion energy of 1500 eV, however they made no attem pt to 
investigate the resultant surface, nor did they attem pt to  anneal it.

Some low pressure studies (2 — 5 x 10~^° mbar) [95] of silicon (111) were also conducted via x 
ray photoelectron spectra. They found th a t although argon sputtering removed the surface oxide, 
sputtered oxygen from higher oxidation states was knocked into the bulk crystal and the oxygen 
concentration, although reduced, remained finite (~  5%).



60 C H APTER 4. M O D E L im C  THE NC-AFM

T ip  C h a rg in g

One aspect of sputtering which is not considered thoroughly in the studies discussed above is 
charging of the tip  due to ion bombardment. In principle the tip  is a  conductor and any charge 
generated by sputtering is removed when the tip is grounded. In fact experimentalists claim 
to see a  tem porary current produced when the tip  is grounded, indicating th a t any charge is 
dissipated. However, as discussed in the previous section, it is not a t all obvious th a t the whole 
tip  is conducting silicon. An oxide layer will remain and it is possible th a t this layer could be 
charged by the sputtering process [96, 97]. In recent NC-AFM experiments [98] it was found that 
sputtered tips required a much higher bias to minimize the electrostatic forces (see chapter 2 for 
discussion of this process), implying th a t sputtering the tip  introduces a  much larger force to  the 
system. The possible effects and implications for NC-AFM of tip  charging will be discussed later, 
but for the moment it is im portant to recognize th a t sputtering is one possible source of this effect.

S u m m a ry

While looking a t the data  produced in these experiments it is always im portant to remember the 
conditions of relevance to the preparation of an AFM tip. These are: UHV - pressure less than 
10“ ^° mbar and room tem perature bombardment with Ar'^ ions of energy 1 keV. The ion energies 
used in the AFM experiment [91] initially seem too low in comparison with the conditions for 
AFM tips, but their conclusions on the inevitability of roughness are im portant. This seems to 
indicate th a t any model of the tip  must account for this non-uniformity. The STM experiment 
[92] backs up this claim of (2 x 1) reconstructions on the surface, and the islands and steps found 
dem onstrate the roughness of the surface. It is clear th a t the tip  surfaces will be very rough 
due to  the evidence of extensive damage even a t low ion energies and the lack of annealing after 
bombardment. The results of Uesugi et al [92] suggest th a t the surface is covered in grains of ~  1 
nm diameter, about the size of the intermediate clusters discussed in the next section. Although 
this gives support to a  cluster model of the tip, none of the experiments really give any insight into 
the possible microscopic structure of the surfaces they investigate. They almost exclusively focus 
on the macroscopic nature of the surfaces after bombardment and annealing, and therefore do not 
support any discrimination between the various clusters. Also the low-energy of the bombarding 
ions means th a t sputtering is unlikely to  clean the tips of oxide a t the microscopic scale. This is 
supported by the fact th a t some recent atomically resolved experiments were performed without 
tip-sputtering, indicating th a t whether sputtered or not, the tip  still has an effective oxide coating 
a t the scales im portant for imaging. More recent studies on CaF2 surfaces [99] have shown that 
adding oxygen to the tip-surface system during scanning actually improves contrast (reduces noise) 
in NC-AFM images.

In conclusion, although it is clear th a t sputtering increases the tip  roughness, it is probable 
th a t the tip  is rough on the microscopic scale anyway and sputtering does not change anything 
physically th a t would affect imaging. However, it is also possible th a t sputtering may charge the 
tip  and a  residual of this charge remains when imaging. It is therefore im portant to understand 
whether this will have any significant effect on the tip-surface interactions.
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4.2 .2  A Cluster as a N ano-Tip

In the previous section it was demonstrated th a t tips are rough on the microscopic scale, whether 
they are sputtered or not. This means th a t contact between the bottom  of the tip  and the sample 
surface will not be between two smooth, regular surfaces. Due to preparation the sample surface 
will be quite smooth, but the bottom  of the tip  will contain many asperities and one of these 
asperities will serve as the probe. To accurately model an AFM tip, a  nano-tip must be found 
which best represents the possible asperities found on the tip surface. Experiment can tell us little 
of their properties directly, therefore theory must be used to study them.

A study of different possible nano-tip models was performed to try  and determine which most 
closely matches experimental behaviour. Firstly, it was found th a t if the bottom  of the tip  was flat 
i.e. no nano-tip, then the interaction with the surface was averaged over several tip  ions and no 
contrast was produced. When a  nano-tip is included, it must extend significantly beyond the main 
part of the tip to  reproduce the interaction observed in experiment. Specifically a nano-tip of only 
a  few atoms would not atomically resolve lower terraces of stepped surfaces, which contradicts 
experiments on the NaCl surface (see fig. 7.4).

In conclusion, the theoretical study, in combination with some experimental results, show th a t 
the surface probe or nano-tip in NC-AFM can be well represented by a  microscopic protrusion 
or cluster extending beyond the term inating surface of the macroscopic part of the tip. The 
importance of a nano-asperity in NC-AFM reliable imaging has also recently been discussed in 
experimental images of a MgO surface [100].

In vestigation  o f  Silicon C lusters

Since the tip  surface is silicon, silicon clusters are the most likely candidate to reproduce the 
properties of the microscopic protrusion discussed in the previous subsection. Again assuming 
the tip  is term inated by a  rough silicon surface, the cluster must effectively model the im portant 
properties of th a t surface i.e. microscopic physical structure, charge distribution, bonding. The 
next few subsections contain a  review of the literature on silicon clusters and their properties, with 
detailed discussion of those properties im portant to NC-AFM. In section 4.2.3 this information is 
used to determine a cluster model which best represents the properties of a  silicon NC-AFM tip.

S tab ility

Most of the studies on silicon clusters investigate the varying stability of the clusters, in fact this 
property is the focus of references [101], [102] and [103]. Kaxiras [101] looked a t the occurrence 
of ’Magic Numbers’ in the size of silicon clusters i.e. cluster sizes th a t are particularly stable. He 
proposed that, at least for intermediate sizes, these ’Magic Numbers’ are due to the possibility 
of forming a  cluster surface which closely resembles a  stable reconstruction of the crystal. This 
surface simulating fullerene cage surrounds a  core of 5 bulk-like tetrahedrally bonded atoms. He 
used 5*33 and clusters to dem onstrate this. They are experimentally observed to have very 
low reactivity and they also accommodate the two most stable surface reconstructions of bulk 
silicon.

Kaxiras’ later work [104] investigated the relation between the size and shape of medium sized 
(20 < N  < 40) silicon clusters. He found th a t a  transition occurred between size-specific behaviour
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and bulk-like behaviour somewhere around N=25. Unsurprisingly this is about the size of cluster 
where it becomes possible for a  full tetrahedral system to develop. Rothlisberger et al [105] realized 
this and calculated the geometries of stable structures based on the tetrahedral system. Lee et 
al [106] used molecular dynamics to study the properties of some smaller clusters with less than 
19 atoms. They found th a t once 15 atoms are used for a  cluster, it begins to have some internal 
structure and a large gap develops between the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO).

Jug  and Krack [102] conducted a  much more widespread study of the stability of different 
clusters, from 12 to  61 atoms, including several different symmetries. They found th a t the stability 
does not vary th a t severely with cluster size. Although they found S i u  was the most stable with 
a binding energy (BE) of 3.49 (eV)/atom, other cluster sizes were comparable e.g. Siss 3.35 and 
5î45 3.39. They suggested th a t for clusters with lœs than 40 atoms, the central tetrahedrally 
bonded atom  (tetra) is im portant for stability. Beyond 40 atoms more than one central atom  
is required within the cage to stabilize the cluster. These central atoms a ttrac t bonds from the 
surface atoms, reducing the number of dangling bonds. In the case where the charge of the highest 
occupied molecular orbital is almost equally distributed over the surface, it cannot generate any 
special reactive sites. Gong [103] supports the idea of the importance of the central tetrahedral 
system to the stability of the cluster. He investigates % 8 ,  without the central tetra , and Siss, 
which does have the central tetrahedrally bonded 5-atom system. Again it is seen th a t the addition 
of the tetra-system  saturates four dangling bonds on the surface. The covalent bonding between 
the S Î 5 cluster and the S i 2s fullerene cage introduces a  gap between the HOMO and the LUMO, 
making more inert, as predicted by experiment.

As a counter to this general consensus on the most stable structures of silicon clusters, Menon 
and Subbaswamy [107] found low energy structures of Si^s which did not contain a  central tetrahe­
drally bonded atom. They suggest th a t the transition from size-like to bulk-like behaviour occurs 
in much larger clusters than originally predicted by Kaxiras, possibly when the ratio of surface to 
bulk atoms approaches unity. Curiously, however, they re-iterate the importance of the translation 
of the core atoms to tetrahedral symmetry, contradicting their own results.

C orrelation

On a slightly different tangent it is necessary to  discuss the importance of correlation in determining 
the most stable structures for silicon clusters. Grossman and Mitas [108] used variational and fixed- 
node diffusion Monte Carlo methods to investigate the structural and valence electron properties of 
silicon clusters. They compared the binding energies (eV/ atom) of small clusters {2 < N  < 20) as 
calculated by the Hartree-Fock, Local Density Approximation and Quantum Monte Carlo methods, 
along with experimental data. They found th a t HP consistently underestimates the binding energy 
and th a t the LDA consistently overestimates it, with QMC providing much better accuracy overall. 
For example HF predicts 1.91 eV /atom  for S i j  , LDA 4.14, QMC 3.43 and the experimental value 
is 3.60. This demonstrates the importance of accurately calculating the correlation energy in 
determining the stability hierarchy of silicon clusters.
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R e a c tiv ity

Initially it was assumed th a t the stability of a  cluster is closely related to the reactivity of the 
cluster. The studies mentioned in the previous section were trying to  explain the unreactivity of 
specific clusters found in experiments, the so-called ’Magic Numbers’. They did find th a t the 5- 
atom  tetrahedron placed a t the centre of cluster fullerene cages plays an im portant role in stability. 
Ramakrishna and Pan [109] used this as a basis to find structures which have the maximum 
number of 4-fold coordinated atoms and no surface dangling bonds. Their model only applies to  
<S'*33, 5^39 and 5Û5, but these clusters have been shown experimentally to be the least reactive 
towards reagents with closed shell electronic structure e.g. water, ammonia. They also suggest 
th a t on the most stable silicon surface, the (111) 7 x 7  reconstruction, surface chemisorption occurs 
preferentially on rest atom sites and less on crown atom sites. It is the absence of rest atoms in 
silicon clusters th a t is the main cause of the unreactivity. Furthermore, it is the close proximity of 
the rest and crown atom sites th a t causes ammonia to chemisorb dissociatively. This configuration 
is absent from clusters, and ammonia usually undergoes molecular adsorption.

Two patterns of reactivity with cluster size emerge from these studies. The reactivities of 
closed shell reagents depends critically on the number of dangling bonds on the cluster, whereas 
open shell reagents carry the dangling bonds with them  and react almost independently of cluster 
size. This explains why only the closed shell reagents are sensitive to cluster size, structure and 
annealing, and exhibit the highly oscillatory pattern of reactivities as a  function of cluster size. 
This was confirmed by the work of Krack and Jug [110] who studied the adsorption of ammonia 
on 5z5 and Siio  clusters. They also found th a t it was im portant to  investigate the cumulative 
atomic dipole moments, as well as the net charges, of possible reactive atoms.

Jelski et al [111] focused their attention solely on the cluster in an effort to  understand 
its properties. After finding a  stable structure in line with Kaxiras’ original predictions, they 
found evidence to  support the importance of the coordination of the surface atoms in determining 
the reactivity of the cluster. Their choice of clusters were almost entirely tetra-coordinated, 
eliminating dangling bonds from the surface. The clusters also had well defined energy gaps, 
a  common property of the more inert systems. A more thorough investigation [112] into this 
self-passivation of the surface dangling bonds using HF and configuration interaction, found th a t 
the charge density tends to  move from the two- and three-coordinated sites at the surface to  the 
central four-coordinated atoms. The distribution of charge within the cluster, however, does not 
follow any clear pattern. In S Î 29  the electron depletion is delocalized almost uniformly across the 
surface, whereas in S i 23 and Siss the electron depletion is localized on a  few distinctive surface 
atoms. Nevertheless they confirm the correlation between the stable clusters and a  core which 
passivates the surface dangling bonds. They also discuss the transition from metallic and covalent 
bonding a t the surface to purely covalent bonding in the bulk-like core.

As a final note on the lack of a  simple correlation between stability and reactivity in silicon 
clusters, work by Gong et al [113] found th a t it is very difficult to  explain the reactivity of the 
S i i 3 cluster, and in fact they found th a t the energetically stable structure was more reactive than 
the experimentally observed S i u  cluster.
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4 .2 .3  M o d e l  o f  t h e  N a n o - T ip

The most stable silicon surface is the (7x7)  reconstruction of the (111) surface [114], so intuitively 
it makes sense to use this as a basis for the model of the tip. As is clear from the previous section, 
the properties of silicon clusters have been thoroughly explored, with most authors agreeing on the 
fundamental issues. The stability of the cluster is controlled by its structure and all the literature 
supports the fullerene cage and tetrahedral centre system as the most stable form. Reactivity of 
the clusters depends on the coordination of the external atoms and associated dangling bonds, 
with adsorbates much more likely to bond with the lowest coordinated atoms. This information 
can be used to select a stable cluster and compare its physical and chemical properties with those 
of the silicon surface.

Figure 4.1: Structure of 33 atom silicon cluster. Different colours represent equivalent atoms, Si(0) 
- maroon, Si(l) - red, Si(2) - bronze. Si(3) - orange and Si(4) - yellow.

The Sis 3 cluster, figure 4.1, has a surface consisting of a series of interlocking pentagons 
and hexagons, with the stabilizing 5 atom tetrahedral system in the core. The cluster consists 
of five different equivalent atom positions, specified by a number from 0 to 4. The four-fold 
coordinated Si(0) atom is at the centre of the tetra system, bonded to 4 Si(l) atoms. These are 
four-fold coordinated with bonds to the central atom and 3 four-fold coordinated Si(2) atoms. 
The remaining atom types are both three-fold coordinated, Si(3) types bonded to two Si(2) and 
another Si(3), and the adatom Si(4) bonded to three Si(2). Although the lower coordination of 
the Si(3) and Si (4) atom types would initially seem to suggest the existence of dangling bonds at 
the surface, silicon’s propensity for forming local tt — bonds eliminates this problem.

The Sis 3 cluster shares several structural properties with the (7 x 7) surface. The semi- 
hexagonal surface of the cluster matches with the hexagonal structure of the ( 7 x 7 )  surface. The 
Si(4) atoms on the cluster surface are also consistent with the adatoms on the (7 x 7) surface.
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both form a tetrahedral pyramid extending out from the surface. The adatoms in the cluster are 
flanked by 3 dimer pairs of Si(3), compared to  2 dimer pairs for the Si(7 x 7) corner adatoms. The 
relaxation required to  form the Si(3)-Si(3) dimer is also very similar to the atomic displacement 
required to form the dimer pairs in the surface. The cluster therefore simulates the two most 
im portant characteristics of the dimer-adatom-stacking-fault (DAS) [114] model of the (7 x 7) 
surface, the adatoms and the dimers.

Structurally there seems little doubt th a t the Siss cluster is the best model of the physical 
features of the S i( l l l )  (7 x 7) reconstructed surface. However, the literature on silicon clusters 
demonstrates th a t there are considerable differences between the chemical properties of clusters 
and surfaces. A thorough investigation of an appropriate tip  model requires th a t a comparison is 
made between the electronic properties of the cluster and the surface. This will reveal whether 
the cluster can be expected to dem onstrate similar chemical behaviour.

4.2 .4  Electronic Properties o f T ip M odels

This study focuses on non-contact AFM imaging of insulating surfaces and these are principally 
ionic in nature. For these surfaces electrostatics will dominate the short-range interaction between 
tip  and surface, hence it is im portant to  represent the electrostatic properties of the silicon surface. 
Figure 4.2 shows the (5 x 5) reconstruction of the (111) silicon surface which contains all the 
main features of the (7 x 7) reconstruction. This surface was used in calculations due to  the 
computational expenses of using the full (7 x 7) reconstruction. Figure 4.2 also shows two silicon 
clusters, the 33 atom cluster discussed previously and a  smaller 10 atom  silicon cluster which is 
introduced as the simplest possible silicon tip  model.

The calculations of the geometries and electrostatic potentials in this section were performed 
using DFT and the VASP code, as described in section 3.2.1. For the clusters, the calculations 
were performed at a single k-point, the gamma point, only, but for the surface the total energy was 
converged to within 0.1 meV using 4 k-points (specifically (±0.25, ±0.25,0)). The clusters in the 
unit cell were separated by large enough vacuum gaps to converge the to tal energy of the system. 
The to tal energy was also converged with respect to the cutoff energy. The fully relaxed geometries 
of the clusters were then calculated. The fully relaxed geometry of the Si(5 x 5) reconstruction 
was provided by R. Perez and the 192 atom  surface unit cell is shown in full in fig. 4.2, the forces 
on the atoms were re-calculated in the VASP code and found to  be less than 0.01 eV/ Â. These 
forces were also converged with respect to the vacuum gap between periodic slabs. It should be 
noted a t this point that since the electrostatic potential was calculated using DFT, it is only 
defined up to  a  constant which is different for different systems and periodic cells. This means 
th a t effective comparisons can only be made between the gradients of the potentials in different 
systems. In NC-AFM, changes in the oscillating frequency are caused by the forces on the tip  due 
to its interaction with surface, hence the gradient is the best criteria for comparison.

It can be clearly seen th a t the most protruding feature on the silicon surface is the adatom  
sites, and as such these would represent the most likely imaging feature of a  tip. The adatom s 
of each system have been highlighted in figure 4.2, the Siio  cluster is the smallest cluster which 
contains an adatom. Using DFT the to tal electrostatic potential was calculated for each system 
on a grid. This was then interpolated to produce a 3D plot of the electrostatic potential for the
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Figure 4.2: Geometries of Studied Silicon Systems

system over the unit cell. 2D slices of the 3D plot through the adatoms are shown in figure 4.3.
Figure 4.3 shows clearly that the gradient of the potential from each adatom is very similar, 

with the potentials decaying to zero within 1 A of the adatom. Although there is some slight 
difference in the absolute values of the potential near the adatom (comparing the Siio and 5*33 
clusters), the rapid decay to zero away from the adatom is seen in all the plots. This demonstrates 
that even though the S i \ o cluster is a much poorer physical representation of the surface than 
the S Î33 cluster, it reproduces the electrostatic properties of the adatom. Since the electrostatic 
potential is the most crucial property of the nano-tip, the Siio cluster is a good model of a 
microscopic protrusion from a silicon surface. Effectively the over 200 atom unit cell (7 x 7) (111) 
infinite silicon surface has been reduced to a much more manageable ten atom cluster.

D an g lin g  B onds

In section 4.2.2 the dependence of the adsorption properties of silicon clusters on the number of 
dangling bonds on the surface of the cluster was discussed. However, for studies of imaging of 
ionic surfaces, there are no dangling bonds on the surface and therefore only their contribution to 
the tip potential is relevant. If the interaction of tips with covalent surfaces is studied then the 
effects of dangling bonds becomes much more critical, as the dangling bond on the tip adatom 
interacts strongly with the dangling bonds on the surface. Perez et al [86] have used DFT to
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Figure 4.3: Electrostatic potentials of adatoms on silicon clusters. Axes are in Â.

calculate the interactions between silicon tips and a silicon surface, and also have calculated force 
lines across the surface. They stated that clusters that are terminated by hydrogen will have 
strong dangling bonds at the adatom of the cluster, they then showed that hydrogen terminated 
S ii and Siio clusters have much stronger attraction to the silicon surface than an unterminated 
S î4 cluster. To investigate the effect of dangling bonds on the tip potential, the Siio cluster from 
fig. 4.2 was taken and 6 hydrogens were added to its base reproducing the tip used in the Perez 
study. The electrostatic potential was then re-calculated in the same way as previously. This had 
no significant effect on the electrostatic potential gradient produced at the tip apex.

4.2.5 Tip Contamination

Tip contamination due to oxygen in the atmosphere has already been discussed, but other envi­
ronmental contaminants may change the interaction properties of the tip. Water vapour is always 
present in air and experiments [115] have shown that dissociation occurs across the adatom-rest 
atom pair, forming silanol on the adatom and hydride on the rest atom. All these discussions are 
appropriate to low coverage - the important conditions for tip modelling. To investigate the ef­
fects of these possible tip contaminants, the electrostatic potentials of 5ûo clusters with adsorbed 
contaminant species were calculated using DFT. These calculations were performed in exactly the 
same way as the previous cluster calculations, with the total energy converged with respect to 
cutoff energy and vacuum gaps.

Comparison between figure 4.3 and figure 4.4 clearly shows that the adsorbed hydrogen has 
no effect on the potential from the uncontaminated silicon cluster. However, the adsorbed oxygen 
and hydroxyl group causes a significant change in the potential gradient from the adatom. Both
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Figure 4.4: Electrostatic potentials of contaminated silicon tips. Axes are in Â.

potentials decay over a much longer range than the uncontaminated cluster, and their stronger 
gradients suggest they would interact much more strongly with the surface.

At this point the limited information we have on NC-AFM must be used as a basis for choosing 
the most appropriate cluster model for a silicon tip. It is known that the tips are oxidized, and 
therefore we can assume that the cluster with the adsorbed oxygen would represent the best silicon- 
based model of a tip. As a final check, some calculations were performed on the Siss cluster with 
the same adsorbed species, and there was no significant difference in the electrostatic properties 
relative to the contaminated Siio cluster.

The final picture in figure 4.4 shows the potential from the corner oxygen of a 64 atom MgO 
cube. A picture of this tip is shown in fig. 4.5, the cube is orientated so that it is symmetric 
about the z-axis with a single oxygen ion at the lowest point. Here, we have returned to the 
second possible direction of modelling - a simple oxide model. Although a realistic silicon-based 
tip model has been established, as a semi-conductor, silicon represents a very difficult species 
to model accurately. Any serious attem pt to model silicon must include the effects of electron 
density to represent the covalent bonding between the silicon atoms. This type of modelling 
is computationally expensive, and very undesirable for the large systems needed to model NC- 
AFM effectively. Other studies [86] have used this approach, but they are then restricted to 
unrealistically small tips and semi-conducting surfaces. Figure 4.4 shows that the gradient from 
the MgO corner is very similar to that of the oxygen contaminated silicon cluster, hence the MgO 
system gives a good representation of the electrostatic properties of the silicon tip. This MgO or 
generic oxide tip gives the best compromise between modelling a real oxygen contaminated silicon 
tip and computational expense. It reproduces the properties of the silicon tip most important to 
NC-AFM imaging on the microscopic scale i.e. the electrostatic potential, while allowing the use
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of the large tip-surface unit cells necessary for modelling. The fact that the total tip model is 
separated into two components, the microscopic and macroscopic, means that the properties of 
a silicon tip missing in an MgO/oxide microscopic model can be introduced in the macroscopic 
model of the tip.

Figure 4.5: MgO cube used as generic oxide nano-tip.

4.3 Tip-Surface Interaction

As discussed at the beginning of chapter 3, the force can be split into two general components: (i) 
the microscopic chemical force between atoms in the tip and surface, which includes the van der 
Waals force between ions and (ii) the macroscopic force between the tip and surface. This macro­
scopic force consists of the various interactions depending on the specific tip/surface combination 
studied. Chapter 3 discussed the different contributions to the macroscopic force in detail, but 
here the exact sources of this force will not be discussed.

It has been shown in previous studies [24, 116], and in chapter 3, that for a locally neutral 
system (the interactions of charged systems will be discussed in chapter 5), the short-range chem­
ical forces are responsible for atomic resolution. This means that the macroscopic forces can be 
treated as a background attractive force which is important in terms of reproducing experimentally 
observed frequency changes, but is independent of the identity of the atom under the tip and does 
not play a role in atomic displacements. In terms of modelling, this means that the interactions 
can be calculated separately and just combined for the final stages of modelling. The macroscopic 
force is included by calculating the force and and then adding it to the microscopic force as a
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function of tip-surface distance to give the total force.

4.3.1 Tip-Surface M odel
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Figure 4.6; Schematic picture of the microscopic model used here to simulate the interaction 
between the tip and the sample. The coordinate axes are aligned with respect to the sphere centre 
{at X = y = 0, z = Zs) and the metal plane (at z = 0) for convenience.

Figure 4.6 shows a schematic diagram of the model used to simulate NC-AFM in this study. 
A NaCl cluster is used as an example surface, but this can be replaced by an atomistic sample of 
any size. The model contains all the features discussed in the ‘idealized’ model in chapter 2 and 
can include all the interactions discussed in chapter 3. This model is consistent throughout all 
systems studied.

M icroscopic Forces

The interaction between ions in the tip-surface system is calculated using a static atomistic sim­
ulation technique and the MARVIN code as discussed in section 3.2.2. Figure 4.6 shows how the 
tip-surface is represented within the atomistic simulation. The nano-tip and the upper surface 
layers are divided into two regions, I and II. In terms of fig. 4.6 region I consists of regions 2 and 
3, and region II consists of regions 1 and 4. The region I ions are relaxed explicitly, whilst the 
region II ions are kept fixed to reproduce the potential of the bulk lattice and the remaining tip 
ions on the relaxed ions. The calculation is periodic so that the infinite surface is represented, 
however this means large surface unit cells must be used to avoid interactions between tip images 
in different cells. This is not a problem as atomistic calculations are very cheap and large systems 
do not represent a significant problem.

The atomistic simulations, although cheap, do not account for electronic effects caused by the
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tip-surface interaction, such as electron density redistribution between ions or electron transfer 
between tip  and surfsice ions. It is assumed th a t at the tip-surface separations usual for NC-AFM 
these effects can be neglected. It should be noted th a t the accuracy of this type of simulation 
depends critically on the quality of the parameters used to represent the interactions. The param ­
eters for the interactions of the tip  ions are well tested and are fully described in ref. [117]. The 
parameters for the surfaces studied will be discussed in the appropriate chapters.

The to tal relaxed shell-model energy and the tip-surface force is calculated at a  range of tip- 
surface separations, producing curves as function of tip-surface separation for both energy and 
force. The shell-model contribution to the force is completely converged with respect to the size of 
the periodically translated simulation cell. By calculating these curves over many surface positions, 
a map of the microscopic tip-surface interaction is generated. This can then be combined with 
the surface position independent macroscopic force to  give the to tal tip-surface force as a  function 
of tip-surface relative position, F { x ,y ,z ) .  Note here th a t a  slight ’double-counting’ occurs when 
the microscopic and macroscopic forces are combined. The frozen atoms of the nano-tip are in 
effect already part of the macroscopic tip  and their van der Waals contribution to  the force is 
effectively counted twice. However, this effect is very small and it is more im portant to include a 
large enough tip  so that a  significant number of atoms a t the apex can be relaxed and also that 
the nano-tip is kept neutral.

4.4 Modelling Oscillations

The complete tip-surface system has now been established and the method for calculating the 
microscopic tip-surface interaction discussed. This leaves only a  model of the cantilever oscillations 
as the final part of the non-contact AFM modelling process. As described in chapter 2 the tip  
oscillates with large constant amplitude above the surface, and the tip deflection is measured at 
constant frequency change. The oscillations of a cantilever over a  surface point {x, y) driven by 
an external force, Fext^ in a  force field F{z)  can be described by the equation of motion:

z  -t- +  üJqZ -  + h) = ^ ^ e x t  (4.1)

where ujq is the oscillating frequency of the cantilever in the absence of any interaction with 
the surface, k  is the spring constant of the cantilever, a  is the damping coefficient and h  is the 
equilibrium height of the cantilever above the surface in the absence of interaction. At constant 
amplitude and frequency change we can assume th a t any damping is completely cancelled by
the external force and th a t F{z)  does not depend on time. This simplifies equation (4.1) to  the
following:

z  cJqZ — -^F {z  h) = 0 (4.2)

As the cantilever motion is periodic, we can search for a  solution of eq. (4.2) in the form of a 
Fourier series for the oscillator coordinate z:

OO

z{t) =  ^  cos{nujt) (4.3)
n = 0
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Substituting equation (4.3) into equation (4.2) gives the following equation of motion:

OO j

^ ( 1  -  {n ü Ÿ )A n  cos(nr) +  -  t F{z + h) = 0  (4.4)
n = 0

where dimensionless time t  = ujt has been used and (1 =  (jj/ uq. To find f), n  =  0,2, ...oo, 
for a  given oscillation amplitude, A i, h and F (z), we multiply eq. 4.4 by cos(jr) and integrate 
the result over the period of main frequency r  =  [0, 27t]. This produces a system of non-linear 
equations for An, n  =  0 ,2 ,3 , ...m, which is approximate for finite m:

F {z 4- h) cos(nr)dr 

nk  — Trkn? + ^  F {z  +  h) cos(r)d r
An -    T  r  =  0 (4.6)

If we designate the left-hand side of equations (4.5) and (4.6) as (j)niAo,A2 , ...), one can re-write 
this system of equations more compactly i.e. (j)n{Ao,A2 ,...) = 0 ,n  — 0 ,2 ,3 , ...,m , and solve it 
using a  modified Newton method. As an initial step, we set all A{ except A i  to zero. For each 
iteration afterwards the values of the amplitude increments (AA%) can be obtained by solving the 
set of equations:

+ Z
3= 2

Unfortunately using equation (4.7) as the foundation of the iterative procedure often leads to 
divergent results, and A A i  from this are only used to find a search direction. The absolute values 
of the increments are calculated by minimizing the residual function

#(A) (4,8)
i = 0

with respect to  the param eter A, where

(A*)k =  (A*)^-! 4- AA(Ai)fe_i (4.9)

and k  is the iteration number and i is the index of the unknown coefficient. Finally the frequency
of cantilever oscillations in the presence of the interaction, fi, is obtained as

1
=  1 — — j  F {z  4- h) cos(r)d r (4.10)

A similar result was derived by Giessibl [25] using perturbation theory and a  more specific force 
expression, although equation 4.10 represents a more general form of the equation.
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4.5 Generating a Theoretical Surface Image

Using the above mechanism produces a  map of the change in frequency of the oscillations of the 
cantilever due to the influence of the tip-surface interaction. This can be interpolated to  flnd the 
cantilever deflections to keep the cantilever oscillating a t a  constant frequency change (or constant 
modified frequency). The deflections can then be plotted as a  function of surface position (x ,y)  
to give the theoretical NC-AFM image. At this point, the theoretical image and data  can be 
compared with the experimental equivalents. It should be noted that the theoretical image is 
generated using experimental values for all known param eters such as frequency uq, amplitude 
A i ,  elastic constant k and frequency change (w — wo). All parameters which are not known 
from experiment, such as tip radius, are taken from the best experimental or theoretical estimate 
as appropriate. The specific parameters used for each system studied will be discussed in later 
chapters.

4.6 Conclusions

A theoretical model of NC-AFM has now been developed. It simulates all the features which were 
identified as im portant in NC-AFM in chapter 2 and can include all of the components of the 
tip-surface interaction discussed in chapter 3. As a first step, the full model can now be used to 
try  and characterize some of the im portant processes in NC-AFM.
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Chapter 5

System Characterization

This chapter attem pts to use the model described in chapter 4 to  characterize some of the impor­
tan t processes in NC-AFM. It focuses on the role of the tip, atomic relaxation and image forces in 
NC-AFM imaging. In the first section the tip-surface interaction over a  metal surface is used to 
try  and characterize NC-AFM tips. Then the role of atomic displacements due to  interaction with 
the tip is discussed. Finally, the role of image forces in NC-AFM of several generic surface features 
and defects is discussed. Although all of these processes are intrinsically useful to  study, they also 
have im portant implications for the application of the model to real experimental surfaces in later 
chapters.

5.1 Tip Characterization

As discussed previously, many interpretation problems in NC-AFM experiments are due to  the lack 
of physical information about the tip. Nearly all the forces discussed in chapter 3 depend on the 
properties of the tip  as well as the surface. However, for an ‘ideal’ conducting or metallic surface 
the tip would become the dominant factor in the tip-surface interaction - the tip  is effectively 
mirrored in the surface. This means th a t the model discussed in chapter 4 can be used to  try  and 
characterize different NC-AFM tips by comparing the ‘fingerprints’ of their tip-surface interactions 
over a  metal surface.

Clearly ‘fingerprints’ is a subjective term  and a quantitative measure of the tip-surface inter­
action is required. The best method for analyzing the tip-surface interaction is by analysing the 
distance dependence of the forces [44]. There has been a  number of previous studies of force vs. 
distance curves. Recent theoretical and experimental studies on semi-conductors [40, 41, 118, 119] 
and insulators [4] have used short-range force vs. distance curves to analyze the mechanism of 
contrast and the changes in interactions over different surface sites. Analysis of the tip-surface 
interaction a t longer-range has also been performed [36, 120], but the possible components of the 
long-range interaction were not studied in detail. Recent experimental studies [98, 121] have tried 
to separate out the tip-surface interaction components. These studies assume th a t any electro­
static interaction has been compensated for by applied bias and the tip-surface interaction is van 
der Waals alone. However, they were unable to explain the unphysically long-range chemical forces 
needed to fit the strength of interaction a t medium-range. As discussed in chapter 3 and in refs.

75
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[44, 122, 123], many other interactions can be significant in AFM and van der Waals is rarely 
the sole component of the long-range tip-surface interaction. In fact, it is the other components 
of the tip-surface interaction which often hold the most information about the tip  and surface 
structure. The image force, for example, depends crucially on the conduction and oxidation of the 
tip, whereas the van der Waals interaction is dominated by the tip  radius.

5.1.1 Setup

The same setup as shown in fig. 4.6 is used for the calculations over a metal, but now the 
conducting substrate is effectively the surface being studied. However, the metal atoms are not 
included explicitly in the model and the metal is treated as an ideal conductor where polarization 
due to the tip-surface interaction is represented by point image charges. This means th a t the 
tip-surface interaction is not physical close to the metal surface (<  0.5 nm), but for this study 
only longer-range interactions are of interest.

The macroscopic part of the van der Waals force is calculated using a  Hamaker constant (H) 
of 2.5 eV and the method described section in 3.3. The microscopic and image force are calculated 
using a static atomistic simulation technique and the SCIFI code, as described in section 3.4.5. 
The SCIFI code was used since it allows us to self-consistently study the image force, a  significant 
interaction when the surface is conducting, and it also allows the properties of a  charged tip to be 
simulated.

Since experimentally the firequency change, not force, is measured as a function of distance, 
this study converts the calculated force vs. distance curves into frequency change vs. distance 
curves using the method described in section 4.4. The metal frequency curves were calculated with 
a cantilever amplitude of 6.5 nm, eigenfrequency of 168 kHz and spring constant of 31.2 N /m , as 
in experiments on copper [98].

5.1.2 Interactions over a M etal Surface

In this section the possibility of using metal substrates as standard systems for tip characterisation 
has been explored. Four tips are considered. These could be produced by appropriate preparation, 
such as doping, oxidation, sputtering etc. Each of the tip types include a  macroscopic tip of radius 
10 nm and no bias. The four tip  types are: (i) “insulator” - this represents the situation where 
the macroscopic tip is insulating (Hamaker constant reduced to 1 eV) and the nano-tip is neutral, 
(ii) “conductor” - the macroscopic tip is conducting and there is no nano-tip, (iii) “neutral tip” 
- the macroscopic tip  is conducting and there is a neutral nano-tip, and (iv) “charged tip” - the 
macroscopic tip  is conducting and there is a  charged nano-tip. To simulate tip charging, two 
oxygen ions were removed from the original nano-tip so th a t its net charge became 4-4e. Fig. 5.1 
shows frequency change vs. distance curves for each of the tip types.

Fig. 5.1 demonstrates th a t the different tips give different long-range tip-surface interactions. 
The weakest interaction is for the insulating tip, where the force is dominated by the van der 
Waals interaction. In this case the image force is insignificant, as the polarization th a t occurs 
within the metal is not mirrored in the insulating tip. For the conducting tip, the interaction at 
long-range is solely van der Waals as there is no oxide nano-tip to  polarize the metal surface. The 
force is greater than for the insulating tip even though the radii are the same, as the conducting
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Figure 5.1: Frequency change vs. distance curves over a metal surface.

tip has a greater Hamaker constant (2.5 eV compared to 1.0 eV) for the macroscopic van der Waals 
interaction with the metal. When the neutral oxide nano-tip is added to the conducting tip, a 
deviation from the pure van der Waals behaviour can be seen. This is due to the image force 
between the tip and surface, produced when the oxide nano-tip polarizes the tip and the metal. 
Beyond about 1 nm the image force is actually repulsive, but this is an unphysical result due to the 
finite accuracy of the force on the ions in the simulation. By increasing the convergence criteria 
for force gradients this can be reduced, but this does not affect any of the conclusions here and the 
extra expense did not seem necessary for this study. In any case, the image force for the neutral 
tip is a small contribution to the overall interaction as the tip approaches the metal surface. At 
very close-range the image force is significant, but this study is concerned only with the more 
long-range interactions. In the final charged tip curve, the nano-tip has an effective charge of +4e. 
This increases the magnitude of the polarization of the metal and the image force increases by an 
order of magnitude. In previous curves with a neutral nano-tip, the equal positive and negative 
ions of the oxide compensate each other’s polarizing of the metal and the image force is small. 
However, with the charged tip the uncompensated interaction produces a large image force, which 
is comparable to van der Waals force at tip-surface separations of less than 2 nm.

5.1.3 Comparison with Experiment

These results predict the ability of frequency change vs. distance curves to differentiate between 
different tip models. To demonstrate how this analysis can work for real systems, it is important 
to compare the theoretical predictions with experimental results. Fig. 5.2 shows a comparison 
between an experimental frequency change vs. distance curve over a copper surface [98] and 
theoretical curves calculated using only the van der Waals background interaction. Since there 
is no reference for the distance scale in experiments, the experimental curve has been set so that 
the minimum of the curve is at 0.2 nm, which is a reasonable estimate of where repulsion due to 
electron orbital overlap would begin. The van der Waals curves are calculated using macroscopic 
tip radii in the range 4 to 32 nm. Fig. 5.2 shows clearly that none of the theoretical curves 
can match the experimental behaviour at both short and long-range. This demonstrates that the
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interaction is not due to pure van der Waals and that other interaction components are significant.
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Figure 5.2: Comparison of van der Waals interaction for different tip radii with experimental 
frequency change vs. distance curve over a copper surface. Note that the legend is given in terms 
of the product of the Hamaker constant (H) and radius (R), but H is always 2.5 eV and only the 
radius changes.

Fig. 5.3 shows a comparison of two different models of the tip-surface interaction with the 
same experimental curve as in fig. 5.2. The two theoretical interaction models used in fig. 5.3 
are: (i) conductor - conducting macroscopic tip with no nano-tip, the same as in fig. 5.1; (ii) 
conducting macroscopic tip with a neutral nano-tip, simulating an oxide coating and an applied 
bias, which is named model l. Model 1 was fitted to the experimental results by varying the 
macroscopic tip radius and applied bias. The best fit was found with a tip radius of 4 nm and a 
bias of 1.2 V.
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Figure 5.3: Comparison of theoretical curves over an ideally conducting metal surface and a 
experimental frequency change vs. distance over a copper surface.

Fig. 5.3 shows that in the conductor model the tip-surface interaction is much weaker than 
that observed in experiment. The bias applied in the model 1 increases the overall electrostatic 
interaction by adding a long-range capacitance force to the system. The magnitude of the bias 
needed for the fit is a parameter dependent on the model chosen. Although slight variations
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of the radius and bias would produce similar curves to m odel_ l in fig. 5.3, the ratio between 
electrostatic and van der Waals is im portant. Using widely different parameters produces curves 
matching experiment only a t short or long-range, and not both. This implies th a t the tip  radius 
in the experiments was about 4 nm and an electrostatic force, corresponding to  a bias of 1.2 V in 
this model, was present. A phenomelogical model [122] of the capacitance force was also compared 
with model 1 and results were found to  be similar.

5.2 Atomic Relaxation due to Tip Proximity

One im portant effect in SPM is the relaxation of surface ions when the tip  is close to the surface. 
In contact AFM this is a  significant problem [24], as the surface atoms would have such large 
displacements th a t they would actually jum p onto the tip  and contaminate it (see section 4.2.5), 
effectively ruining the image. NC-AFM does not suffer so acutely from this problem as the tip ’s 
closest approach is greater than in C-AFM (4-5 Â cf. 2 Â). However, surface relaxation can be 
apparent even in NC-AFM and it is im portant to understand how this affects the tip-surface 
interaction and imaging.

In order to investigate the effects of surface relaxation, the MgO surface was modelled with ab 
initio calculations performed using the VASP code as discussed in section 3.2.1. First, calculations 
on bulk MgO were performed and the total energy of the bulk unit cell was converged with respect 
to cut-off energy and k-point mesh. The Monkhorst-Pack [56] k-point generation scheme was used 
and the to tal energy was converged to 1 meV with a 9 x 9 x 9 mesh. Then the unit cell was 
relaxed giving a lattice constant of 4.24 Â, which compares well with the experimental value [124] 
of 4.21 Â. The relaxed bulk unit cell was then used to generate a  (001) surface unit cell and the 
total energy of this system was converged with respect to k-points, cell depth and vacuum gap. 4 
k-points ((±0.25, ±0.25,0)) converged the total energy to 0.1 meV. A 3 layer MgO slab separated 
by a vacuum gap of 6 A was found to be sufficient to converge the total energy (and the forces 
on atoms). The surface was then relaxed and it dem onstrated characteristic rumpling of the top 
(and bottom  for slab calculation) layer seen in experiments. This rumpling had a  magnitude of 
about 0.03 A with oxygens displacing out and magnesiums displacing into the surface.

The relaxed surface was then taken and re-calculated with one Mg ion displaced out of the 
surface by 0.15 A (a relaxation which is quite realistic for NC-AFM on MgO [4]). In this calculation 
the displaced ion is frozen and all other ions are allowed to relax. Fig. 5.4 shows the electrostatic 
potential from the displaced ion and the surrounding surface. It is immediately evident th a t there 
is much longer range potential from the displaced Mg in the centre of the figure than  from the 
other two Mg atoms in the image. Effectively the same electrostatic gradient is experienced a 
further 1 A from the surface than in the unperturbed system. This is because by displacing the 
ion, a dipole is produced a t the surface which has a much longer-ranged interaction. Since the 
electrostatic tip-surface interaction is one of the dominant forces in NC-AFM imaging, this means 
th a t surface relaxation will increase the tip-surface force. This effect could be especially im portant 
for ‘soft’ ionic surfaces where the atomic displacements when the tip  is close could be much larger 
than in MgO, producing a  larger dipole.
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Figure 5.4: Electrostatic potential from Mg atom displaced by 0.15 Â from its relaxed surface 
position. Axes are in Â.

5.3 Role of Image Forces in NC-AFM

In chapter 3 the different possible contributions to the macroscopic force were discussed in some 
detail. However, the image force interaction has been neglected as a significant interaction in NC- 
AFM studies so far and it is important to establish in what systems they are relevant. Although 
their relevance has long been recognised in metal-insulator interfaces, electro-chemistry and other 
areas, their role in image formation in Scanning Force Microscopy (SFM) has not been analysed 
in detail [44]. The reasons are mainly related to the small number of experimental situations 
where these forces were evidently important, e.g. where an ionic insulator would make a contact 
with a conducting tip. In particular, most of the early SFM applications on insulators used 
either insulating tips or strongly oxidised tips. However, recent combined applications of STM 
and NC-AFM (for example, refs. [29, 30, 125]) bring these interactions to the front. Although 
these experiments use the same tips as in normal NC-AFM experiments, the ability to image in 
tunnelling mode demonstrates that the tips are effective conductors.

In these applications conducting tips are interacting with thin polar films grown on metal 
substrates or with conducting oxides. This means that both the interactions of the tip with the 
film and of the film with the substrate involve the image force and it should be taken into account 
in analysis and interpretation of SFM images. To study the role of image forces in NC-AFM 
image formation an example of a finite cluster of NaCl adsorbed on a metallic substrate has been 
modelled. This system has been studied in recent STM [126] and NC-SFM experiments [127], 
[128] and is representative of a common case of an insulating film grown on a metal.

5.3.1 Theoretical M odel

The image interaction is calculated as is shown in chapter 3, with the total force between tip 
and surface given by equation 3.51. Although the expression for the force obtained is exact
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for the model used in this study, such a  calculation is quite demanding since it requires using 
the electrostatic energy, Uei, alongside the shell model (short-range chemical interaction) energy, 
Uah, in the optimisation process. Most time is spent in the calculation of the forces imposed on 
atoms due to the energy Uei- Therefore, in this study the following approximate strategy has 
been adopted. For every tip position all non-frozen atoms were allowed to relax to mechanical 
equilibrium in accordance with the shell model interactions only and the effect of the image 
charges on their geometry was neglected. To investigate the effect of this, some fully self-consistent 
calculations on the NaCl step system were performed. In these calculations, all non-frozen ions 
are allowed to relax completely with respect to microscopic and image forces. The displacements 
of ions in the system due to image forces was less than  0.01 Â and would not affect our results. 
The expression for the tip surface force using this approximation becomes:

r .  .  E  e . )
f i x  relax  ̂ '  xo

where in the first summation we sum all z-forces acting on fixed atoms (region 1 in fig. 4.6) in the 
tip  due to  the electrostatic energy Uei and in the second summation we sum all z-forces acting on 
all relaxed atoms (region 2 in fig. 4.6) of the tip  due to the electrostatic energy Uei.

The setup shown in fig. 4.6 was used to  model the interactions of the NaCl cluster absorbed 
on a metallic substrate with a  conducting tip  of radius R. Note th a t quantum  effects in metal 
polarisation [72], [73], [74], [129] are neglected here and theoretical consideration is based entirely 
on classical electrostatics. According to this model, the image charge does not penetrate into the 
bulk of the metal. In reality, however, there is some distribution of the charge inside the metals
[72], [73], [74]. However, this effect is not im portant for processes which occur a t distances of the
order of several Â outside the metal and therefore will be neglected in this study.

5.3.2 D etails o f the calculations 

Setup

The systems used to calculate the forces are all setup as shown in fig. 4.6, with only the exact 
structure of the NaCl cluster changing between systems. For these calculations the tip  consists of 
a sphere of radius 100 Â with a 64-atom MgO cube embedded a t the apex. The cube is orientated 
so th a t it is symmetric about the z-axis with a  single oxygen ion a t the lowest point of the tip. The 
top three layers of the cube fall within the sphere’s radius and constitute region 1 as shown in fig. 
4.6. The exact number of ions in region 1 is set so as to keep the nano-tip attached to the sphere 
neutral. The remaining ions of the cube constitute region 2. The clusters used consist of four 
layers of NaCl with the top two layers designated region 3 and the bottom  two layers region 4, as in 
fig. 4.6. The metal plate is 2 Â below the bottom  of the cluster and the bias is held a t 1.0 V in all 
calculations. This setup is consistent through all systems calculated and, where appropriate, for 
all interactions calculated. This allows a  reasonable comparison to be made between the relative 
values of forces in the same system and between different systems.
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M icroscop ic  In te ra c t io n

The shell-model contribution to the tip-surface force is calculated using a  periodic static atomistic 
simulation as implemented in the MARVIN code and described in section 3.2.2. The nano-tip and 
the NaCl cluster are each divided into two regions, I and II. In terms of fig. 4.6, region I consists 
of region 2 and the top two layers of the cluster (region 3), and region II consists of region 1 and 
the remaining bottom  two layers of the cluster (region 4). The region I ions are relaxed explicitly, 
whilst the region II ions are kept fixed.

Im ag e  In te ra c tio n

The image force is calculated by taking the relaxed geometry from the shell-model calculation at 
each tip-surface separation. Any ions within the metal sphere (i.e. region 1) are not considered 
in the image force calculation, as it is impossible to have ions within the conducting sphere. The 
force on each atom in the system due to  the image interaction is then calculated, and the force on 
the tip atoms is summed to find the contribution of the image force to the tip-surface force, cf. eq. 
(5.1). This calculation is not periodic, the NaCl cluster is now a  finite body. However, since the 
NaCl periodic cell is large enough th a t the interaction between the tip images can be neglected, 
the NaCl sample can be effectively considered to be a  finite cluster a t all stages of the calculation. 
The only difference is th a t the periodic boundary conditions in atomistic simulations do not allow 
the atoms at the cluster border to  relax as in a firee cluster. However, this effect is small and does 
not affect the results. The described approach ensures the consistency of the model shown in fig. 
4.6 throughout the whole modelling process.

V an d e r W aals In te ra c t io n

The final contribution to the force is the van der Waals interaction. It includes the following 
contributions: i) between the macroscopic Si tip of conical shape with the sphere of radius R at 
the end and semi-infinite substrate; ii) the dispersion forces between the atoms in the sample; 
and iii) the interaction between the macroscopic part of the tip  and the sample atoms. The 
first contribution is calculated analytically as discussed in chapter 3. In fact, the macroscopic 
contribution to the van der Waals force is the same in each of the three systems described below, as 
it depends only on the tip-surface separation, macroscopic sphere radius, cone-angle and Hamaker 
constant of the system. All these quantities are identical in each system we look at, so th a t the van 
der Waals force acts as a background attractive force independent of the microscopic properties of 
the system. The Hamaker constant needed for the calculation of the macroscopic van der Waals 
force is estimated to  be 0.5 eV [130]. The second contribution is calculated directly in the atomistic 
simulation of the surface.

To estimate the importance of the third contribution, the dispersion interaction between one 
atom and a spherical block of atoms has been calculated explicitly. This interaction converges 
to a constant value when the radius of the sphere exceeds about 30 Â. The force exerted on one 
atom due to this interaction a t characteristic tip-sample distances is several orders of magnitude 
smaller than the force between macroscopic tip and substrate. Also the force decays with distance 
as r~^. This effectively means th a t only the top layer of the sample contributes to the van der 
Waals force, and there are not enough ions in th a t layer for it to be significant. Therefore this
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interaction was neglected in further calculations. However, for much larger clusters (such as those 
discussed in chapter 7) this contribution could be significant.

5.3.3 NaCl Step

The first system studied was a stepped NaCl cluster produced by placing a 5 x 3 x 2 (in terms of 
an 8 atom cubic unit cell) block on top of a 5 x 5 x 2 block so that two corners are aligned. A 
schematic for the calculation cell of this system is shown in fig. 5.5. The upper terrace of the step 
is a good representation of the ideal (001) surface of NaCl, as long as the studied row remains 
at least 3 rows from the edge the forces are converged with respect to row choice. This system 
also allows the study of interactions over sites of different coordination. The ions at the step-edge 
have a coordination of 4, as compared to a coordination of 5 for the terrace ions. To study the 
difference between these types of sites the interactions over a Na ion in the terrace and a Cl ion 
at the step edge were calculated, as shown in fig. 5.5. This allows comparison of the effects of 
coordination and chemical identity to the forces between tip and surface.
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Figure 5.5: System schematic for NaCl step.

The first point to note is that the macroscopic van der Waals force is the same for both anion 
and cation, this is an obvious effect from the way in which this interaction is calculated. It is also 
the least significant force at tip-surface separations less than 6 A as can be seen in fig. 5.6.

The behaviour of the microscopic force is as would be expected for the interaction of an oxygen 
ion (which simulates the end of the tip apex) with the ions in the surface. The force is attractive 
over the positive Na in the terrace and repulsive over the negative Cl at the step edge. The 
microscopic force becomes the dominant interaction in the system at around 5.5 A. As the tip gets 
very close to the Na ion in the terrace the ion begins to displace towards the tip oxygen, greatly 
increasing the attractive force. When the separation is closer than around 4.7 A the displacement 
of the Na ion towards the tip exceeds 1 A. This ion instability can be seen clearly both in the 
microscopic and image force curves for Na in fig. 5.6 and has been already described in the 
literature in the context of AFM [131].
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Figure 5.6: Forces over NaCl step

The image force itself is the dominant interaction at longer ranges, but it is fairly consistent 
over cation and anion in the NaCl terrace. The difference in image force over the Cl and Na ions is 
less than 0.01 eV/Â until the instability at 4.7 Â. This means that for this system the image force 
acts in a similar way to the macroscopic van der Waals force, i.e. as an attractive background 
force which is blind to atomic identity and therefore does not contribute to the NC-AFM image 
contrast.

5.3.4 Pair Vacancy

The second system studied is formed by taking the NaCl step from the previous section and 
removing a Na-Cl pair of nearest-neighbour ions from the upper terrace, as shown in fig. 5.7. This 
effectively creates a dipole on the upper terrace of the step, but does not greatly affect the original 
geometry of the step.

In this system the total force contributions were calculated over the ions at the edge of the 
pair vacancy, the Na ion labelled 1 in fig. 5.7 and the Cl ion labelled 2. The force contributions 
as a function of tip-surface separation are shown in fig. 5.8. The macroscopic van der Waals force 
is obviously identical to the previous example, and is here only for comparison. The microscopic 
force is also very similar to the previous example. This is expected, as we are still looking at 
the interaction over the same ions and the double vacancy of oppositely charged ions has little 
significant effect on this force. The removal of the vacancy ions does change the local coordination 
of the ions at the edge of the vacancy, but this is compensated by relaxation of these ions away 
from the vacancy. This compensation means that the microscopic van der Waals and electrostatic 
force directly over the edge ions is similar to the force over the ions in the defect free terrace. This 
is seen clearly by the onset of Na ion instability at the same tip-surface separation, about 4.7 Â.

The image force over the edge ions demonstrates very different behaviour to the plain step 
system studied in the previous Subsection. The only similarity is that the microscopic force
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Figure 5.7: System schematic for pair vacancy on NaCl terrace
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Figure 5.8: Forces over pair vacancy in NaCl step

becomes the dominant intereiction at the same distance of 5.5 A. The image force over the Cl 
vacancy edge ion is attractive and almost twice as large ( -0.05 eV/A) as the force over the Cl at 
the plain step edge (-0.03 eV/A). The image force clearly feels the defect in the terrace and the 
increase in force reflects the change in the local charge environment of the Cl ion. This is even 
more clearly shown by the image force over the Na ion at the vacancy edge. The force is much 
smaller than the microscopic force at all separations and actually becomes repulsive at around 
6.2 A. This means that the induced potential in the conducting tip reflects the change in local 
charge environment produced by the vacancy. The net interaction over the Cl ion is attractive 
and repulsive over the Na ion. The difference in magnitude of the image force over the two ions is 
due to the asymmetry of the nano-tip ions at the end of the conducting tip. Although this result 
implies that the image force is somewhat sensitive to the geometry of the interacting feature, it 
does demonstrate that the image force would feel a defect in the surface.
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5.3.5 Charged Step

In the final system studied, a charged step where similar ions run along each edge of the step 
was modelled. Fig. 5.9 shows a schematic of the calculation cell used. The system is created 
by taking the neutral step setup from section 5.3.3 and just removing ions from four rows of the 
upper terrace. This charged row of ions is similar to the bridging oxygen rows seen in the Ti02 
(110) surface (see chapter 6).
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Figure 5.9: System schematic for charged NaCl step
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The contributions to the total force were calculated over a Cl ion at one edge of the step, 
labelled 1 in fig. 5.9, and over a Na ion at the other edge, labelled 2. The force contributions are 
shown in fig. 5.10.
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Figure 5.10: Forces over charged NaCl step

The macroscopic van der Waals force for the charged step is again identical to previous examples 
and plotted only for comparison. The microscopic van der Waals and electrostatic forces over both 
the ions are increased as compared to the previous two systems. Over the Na ion at the step edge 
the force is -0.1 eV/Â at 5.5 Â compared to -0.05 eV/Â at 5.5 Â for the Na ion in the terrace of 
the plain step. This doubling of the force is also seen over the Cl ion where the force at 5.5 Â is 
0.025 eV/Â over the charged step and 0.012 eV/Â over the plain step. This is a consequence of
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the change of geometry of the charged step system, both ions have lower coordination than the 
ions in the plain step system. Lowering the coordination increases the gradient of the electrostatic 
potential around these ions and therefore increases the microscopic force between tip  and surface.

The image force dominates the interactions over the charged step a t nearly all tip-surface 
separations, only after the onset of Na ion instability a t 4.7 Â does the microscopic attraction 
between the tip and the step Na overcome the image force. Over the Cl ion the image force is 
completely dominant, and is approximately an order of magnitude larger than  the microscopic 
force. At the edge of the charged step, the row of similar ions produces a row of similar image 
charges of opposite sign in the conducting tip. In the other systems this effect is effectively 
compensated by the alternating ion species. As in the previous system the image force does feel 
the difference between one side of the step and the other, and this is manifested in the opposition 
of the interactions a t either side of the step. Over the Cl ion the image force is attractive and over 
the Na ion the force is repulsive. This is a  reflection of the image charge distribution produced 
in the tip  by the charged step system, an exaggerated version of the effect seen over the vacancy. 
The signiflcance of the image force above the ions of the charged step is in agreement with other 
results [68], where it was found the the image force is very sensitive to the charge of the system 
between the electrodes.

5.3.6 Tip Charging

For consistency, throughout this study a  neutral nano-tip was used. As discussed in section 4.2.3, 
it is known that the tips used in real experiments can be highly contaminated by external m aterial, 
which may lead to tip  charging. Therefore, it is relevant to study the effect of a  charged tip  (i.e. a 
nano-tip with a different number of anions and cations) on the image force. To simulate this, four 
uncompensated oxygen ions were added to the top of the nano-tip so th a t its net charge became 
—8e. Using this modifled tip, the interaction over the three systems above was re-calculated. For 
the charged step, the image force more than doubles. This system is an extreme example of this 
effect, but an increase in image force can be seen when using a  charged tip  in all the systems.

The effects of tip contamination could be even more signiflcant in the case of contact SFM. 
In previous studies of contact SFM imaging [24], the importance of ion displacements and ion 
exchange between tip and surface has been demonstrated. Our results here show th a t displacement 
of ions causes a  large increase in the image force between the tip  and surface. Ion exchange may 
also charge the tip, again changing the image force. This means th a t the image force could 
exaggerate the effects of ion displacement on imaging of conducting materials or thin films with 
contact AFM.

5.3.7 Cluster Size

A limitation of the present model is th a t for the calculation of the image interaction, finite clusters 
of a particular shape were studied. However, it is im portant to  understand how the result of the 
calculation would depend on the size of the cluster if any general conclusions about image forces 
in these systems are to be made. As has been mentioned in the previous sections, the image force 
over a particular ion is somewhat dependent on the geometry of the system being studied. Note 
that we cannot increase the cluster size indefinitely since it is limited to roughly twice the radius
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of the sphere used to model the tip. Beyond this limit the top of the sphere affects the interaction 
with the surface, which is an unphysical result as in reality the tip  has essentially infinite height 
a t this scale.

In order to  investigate the effect of the size of the cluster, the image force over the same terrace 
Na ion as in the first system studied was calculated, but the size of the cluster was increased by 
several hundred atoms (being still within the limit of the maximum cluster size). This effectively 
means th a t the local geometry and charge environment of the ion under the tip apex remains 
the same, but the total number of charges in the system changes significantly. The calculations 
show th a t the image force over the cluster does increase as the number of atoms is increased, but 
then converges. The increase in image force is due to the interactions of the extra charges in the 
system, but the difference is an order of magnitude smaller than the image force itself, so it would 
not affect the results significantly.

5.4 Conclusions

The study of the tip-surface interaction over a metal surface has demonstrated the ability of 
frequency change vs. distance curves to differentiate between different tips. The importance of 
the properties of the tip  to NC-AFM imaging has long been known, but no systematic method 
for characterising the tip in a  specific experiment has been developed. Comparison of theoretical 
and experimental firequency change vs. distance curves allows predictions to be made about the 
tip  and tip-surface interactions in experiments. The theoretical results dem onstrate th a t van der 
Waals cannot be the only interaction in NC-AFM experiments on copper. The importance of an 
electrostatic interaction a t medium-range (1 - 2  nm) implies th a t the tip  is a conductor a t the 
macroscopic scale and has a  thin oxide coating which provides a  nano-tip. Both these elements 
are crucial in providing the magnitude of image force needed to  m atch experimental results. At 
longer range, the introduction of a  bias is required to match the experimental results. This means 
it is very likely th a t the electrostatic minimization procedure used in experiments does not fully 
compensate for the contact potential difference and some residual capacitance force remains. As 
the minimization process is only performed at one point on the surface, this residual could be due 
to inhomogeneities in the contact potential or ‘patch charges’. Ref. [44] also predicted that patch 
charges were responsible for deviations from a pure van der Waals interaction in experiments. To 
summarize, these results suggest th a t frequency change vs. distance curves obtained on standard 
substrates and on real samples can provide fingerprints of the tip  properties vital for interpretation 
of images.

Atomic relaxation due to interaction with the tip  has been shown to have a significant effect on 
the tip-surface force. Displacements of the surface atoms cause an extension of the electrostatic 
potential due to the formation of a dipole and this increases the short-range electrostatic force 
on the tip  compared to the interaction over an undisplaced atom. This effect will be especially 
im portant for ‘soft’ or low-coordinated surface ions which are more weakly bound.

The significance of the image interaction in NC-AFM contrast formation has been demon­
strated. Over neutral systems the image force acts as a  background attractive force which is blind 
to the identity of the atom  under the tip apex. Over locally charged systems the image force 
becomes the dominant interaction in contrast formation. It was able to resolve (in terms of force
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changes) the charged di-vacancy and charged step. This shows th a t the image force could be the 
dominant source of contrast in NC-AFM images of charged features. Even for neutral systems, it 
is clear th a t for systems which include conducting m aterials it is im portant to include the image 
contribution in the tip-surface interactions.
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Introduction

In the following chapters, the application of the model described previously to  several NC-AFM 
experimentally studied systems will be described. These systems represent examples of different 
surfaces, such as oxides, a thin insulating film on metal and a bulk insulator, as well as different 
types of problem. The choice of surfaces presented here is also strongly affected by our experi­
mental collaborations. In each case experimentalists approached us directly to  try  and aid them 
in understanding the results they were getting or attem pting to get.

The first system is Titanium  Dioxide (chapter 6), this is wide band gap semi-conducting oxide, 
which has been thoroughly studied by many other surface techniques including STM and NC- 
AFM, but interpretation in NC-AFM still remains difficult. The second system is a  Sodium 
Chloride thin film on a copper substrate (chapter 7). NaCl is a  classic ionic insulating system and 
it has been studied in bulk experimentally and theoretically via NC-AFM previously [4], however 
thin films are known to have different properties [132] and the effect of the copper substrate on 
the tip-surface interaction is unknown. Also, the nature of the growth of the NaCl thin films 
means th a t it allows a detailed study of the properties of low-coordinated sites. Next studied 
is Calcium Difluoride (chapter 8), a wide band gap insulating system which represents the class 
of materials for which NC-AFM was originally designed. Again, image interpretation problems 
are the main motivation behind studying this system. Finally, the possibility of measuring the 
exchange force directly using a metal coated NC-AFM tip scanning the anti-ferromagnetic NiO 
surface is investigated theoretically (chapter 9).
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Chapter 6

Titanium Dioxide

6.1 Original M otivation

This study was funded by a  joint EPSRC project with an experimental group in Manchester led 
by Geoff Thornton. The original aim of the work was to study oxide surfaces experimentally and 
theoretically in collaboration. Initially, most effort was focused in studying the TiOg (110) surface, 
which is why this part of the study begins with th a t system. The original plan was to move to 
other oxide surfaces after T i0 2 , such as MgO and Alumina, but no other oxide surfaces could be 
atomically resolved experimentally. This means th a t TiÛ2 stands slightly alone and is the reason 
why this study moved to insulating surfaces in general rather than just focusing on oxides.

6.2 Introduction

Due to its many applications and their dependence on surface properties, T i02  is easily the most 
widely studied oxide surface in surface science. This popularity also makes it a  very attractive 
candidate for comparing different and developing new experimental techniques. A comprehensive 
review of these techniques was undertaken by Henrich [133] in 1985, where the stoichiometric (110) 
1 x 1 surface was established as the most stable. A section of this surface can be seen in figure 
6 .1 .

This surface was more recently studied by surface X-ray diffraction [134], medium-energy back- 
scattering electron diffraction [135], STM [136,137,138], non-contact AFM [85] and a  combination 
of both STM and NC-AFM techniques [28]. An example of a  NC-AFM image of T i02  is given in 
figure 6.2. These experimental results are well supported by theoretical calculations of the surface 
structure and properties, using various techniques. Comprehensive surface atomistic calculations 
[139] confirmed the experimental stability predictions. Ramamoorthy et al [140, 141] investigated 
several surfaces using DFT + LDA and predicted surface stabilities which corresponded with 
experiment. More advanced calculations using DFT + GGA [142] and spin-polarized GGA [143] 
also support the experimentally found simple 1 x 1 unit cell, although all the theoretical calculations 
underestimate the large relaxation of the surface bridging oxygen predicted by surface X-ray 
diffraction [134]. Very recently Harrison et al [144] undertook a  comprehensive theoretical study 
of the T i02  surface using DFT and discovered th a t the bridging oxygen on the (110) surface is very
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Figure 6.1: T i02  110 (1 x 1) Surface (Courtesy of J. Muscat)

soft with respect to displacements in the (110) direction. This means that at room temperature 
it vibrates along an axis perpendendicular to the surface plane by about 0.15 Â, and this must be 
accounted for in any comparison of experiment and theory.

Each of the probe microscopy studies came to the conclusion that they imaged the familiar 
1x1  surface unit cell, though via different sub-lattices. The STM experiments use Tersoff-Hamann 
theory [14J as a model to understand the images they produce, hence, with positive bias, the 
electrons should tunnel into unoccupied surface states. Several theoretical studies [140, 141, 145] 
have shown that the fivefold coordinated titanium^"*" ions are the source of the unoccupied states, 
and therefore STM images these Ti ions. Non-contact AFM does not have the luxury of a reliable 
model to identify the imaged ions, and therefore more specific analysis must be used for each case. 
Iwasawa [28] just makes the assumption that the imaged contrast is due to the physical corrugation 
of the surface, and that the protruding bridging oxygen rows are being imaged. Unfortunately 
the mechanism of contrast is not such a simple phenomenon. As discussed in chapter 4, contrast 
is due to an interplay of short-range microscopic forces and long-range macroscopic forces, and a 
simple argument based on physical corrugation cannot be used arbitrarily.

However, it is possible to investigate the nature of the image contrast indirectly by adsorbing 
ions to the surface. Iwasawa adsorbed formate anions onto the T i02  surface and then imaged them 
using STM. The adsorbed formate ions can interact primarily with the accessible Ti'^+ cations. 
His images show clearly bright spots on the resolved titanium rows as expected. This adsorption- 
image process was also undertaken for non-contact AFM [146], and formate ions were observed 
as bright spots between bright rows with periodicity of about 0.65 nm, in contrast to the STM
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Figure 6.2: Experimental NC-AFM Image of (110) Surface of Ti02- (Courtesy of H. Raza, 
Manchester University)

image. Fukui et al [146] argue that as it is clear that the formate ions are adsorbed onto the 
titanium  ions and that STM images the Ti ions, non-contact AFM must therefore be imaging the 
bridging oxygen rows. However, the AFM image is very poor and the periodic rows are barely 
resolved. Again they assume that the observed contrast is due to the physical corrugation of the 
surface, yet the periodic rows are brighter than the formate ions even though the hydrogen of 
the formate extends a further 0.25 nm beyond the bridging oxygens. This confirms that contrast 
cannot be a measure of the surface’s physical corrugation and a more thorough analysis of the 
interactions involved must be undertaken. Nevertheless, there is a strong case for the bridging 
oxygens as the source of contrast in NC-AFM images of the T i02  surface. Since, as yet, there are 
no other atomically resolved surfaces which have any evidence for imaged sub-lattice identity, the 
T i02  surface represents an excellent candidate for theoretical modelling.

6.3 Parameters for T1O2 Interactions

The first stage of modelling any surface is to obtain a set of reliable parameters for the microscopic 
interactions (see chapter 4) of that surface with the tip. For TiÜ2 this is a difficult task, as the 
few parameter sets around [147, 148, 149] are mainly optimized for the bulk properties of T i0 2 . 
The one set, by Matsui at al [147], which has been optimized for surface properties has not been 
tested thoroughly. Since this is the only set of parameters which can be used reliably for surface 
calculations they have been used for all the atomistic calculations discussed in the next section.
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However, it is the lack of testing of these param eters which motivated the following extensive ab 
initio study for the purpose of establishing their physical reliability.

6.3.1 Ab Initio  M odelling o f the T102 Surface

Ab initio calculations of the T i02  surface were performed using the VASP code as discussed in 
section 3.2.1. Specifically, calculations were performed on bulk TiOg to converge the total energy 
of the system with respect to k-point sampling of the Brillouin zone and energy cut-off of the plane 
waves. The Monkhorst-Pack [56] k-point generation scheme was used and the total energy was 
converged to 0.1 meV with a  63 k-point 5 x 5 x 5  mesh. The 6 atom  bulk unit cell is equivalent to 
atoms 1-6 in fig. 6.1. This bulk cell was fully relaxed. A comparison of calculated and experimental 
bulk properties is shown in table 6 .1.

Property (A) Calc. Exp. [150] Diff. (%)
T i-0  (flat) 2.00 1.98 1.1

T i-0  (bridge) 1.97 1.95 1.0
Volume (A^) 64.38 62.43 3.1

a 4.64 4.60 1.0
c 2.99 2.96 1.0

c /a 0.64 0.64 0.0

Table 6.1: Comparison of calculated and experimental bulk TiOg properties, a is the lattice 
constant in the (100) direction and c in the (001) direction.

The relaxed bulk unit cell from the fully converged calculation was then used to generate 
the surface unit cell.. The total energy of the surface was then converged with respect to  the 
number of surface layers, k-points and the vacuum gap between the periodic slabs. 4 k-points 
((±0.25, ±0.25,0)) converged the total energy to  0.1 meV. It was found th a t a 36 atom  surface 
unit cell with 6 surface layers and a  vacuum gap of 6 A  between slabs was sufficient, consistent 
with previous studies by Lindan et al [142]. This surface unit cell is equivalent to repeating atoms 
1-12 in fig. 6.1 three times in the (110) direction. The relaxed surface geometry w as taken from 
the final fully converged calculation and is used in all further discussion.

Table 6.2 gives a comparison of the surface relaxations in the x (110) and z (110) directions 
of atoms in the TiOg (110) surface taken from various sources. The atom  number refers to the 
numbers in figure 6 .1. GGA refers to  calculations undertaken in this study using the VASP 
code. Muscat [151] refers to  DFT +  LDA calculations using a  unit cell with eleven surface layers. 
MARVIN refers to calculations using atomistic simulation of the surface with the MARVIN code, 
as described in section 3.2.2 using the Matsui [147] parameters. The atomistic simulation uses the 
same surface unit cell as the VASP calculations. Finally, the experimental results are taken from 
surface x-ray diffraction d ata  [134].

The first thing to note from this comparison, is th a t there is general agreement between the 
methods on the direction and magnitude of relaxations for atoms in the top surface layer (atoms 1 - 
6). These atoms are the ones critical to NC-AFM imaging, so their properties must be reproduced 
well. Secondly, all the theoretical methods give a much smaller relaxation of the bridging oxygen 
(atom 3) than observed in experiment. As mentioned a t the beginning of the chapter, this is due 
to  the softness of the bridging oxygen to displacements perpendicular to  the surface. This causes it
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Atom Ab Initio Muscat Atomistic Experiment
X z X z X z X z

1 0.01 0.19 0.0 0.23 0.0 0.07 0.0 0.12±0.05
2 0.01 -0.14 0.0 -0.17 0.0 -0.15 0.0 -0.16±0.05
3 0.02 -0.04 0.0 -0.02 0.0 -0.01 0.0 -0.27±0.08
4 -0.05 0.15 -0.05 0.13 -0.05 0.06 -0.16±0.08 0.05±0.05
5 0.06 0.14 0.05 0.13 0.05 0.06 0.16±0.08 0.05±0.05
6 0.0 0.0 0.0 0.02 0.0 -0.04 0.0 0.05±0.08
7 -0.01 -0.06 0.0 0.14 0.0 -0.05 0.0 0.07±0.04
8 -0.01 0.09 0.0 -0.10 0.0 0.05 0.0 -0.09±0.04
9 0.01 0.01 0.0 0.0 0.0 -0.04 0.0 0.0±0.08
10 -0.02 -0.01 0.03 0.03 0.0 0.01 -0.07±0.06 0.02±0.06
11 0.02 0.01 -0.03 0.03 0.0 0.01 0.07±0.06 0.02±0.06
12 0.0 0.02 0.0 -0.01 0.0 -0.03 0.0 -0.09±0.08

Table 6.2: Relaxations of the 110 T iÛ 2 surface calculated by (i) Ab initio - D FT using GGA 
(VASP), (ii) Muscat - DFT using LDA [151] and (iii) Atomistic - pair potentials (MARVIN). 
Experimental results taken from surface X-ray diffraction [134]. Atoms are numbered according 
to fig. 6 .1.

to vibrate a t room tem peratures with an amplitude of about 0.15 A , a process which is completely 
missing from the theoretical treatm ents. The calculations by Muscat are better than the other 
theoretical methods for atoms in the second layer, but this is as expected for a  deeper unit cell. 
For the purposes of modelling NC-AFM, the extra expense of a  deeper cell is unnecessary.

In terms of a  direct comparison between the atomistic values produced by the MARVIN cal­
culations and those produced by the DFT calculations, the agreement is good. The atomistic 
simulation using the M atsui [147] param eters produced relaxations of the surface ions in the same 
direction and to within around 0.1 A  of the values calculated with density functional theory. As 
a  further test of the Matsui parameters, the electrostatic potential of the T i02  surface calculated 
with pair potentials and DFT was compared. Figure 6.3 shows th a t the form and the gradients 
of the potentials are very similar. In combination with the relaxation comparison above, this 
demonstrates th a t the M atsui param eters reproduce the interactions of the T i02  (110) surface 
im portant to modelling of the microscopic tip-surface interactions.

At this point we have a set of parameters which describes the interactions within the tip  (see 
chapter 4) and the interactions within the surface, but nothing which describes the interaction 
between the tip and the surface. To get param eters for the interaction potentials between the 
surface and tip ions, it was assumed th a t the metal-metal ion interactions are purely coulombic 
and th a t the metal-oxygen interactions are the same for each metal (Ti and Mg) throughout the 
system. The geometric average of the Ce parameters was derived for the interaction between 
oxygens in the tip  and oxygens in the surface. Note th a t the oxygens in the tip  and the oxygens 
in the surface are effectively treated as different atom types in the atomistic simulation.
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Figure 6.3: Electrostatic Potentials of the T i02  110 (1 x 1) Surface. Axes are in Â.

6.4 Method

6.4.1 Setup

The setup for the calculations is the same as in fig. 4.6, with the NaCl cluster replaced by the T i02  
surface unit cell. Stoichiometric TiOz is a wide-gap semiconductor with large dielectric constant 
caused by soft phonon modes, hence the initial part of this study will focus on a thick insulating 
system. The only macroscopic force introduced at this stage of modelling of the Ti02  surface was 
the van der Waals force. It is assumed that the thickness of the TiÜ2 sample (order of mm) is large 
enough that there is effectively no interaction between the tip and conducting substrate and the 
image force is negligible. The van der Waals interaction between the macroscopic part of the tip 
and the surface was calculated using a model of a conical tip, as shown in figure 3.1, with 7  =  30°
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and a sphere of radius R  embedded at the end. The expression for calculating the force between 
this type of tip and a semi-infinite surface is as discussed in chapter 3. A Hamaker constant of 
0.9085 eV [130] was used. The radius of the sphere is effectively an empirical parameter since 
there is no experimental data which gives the radius of the tip, although estimates of the radii are 
in the range 10 - 20 nm.

6.4.2 Generating an Interaction Map

To calculate an interaction ‘map’ across the surface, the relaxed total energy and tip-surface force 
of the system is calculated via atomistic simulation at different heights over the main features of 
the surface. Figure 6.4 shows the force curves through the surface points, it also clearly shows 
the repulsive interaction over the bridging oxygen (atom 3 in figure 6.1) and the attractive inter­
action over the 4-coordinated titanium ion (atom 2 in figure 6.1). The other curves fill the range 
between these two extremes, suggesting that each curve is due to composite interactions with the 
electrostatic potential from several ions.

0.004

0.002

0.000

?̂  - 0.002

ÿ
 ̂ -0 .004  van der Waals

Bridging Oxygen (3)
  Oxygen (4)
  Titanium (1)

Titanium (2)

-0.006

-0.008

- 0.010

Tip-Surface Separation (Â)

Figure 6.4: Force vs. Tip-Surface Separation for T iÜ 2 Surface. Numbers in the legend refer to 
atom numbers in fig. 6.1. The van der Waals force is uniform over all atoms.

These force curves were then fitted to an analytical curve, which for this system was of the 
form

(6 .1)

where z is the tip-surface separation and Cn are the fitting coefficients. For the TiOg surface, 17 
height points, in the range 1.6 - 8.0 Â, at 26 surface points were required to cover all the possible 
scan features and directions, a total of 442 force points. Producing this many points with an ab
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initio technique like DFT would be very time consuming, with pair potentials this many points 
can be calculated on a PC in a  few days.

The atomic relaxations of the T i02  surface due to  tip-proximity can be directly taken from 
the MARVIN simulation of tip-surface scanning. At tip-surface distances of around 3 A the 
bridging oxygens are pushed into the surface by 0.24 A and the surface oxygens by 0.08 A. At 
the same separations the titanium  ions jum p to  the tip, but a t around a separation of 3.5 A the 
5-coordinated titanium s move out by 0.25 A and the 6-coordinated by 0.1 A. However, in section
6.5 we will see th a t a simulated image is produced by scanning the surface a t distances greater 
than 4 A. At this distance the atomic relaxations due to tip  proximity are an order of magnitude 
smaller, nevertheless they can still have a  significant effect on the surface electrostatic potential 
(see section 5.2).

6.5 Theoretical NC-AFM  Image of T 1O2

Using the force map across the surface and the method described in chapter 4, the frequency of the 
cantilever oscillations for a given height above a  given position on the surface can be calculated. 
At this point experimental parameters for the tip-cantilever setup must be included in the model.

The values of parameters describing the tip-cantilever used in modelling the TiOg surface 
are taken directly from an experimental NC-AFM study of the T i02  surface. The cantilever 
eigenfrequency, wo, was 280 kHz, the cantilever am plitude was 15 nm, the cantilever stiffness was 
30 N /m  and all calculations were performed at a frequency change of 40 Hz. 70 (see section 2.3) 
for these parameters is -7.87. The height of the cantilever above the surface a t a given frequency 
change can then be calculated using linear interpolation. This cantilever deflection as a  function 
of surface position is the th e o re tic a l  su rface  im age, although for the purposes of quantitative 
comparison with experiment it is more convenient to  plot scanlines over the surface. Figure 6.5 
shows scanlines across the T i02  surface with three different tip radii, each maximum corresponds 
to a 5-coordinated surface titanium  and each minimum to a  bridging oxygen. Note th a t the 
geometric nature of the scanlines is due to  the limited number of surface points taken in the 
scanline direction. Increasing the number of points would produce a  more realistic shape, but this 
is not im portant in the following discussion.

The most obvious result from this model is a definite prediction for the source of contrast 
in experimental NC-AFM images of the T i02  surface. The attractive interaction between the 
negatively charged oxygen on the tip  apex and the positively charged surface titanium  dominates 
the interactions. The scanline shows one periodic strongly attractive interaction and one periodic 
weaker attractive interaction a t the 5-coordinated titanium  and the bridging oxygen respectively. 
Note th a t the net force between the tip  and surface is always attractive and the repulsive micro­
scopic interaction between the bridging oxygens and the oxygen a t the tip  apex merely reduces 
the magnitude of the overall attractive interaction.

This also demonstrates th a t the potential from the 6-coordinated titanium s is screened by 
the potential from the bridging oxygens, and similarly the potential from the surface oxygens 
is screened by the 5-coordinated titanium  ions. The contrast of the scanlines decreases as the 
effective macroscopic radius of the tip is increased. It is about 0.8 A for a radius of 350 A, 0.5 
A for 400 A and 0.25 A for 450 A. This decrease in contrast is due to  the increase in van der
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Figure 6.5: Simulated scanlines taken across the TiÛ2 (110) surface in the (-110) direction with 
different macroscopic tip radii (R). The tip-surface separation of the scanlines is scaled so that 
zero on the contrast scale represents a tip-surface separation of 4 Â.

Waals attraction ais the tip radius is increased. The general increase in attractive force means that 
there is larger frequency changes for a given height about the surface, hence for constant frequency 
change the tip will scan further from the surface for larger tip radii. At these larger distances the 
microscopic forces from the ions are weaker, and therefore contrast is lower. It should be noted 
that these scanlines are produced at tip-surface separations of greater than 4 Â, and at these 
distances surface ionic relaxation is very small as discussed previously. This means that surface 
relaxation due to tip proximity does not play a large role, but the enhancement effect described 
in section 5.2 will cause even small relaxations to produce extended electrostatic potentials.

Experimental scanlines produced using the same parameters gave an average contrast over a 
large section of surface of 0.6 - 0.8 Â, matching predictions from this model for the 350 Â tip 
radius. Experiments also show that contrast decreases as the scanning height above the surface is 
increased.

However, experimental opinion strongly supports the bridging oxygens as the source of contrast 
in images of the Ti02 surface. As discussed at the beginning of this chapter, even though the 
evidence supporting this assertion is not perfect, it cannot be ignored and suggests that there 
is some factor which plays a significant role in contrast formation which has been neglected in 
this theoretical treatment of the Ti02 surface. One possible explanation is that a real NC-AFM 
is not terminated by a anion, but by a cation such as the hydrogen of an adsorbed hydroxyl 
group. However, experiments have been performed where the tip-surface system is dosed with 
oxygen and this has no effect on the resultant images, suggesting that the tip is well oxidized after 
preparation, as the model assumes. In light of this it seems more practical to focus on properties 
of the tip-surface system which are well defined and try to understand what interactions should 
be present.
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6.6 Role of Image Forces in NC-AFM  Imaging of Ti02

In the previous modelling of TiOg it was assumed th a t the thickness of the sample was large enough 
to neglect the interaction between the tip and conducting substrate. This would be an entirely fair 
assumption if TiOg was an ideal wide gap (3.1 eV) semi-conductor. However, the real surface is 
always non-stoichiometric and the oxygen vacancies trap  electrons making the surface even more 
conducting [143]. As discussed in chapter 3, for conducting materials it becomes im portant to 
model their polarization by charges in the system. The effect of the conductivity of the TiOg 
surface in NC-AFM imaging can be represented approximately by moving the metal substrate 
(see fig. 4.6) much closer to the surface. This effectively produces a  thin film of TiOg on top of a 
conducting substrate and should give some indication of the role of conductivity in imaging.

6.6.1 Setup

The setup remains exactly as described in the first part of this chapter, but now the metal substrate 
is placed a t 0.25 nm from the bottom  of the TiOg surface unit cell, as opposed to being effectively 
at infinity. The image force is calculated non-self-consistently using the approximation discussed 
in section 5.3, so th a t atoms do not relax with respect to  image forces. The param eters for the 
cantilever oscillations are the same as previously, but now the tip  has a  radius of only 100 Â. This 
radius was chosen so that the scanline produced with image forces included is a t about the same 
minimum distance range as the previous scanlines without image forces i.e. 4 - 6 Â.

6.6.2 Sim ulated Scanline

Fig. 6.6 shows a  simulated scanline across the bridging oxygen rows of the surface using the 
modified setup and an oxygen term inated nano-tip. Note again th a t the rather unusual shapes of 
the features in the scanlines is due to the limited number points used in the scanline direction, but 
this does not affect the following discussion. The contrast over the surface has now reversed in 
comparison with fig. 6.5, it is dominated by the image force interaction between the tip  and the 
bridging oxygens. Contrast over the oxygens is about 8 Â, an order of magnitude larger than in 
the previous scanlines where the contrast maximum was over the titanium  ions. This increase in 
contrast is despite the fact th a t the tip is scanning further from the surface (in terms of minimum 
tip-surface separation), than for the 350 Â radius tip  without image forces (5.3 Â compared to 4.2 
Â). Fig. 6.5 shows th a t contrast due to microscopic forces should decrease as tip-surface separation 
increases, but the large contrast seen in fig. 6.6 at a greater tip-surface separation demonstrates 
the dominance of image force in the contrast. This dominance is due to  the protrusion of the highly 
charged 0 ^ “ ions above the surface, their image in the conducting tip  is also mirrored in the, now 
proximate, metal substrate, producing a  very strong image force. The position of the bridging 
oxygens above the surface means th a t there is no compensation from an oppositely charged ion at 
the same height, as there is for the titanium  ions in the surface. This uncompensated interaction 
produces the strong contrast seen in fig. 6.6. The effect is similar to  th a t seen in the charged step 
in section 5.3.
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Figure 6.6; Simulated scanlines taken across the TiOg (110) surface in the (-110) direction with 
polarization of surface included. The tip-surface separation of the scanlines is scaled so that zero 
on the contrast scale represents a  tip-surface separation of 4 A.

6.7 T1O2 Conclusions

Figure 6.5 shows that this model, given parameters from experiment, reproduces the magnitude 
of the contrast found in that experiment. This is the only useful indicator that the assumptions 
made to calculate this model are well justified, and it also allows us to make predictions based on 
the results from this model. The scanlines predict that the correct contrast is produced at tip- 
surface distances of 4-5 A, and at these distances relaxation of the surface ions is negligible and 
has very little effect on the electrostatic properties of the surface. There is also no possibility of 
ions jumping from the surface to the tip, or vice versa. This means that the mechanism of contrast 
in NC-AFM of the TiOg surface is dominated by the electrostatic interaction, and unsurprisingly 
the contrast is produced by the strong attraction between the positive surface Ti ions and the 
negative O ion at the tip.

The conductivity of the Ti02 surface has been demonstrated to have a significant effect on the 
tip-surface interaction. The introduction of the metal substrate close to the surface to model the 
conductivity demonstrates that the bridging oxygens could be responsible for contrast if the image 
force is a significant interaction. However, the contrast predicted in this setup is much larger then 
seen in experiment, suggesting that the conductivity is being overestimated or image force is not 
involved. In principle by changing the macroscopic radius of the tip and the distance of the metal 
substrate below the surface, the ratio of van der Waals and image force could be changed until the 
contrast over the oxygen ions matches experiment. However, this is clearly a very unscientific way 
to approach interpretation of NC-AFM images of TiOg. A more thorough analysis requires several 
more pieces of experimental data. Firstly, a comparison of theoretical and experimental force vs. 
distance curves over the Ti02 surface would establish directly the ratio of van der Waals and image 
forces in the system. Data on the conductivity of the surface of Ti02 could be used to check any 
conclusions on the role of image forces. Finally, a systematic theoretical and experimental analysis 
of adsorption on Ti02 could conclusively establish the source of contrast in images of Ti02- In 
the absence of these key experimental data, it is difficult to proceed further in understanding of
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NC-AFM imaging of TiOg.



Chapter 7

Sodium Chloride on Copper

7.1 Original M otivation

Our collaboration with the group of Ernst Meyer in Basel led to  many discussions of the best 
way to  move forward with imaging of insulators in NC-AFM. Since they had already imaged bulk 
NaCl in atomic resolution, we suggested they try  to repeat the study on thin films of NaCl on a 
m etal substrate. This would allow imaging of many low-coordinated sites and also see whether 
the interaction with the metal substrate would affect the results. When they achieved this, we 
undertook to try  and interpret the features in their images with theoretical modelling.

7.2 Introduction

Although many different classes of surfaces have been imaged in atomic resolution [30, 31], prepa­
ration of bulk insulating surfaces still remains difficult and very few examples have been imaged 
in atomic resolution. These problems prompted several successful studies of thin insulating films 
grown on conducting substrates [17, 152, 153]. These systems are free from charging problems 
and allow, in principle, a  much better control of the surface chemical structure. However, the 
film structure depends on the substrate and conditions of growth [152], and the film surface is 
not generally representative of the surface of a  bulk sample of the same m aterial [132]. This, 
nevertheless, does not make these studies less interesting because by choosing growth and imaging 
conditions one can focus on different aspects, such as growth mode [153], atomistic structure of 
films [32], and the mechanisms of growth nucléation [154]. Each of these aspects is of great impor­
tance for understanding of the structure and properties of m etal-insulator interfaces, mechanisms 
of film growth, and conditions of NC-AFM imaging of insulators and insulating films on metals 
with atomic resolution. The prevalence of low-coordinated sites, such as steps, corners and kinks 
on these thin films makes them of special interest for catalytic studies and NC-AFM offers the 
possibility of imaging these features in atomic resolution.

Following this approach, properties of NaCl films grown on the Cu (111) surface have recently 
been studied using a  combination of low-energy electron diffraction (LEED) and NC-AFM. Growth 
modes, orientation and lattice constants of ultrathin films were revealed [155] and atomic resolution 
a t step edges was demonstrated [32]. In this chapter very recent experimental NC-AFM data
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produced by R, Bennewitz from Basel University is discussed, this demonstrates high quality 
atomically resolved images of thin NaCl films on C u ( l l l) .  These images show many interesting 
features which can be modelled theoretically to  try  and gain more understanding of the mechanisms 
involved in imaging. By combining experimental d ata  with theoretical modelling, the nature of 
enhanced contrast observed a t step edges and kink sites can be explained. The thickness of the 
NaCl film can also be estimated by studying the contributions to the tip-surface interaction in the 
theoretical model.

7.3 Experimental Setup

The experimental data  was produced using a NC-AFM, as discussed in chapter 2. The instrument 
used in this study is a home-built multi-functional ultra-high vacuum scanning force microscope 
[19]. Oscillation frequency and amplitude, and tip-sample distance are controlled by a fully dig­
itized device [156]. The experiments were performed using a  single crystal rectangular silicon 
cantilever with a  spring constant of 26 N /m  and a resonance frequency of 158271 Hz. An oscilla­
tion amplitude of 1.8 nm was kept fixed during the experiments. The frequency shift was set to 
A /  =  -128 Hz while recording topography images. The pyramidal silicon tip  carried a native oxide 
layer. Before recording the images, the tip was several times in contact with the N a C l/C u (lll)  
sample thereby locally destroying the film. For these reasons the chemical composition of the tip  
apex is not known exactly. However, it is most probably oxidized silicon possibly with traces of 
NaCl. The copper substrate exhibits 50-250 nm large atomically fiat terraces with single sulphur 
impurities as only significant contamination. U ltrathin films of NaCl on a clean C u ( l l l)  sub­
strate have been prepared by evaporation of NaCl firom a  Knudsen cell onto the clean C u ( l l l )  
surface. The procedure as well as the growth modes of this system have been described in a  recent 
publication [155].

In NC-AFM experiments the amplitude of the cantilever is kept constant by applying an 
excitation voltage with an amplitude Agxc- Any energy dissipation in the course of the tip-sample 
interaction, which damps the cantilever oscillation, results in an increase of Agxc, therefore, Agxc 
is often referred to as a damping signal. A spatially resolved image of damping of the cantilever 
oscillation can be measured by recording this damping signal. The excitation amplitude Agxc which 
is needed to compensate the damping should, in principle, be related directly to  the dissipated 
energy. In spite of recent efforts [157, 158, 159, 160, 161, 162, 163] quantitative understanding of 
Agxc measurements is not straightforward due to both technical problems and the absence of clear 
understanding of the dissipation mechanism.

7.4 Experimental Results

The NC-AFM images presented in fig. 7.1 show a  NaCl island on C u ( l l l )  with rectangularly 
oriented edges. The NaCl has a  higher contrast than the Cu substrate, and island edges have 
a higher contrast compared to  the terrace and show an atomically resolved corrugation. In the 
topography image, the kink sites stick out even more than normal edge sites. The bright dots 
which appear on the copper substrate are most probably single sulphur impurity atoms.
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Figure 7.1: (a) Topography and (b) Aexc images of a NaCl island on C u (lll) .  Image size 35x35 
nm. The two arrows indicate a weak shadow eflFect in the topography which is characteristic of a 
double tip. Note that the double tip does not affect the Aexc image.

All images which showed periodicity on the atomic scale were analyzed by means of Fourier 
analysis. In all cases, a fourfold symmetry was found with a nearest neighbour distance varying 
between about 0.36 and 0.42 nm. This scattering can be attributed to mechanical and thermal 
drift of the piezo actuators, as well as to non-linearities in the piezo characteristic when scanning 
with some oflFset from the relaxed position. The expected distance between nearest neighbour 
sodium or chlorine ions in NaCl is about 0.4 nm. Based on this distance correspondence and on 
the shape of NaCl islands, it is probable that the (001) NaCl surface is exposed. This conclusion 
is supported by the LEED spectra measured on these islands [155]. However, only one type of 
lattice site is imaged as a protrusion in NC-AFM, which is confirmed by the modelling presented 
below. Similar results have been obtained on other binary compounds [39, 17, 164].

Fig. 7.2 shows magnified topographic (a) and Aexc (b) images of an area which has been 
chosen for further discussions. The individually imaged kink sites demonstrate the resolution of 
NC-AFM. It is impossible to tell whether the maxima in observed contrast really correspond to 
average positions of the Na or Cl. The kink and corner sites which terminate the island exhibit 
several characteristic shapes. Since both cation or anion terminated kink sites may occur in 
the course of the NaCl island growth, such characteristic shapes may act as fingerprints for the 
identification of kink site types.

Several instabilities in the tip constitution were detected. These show up as contrast changes 
in the topography, but do not prevent stable regulation of the tip-sample distance. For example, 
during repeated scanning of the area mapped in fig. 7.2, a tip change occurred which is documented 
in fig. 7.3. When passing the kink site in the lower left part of the frame, the tip changed resulting 
in significant change in the contrast in the topography image and contrast enhancement in the 
Aexc image. After scanning 2/3 of the image, the tip again changed its composition and at this 
time the original contrast in both signals was re-established. Although the characteristic shape
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Figure 7.2: (a) Enlarged topography and (b) Agxc images of the area mapped in fig.7.1. Image 
size 18x18 nm.

Figure 7.3: (a) Topography and (b) Agxc images of a NaCl island on C u (ll l) .  The tip changes 
after 1/4 of the scan, thereby changing the contrast in topography and increasing the contrast in 
Agxc- After 2/3 of the scan, the contrast from the lower part of the images is reproduced indicating 
that the tip change was reversible. Image size 18x18 nm.

of the different kink sites was affected by the tip change, each type of the kink site retained a 
distinguishing appearance.

The average height difference between the Cu substrate and the top of the NaCl island in 
the NC-AFM images is around 0.07 nm, which is unrealistically small for a distance between an 
adsorbed NaCl layer and Cu surface. In fact, NC-AFM does not yield real thickness of adsorbed 
clusters or layers if adsorbed and substrate materials are significantly different, e.g. NaCl on
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Cu. This is due to the fact that NC-AFM probes the forcefield, which is very different for ionic 
materials and metals. Therefore, for given parameters of the cantilever oscillations and frequency 
change, NC-AFM may record a substrate image at a similar ’height’ as that of the adsorbed layer. 
This means that the detected change in the equilibrium cantilever position as the tip passes over 
the NaCl cluster edge does not directly reflect the step height [165]. It can correspond to the real 
height only on a similar substrate.

To further illustrate this point, in fig. 7.4 a topography image of a NaCl island on top of a 
NaCl terrace [165] is shown. This image was obtained using a different cantilever and a frequency 
shift of -35 Hz at a cantilever eigenfrequency of 156330 Hz, a spring constant of 24 N/m, and 
an oscillation amplitude of 2.3 nm. In contrast to the results presented above, the material of 
the upper and lower terrace in this image is NaCl, and the observed step height is close to the 
expected value of 0.28 nm. This is seen in the image cross-section shown in fig. 7.4. It exhibits 
corrugation on the atomic scale on both the upper and lower terraces. In the section over the step 
sites the corrugation is significantly enlarged, the highest protrusion corresponds to the kink site.
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Figure 7.4: Topography image of a monatomic NaCl island, lying on a thin NaCl film grown on 
C u (ll l)  (from [165]). The atomic composition of this island is given in the schematic drawing, 
and a cross section along the indicated line is plotted below. Height in this and subsequent figures 
represents an arbitrarily shifted measure of contrast, and has no relevance to tip-surface separation.
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There is a  qualitative agreement between the characteristic features of NC-AFM images of 
NaCl islands in figs. 7.2, 7.3, and 7.4: island edges in these images look ’brighter’ than their inner 
parts and kink sites seem to be even brighter than  edges. This is in spite of the fact th a t the image 
in fig. 7.4 has been recorded using a different tip, on a  thicker NaCl film, and with a previous 
version of the instrument. The protrusion of step and kink sites is found to  be characteristic rather 
for NaCl step edges than for the underlying substrate. The observed differences in the corrugation 
height and in the relative extension and appearance of step and kink sites can be attributed to 
different tip atomic structures. The dependence of contrast on tip  structure has been clearly 
dem onstrated in fig. 7.3.

To characterise the irregular sites of the NaCl film, cross sections of the three-dimensional 
d a ta  represented in experimental images have been analyzed. Fig. 7.5a is another image of the 
area mapped before. The two parallel cross-sections along the (100) direction across the steps (M 
and N) are plotted in fig. 7.5b. Two sections M and N were taken through two parallel rows of 
atoms separated by the nearest neighbour distance which is about 0.28 nm. Section M crosses 
the step-edge at a site imaged as bright, whereas section N crosses over a  site seen as dark. Two 
different images are compared, the one presented in fig. 7.5a and the one presented in fig. 7.3a 
where the contrast is significantly improved after the tip  change. Sections M and N are made 
through the same geometric sites in both images. They are aligned in such a way th a t zero on 
the abscissa corresponds to  the geometrical edge of the NaCl island indicated by the arrow in fig. 
7.5a. In spite of the difference in the tip  structure the two cross-sections exhibit similar features. 
The atomic corrugation on the terrace in the image shown in fig. 7.5a. is found to be around 0.015 
nm, while the step site in section M protrudes by about one third of the corrugation height. The 
image shown in fig. 7.3a exhibits a  more regular and stronger corrugation which demonstrates 
only marginal increase at the step. In contrast, the section N exhibits a characteristic dip at the 
step site in both images.

The three cross sections L shown in fig. 7.5c run along the (110) direction across the same 
kink site (shown in fig. 7.5a) and are taken from three different images shown in figs. 7.2, 7.3, and 
7.5. The image corrugation on the terrace does not differ significantly from th a t along the (100) 
direction. This demonstrates the reproducibility of the d ata  even after the tip  change in fig. 7.3. 
These cross-sections across the kink site exhibit wide peaks which have corrugation about three 
times th a t on the terrace.

Similar analysis can be made for the damping signal. In fig. 7.6 a cross-section through the 
Aexc d a ta  mapped in fig. 7.2b is presented. As indicated in this figure the section runs over two 
different kink sites. The zero point of the Aexc axis has been arbitrarily set to  the value measured 
on the copper substrate. It should be noted th a t each ion site is imaged by a  series of about 3300 
oscillation cycles and th a t the time constant of the am plitude regulator corresponds to  about 300 
cycles. Therefore, the measurement of Aexc averages over hundreds of oscillation cycles but allows 
detection of variations on the atomic scale. In attem pt to establish a  direct spatial correspondence 
between the two signals, the match between topography and Aexc on different images and along 
different directions has been studied. Sometimes topography and Aexc are in phase, sometimes 
shifted a  little bit to  each other, and in some cases Aexc has a  minimum where topography has 
a maximum. One explanation of this behaviour can be th a t the local contrast formation on the 
atomic scale depends so much on the atomic tip structure th a t even the spatial correlation between
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Figure 7.5: (a) Topography image of a detail of the area mapped in fig.7.2. The lines mark the 
cross sections plotted in (b) and (c), the arrows indicate the distance zero in those cross sections, 
(b) Parallel cross sections across a step. Section M intersects the step at a protrusion, section N 
in between two protrusions. Note that both sections run along protrusions on the terrace. The 
sections are taken from different images as indicated, (c) Three cross sections from different images 
along the same line L cutting a kink site.

Aexc and topography is affected by tip changes.

Finally, it should be noted that although the features in the topography and in the Aexc image 
are quite similar, there are differences which allow some conclusions about the respective imaging 
mechanism. First, the characteristic appearance of the NaCl island edges running to the upper 
right differ from that of edges running to the upper left in both figs. 7.2 and 7.3. This difference 
can be attributed to asymmetry in the atomic shape of the tip apex. The step image is essentially 
a convolution of the tip apex and the step edge and with the tip being not a perfect pyramid
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Figure 7.6: Cross-sections from fig. 7.2. Aexc given in arbitrary voltage units. The variation of 
Aexc in this cross-section corresponds to a power loss which is of the same order of magnitude as 
the power loss due to internal friction in the cantilever i.e. 70 meV per oscillation cycle.

bu t an asymmetric cluster, steps running in different directions will be imaged as having slightly 
different shapes. Secondly, in the upper right corner of fig. 7.1a one can notice a  weak shadow 
of the island edge which indicates th a t a double tip was being used, whereby the weak shadow is 
produced by a  tip apex which is less protruding than the one giving best contrast. The distance 
to the second tip  is about 5 nm. Fig.7.1b does not show a corresponding shadow indicating that 
the double tip does not affect the Aexc image. Furthermore, atomic-scale changes of the tip during 
scanning have a dramatic influence on the contrast of the Aexc signal, while stable imaging of the 
topography is still possible. This suggests th a t the Aexc contrast could be formed by a shorter 
range interaction than topography. It is also substantially dependent on the composition of the 
absolute tip apex. The higher quality of Aexc images is also owed to the fact th a t Aexc is a 
measured but not regulated quantity in contrast to  the topography signal, which is subject to 
instrum ental drift and regulation noise.

To summarise, the NC-AFM images of NaCl islands dem onstrate enhanced tip-surface inter­
action with step edges and kinks. The image features cannot be directly attributed to  Na or Cl 
ions, the thickness of the NaCl island is impossible to measure with NC-AFM, and the contrast in 
both topographic and Aexc images strongly depends on atomic composition of the end of the tip.

7.5 Theoretical Model

The model used in this study is based on th a t described in chapter 4 and chapter 5, and only those 
features which are unique to modelling NaCl will be discussed in detail. Initially the theoretical 
model assumes th a t the force can be split into three general components depending on the specific 
tip/surface combination studied: (i) the microscopic chemical force between atoms in the tip 
and surface, which includes the van der Waals force between ions (ii) the macroscopic van der
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Waals force between the tip and surface and (ill) bias in the system and image forces due to 
polarzation of conducting materials. It is important to emphasize that this means that the 
background macroscopic force is composed of the Van der Waals force and image force only.

7.5.1 Theoretical Setup

A schematic diagram of the tip and surface setup used in the calculations is shown in fig. 7.7. 
Note that this is effectively the same as the setup shown in fig. 4.6, but the ’pyramid’ blocks have 
been added to help clarify some of the discussion presented later in this section. The doped Si tip 
has a pyramid-like shape at the macroscopic scale with a sphere of effective radius of 10 nm at the 
end. It is very likely to be contaminated by exposure to air and to be coated by an oxide layer 
of unknown thickness, therefore its conduction properties are unknown. The temporary change in 
contrast in fig. 7.3, the dependence of the step image on the scan direction in figs. 7.2, 7.5 and 
the possibility of a double tip discussed above reinforces the idea discussed previously that there 
is some sort of nano-asperity at the bottom of the tip which can be contaminated by surface and 
ambient ions.
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Figure 7.7: Schematic picture of the model used here to simulate the interaction between the tip 
and the sample. R is the effective radius of the macroscopic tip and h„t is the protrusion of the 
nano-tip below the macroscopic tip.

To model this nano-asperity a 64-atom MgO cube was used as a ‘nano-tip’ embedded into the 
macroscopic tip (see chapter 4). The difference in imaging of opposite step-edges observed in fig.
7.2, can be reproduced by re-orienting the tip so that, for example, one cube edge is nearer to the
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surface than the others. However, this z-symmetry tip  orientation will reproduce the significant 
interactions involved in imaging effectively.

In the scanlines shown in the next section the macroscopic force is included by calculating the 
image force and macroscopic van der Waals, and then adding them to the microscopic force as a 
function of tip-surface distance to give the to tal force, as discussed in chapter 3.

7.5.2 M icroscopic Forces

The interaction between ions in regions 1 - 4 in fig. 7.7 were calculated using a  static atomistic 
simulation technique and the MARVIN code, as discussed in section 3.2.1. The nano-tip and the 
NaCl film are each divided into two regions, I and II. In terms of fig. 7.7, region I consists of 
region 2 and the top two layers of the film (region 3), and region II consists of region 1 and the 
remaining bottom  two layers of the film (region 4). The region I ions are relaxed explicitly, whilst 
the region II ions are kept fixed. The region II ions represent the interface of the nano-tip with the 
macroscopic tip and the interface of the film with the Cu substrate, neither of which are included 
atomistically in the model.

7.6 Theoretical Results

7.6.1 Tip Structure and Film  Thickness

To further quantify the theoretical model, the experimentally observed frequency shift can be 
used to  predict the material of the macroscopic tip and estim ate the thickness of the NaCl island. 
By running the model initially with only the chemical interactions between the oxide nano-tip 
and the island, an additional -0.05 eV/Â background attractive force was found to be needed at 
characteristic scanning height (hgc~0.47 nm) to reproduce the 128 Hz frequency change observed 
in experiment. This number can be used to infer the m aterial of the macroscopic tip  and the 
film thickness by directly calculating the macroscopic and image interactions for different possible 
setups. Fig. 7.1 can be used to estimate the size of the NaCl island on the Cu substrate. For 
mono-layer coverage it contains about 6000 atoms. The van der Waals and image interaction 
between the tip  and NaCl island/Cu substrate can then be calculated based on this estimate. In 
these calculations only the macroscopic part of the tip  is considered. This is positioned at h^c +  
hnt from the surface, where hnt is the protrusion of the nano-tip (see fig. 7.7).

To calculate the van der Waals interaction of the tip  with the NaCl island, a  “pyramid” of 
square blocks placed on top of each other as shown in fig. 7.7 was used to  represent the observed 
shape of the tip. This was necessary so th a t the van der Waals interaction between the macroscopic 
tip  and the island can be calculated atomistically. The approximation used in chapter 3 for the 
van der Waals has no atomistic contribution and the island thickness could not be estimated. Each 
block of the pyramid consists of atoms arranged in a  cubic lattice with a  lattice constant of 0.21 
nm. The van der Waals interaction is calculated by direct summation of dispersion interactions 
(Ce/r®) between the atoms in the blocks and the ions in the NaCl island. The number of square 
blocks needed in our atomistic calculations to converge the van der Waals interaction was first 
calculated. This was done by simulating the macroscopic pyramid shape with layers of increasing 
size. The size of the blocks was chosen to represent the observed effective tip radius of 10 nm. We
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found th a t 3 square slabs (approx. 90,000 atoms) of widths 4 nm, 8 nm and 12 nm, and each of 
depth 2 nm place on top of each other converged the van der Waals interaction.

In this setup the contribution of the m etal substrate to  the van der Waals force is negligible 
[67]. Insulating and conducting tips were modelled by using different dispersion coefficients (Ce). 
For an insulating/oxidized tip Ce parameters for MgO-NaCl [117] interactions were used, and for 
conducting tip parameters for W-NaCl [166] interactions were used. The results are shown in 
Table 7.1.

Tip Type NaCl Layers Force (eV/A)
Insulator 1 -0.052

2 -0.074
Conductor 1 -0.138

2 -0.195

Table 7.1: Comparison of NaCl island contribution to  van der Waals force

If these values are compared with the background attractive force needed in the model (-0.05 
eV/A) to  reproduce experimental frequency shifts, it is clear th a t this interaction can provide all 
of it. In fact this shows th a t the macroscopic tip is effectively an insulator and th a t the NaCl 
island cannot be more than 1 or 2 layers thick or the background force becomes much too large. 
If this is compared with the image interaction, it is found th a t for an insulating tip  the image 
force between tip  and island/ substrate would be less than  -0.01 eV/A compared to  about -0.11 
eV/A for a conducting tip. This is again consistent with the prediction th a t the tip  is effectively 
an insulator due to either a thick oxide layer or the poor conduction properties of silicon. These 
results show th a t the major contribution to the background force in the theoretical model is from 
the macroscopic van der Waals interaction. However, it should be noted th a t this argument does 
depend on the radius of the tip  used in the experiment, which cannot be known directly. In 
principle a  conducting tip  with a  smaller radius could produce the force the model predicts at 
atomic resolution, although a fairly thick oxide layer must still be present otherwise the image 
forces become too large. The tip  cannot have a much larger radius, otherwise the van der Waals 
force will become too big. The only way to fully establish the real characteristics of the tip  is 
by comparison of theoretical and experimental force vs. distance curves, but unfortunately no 
experimental curve was available. Nevertheless the results still predict th a t the NaCl film is not 
more than  2 layers thick, regardless of the conduction properties of the tip.

Now th a t the source of the macroscopic interactions involved has been established, the interac­
tions between the small oxide nano-tip and a representative 600 atom  unit cell can be calculated 
and a  background force, which we have dem onstrated is mainly due to  the van der Waals interac­
tion, can be added.

The systems used to calculate the microscopic forces are all setup as shown in fig. 7.7, with 
only the exact structure of the NaCl cell changing between systems. Now th a t the island thickness 
has been estimated, the macroscopic van der Waals force is calculated using the method discussed 
in chapter 3 for a conical tip, as in other studies. Since the magnitude of the background van der 
Waals force in experiment has already been established, changing from an atomistic to  continuum 
representation of the macroscopic tip does not affect the results. The cells used consist of four 
layers of NaCl with the top two layers designated region 3 and the bottom  two layers region 4, as
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in fig. 7.7. The relaxation of the region 3 ions allows the model to account for the deformation of 
the NaCl due to the interaction with the tip, which proved to be important for the understanding 
of the contrast mechanism. The metal substrate is 0.2 nm below the bottom of the layer and 
does not chemically interact with NaCl. Modelling of the NaCl-Cu interaction directly would 
require expensive quantum treatment. Instead two fixed layers of NaCl are used to represent the 
substrate. This is justified by the experimental data presented in figs.7.1 - 7.4 which demonstrate 
very similar qualitative features for both NaCl islands on Cu and on a NaCl film.

To keep consistency with experimental setup (see also ref. [32]), the bias between tip and 
substrate was held at 1.0 V in all calculations. All theoretical scanlines were calculated with 
experimental oscillation amplitude of 1.8 nm, frequency 158 kHz and constant frequency change 
of 128 Hz. The spring constant of the cantilever was 26 Nm“ .̂ 70 (see section 2.3) for these 
parameters is -1.61.

7.6.2 NaCl Step

This system is identical to that discussed in section 5.3.3, however, the properties being studied 
are different. A schematic for the calculation cell of this system is shown in fig. 7.8. The upper 
terrace of the step is a good representation of the ideal (001) surface of NaCl as long as the region 
studied remains at least 2 rows from the edge, the forces are converged with respect to row choice. 
This combination allows both the upper terrace and the edge of a NaCl island to be modelled, 
features which are atomically resolved in experimental images (fig. 7.2).
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Figure 7.8: System schematic for NaCl step.

Fig. 7.9 shows simulated scanlines along the dashed lines labelled a and b in fig. 7.8, beginning 
on the upper terrace. The schematic atoms in fig. 7.9 show the positions of ions in the lattice. 
The solid scanline a in fig. 7.9 crossed the step-edge over a Na ion as shown by fig. 7.8. However, 
the first two peaks in the scanline are calculated above an unstepped NaCl film, which effectively 
represents the ideal (001) surface. This is added to the scanline to show how the interaction on 
the upper terrace converges to the ideal surface away from the step edge. The periodicity of the 
microscopic calculations means that there is another step edge on the left-hand side of the cell
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(looking a t the side view in fig. 7.8) and calculating the scanline above atoms close to this edge 
would be unphysical. The axis labelled height in fig. 7.9 is a measure of how the centre point of the 
cantilever oscillations changes to keep the frequency change constant. Note th a t the tip-surface 
separation in these, and all other, scanlines is measured with respect to the relaxed position of the 
Na ions in the top layer of the island in the absence of interaction with the tip. The theoretical 
model predicts th a t the tip  would come to between about 0.43 and 0.47 nm from the surface.

It is immediately evident from scanline a in fig. 7.9 th a t the theoretical model predicts stronger 
attraction over the Na ions. As shown by the increase in tip-surface closest distance of approach, 
they would appear bright in an experimental image. It should be noted th a t the overall interaction 
is always attractive due to the other forces in the system, and the electrostatic repulsion over the 
Cl ions just reduces the total attractive force. However, the repulsive chemical force between the 
tip  and chlorine ions is resolved in the model, and the fact th a t they are represented as dark 
in experimental images is a m atter of convention. The difference between the deflection over 
terrace Na and Cl ions, i.e. contrast, is about 0.032 nm. This shows th a t contrast in the model is 
dominated by the electrostatic interaction between the nano-tip and surface ions. The negatively 
term inated nano-tip is attracted  to  the surface over Na ions and repelled over the Cl ions.

Displacement of ions also plays an im portant role in the interaction, as a t these tip-surface 
separations surface ions relax significantly due to the proximity of the tip. Na ions displace by 
about 0.014 nm towards the tip  and Cl ions displace about 0.006 nm away. As discussed in section
5.2, this extends the electrostatic potential over the displaced ion: a t scanning height (0.45 nm) 
the potential from the ideal surface is almost zero and the extended potential from the displaced 
ion dominates the electrostatic interaction with the surface.

Fig. 7.9 also shows an increase in contrast (and therefore predicted image brightness) over the 
Na ion a t the step-edge, the difference in contrast between the Na ion a t the edge and the Cl ion 
in the terrace along a is 0.043 nm. The increase in contrast a t the step-edge has two components,
(i) the electrostatic potential at the step-edge extends much farther than over the terrace (this 
effect can also be seen directly for the low-coordinated MgO cube oxygen comer in fig. 4.4) and,
(ii) the low coordination of the step-edge ion increases the displacement (step-edge Na displaces 
by 0.024 nm towards the tip) when the tip is at scanning height, again extending the electrostatic 
potential.

The dashed line b in fig. 7.9 shows a  parallel scanline along b in fig. 7.8. As expected contrast 
over the terrace ions is the same, about 0.032 nm. However, now an increase in contrast to about
0.035 nm over the Na ion just before the step edge can be seen and then the tip  moves closer to 
the surface over the Cl ions at the step edge. This means th a t the model also gives contrast along 
the step edge itself, in fact the difference between deflection over the Cl and Na ions both a t the 
step edge is about 0.07 nm. The scanline behaviour over the Cl ion a t the step edge is again due 
to the ion’s low coordination, which causes a  reduction in the attractive force on the tip. The edge 
Cl ion displaces by about 0.009 nm away from the tip  as it passes the step-edge.

The solid scanline a over the Na step-edge in Fig. 7.9 seems to decay to a  constant height after 
passing the step-edge, whereas the dashed scanline first dips over the chlorine ion before rising 
again as it passes the step. In both cases this is due to the interaction of the side of the tip  with 
the step as it passes and is a consequence of the specific nano-tip we use in the model. This also 
strongly affects the behaviour of the scanlines as the tip  passes the step-edge and moves to  the



120 CHAPTER 7. SODIUM CHLORIDE ON COPPER

0.5

0 .4 5  -

1
g  0 .4

0 .3 5

O

0 .3  Y ---------

Na step edge

o
Cl step edge

1
p osition  (nm )

Figure 7.9: Simulated scanlines over NaCl step-edges. Note that both scanlines are at the same 
height, but b was shifted down for clarity.

lower terrace. The strong tip-side/island-edge interaction means that there are large instabilities 
of tip and edge ions and the first few rows of the lower terrace cannot be resolved, so they have 
been omitted from these and all other scanlines. In the current periodic model the island is not 
large enough to escape the edge interaction and begin to image the lower terrace before the tip 
starts to interact with the step-edge of the next island image. Since in the specific experiment 
being modelled here there is no lower terrace of NaCl, we did not perform further calculations 
with a larger island. However, this type of interaction behaviour near the edge can also be seen 
in the experimental scanlines in fig. 7.5, where sections M and N both show a shoulder beyond 
the step-edge due to an interaction with the side of the nano-tip. This confirms our assertion 
that a protruding nano-tip is a real feature of NC-AFM tips in experiments demonstrating atomic 
resolution.

Fig. 7.9 demonstrates that the theoretical model predicts an increase in contrast at and near 
the step edge. This would translate to increased brightness in experimental images along the step 
edge and along the next row parallel to the edge.

7.6.3 NaCl Kink

To model the interaction of the tip with kink sites a unit cell was produced by removing six atoms 
from the step edge, creating a double kink site. A schematic diagram of the upper terrace of 
system is shown in fig. 7.10. The kink atoms have a coordination of 3, as compared to 4 at the 
step edge and 5 in the terrace itself. This allows the interaction over the kink and corner sites, 
which can be seen atomically resolved in experimental images (fig. 7.2), to be modelled.

Fig. 7.11 shows simulated scanlines along the dashed lines c and d in fig. 7.10. The schematic 
atoms in fig. 7.11 show the positions of ions in the lattice. The solid line is a scanline along c over 
a Na kink as shown in fig. 7.10. Again the contrast on the terrace ions is the same, about 0.032
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Figure 7.10: System schematic for NaCl kink.

nm. Scanline c also shows an increase in contrast over both the Na ion at the kink site, and the 
next Na ion along the scanline. Over the kink ion the contrast is about 0.062 nm and over the 
next Na ion it is about 0.035 nm. This much more de-localized increase in contrast around the 
kink site is due to the very low coordination of the kink ion.
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Figure 7.11: Simulated scanlines over different kink sites. Note that both scanlines are at the 
same height, but d was shifted down for clarity.

This causes both the kink ion itself and its nearest neighbours to be very susceptible to re­
laxation when the tip is in proximity. The Na ions near the kink site all displace towards the 
tip much more easily than terrace ions, causing an increase in force on the tip near the kink site. 
The kink ion itself displaces upwards by 0.025 nm and the nearest Na ion along c by 0.018 nm. 
A simulation snapshot of the tip passing over the kink site in fig. 7.12 clearly shows the large 
disturbance of all ions around the kink.

The dashed line d in fig. 7.11 shows a parallel scanline along the line d in fig. 7.10. This 
allows the interaction over a Cl kink and also the Na ion directly behind the kink site to be seen.
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Figure 7.12: Simulation snapshots of atomic displacements as the tip passes the kink site sodium 
ion. The snapshots are taken from the simulation of scanline c in figure 7.10.

The same behaviour as seen in the Na kink scanline is demonstrated, there is a general increase in 
contrast over Na ions near the kink site. The contrast rises to 0.035 nm over the Na ion directly 
behind the Cl kink ion, before the defiection falls rapidly as it passes over the kink. The Na ion 
displaces by 0.024 nm and the Cl ion at the kink site moves 0.009 nm away from the tip, but all 
the atoms near the kink site experience strong displacements.

It is clear from the kink scanlines that the theoretical model predicts that kink sites would 
be the brightest feature in a NC-AFM image, and that the Na kink ion would be bright. By 
comparing several theoretical scanlines it can also be seen that the much less localized interaction 
predicted by the model over the kink site would produce a wider area of bright contrast in an 
image than for terrace and step-edge ions. This corresponds well with the experimental images 
shown in figs. 7.1 - 7.5.

7.6.4 Cation Terminated Tips

To study the effect of the chemical identity of the tip apex on the results, calculations using a tip 
terminated by a positive Mg^+ ion and an 0 H “ group were also performed. This simulates the 
situation where the original tip has been contaminated by a positive ion from the surface or from 
the environment, for example, a water molecule could dissociate on the tip. This also simulates 
the case where the original uncontaminated tip is terminated by a cation, a situation which cannot 
be ruled out by experimental data at present. Both scans in this section were taken along line b 
in fig. 7.8.

M g T erm in a ted  T ip

By reversing the orientation of the MgO cube simulating the nano-tip, scanning of the surface 
with an equally but oppositely charged apex ion can be modelled. All other parameters are kept
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the same as previously.
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Figure 7.13: Simulated scanline over chlorine step site with Mg and OH terminated tip. As 
previously scanline OH has been shifted down for clarity.

The scanline labelled Mg in fig. 7.13 clearly shows that the contrast with an Mg terminated 
tip is now dominated by the attractive electrostatic interaction between the Mg at the end of the 
tip and the Cl ions in the terrace. The magnitude of contrast on the terrace is 0.035 nm, which 
is a slight increase in comparison with the oxygen terminated tip. Again, an increase in contrast 
to 0.044 nm over the step-edge due to the low-coordination of the edge ion can be seen. However, 
chlorine ions are more resistant to relaxation, displacing by only 0.019 nm compared to 0.024 nm 
for the Na ion, so the relative increase in contrast over the step is smaller than scans with the 
0-tip.

OH T erm in a ted  T ip

In this setup the oxygen at the end of the original MgO tip is replaced by a hydroxyl group and 
another hydroxyl group is added to the opposite side of the tip to keep it neutral. The electrostatic 
potential gradient from this OH apex is very similar to the potential gradient from a silicon tip 
contaminated by a hydroxyl group (see fig. 4.4).

The scanline labelled OH in fig. 7.13 shows very different behaviour to all the previous tip 
setups. As for the Mg terminated tip, ostensibly the attractive electrostatic interaction between 
the hydrogen at the end of the tip and the chlorine ions in the terrace is the source of contrast. 
However, the magnitude of contrast is only 0.004 nm, almost an order of magnitude less than with 
the Mg and 0  terminated tips. This is because at a distance of about 0.48 nm the interaction 
between the hydrogen and Na and Cl ions is more or less the same, as has been shown in previous 
studies on C-AFM [54]. There is no contrast at all over the ions near the step edge and the 
contrast actually decreases rapidly as the tip passes the step-edge. This occurs because at the 
step-edge the hydrogen atom interacts with less ions for a given radius than over the terrace. Also



124 CHAPTER 7. SODIUM CHLORIDE ON COPPER

the simulation shows no relaxation of the step-edge ion due to the tip.

7.7 Island Formation

The experimental images seen in figs. 7.1, 7.2, 7.3 and 7.4 seem to show a predominance of 
one type of kink/corner site. Theoretically it has been shown that cation and anion kink/corner 
sites should appear different in images i.e. one bright, one dark, yet in the experimental images 
there seems to be more bright than dark kink/corner sites. Although this is only a qualitative 
observation, it is still interesting to see whether there is any energy preference for kink/corner 
sites of one particular ion type. The setup for this calculation is the same as in the previous 
calculations on the NaCl thin film, but now the tip is removed and the cluster is as shown in fig. 
7.14. In order to also investigate more thoroughly the role of image forces in island formation, 
the calculations in this section have been performed using the SCIFI code, as described in section
3.2.1. This means that image forces are now included self-consistently and atoms are relaxed with 
respect to microscopic and image forces.

Top Layer e  ^

I
Metal

Figure 7.14: Model used to represent an NaCl island on top of a metallic substrate.

The island shown in figure 7.14 has an equal number of anion and cation kink/corner sites, 
and represents the initial setup. As a first test, a molecule was moved from a kink-forming to a 
corner-forming position, as shown in fig. 7.15. This reduced the overall energy of the system by
0.3 eV, forming a more stable structure. By turning a kink into a corner, the overall coordination 
of the island has been increased. This stabilization by increasing coordination can be seen clearly 
in fig. 7.1, where large regular shaped NaCl islands form on the Cu substrate.

Finally, to test the energy difference of cation and anion corner creation, the initial setup 
was taken and ions where moved from the second layer to produce an imbalance in number of 
kink/corner site types. Fig. 7.16 shows a model of the creation of an anion corner site by moving 
two ions from the second layer. The ions taken from the second layer were chosen so that there 
would be no significant interaction between the vacancies left after their removal. An extra cation 
or anion corner can be created by moving the ions to the bottom left or right, in fig. 7.14, of the 
initial island respectively. The difference in energy for creation of anion and cation corner sites was
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Figure 7.15: Model of corner creation on a NaCl island. A NaCl molecule is moved from a position 
where it. forms a kink to a position where it forms a corner.

found to be only 0.03 eV. This energy is too small for there to be a significant difference, at least 
in our model, between the number of anion and cation kink/corner sites due to differences in the 
energy of formation. Note that although there is a contribution to the energy from the vacancy 
creation, the vacancies are the same for cation and anion corner creation, so their contribution is 
cancelled when taking the energy difference.

• • •

\ J

V a c a n c y  in  
lo w e r  la y e r

Figure 7.16: Model of anion kink creation. Individual atoms are moved from the second layer (see 
fig. 7.14), leaving vacancies, and are added to the top layer to create a corner site.

7.8 Conclusions

The results suggest that the tip used in this study is effectively an insulator. The surface of the tip 
is rough on the nano-scale and one of the features at the tip end serves as a main nano-tip. The



126 C H APTER 7. SODIUM CHLORIDE ON COPPER

image features suggest th a t another nano-asperity which serves as a second tip  is located about 5 
nm away from the main one. To reproduce experimentally observed contrast the nano-tip must 
have a  strong electrostatic field which, as dem onstrated in fig. 4.4, could be generated by a  polar 
group at the tip apex or by an oxide. The theoretical results show th a t a tip  term inated by 0 H “ 
cannot produce the experimentally observed contrast. The results presented in fig. 7.3 suggest 
that the tip can also temporarily trap  some surface ions.

The theoretical analysis demonstrates th a t at long-range the tip-surface force is mainly due to 
the van der Waals interaction. The characteristic scanning tip-surface distance is predicted to  be 
about 0.43 - 0.47 nm (with ion instabilities occurring below about 0.42 nm). The contrast in the 
image is determined by the chemical interaction between the tip  and surface ions at this distance. 
This interaction dominates the forces a t short-range and leads to  considerable displacement of 
surface ions from their ideal sites.

Modelling also predicts th a t contrast in NC-AFM images corresponds to  the average positions 
of surface ions. Although the tip-surface model is idealised, the contrast mechanism does not allow 
any other plausible explanation for observed experimental contrast. The increase in contrast (and 
therefore predicted image brightness) over the step-edges and kinks is due to  the lower coordination 
of the step edge and kink ions. It has two components, (i) the electrostatic potential over the low 
coordinated sites extends much farther than over the ideal terrace and, (ii) the low coordination 
of the ions increases their displacements due to the interaction with the tip. These two effects 
mainly determine the electrostatic interaction with the tip a t scanning height.

It is interesting to note th a t STM experiments on thin films of NaCl on A l( l l l )  by Hebenstreit 
et al [17] have also observed enhanced contrast at step and kink sites. The results presented here 
suggest that the tip interaction with these sites could be one of the reasons for this enhanced 
contrast.



Chapter 8

Calcium Difluoride

8.1 Original M otivation

The study of the CaF2 surface was motivated by our collaboration with the group of Michael 
Reichling in Munich. They successfully imaged the (111) surface in atomic resolution and even 
saw evidence of point defects, but were unable to tell much about the chemical identity of the 
features seen in the images. They then asked us if we could help with interpretation. As a  classic 
bulk insulator with a  fairly complex surface termination, C ap2 seemed a  very good candidate for 
theoretical study, so we begin modelling it.

8.2 Introduction

Difficulties in NC-AFM imaging have so far prevented atomic resolution being achieved on surfaces 
of many insulators, most notably MgO and Alumina. These difficulties are usually associated with 
blunt tips, surface charging or surface roughness after cleavage. However, the mechanism behind 
the imaging instabilities is not well understood and it is not clear how these factors interfere 
with stable AFM operation. Since the main purpose of NC-AFM is to study insulating surfaces 
in atomic resolution, it is useful to analyze those insulating surfaces which have been atomically 
resolved and use th a t information to try  and understand why other surfaces cannot be imaged.

As a  wide band gap (12.3 eV [167]), highly ionic m aterial (formal charges Ca^'^'and F~), 
Calcium Difluoride (CaF2) represents a  classic insulator. It has many applications in optical 
components due to  its high transmission of light in the deep ultraviolet spectral range [168]. These 
applications have motivated many studies into the properties of the bulk [167, 169, 170, 171, 172] 
and surface [173, 174], with special regard for degradation of the surface due to air and laser 
damage. The need for a well-prepared clean surface in optical applications has meant th a t the 
techniques for cleaving CaF2 have improved to such an extent th a t the production of a well- 
defined surface along the most stable [173, 174] (111) plane is almost routine. Although fig. 3.4 
shows jagged cleavage tips on the CaF2 surface, these can be reduced by annealing and it is 
possible to find fiat (111) terraces hundreds of nanometres wide. Recent NC-AFM experiments 
[27] have successfully dem onstrated atomic resolution on the (111) surface of CaF2 and of atomic 
defects after exposure to  oxygen. Therefore the CaF2 surface represents a good example for

127
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comparison with other, as yet, unimaged insulating surfaces. The 70 (see section 2.3) of -38.6 for 
those experiments also implies that a large macroscopic van der Waals force due to a blunt tip or 
significant electrostatic forces due to tip and surface charging are present. Both explanations are 
feasible since AFM studies [79] of CaFg have already demonstrated that charging due to cleavage 
could be significant and tip charging and bluntness due to sputtering is a common preparation 
problem [96]. By studying theoretically the effects of a blunt tip and charging on NC-AFM 
imaging of the CaF2 (111) surface, some general conclusions about the importance of these effects 
in imaging of other insulators can be made.

[I l l ]

[221]

Figure 8 .1: Fluorine terminated CaFg (111) surface. The calcium layer is labelled 1, the outermost 
fluorine layer is labelled 2 and the lower fluorine layer is labelled 3. The layers are separated by 
about 0.08 nm.

Several other factors also make CaF2 an attractive system to study theoretically. Structurally, 
the CaFz (111) surface offers more interesting physical features than other fiat insulators, such 
as NaCl. The surface has been demonstrated to be fluorine terminated [27] and, as can be seen 
from fig. 8 .1, the outermost fluorine layer protrudes out from surface in a similar manner to the 
bridging oxygens seen on the T i02  surface or As atoms in the InAs surface. A common previous 
assumption in NC-AFM imaging is that protruding atomic layers are imaged as bright, and it is 
important to establish whether this “intuition” holds theoretically.

The experimental study itself demonstrated a general problem in NC-AFM imaging, in that 
they were unable to chemically identify the defect or the sublattice seen as bright in images. 
They also suffered from a technical problem which exaggerated the apparent contrast measured 
on the surface. This combination of instrumental problems and lack of information obtained from 
experimental images motivates the use of theoretical modelling to try  and extract more information 
about the surface and tip-surface interaction, and aid in interpreting experimental images.

After an initial explanation of the method used to model CaF2, this chapter is effectively split 
into two parts. The first part deals with the influence of the nature of the background force 
on imaging. Although this part uses experimental imaging parameters, it focuses on theoreti­
cal predictions of imaging of insulating surfaces in general, rather than on a direct comparison 
with experiment. In the second part, the theoretical model is developed directly from specific 
experiments on CaF2 and is then used to aid in interpretting the images from those experiments.
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8.3 M ethod

The model used in this study is the same as th a t described in chapter 4, so this section will focus 
on those aspects of modelling th a t are specific to the study of CaFg.

The setup of the calculations is the same as in fig. 4.6, with the NaCl cluster replaced by 
the CaFg surface unit cell (shown in fig. 8.1). The distance dependence of the van der Waals 
force is calculated using a Hamaker constant (H) of 1 eV and the method described in chapter 
3. For bulk CaF2 the sample is so thick (3-5 mm) th a t the distance between the tip and the 
conducting substrate makes the image force negligible for neutral systems. However, when the 
surface is charged there is a  strong interaction between the surface charges and their images in 
the conducting tip, and the image force makes a significant contribution to  the background force. 
The microscopic force is calculated using a periodic static atomistic simulation technique and the 
MARVIN2 code, as described in section 3.2.1. The bottom  of the nano-tip and the top of the 
CaFg surface are relaxed explicitly, in terms of fig. 4.6, region 1 and 2 of the MgO nano-tip are 
the same, and region 3 now consists of the top three layers of the CaF2 surface and region 4 the 
remaining surface layers.

8.3.1 Param eters for CaF 2 Interactions

Several sets of parameters for CaF2 shell-model interactions exist [171, 175, 176, 177], however 
none of these studies were interested in the interactions im portant to NC-AFM, and only one 
[177] looked at the properties of the CaF2 surface. In light of this it is im portant to compare the 
different parameters to see which, if any, well represent the interactions im portant for modelling 
NC-AFM. Obviously it is im portant to reproduce experimental geometries, but it is also im portant 
within the SM method th a t the electronic polarization of the ions is modelled realistically i.e. the 
static and high-frequency dielectric constants are reproduced.

Three sets of shell-model parameters were used to  calculate relaxed geometries, vibrational 
and dielectric constants of bulk CaF2. The first two sets, by Grimes [175] and Gillan [171], are 
taken from literature, but the third set, called ’opti’, (based upon Binks [176]) has been optimized 
specifically for all the properties shown in table 8.1. For these bulk calculations the General Utility 
Lattice Program (GULP) [178, 179] code was used. Its operation is very similar to the MARVIN 
code and differs mainly in th a t it repeats the unit cell in all three-dimensions to reproduce the bulk 
rather than the surface. The results of these calculations are shown in table 8.1. The param eter set 
derived for surface calculations [177] has been neglected since the authors themselves state th a t it 
cannot reproduce experimentally observed surface properties. Although initially bulk properties 
are being compared, it is crucial th a t the parameters can also reproduce surface properties for 
NC-AFM modelling.

It is immediately evident from table 8.1 th a t all the param eter sets well reproduce the bulk 
lattice constant to  within a few percent. This consistency is also seen in the elastic constants, 
although the opti set gives the best results across all three constants. It is only in the dielectric 
constants that real improvements of the opti set can be seen. The first two sets underestimate both 
the static and high frequency dielectric constants, with a  100% error in the high frequency constant. 
This is not surprising, since neither of these studies were interested in dielectric properties. The 
opti set reduces the errors to about 10% and gives a much better overall approximation of the six
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Parameters Lattice (A) O il C l2 C 44 £ 0 0̂0
Grimes [175] 5.495 16.47 4.05 3.97 5.07 1 . 0 0

Gillan [171] 5.445 15.71 4.16 3.96 5.18 1 . 0 0

Opti 5.438 16.20 4.28 3.73 5.85 1.82
Exp. [169, 170] 5.465 17.12 4.68 3.62 6.47 2.05

Table 8.1: Comparison of calculated and experimental physical properties for CaFg. The Opti 
results are produced using parameters generated in this study and shown in table 8.2.

Ion Type Ion Type A (eV) P (1 /A ) C ( A ^
Cai-^8i+ Cai-‘-̂ 8i+ 0 . 0 0 0 . 0 0 0 . 0 0
Cai-^8i+ p i . 3 78- 1140.0 0.303 0 . 0 0
p i . 378 — p l.3 7 8 - 911.690 0.2707 13.80

Spring (eV/A ^)
Cai-^8i+ CaU-7i»+ 34.05 - -
p i .3 7 8 - p0.378+ 24.36 - -

Table 8.2: Shell-model param eters used in this study.

properties studied.
All further calculations for the surface and the tip-surface interactions have been performed 

using the opti set to represent CaFg. Param eters for the interactions between the MgO tip  and 
the CaFg surface are taken from Binks [176] and Bush et al [149]. The parameters for the tip 
remain as in the previous systems studied.

8.3.2 Ab Initio  M odelling o f the CaF2 (111) Surface

It is important to test whether the chosen param eter set from the bulk calculations can also 
reproduce the properties of the CaFg (111) surface. The best method for doing this is by comparing 
the surface relaxations from shell-model calculations with ab initio calculations and experiment. 
Ultraviolet photoelectron spectroscopy (UPS) experiments [180] have demonstrated th a t there 
is no reconstruction a t the surface, but unfortunately there is no experimental data  on surface 
relaxations. In the absence of experimental data, ab initio calculations are the most reliable source 
of information. Although ab initio calculations have already been performed on the (111) surface 
[174], these were done with a  small number of surface layers and without including the effects of 
electron correlation. Since electronic polarization has a  large influence on the properties of ionic 
materials it is im portant to  check the surface relaxations with a full DFT calculation including 
the effects of correlation.

Ab initio calculations of the CaFg (111) surface were performed using the VASP code as 
discussed in section 3.2.1. Specifically, calculations were performed on bulk CaFg to converge the 
total energy of the system with respect to k-point sampling of the Brillouin zone and energy cut-off 
of the plane waves. The Monkhorst-Pack [56] k-point generation scheme was used and the total 
energy was converged to  0.1 meV with a 9 x 9 x 9 mesh. The bulk cell was then fully relaxed. The 
VASP calculations of the bulk predicted a  lattice constant of 5.43 Â, which compares well with
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the experimental value of 5.47 Â.
The relaxed bulk unit cell from the fully converged calculation was then used to  generate the 

surface unit cell. The total energy of the surface was then converged with respect to the number 
of surface layers, k-points and the vacuum gap between the periodic slabs. The to tal energy 
was converged to  1 meV with a  12 k-point 9 x 9 x 1 mesh. It was found th a t 9 surface layers 
with a  vacuum gap of 8 Â was sufficient. The relaxed surface geometry was taken from the final 
fully converged calculation and the relaxed surface unit cell is shown in fig. 8.1. There was no 
significant relaxation observed for the CaF2 (111) surface, all relaxations were less than 0.01 Â. 
This is consistent with the other ab initio results firom Puchina et al [174] and gives a  very good 
basis for testing the shell-model parameters.

The surface calculations were repeated using the MARVIN code, as described in section 3.2.1, 
and the opti param eter set (see table 8.2). The same 9 layer surface unit cell was used in the shell 
model calculations and the surface relaxations were again found to be very small, less than 0.02 Â. 
Although the shell model calculations gave slightly larger relaxations than predicted by ab initio 
calculations, they nevertheless reproduce the qualitative result th a t there is very little relaxation 
of the CaFg (111) surface. This means th a t the opti param eter set gives a good representation 
of the bulk and surface properties of CaF2, and will reproduce the interactions im portant for 
NC-AFM modelling.

8.4 The Influence of the Background Force

In an attem pt to understand the eflFect of the nature of the background force on NC-AFM imaging 
of CaF2, this section focuses on theoretical modelling of imaging with different background forces. 
Although the general setup shown in fig. 4.6 is consistent throughout this study, two different 
interaction schemes have been used in this section, each representing an extreme model where the 
entire background force is dominated by one source. Firstly, to model a  system with no surface 
charge where the macroscopic van der Waals interaction dominates the background force, a  very 
blunt tip  of radius 400 nm has been used. To model the interaction of charged tip with charged 
surface, a  sharp tip  of radius 3.33 nm has been used. The tip  held a discreet electric charge of 
+4e, and the surface a  charge of 0.6 e/nm^. The magnitudes of these charges were chosen so 
as to reproduce the observed experimental frequency change a t scanning height. These charges 
produce a  long-range electrostatic force, which dominates the background force. Note th a t the 
surface charge is unrealistically large and represents an extreme limit.

All frequency change vs. distance curves and scanlines were produced with a  cantilever am­
plitude of 23 nm, eigenfrequency of 84 kHz, spring constant of 6 N /m , and a  frequency change 
of -155 Hz, as in experimental images [27]. As stated previously, 70 for these parameters is -38.6. 
It is im portant to  note th a t although the blunt tip and sharp tip  interaction schemes are very 
different, they both reproduce the magnitude of frequency changes observed a t atomic resolution,
i.e. -155 Hz. In order to  maximize contrast in the theoretical scanlines and therefore more easily 
see the effect of the background force on imaging, the maximum frequency change, -155 Hz, is 
assumed to occur a t a tip-surface separation at the limit of surface ion stability, about 0.4 nm. 
Imaging any closer than this causes surface ions to  jum p to the tip.

In order to  dem onstrate the différences between the two interactions schemes used, in fig. 8.2
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frequency change vs. distance curves have been plotted for both the blunt and charged tips. The 
blunt tip demonstrates a fast decay, characteristic of a pure van der Waals interaction. The change 
in oscillation frequency is already less than 10 Hz beyond 7.5 nm. The charged tip shows a much 
slower decay and the change in frequency is over 30 Hz at 7.5 nm and remains above 10 Hz until 
around 20 nm. This is characteristic of the electrostatic interaction between the charged tip and 
surface. The image force due to polarisation of the conductive tip by the ionic sample also makes 
a significant contribution to the interaction at medium range (< 5 nm). This marked difference 
in the distance behaviour suggests that by analysing an experimental curve one should be able 
to determine the dominant force contribution and in this way characterise the tip and surface. 
However, before comparing directly with experiment it is important to see whether there is any 
difference in predicted contrast in images due to the different interaction schemes.
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Figure 8.2; Frequency change vs. distance curves over the CaF2 (111) surface. The blunt tip 
curve uses a large radius tip and a background force consisting of only van der Waals. The sharp 
tip curve uses a small radius charged tip and the background force is composed of van der Waals 
and an electrostatic interaction due to surface charging.

8.4.1 Anion Terminated Tip

The first simulations were performed with the nano-tip oriented so that a negative 0^“ ion is 
closest to the surface. This represents the situation were the original silicon tip is oxidized or 
contaminated by ambient oxygen. The electrostatic potential gradient from an oxygen terminated 
MgO nano-tip has been shown [3] to be similar to that of an oxygen contaminated silicon tip.

Fig. 8.3 shows simulated scanlines produced over the CaFg surface with an 0-term inated tip. 
The overall qualitative behaviour for the sharp and blunt tip scanlines is the same, with contrast 
dominated by the strong short-range electrostatic interaction between the negative potential from 
the tip and the positive Ca ions in the surface. Surface relaxation also plays a role in the interaction, 
with the Ca ions displacing towards the tip by about 0.01 nm during scanning and actually jumping 
to the tip at tip-surface separations of less than 0.38 nm. The magnitude of contrast is about 0.020 
nm for the sharp tip and 0.010 nm for the blunt tip. This contrast is much smaller than the 0.1 
nm observed in the original experiments. This is consistent with the assertion made in ref. [27] 
that AFM electronics exaggerates the experimentally observed contrast. The difference in contrast
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Figure 8.3: Simulated scanlines of the CaFg (111) surface along the (221) direction with an 
oxygen terminated nano-tip. Tip-surface separation is calculated with respect to the Ca layer. 
The numbers below the schematic atoms refer to the labels in fig. 8.1. The blunt tip scanline 
is from the simulation with a large radius tip and a background force consisting of only van der 
Waals. The sharp tip scanline uses a small radius tip and the background force is composed of 
van der Waals and an electrostatic interaction due to surface charging.

between the two curves is a direct result of the significant difference in the long-range tip-surface 
interactions for the two systems, as seen in fig. 8.2. Although the interactions are similar at close- 
range, the van der Waals dominated blunt tip interaction decays much more quickly than the 
electrostatic dominated sharp tip interaction. This means that the sharp tip must move slightly 
further from the surface than the blunt tip to feel the same frequency change. In both curves 
a second maximum can be observed at a distance of 0.33 nm from the main peaks. This is due 
to a minimum of repulsion from the two fluorine ions when the tip is equidistant between them, 
producing an increase in the overall attraction.

8.4.2 Cation Terminated Tip

Simulations were also performed using a nano-tip terminated by a positive Mg^+ ion. This repro­
duces the situation where the original tip has been contaminated by a positive ion from the surface 
or from the environment, and also the case where the original uncontaminated tip is terminated 
by a cation, a situation which cannot be ruled out by experimental data at present.

Fig. 8.4 shows simulated scanlines over the CaF2 surface with a magnesium terminated tip. 
Again the overall qualitative behaviour of the blunt and sharp tip scanlines is the same. For the 
Mg-terminated tip, the contrast is dominated by the strong short-range electrostatic attraction 
between the positive potential from the tip and the negative F ions in the surface. The F ions 
displace by about 0.02 nm towards the tip while scanning and jump to the tip at tip-surface 
separations of less than 0.40 nm. Note that, as mentioned in fig. 8.3, tip-surface separation is 
calculated with respect to the Ca layer and the tip is in fact about 0.07 nm closer to the F layer. 
The magnitude of contrast is about 0.032 nm for the sharp tip and 0.017 nm for the blunt tip. 
The difference in contrast between the sharp and blunt tips is consistent with that seen for the 
0-terminated scanlines and is due to same source. However, instead of a second maximum, as seen



134 CH APTERS. CALCIUM DIFLUORIDE

0.45

0.44

0.43

1  0 4 2

0 41

Sharp Tip 
BlunI TipC a ( l)  F(2) F(3) C a (I )

0.39

Distança (nm)

Figure 8.4: Simulated scanlines of the CaF2 (111) surface along the (221) direction with an 
magnesium terminated nano-tip.

in fig. 8.3, the scanlines in fig. 8.4 have a shoulder at 0.22 nm to the right of the main peaks. This 
is due to the attraction of the tip to the fluorine ions in the 3rd layer of the surface, effectively 
both types of fluorine site are imaged with the Mg-terminated tip.

8.4.3 Summary

This study has shown that the exact nature of the background force does not have a large effect 
on the contrast mechanism in NC-AFM imaging. The much slower decay of the electrostatic 
force does not seem to be a significant factor in resolution, and scanlines produced using a van der 
Waals dominated background force were qualitatively similar to those produced with a background 
force dominated by long-range electrostatic forces due to tip and surface charging. The balance 
between van der Waals and electrostatic forces in a real experiment can only be established by 
comparing directly theoretical force vs. distance curves with experimental curves achieved after 
atomic resolution.

More generally, the theoretical results show that blunt tips and homogeneous surface charging 
are not an obstacle to atomic resolution on insulating surfaces. The large forces introduced by 
these factors can be compensated by the appropriate experimental setup, as was shown in ref. 
[27]. This implies that it is the roughness of some insulating surfaces after cleavage which causes 
imaging instabilities. AFM studies on MgO [80] and alumina [181] demonstrate that these surfaces 
have a very high density of steps and ’nano-debris’ compared with the large flat terraces which 
can be seen in images of NC-AFM atomically resolved systems such as CaFg and NaCl [39]. The 
inhomogeneity of the force field over a rough surface increases tip instability and makes stable 
imaging much more difficult.

The simulated scanlines with an 0-term inated tip demonstrate that it is not necessarily the 
most protruding surface feature which is imaged as bright in NC-AFM. Even though the Ca ions 
are in the second surface layer and are shielded by the outer F layer, they are still responsible 
for contrast with a negative potential tip. In combination with the fact that the second contrast 
maximum in the 0-term inated scanlines is due to the minimum in repulsion between two F ions.
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this dem onstrates th a t NC-AFM does not image atoms directly, but images the attraction between 
the tip  and surface electrostatic potential. In general the surface potential will be strongest over 
atomic positions, but the contrast mechanism also depends crucially on the nature of the tip ’s 
electrostatic potential. Displacement of surface ions was shown to be an important effect in 
imaging of CaFg and modelling demonstrated th a t surface ions would actually jum p to the tip 
a t tip-surface separations of less than 0.4 nm. Note th a t the nature of the scanlines produce 
in this study are slightly dependent on the orientation of tip. A tilted tip  would change the 
form of potential from the tip  and would change the tip-surface interaction. The only way to 
establish whether the form of the scanlines is physical is by direct comparison with experiment, 
which is the point of the next section. However, the orientation of the tip  is independent of the 
background force and the conclusions of the influence of the nature of these forces hold whatever 
the orientation.

The contrast predicted in all theoretical scanlines is much smaller than in the original exper­
iments. This is consistent with the technical problems in the experiment, and also with more 
recent experiments with improved electronics, which observe smaller contrast (about 0.04 - 0.05 
nm) [99]. By the magnitude of contrast alone there is no way of distinguishing whether the Ca 
or F sublattice is observed experimentally, as the scanlines with cation and anion term inated tips 
show similar contrast. However, the secondary features in the theoretical scanlines do offer the 
possibility of identifying the sublattice imaged. Three-dimensional plots of the theoretical image 
dem onstrate th a t the secondary features are not just artifacts of the scanlines chosen. The differ­
ence of 0.11 nm in the position of the secondary features means th a t if any secondary features are 
seen in experiments, the sign of the tip potential and the sublattice can be identified by a careful 
analysis of their position. This possibility will be explored in the next section.

8.5 Comparison with Experiment

Although the previous section made some comparisons with experiment, the main purpose of 
the study was to see if modelling of NC-AFM on the CaFg could help in understanding imaging 
problems on other insulators. However, several points were highlighted which encourage further 
analysis. Firstly, fig. 8.2 demonstrated th a t frequency change vs. distance curves could be used to 
identify the background forces present in a  given experiment. By comparing directly theoretical 
and experimental curves the tip-surface interaction can be characterized and used to  establish a 
physical setup for the tip  and surface. This would allow much more consistency in the modelling 
process than has been possible in other systems where experimental frequency change vs. distance 
curves where not available. Secondly, a t the atomistic scale, the distance dependence of the features 
in scanlines can be compared with experiment to give a very good estim ate of tip-surface separation 
during these processes. Finally, a  detailed analysis of the secondary features in experimental and 
theoretical scanlines should offer the possibility of identifying the sublattice imaged.

The method used in this section is exactly the same as discussed in section 8.3, with only the 
experimental param eters changing. The experimental images and scanlines presented in this sec­
tion were produced via the ’constant-height ’ mode of NC-AFM operation, as discussed in chapter
1. This means th a t simulated images and scanlines are also calculated in the same manner, with 
an interpolation of the calculated frequency change for a  given tip-surface separation generating
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the image. All frequency change vs. distance curves and scanlines were produced with a cantilever 
amplitude of 34.5 nm, eigenfrequency of 77 kHz and a spring constant of 6 N/m, as in all experi­
mental results discussed. In the experiment the electrostatic forces were minimized by applying a 
bias between the tip and surface.

8.5.1 Macroscopic Characterization

In the first stage of the comparison between theory and experiment, frequency change vs. dis­
tance curves have been used to characterize the tip-surface interaction, and hence characterize the 
macroscopic properties of the tip. Fig. 8.5 shows a comparison of theoretical and experimental 
curves taken over the surface. For ease of reference all results from this first experiment will be 
labelled experiment 1. The experimental curve was taken immediately after achieving atomic res­
olution at 139.5 Hz. This was the largest frequency change used in a series of images of the surface 
demonstrating increasing contrast, but no evidence of ion jumps. Since the tip moves closer with 
increasing frequency change, it is reasonable to assume that at 139.5 Hz the tip is close to the 
theoretical limit for ion jumps given previously, hence the experimental curve has been calibrated 
so that this frequency change is at 0.4 nm.
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Figure 8.5: Comparison of theoretical and experiment 1 frequency change vs. distance curves over 
the CaF2 (111) surface. Note that the legend is given in terms of the product of the Hamaker 
constant (H) and radius (R), but H is always 1.0 eV and only the radius changes.

Fig. 8.5 contains three theoretical curves produced using different macroscopic tip radii and 
applied bias. Note that two of the curves, HR=700 and HR=675, are so similar that it is difficult to 
distinguish them at some tip-surface separations. Varying the tip radii and the applied bias directly 
changes the background van der Waals and electrostatic forces. Each of the curves reproduces 
the largest experimental frequency change, 139.5 Hz, at around 0.4 nm. The best fit to the 
experimental curve is found with a radius in the range 675 - 700 nm and an applied bias in the 
range 0.0 - 0.03 V, this gives values which are within experimental error at all points and gives very 
good agreement in the critical 0.4 - 2.0 nm range, the range which most affects atomic resolution 
(for example, see chapters 6 and 7). Fig. 8.5 shows two theoretical curves at opposite extremes 
of this range and it is clear that they are practically indistinguishable. This demonstrates that 
the background force is dominated by the van der Waals force between blunt macroscopic tip and
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surface, and is consistent with the fact th a t the tip  was blunted by crashing into the surface before 
imaging and th a t the electrostatic force has been minimized by experimentally applied bias. The 
remaining dashed curve in fig. 8.5 emphasizes the dominance of van der Waals in the experimental 
curve, as if the radii is reduced to 500 nm and the bias is increased to 0.12 V, there is a  large 
deviation firom the experimental curve in the 0.4 - 2.0 nm range even though the theoretical curve 
still matches experiment a t very short and very long range. All further theoretical results are 
calculated using a macroscopic tip  of radius 675 nm and an applied bias of 0.03 V.

8.5.2 Theoretical Images 

A nion  T erm inated  T ip

As in previous studies, a t present it is impossible to identify the microscopic structure of the 
tip, so simulations were performed with both an anion and cation term inated nano-tip. The first 
simulations were performed with the nano-tip orientated so th a t a  0 ^ “  ion was at the apex and 
the tip has an effective negative potential. Fig. 8.6 shows three simulated images taken a t different 
tip-surface separations. The images are orientated such th a t the white line is along the direction 
(221) as shown in fig. 8.1, passing over calcium sites and both types of fluorine site. Since their 
is no way of telling the actual height in experimental images, the average frequency change across 
the image must be used as a  measure of the tip-surface separation. In experiments the tip is held 
a t a  constant height and the change in frequency over the surface is measured, but the average 
frequency change over the whole image is an effective measure of distance. The closer the tip is 
to the surface the stronger the overall attractive force is and therefore the larger the magnitude 
of the average frequency change. The tip-surface separations used in the theoretical study were 
chosen to  cover the range of average frequency changes seen in experimental images. The average 
frequency change in the images in fig. 8.6 was as follows: (A) -120.88 Hz; (B) -129.09 Hz; (C) 
-138.67 Hz. The images were generated by calculating the frequency change at a large number of 
points and then using symmetry to create an image of the surface unit cell which can be repeated 
across the surface. For simplicity only a  small section of the simulated image of the surface is 
calculated. The bright area in the top-right of each image is an artifact and should be ignored.

In fig. 8.6, maximum contrast, i.e. brightness, in the simulated images is over the Ca ions in 
the surface. An increase in contrast can be seen half-way between bright spots along the direction 
parallel to  the white lines and along other equivalent directions. The images also dem onstrate a 
clear qualitative change in contrast as the tip  moves closer to the surface. The bright spots seen 
at 0.5 nm are non-circular, but as the tip  moves closer the spots become more circular until they 
are almost perfect discs a t 0.4 nm. The change in images as a  function of tip-surface separation 
can be analyzed more quantitatively by taking scanlines out of the image.

Fig. 8.7 shows five simulated scanlines taken a t different tip-surface separations, along the 
white line shown in fig. 8.6. Scanlines A, C and E are taken directly from the images in fig. 8.6, 
and scanlines B and D are added for extra detail. For ease of comparison, each scanline has been 
calibrated so th a t the smallest frequency change is a t 0 Hz. The average frequency change for 
each curve was as follows: (A) -120.88 Hz; (B) -124.90 Hz; (C) -129.09 Hz; (D) -133.54 Hz; (E) 
-138.67 Hz.

As seen in the first part of this chapter, the simulated scan line  with a  negative potential tip
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Figure 8.6: Simulated frequency change images at constant height over the C ap2 (111) surface 
with an oxygen terminated nano-tip. The images are labelled according to height: A - 0.500nm; B 
- 0.450 nm; C - 0.400 nm. The numbers below the schematic atoms refer to the labels in fig. 8.1. 
The white line is along the (221) direction and shows the positions of the scanlines in fig. 8.7.

show a secondary maximum between the two F ions at 0.33 nm from the main peaks, this is a 
clearer representation of the contrast seen between bright spots in simulated images (fig. 8.6). 
The weaker repulsion over the deeper F(3) ion compared to the protruding F(2) ions is reflected
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Figure 8.7: Simulated frequency change scanlines at constant height (or tip-surface separation) 
over the Cap2 (111) surface along the (221) direction with an oxygen terminated nano-tip. The 
scanlines are labelled according to height: A - 0.500nrn; B - 0.475 nm; C - 0.450 nm; D - 0.425 
nm; E - 0.400 nm. The height is measured with respect to the Ca sublattice. The numbers below 
the schematic atoms refer to the labels in fig. 8.1.

in increased contrast, i.e. shallower scanline minimum, over the deeper ion. This makes the 
maximum peaks, primary and secondary, asymmetric and translates directly into the simulated 
images as a slower decay of brightness on one side of Ca ions. This gives the spots over the Ca 
ions a weak triangular shape at greater tip-surface separations.

Fig. 8.7 clearly shows the dependence of the magnitude of contrast on the tip-surface separa­
tion. At 0.5 nm the contrast over the Ca ions is about 0.2 Hz, whereas at 0.4 nm it is about 1.8 
Hz. As the tip moves closer to the surface, the chemical forces between the atoms in the surface 
and the tip increase, producing a corresponding increase in contrast. The scanlines also show an 
increase in contrast at the secondary maximum as tip-surface separation is reduced. At 0.5 nm 
it is about 0.05 Hz and at 0.4 nm it is about 0.2 Hz. However, this means that it decreases in 
significance from about a 0.22 to a 0.11 as a fraction of the contrast over the Ca ions in the same 
distance range. As the tip is moved closer to the surface the contrast over the Ca ions gets larger, 
and eventually the difference in contrast over the two F sites is so small compared to contrast over 
the Ca sites that it is irrelevant. Effectively only the interaction over Ca ions is seen in images 
and as this is symmetrical, the spots become disk-like. This is because the repulsive interaction 
with the singly charged F “ ions producing the secondary maximum has a weaker distance depen­
dence than the direct attractive interaction over the Ca^+ sites. It should be noted that all the 
same interactions are present at every tip-surface separation, but it is the change in their relative 
magnitude as a function of distance which causes a change in the images.

C a tio n  T e rm in a te d  T ip

Simulations in this section were performed with the nano-tip orientated so that a Mg^+ ion was 
at the apex and the tip has an effective positive potential. Fig. 8.8 shows three simulated images 
taken at different tip-surface separations. The images are orientated such that the white line is 
along the direction (221) as shown in fig. 8.1, passing over calcium sites and both fluorine sites.
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The average frequency change for each image was as follows: (A) -120.89 Hz; (B) -129.20 Hz; (C) 
-139.03 Hz. The bright area in the top-left of each image is an artifact and should be ignored.

Figure 8.8: Simulated frequency change images at constant height over the C ap2 (111) surface 
with a magnesium terminated nano-tip. The images are labelled according to height: A - 0.500nm; 
B - 0.450 nm; C - 0.400 nm. The numbers below the schematic atoms refer to the labels in fig.
8.1. The white line is along the (221) direction and shows the positions of the scanlines in fig. 8.9.
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In fig. 8.8, maximum contrast in the simulated images is over the F(2) (see fig. 8.1) ions 
in the surface. The contrast pattern in the images is consistently triangular at all tip-surface 
separations, although a slight change in brightness of the contrast features can be seen. As before 
this behaviour can be analyzed more quantitatively by taking scanlines from the images.

Fig. 8.9 shows five simulated scanlines taken at different tip-surface separations, along the 
white lines shown in fig. 8.8. Scanlines A, C and E are taken directly from the images in fig. 8.8, 
and scanlines B and D are added for extra detail. For ease of comparison, each scanline has been 
calibrated so that the smallest frequency change is at 0 Hz. The average frequency change for 
each curve was as follows: (A) -120.89 Hz; (B) -124.90 Hz; (C) -129.20 Hz; (D) -133.81 Hz; (E) 
-139.03 Hz.
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Figure 8.9: Simulated frequency change scanlines at constant height (or tip-surface separation) 
over the CaFg (111) surface along the (221) direction with a magnesium terminated nano-tip. The 
scanlines are labelled according to height: A - 0.500nm; B - 0.475 nm; C - 0.450 nm; D - 0.425 
nm; E - 0.400 nm. The height is measured with respect to the Ca sublattice.

As in the scanlines in the first part of this chapter, a shoulder can be seen at 0.22 nm next to 
the main peaks in the simulated scanlines and this is responsible for the triangular contrast seen in 
the simulated images (fig. 8.8). The shoulder elongates the contrast over the F(2) ions in the [221j 
and equivalent directions, producing the characteristic triangular shape. Again, fig. 8.9 clearly 
shows the dependence of the magnitude of contrast on the tip-surface separation. At 0.5 nm the 
contrast over the F ions is about 0.25 Hz, whereas at 0.4 nm it is about 3.0 Hz. The shoulder on 
the main peaks due to this interaction increases in size as the tip moves closer, at 0.5 nm it is 
about 0.1 Hz and at 0.4 nm it is about 0.8 Hz. However, unlike the secondary maximum in fig. 
8.7, even at 0.4 nm the shoulder is still a significant fraction of the contrast over the F(2) ions. It 
only decreases from 0.46 at 0.5 nm to 0.27 at 0.4 nm. This is because the primary and secondary 
features in fig. 8.9 are due to interactions with effectively the same distance dependence, they 
are both due to the interaction of the tip with the potential from an F “ ion. The images in fig. 
8.8 directly reflect the significance of the shoulder at all tip-surface separations, even at 0.4 nm 
the bright spots are clearly triangular due to the convolution of the interactions of the tip with 
both F sites. In principle, disk-like bright spots, as in fig. 8.6, would be achieved if the tip-surface 
separation could be reduced indefinitely, but 0.4 nm is already almost at the limit where ion jumps
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begin and the tip cannot move any closer without being contaminated.

8.5.3 Experim ental Images

Figures 8.10, 8.11 and 8.12 show a series of constant height experimental images over the C ap2 
surface from experiment 1. The experiment was performed with a cantilever amplitude of 34.5 
nm, eigenfrequency of 77 kHz and a spring constant of 6 N/m. The tip used in this experiment 
was crashed into the surface just prior to producing these images. These images were produced 
by approaching the surface gradually until periodic contrast was achieved and then the frequency 
change was increased in magnitude to generate images a t closer tip-surface separations. It should 
be noted that although these images are produced via the constant height mode of NC-AFM 
operation and frequency change is not constant, the average frequency change across an image 
will increase in magnitude as the tip-surface separation is reduced. Figure 8.10 is the first image 
in the series and was generated with an average frequency change of -120.7 Hz. Figures 8.11 and 
8.12 show images at smaller tip-surface separations with average frequency changes of -126.7 Hz 
and -139.5 Hz respectively. The white lines in the images are along the 221 direction.

Figure 8.10: Experiment 1 NC-AFM image of the CaFg surface taken at constant height with an 
average frequency change of -120.7 Hz. The white line is along the 221 direction.

The most evident pattern in the series of images is that there is very little change in the nature 
of the contrast. All the images demonstrate a triangular pattern with apexes along the 221 and 
equivalent directions on the (111) CaF2 surface, and this pattern is constant over the tip-surface 
separation sampled here. Although the nature of the contrast remains the same as the tip-surface 
separation is reduced, the magnitude of the contrast does not. The average contrast in image A
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in fig. 8.10 is 4 Hz, in image B in fig. 8.11 it is 6 Hz and in image C in fig. 8.12 it is 8 Hz.

The behaviour of the contrast features eis a  function of tip-surface distance can be seen even 
more clearly in the scanlines shown in figure 8.13. These scanlines are taken directly from the 
experimental images along the white lines in figures 8.10, 8.11 and 8.12. The scanlines show th a t 
the triangular nature of the contrast pattern  in images is due to a  secondary smaller maximum, or 
shoulder, next to the largest maximum in the scanlines. By comparing the position of the secondary 
maximums in the scanlines with the experimental images, it is easy to see th a t these secondary 
peaks elongate the contrast in the 221 and equivalent directions away from the bright spots over the 
prim ary maximum, giving it a characteristic triangular appearance. This behaviour is consistent 
a t all tip-surface separations as the scanlines show th a t the magnitude of both the primary and 
secondary peaks increases with decreasing tip-surface separation. A statistical analysis of 73 pairs 
of primary and secondary maxima in 15 separate scanlines from the images, gives the average 
distance of the secondary peak from the primary as 0.247 nm with an error of ±0.05 nm. Analysis 
of the scanlines also gives the ratio of the heights of the primary and secondary maxima as 0.55 
±0.37 in fig. 8.10, 0.51 ±  0.36 in fig. 8.11 and 0.41 ±0.13 in fig. 8.12, confirming th a t they remain 
relatively consistent as the tip  approaches the surface.

If these images are compared with the theoretical results, it is immediately evident th a t they 
correspond very well with those images produced with the cation term inated tip  with a  positive 
potential. Fig. 8.8 demonstrates th a t the theoretical model predicts a triangular contrast pattern  
a t all tip-surface separations with a cation term inated tip. The anion term inated tip  images in fig. 
8.6 dem onstrate a  much more disk-like contrast pattern. This is also confirmed by a  comparison 
of the theoretical and experimental scanlines. The cation term inated tip scanlines in fig. 8.9 show 
a  secondary peak, or shoulder, next to the primary peaks, as in the experimental scanlines in 
fig. 8.13. Theory also predicts th a t the ratio of the size of the primary and secondary peaks in 
scanlines with a cation term inated tip decreases slightly as the tip-surface separation is reduced. 
Between 0.5 nm and 0.4 nm tip-surface separation, theory predicts th a t the ratio of heights changes 
from 0.46 to  0.27, which compares quite well with the change observed in experiment 1, 0.55 to 
0.41, over the same change in image average frequency change. This contrasts with the much 
smaller ratio seen for modelling with an anion term inated tip. The positions of the shoulders also 
correspond very well, with theory predicting them at 0.220 nm and experiment a t 0.247±0.05 nm.

For comparison, an image from a different experiment is presented in fig. 8.14, for ease of 
reference this experiment is called experiment 2. This experiment was performed at constant 
height with a  cantilever amplitude of 34.5 nm, eigenfrequency of 84 kHz and a  spring constant of 
6 N /m . The tip  used in this experiment was not crashed before imaging. Images of the surface 
are taken such th a t scanning begins a t the bottom  of fig. 8.14. In this experiment no frequency 
change vs. distance curve was taken, so the theoretical model cannot be fully characterized for 
comparison with this data. However, the image demonstrates some interesting features which are 
im portant to discuss on a  qualitative level.

The image in fig. 8.14 is taken from a  series of images, where this image represents the largest 
average frequency change magnitude and has the smallest tip-surface separation during scanning. 
The other images a t greater tip-surface separation in the series demonstrated contrast across 
the whole image very similar to  th a t shown in the bottom , below the arrow, of fig. 8.14. This 
pattern of contrast is different to the triangular pattern  seen in figures 8.10, 8.11 and 8.12, and
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Figure 8.11: Experiment 1 NC-AFM image of the CaF2 surface taken at constant height with an 
average frequency change of -126.7 Hz. The white line is along the 221 direction.

demonstrates a much more disk-like contrast. This initial disk-like contrast changes dramatically 
at about 2/3 through the scan, shown by the arrow in fig. 8.14, where the contrast becomes 
much more triangular. In fact this change occurs at one pixel in the image i.e. at one point 
over the surface and is indicative of a change in the nature of the tip at this point. This change 
in the nature of the contrast can also be seen in the scanlines taken from the image. Before 
the contrast change, in scanline b, the contrast is dominated by the large primary maximums 
and the secondary maximums are not large, or close, enough relative to the primary peaks to 
produce a triangular pattern. However, after the contrast change, in scanline a, the contrast now 
demonstrates shoulders on the primary peaks, as in fig. 8.13, which elongates the contrast.

If experiment 2 is now compared qualitatively with theory, again the behaviour of the contrast 
is consistent with theoretical predictions. Before the contrast change, the image and scanlines 
correspond well with the theoretical predictions for an anion terminated tip with a negative po­
tential. The disk-like bright spots are very similar to those seen in fig. 8.6 and scanline b shows the 
characteristic domination of the primary maximum in contrast and a small secondary maximum. 
After the contrast change, the experimental image demonstrates a triangular pattern very similar 
to that seen in figs. 8.10, 8.11 and 8.12. As discussed previously, this corresponds very well with 
the theoretical predictions for a cation terminated tip with a negative potential.
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Figure 8.12: Experiment 1 NC-AFM image of the CaF2 surface taken at constant height with an 
average frequency change of -139.5 Hz. The white line is along the 221 direction.
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Figure 8.13: Experimental scanlines taken along the white lines in figures 8.10, 8.11 and 8.12. The 
labels on the scanlines correspond to the labels on the images.

8.5.4 Discussion

The main purpose of comparison between experiment and theory is to extract more information 
than is available from either field alone. This study has demonstrated that many of the interpre­
tation problems inherent in NC-AFM experimental imaging of the CaFg surface can be solved by 
comparison with a theoretical model of the same system using experimental parameters.



146 C H APTERS. CALCIUM DIFLUORIDE

40
35
30a

0 0.25 0,5 0.75 1.25 1.5 1.75 2

30

b

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Figure 8.14: Experiment 2 NC-AFM image and example scanlines of the CaF2 surface taken at 
constant height with an average frequency change of -146.0 Hz. The scanline is taken along the 
lines shown in the image. Both lines are long the 221 direction. The arrow indicates where the 
contrast undergoes a significant change.

A comparison of experimental and theoretical frequency change vs. distance curves showed 
that the tip-surface interaction in experiment 1 was dominated by van der Waals force and that 
electrostatic forces due to surface and/or tip charging were negligible. The model predicts that 
the tip radius was in the range 675 - 700 nm and a residual electrostatic force could be present and
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represented by a bias in the range 0.0 - 0.03 V. The general consistency between the theoretical 
and experimental results as a  function of tip-surface separation support the assumption th a t the 
tip-surface distance in experimental images is in the range of 0.4 - 0.5 nm. Due to ion jumps the 
range cannot be closer and it cannot be much greater as contrast very rapidly becomes less than 
is experimentally detectable as the tip-surface separation is increased.

The magnitude of contrast observed in experiments was larger than th a t predicted by mod­
elling, suggesting th a t either contrast is exaggerated in experiments or theory underestimates the 
strength of the chemical tip-surface interaction. Since it is impossible to  be certain of the chem­
ical nature of the tip  in experiments, this la tter possibility cannot be ruled out, but none of the 
conclusions in this study depend on the absolute magnitude of the contrast.

Both experiment and theory dem onstrated th a t the contrast in images depends crucially on 
the nature of the tip. Modelling predicted th a t an anion term inated tip  with a  negative potential 
would image the Ca sublattice as bright and th a t the pattern  of contrast would be more or less 
disk-like a t all tip-surface separations. For a  cation term inated tip  with a  positive potential, 
modelling predicted that the protruding F  sublattice would be imaged as bright with the deeper F 
sublattice producing a triangular pattern of contrast in images. The latter case corresponds very 
well with experiment 1 and is supported quantitatively by scanlines taken from the images. The 
characteristic triangular pattern  is due to the interaction of the tip  with the deeper F  sublattice, 
which produces a  shoulder on the primary scanline peaks due to the protruding F  sublattice. 
The shoulders elongate the contrast producing the triangular pattern. Theory predicts th a t these 
shoulders should appear at 0.22 nm from the main peaks and this agrees well with the experiment 1 
average position of 0.247 ±0.05 nm. The dependence of scanline features on tip-surface separation 
is consistent in theory and experiment, both predict th a t the relative height of the prim ary and 
secondary maxima decreases slightly as the tip  moves closer. Between 0.5 nm and 0.4 nm tip- 
surface separation, theory predicts th a t the ratio of heights changes from 0.46 to  0.27, which 
compares quite well with the change observed in experiment 1, 0.55 to 0.41, over the same change 
in image average frequency change.

Overall this strongly suggests th a t in experiment 1, the tip  had a positive potential and th a t the 
protruding F sublattice was imaged as bright with the deeper F  sublattice producing the triangular 
contrast pattern. Although most tips are initially oxidized, since the tip  in this experiment was 
crashed before imaging, it could easily be contaminated by surface ions or induced charge to 
produce an effective positive potential.

The sensitivity of the contrast to the nature of the tip  potential was further demonstrated in 
experiment 2 where a  tip  change was seen while scanning. The contrast changed from disk-like 
to triangular at one pixel i.e. one surface point of the image. This implies th a t the experiment 
initially began with a  negative potential tip imaging the Ca sublattice, but then the tip  was 
contaminated producing a positive potential tip  which imaged the F  sublattice. This is consistent 
with the idea of an initially oxidized tip with a negative potential being contaminated by Ca ions 
from the surface or induced charge, producing a  positive potential tip.
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8.6 Conclusions

This study of NC-AFM imaging of CaFg had two distinct approaches. F irst, the effect of the nature 
of the background force on imaging was analyzed and it was found th a t it does not have a  large 
affect on the contrast mechanism in NC-AFM imaging. The much slower decay of the electrostatic 
force does not seem to be a significant factor in resolution, and scanlines produced using a  van der 
Waals dominated background force were qualitatively similar to those produced with a background 
force dominated by long-range electrostatic forces due to  tip  and surface charging. More generally, 
the theoretical results show th a t blunt tips and homogeneous surface charging are not an obstacle 
to atomic resolution on insulating surfaces and it implies th a t it is the roughness of some insulating 
surfaces after cleavage which causes imaging instabilities. Hence, this study predicts th a t there 
should be no greater difficulty in imaging insulators such as MgO and alumina in atomic resolution 
if surfaces of sufficient smoothness can be produced.

The second part of the CaF2 study focused on a  direct comparison of theoretical and ex­
perimental imaging of the surface. This showed that, for the first time in NC-AFM imaging of 
insulating surfaces, very strong conclusions could be made about the identity of the sublattice 
imaged by comparing theoretical and experimental results. The results also demonstrated the 
importance of the nature of the electrostatic potential of the tip  in imaging, as seen in previous 
studies (see chapter 7). The comparison was greatly aided by the availability of an experimental 
frequency change vs. distance curve taken after atomic resolution, which allowed the theoretical 
model to  be fully characterized before simulating scanning.



Chapter 9

Nickel Oxide

9.1 Original M otivation

The group of Roland Wiesendanger in Hamburg has been very successful at studying magnetic 
properties of surfaces with spin-polarized STM and this developed into an interest in studying 
similar systems with NC-AFM. They decided to try  and measure the difference in exchange force 
over opposite spin Ni ions in the NiO surface with a  metal coated NC-AFM tip. However, the 
experimental difficulties involved are large and they wanted to get some theoretical backup to try  
to  aid in interpretation if they were successful. They approached us, and we agreed to investigate 
whether it should be possible to measure the exchange force from a  theoretical perspective and 
the best way to  measure it experimentally.

9.2 Introduction

As discussed in chapter 3, very recently attem pts have been made to use magnetic tips in NC- 
AFM to try  to  image the magnetic structure of materials on the atomic scale. Due to  the ease 
of preparation of an atomically clean surface [2], most of these attem pts have tried to measure 
this phenomenon on the anti-ferromagnetic nickel oxide surface. As yet, no difference in contrast 
over opposite spin Ni ions has been observed, so it would be useful to study the interactions 
involved theoretically to establish whether it should be possible. In this chapter a simple model 
of a magnetic tip has been used to measure the difference in interaction over opposite spin Ni ions 
in an ab initio simulation. The contribution of the exchange force to  the tip-surface interaction 
is calculated and used to predict whether the spin contrast over Ni ions would be observable in 
NC-AFM experiments.

Nickel oxide is a  classic example of one of the class of materials which have excited and perplexed 
over the past 70 years, first-row transition metal monoxides. In a  purely ionic picture of NiO 
the Ni^+ ions have a  partially filled d shell in a  3d® ground-state configuration. According to 
conventional band-theory this should result in metallic behaviour, yet NiO is an insulator with a 
bulk band gap of 4.3 eV [182]. It crystallizes in the rock-salt structure (as MgO) with a  lattice 
constant of 0.417 nm and a  high-spin anti-ferromagnetic spin structure a t low tem peratures (see 
fig. 9.1). Its Néel tem perature {Tn ) is 523 K and it undergoes a  magnetic phase transition above
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Figure 9.1: Structure of NiO, showing the AFg anti-ferromagnetic spin structure with adjacent 
(111) planes of similar spin Ni ions.

Understanding the electronic structure of NiO, and other transition metal monoxides, has 
been a topic of great interest for many theorists. Mott [183] proposed that the band gaps in these 
materials were due to strong on-site repulsion between the d-electrons of the metal ions. Coulomb 
repulsion between the d-electrons localized on the metal ions increases their effective band volume 
and produces a pseudo-filled band. Early band theory calculations of NiO based on the local spin 
density approximation (LSDA) [184] predicted a narrow gap spanned by unoccupied Ni d-states, 
but underestimation of the repulsion inherent in LSDA methods meant that the antiferromagnetic 
ordering was required to produce the gap. In the absence of antiferromagnetic ordering, LSDA 
gives the same one-electron energies for the occupied and unoccupied d-orbitals with the same 
spin, since they experience the same local effective potential. Unrestricted Hartree Fock (UHF) 
methods, although by definition including no controlled representation of correlation, have been 
successfully used to study the structural and magnetic properties of some of these transition metal 
monoxides [185]. In the HF approximation the effective potential is non-local and occupied and 
unoccupied d-orbitals have different energies. However, HF methods overestimate the size of the 
band gap substantially and combinations of LSDA and UHF [186, 187] are needed to provide a 
more complete picture of NiO’s electronic structure. The treatment of correlation in these oxides 
remains difficult and the role of 0(2p) - Ni(3d) hybridization in the valence band has proved 
especially difficult to predict reliably [187]. However, most studies [187, 188, 189] predict that 
the upper edge of the valence band is of 0(2p) character and that NiO should be classed as a
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’charge-transfer’ insulator, as opposed to a  M ott-Hubbard insulator where the conduction and 
upper valence edge are of the same character. This consensus can only really be thoroughly 
confirmed by more calculations with an improved treatm ent of electron correlation.

In contrast, the magnetic properties of NiO are well known and various techniques have estab­
lished the antiferromagnetic AFg structure as the most stable with each Ni ion having 2 unpaired 
electrons. The AFg structure is shown in fig. 9.1, with adjacent (111) sheets of similar spin Ni 
ions. This spin configuration has two components, both due to  the non-local exchange interaction 
between Ni electrons. The direct exchange interaction between nearest neighbour Ni ions favours 
pairing of spins to lower the energy. However, a  much stronger interaction comes from the super- 
exchange between the next-nearest neighbour Ni ions [184, 185, 188]. The hybridization of the 
0(2p) and Ni (3d) states, i.e. covalent bonding between the Ni and O, is stronger than the coupling 
of the d — d states between nearest neighbour Ni ions and opposite spin next-nearest neighbour 
ions are energetically favoured. This makes the anti-ferromagnetic spin structure the ground state 
of NiO.

The (001) surface of NiO has been shown by LEED studies [190, 191] to be an almost perfect 
bulk termination, with no rumpling and only a  2% relaxation of the outer layer. The surface 
has also been atomically resolved by NC-AFM [192] and elevated tem perature STM [188], clearly 
dem onstrating the stability of the (1 x 1) reconstruction. Thorough UHF calculations [193] on a 
monolayer of NiO confirmed the stability of the anti-ferromagnetic phase and also demonstrated 
the usefulness of HF methods on these systems. Although it cannot model all the subtleties of the 
surface electronic structure (for discussion of the complexities of NiO surface electronic structure 
see refs. [194, 195]) of NiO, UHF is an excellent technique for modelling of the structural and 
magnetic properties of the surface.

9.3 Theoretical M ethod

Since the interactions of interest for atomic scale magnetic imaging are quantum  mechanical in 
nature, a full ab initio treatm ent of the NiO surface and the tip  is required. All calculations on 
NiO were performed using the periodic Unrestricted H artree Fock (UHF) method as implemented 
in the CRYSTAL 98 code (see section 3.2.1). Although the structural properties of an insulator 
like NiO could be well-represented within the SM, the spin structure can only be modelled by a 
quantum  mechanical technique. As discussed previously, UHF has proven successful in modelling 
NiO and gives an exact representation of electron exchange, the interaction crucial in atomic scale 
magnetic imaging.

9.3.1 Setup

All calculations were performed on the (001) NiO surface (see fig. 9.1). The surface is represented 
by a periodic three layer slab, with a (2 x 1) surface unit cell, giving a  to tal of 12 atoms in the 
unit cell. Since the (001) surface of NiO demonstrates no rumpling and very little relaxation, the 
perfect bulk term ination with the experimental lattice constant of 0.417 nm has been used. 10 
Ar-points in the IBZ were used in all calculations. The Gaussian basis sets for Ni and O were taken 
from previous studies on NiO [185]. The localized crystal orbitals consisted of 25 atomic orbitals
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for Ni and 14 for 0 :

• Ni : ls(8)2sp(6)3sp(4)4sp(l)5sp(l)3d(4)4d(l)

• O : ls(8)2sp(4)3sp(l)4sp(l)

where the numbers in brackets are the numbers of Gaussian functions used to  describe the cor­
responding shell. Test calculations on the surface alone confirmed the anti-ferromagnetic spin 
structure is more stable than the ferromagnetic by 17 meV/N i, which is in good agreement with 
previous UHF studies [193].

The magnetic tip  is represented by a  single spin polarized atom. In most experiments the 
silicon NC-AFM tip  is coated by a thick layer of iron which is prepared so th a t the end of the 
tip  is ferromagnetic. Since the exchange interaction between tip and surface is so short-range it 
is reasonable to  approximate the whole tip by one spin polarized atom. A sodium atom  and a 
hydrogen atom were used to  represent two possible models of the tip. These models were chosen 
to  represent both a chemically active (with respect to  the NiO surface) spin-polarized tip, Na, 
and inert spin-polarized tip, H. This will dem onstrate how different types of tip  could affect the 
measurement of the exchange force. In this initial study relaxation due to  the proximity of the 
tip  has also been neglected. The Gaussian basis set for H is from ref. [196] and the Na set is from 
[197], with 8 orbitals for H and 15 orbitals for Na:

• H : ls(5)2sp(l)3sp(l)3d(l)

• Na : ls(8)2sp(5)3sp(l)4sp(l)

All frequency change curves were produced with a cantilever amplitude of 6.7 nm, eigenfrequency 
of 201 kHz, spring constant of 37 N /m , and a frequency change of 49 Hz, as in experiments on 
NiO [198]. 7o for these param eters is 4.95.

9.4 Results

In an attem pt to  directly calculate the effect of the exchange force in NC-AFM, adiabatic energy 
curves were calculated as a  function of tip-surface separation over spin up and spin down Ni ions. 
These energy curves were then fitted and differentiated to  get the force as a function of distance. 
Fig. 9.2 shows the force on a  spin up sodium probe, with one unpaired electron, as a  function of 
distance from a spin up Ni ion, a  spin down Ni ion and an oxygen ion in the NiO surface. The 
first thing to notice is the features common to both Ni curves, maximum attractive force at 2.8 
Â from the surface and the onset of repulsive force a t about 2.4 A. However, between 2.5 and 
4.2 A there is a  clear difference in the force between the interaction over the spin up Ni and the 
spin down Ni. This is a  direct reflection of the change in the exchange force for the spin up Na 
interacting with the spin up Ni and the spin down Ni. The maximum difference, a t 2.8 A, is about 
0.17 eV/A, but it is still about 0.05 eV/A at 4.0 A. The force over the oxygen ion is less than over 
both types of Ni ion. The adsorption energy of the Na over the Ni ions is about -2.00 eV and over 
the oxygen ion is -1.40 eV. The difference in adsorption energy is due to the difference in surface 
potential probed by the Na ion over the two sites. Above the nickel site, the effectively positive
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Na probe is repelled by the positive Nî '*' ion but is also strongly attracted to the 4 neighbouring 
ions (see fig. 9.1). Above the oxygen site, the Na is attracted to the negative ion but 

is repelled by the 4 neighbouring Ni^+ ions, making it energetically less favourable than the Ni 
as an adsorption site. It is this net interaction of the Na probe with the surface potential which 
gives the Ni as the favoured adsorption site.

7.5
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Figure 9.2: Force as a function of tip-surface separation for a spin up Na probe over spin up Ni, 
spin down Ni and oxygen ions in the NiO surface.

Charge transfer between the Na atom and the surface also plays a role in the interaction. The 
ionization energy of Na (5.1 eV) is fairly close to the position of the top of the NiO valence band, 
so as it approaches the surface it transfers charge to the oxygens, at 2.5 Â about 0.25e has been 
transferred to the surface. However, there is a slight difference in the behaviour of the charge of 
the Na compared to the spin. The spin of the Na atom is mainly due to the interplay of the spin up 
4sp orbital and the spin down 3sp orbital. As the tip approaches the surface, charge is more easily 
transferred from the outer 4sp orbital producing a slightly faster reduction of spin compared 
to charge. For the interaction over the oxygen ion the charge transfer is slightly increased, to 
0.28 e at 2.5 Â. It is important to note that the values of charge and spin are calculated using 
Mulliken population analysis [199], and the accuracy of the values is not that high. Therefore 
small differences cannot be trusted and it is difficult to make a conclusive analysis. Nevertheless, 
for the purpose of investigating the magnitude of the exchange force, this approach is valid.

In fig. 9.3, the same calculation is repeated, but now with a spin up hydrogen atom, with one 
unpaired electron, as a probe. The hydrogen atom is much more inert to the NiO surface than 
the Na atom [200] and this can be seen by the lack of a minimum in the force curves, even over 
the oxygen ion. There is almost no interaction until about 3.5 Â from the surface when repulsion 
between the N i/0  and H begins. Again, there is a clear difference in force over the spin up and 
spin down Ni ions, but it is weighted a little closer to the surface than for the Na probe. At 2.5 
Â the difference in force is about 0.17 eV/Â, which is the same magnitude as for the Na probe at 
2.8 Â. It increases steadily from that point and is about 1.0 eV/Â at 2.0 Â.

Charge transfer processes do not play a significant role for the interactions of the H probe. 
The large ionization energy of H (13.5 eV) means that there is very little charge transfer between 
the probe and surface. Above the Ni ions, only 0.017 e is transferred at 1.5 Â. This amount of
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Figure 9.3: Force as a function of tip-surface separation for a spin up H probe over spin up Ni, 
spin down Ni and oxygen ions in the NiO surface.

charge is much smaller than is meaningful to analyze with the Mulliken method. Even above the 
oxygen ion only 0.17 e has been transferred at a separation of 1.5 A and at 2.5 A, it is already 
reduced to 0.018 e. For the distances of interest in this study, the hydrogen probe can be effectively 
considered as neutral. The adsorption energy of the H over the Ni ions is about -0.02 eV and over 
the oxygen ion is -0.04 eV, effectively zero.

Combining the data from both force curves gives a fairly consistent estimate of the difference 
in force over the spin up and spin down Ni ions, and its distance dependence. Assuming the tip 
can scan at around 2.5 A without ions jumping, then the force needed to be measured is of the 
order of 0.2 eV/A. To understand how this would translate to frequency changes of the cantilever 
oscillations in a real NC-AFM experiment, the model of cantilever oscillations described in chapter 
4 must be applied. For this study, there are no background forces and the cantilever oscillations 
are just simulated in the calculated force field due to the difference in the interaction between the 
H probe and opposite spin Ni ions in the NiO surface.

Fig. 9.4 shows the frequency change as a function of tip-surface separation for the difference 
in force over spin up and spin down Ni ions with a hydrogen probe. This effectively shows the 
magnitude of frequency change as a function of tip-surface separation that must be measured to 
see a difference over Ni ions. Since the exchange force was very similar in both the H and Na 
probe, the H probe was chosen for this part as it is more inert to the NiO surface and gives 
a minimum for exchange force detection. The most advanced low temperature NC-AFM [18], 
scanning at about 13 K, can measure frequency changes down to 0.05 Hz (an order of magnitude 
better than room temperature NC-AFM). This value has been marked on fig. 9.4 and it occurs at 
3.75 A. Assuming that a hydrogen atom is a good model of a magnetic tip, the theoretical study 
of NiO predicts that the difference in contrast over spin up and spin down can be seen with a 
low temperature NC-AFM when the lowest point of the tip oscillations brings the tip less than 
3.5 A from the surface. For the Na atom, the force decayed more slowly and hence, so would the 
frequency change, but the larger charge transfer and adsorption energies for the Na probe suggests 
that ion jumps would be much more of a problem for the Na probe. The effect of ion jumps on 
measuring the exchange force will be discussed in detail in the next section.
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Figure 9.4: Plot of the frequency change due to the difference in force over spin up and spin down 
Ni ions probed with a Hydrogen atom. The inset shows a blowup of the main curve with the point 
at which the frequency change is 0.05 Hz labelled.

9.5 Ion Instabilities

The most significant assumption in the calculations in the previous section is that relaxation of 
surface ions due to interaction with the tip has been neglected. Previous studies (see chapters 7 
and 8) demonstrated that surface relaxations for insulators can be of the order of 0.1 Â at tip- 
surface separations of about 4 Â. Since the exchange force difference is only measurable at 3.5 Â 
this means that relaxation could play an important role. Also, the onset of surface ion instabilities 
will be the limiting factor in the tip-surface separation. These instabilities cause large changes or 
jumps in the tip-surface force and prevent stable imaging. In all the previous systems presented 
in this study ions jumped to the tip at tip-surface separations greater than 3.5 Â and it is possible 
that ion jumps will occur before the tip gets close enough to the surface to measure the exchange 
force difference.

To investigate the effect of ion jumps, in this section the interaction of different metal tips with 
the MgO surface is used to study the importance of ion jumps to the tip. As an insulating oxide, 
with very small surface relaxations and little rumpling, MgO represents a good model of the NiO 
surface and the ion jump ranges for MgO should be a good approximation for the NiO surface.



156 C H APTER 9. NICKEL OXIDE

For most of the metal tips used in experiment, the strongest interaction will be with the oxygen 
ions in the surface [2], therefore this section will focus on the ion jum p limits for oxygen ions only. 
Despite this, all the arguments presented here would still be valid for jumps of the metal ions, as 
the main point is to translate adsorption energies of possible tip ions on the NiO surface into ion 
jum p limits. Similar adsorption energies will produce similar ion jum p ranges regardless of the 
chemical identity of the jumping ion.

9.5.1 M ethod

The setup of the calculations is the same as in fig. 4.6, with the NaCl cluster replaced by a 
MgO cluster of identical dimensions. A cluster of this size is a good representation of the MgO 
surface and is a good model for investigating ion jum p processes. To model the metal tip at the 
microscopic and macroscopic scale, the MgO tip  is replaced by a  four atom metal tip  forming a 
pyramid with its apex towards the surface. The base of the pyramid is at 0.25 nm below the 
conducting sphere. The interaction between atoms in the tip and surface are calculated using 
the method described in section 3.2.1 and the SCIFI code. Since the focus of this study is ion 
jumps, only the forces which influence this process have been considered i.e. microscopic and 
image forces. For the large forces involved in ion jum ps the exchange force due to spin interaction 
can be neglected completely. The top layer of the cluster is allowed to relax with respect to the 
microscopic and image forces. The tip is frozen throughout the study.

The potentials for the MgO surface are the same as for the MgO tip used in previous studies. 
The initial potentials for the the metal tip  and its interaction with the surface are taken from 
HF calculations for the interaction of palladium with the MgO surface [201]. To model tips made 
from metals other than Pd, the potential between the metal ions of the tip and the oxygen ions in 
the surface is altered directly to reproduce the adsorption potentials for the specific metal ion on 
oxygen sites on the M gO/NiO surface. The adsorption energies, equilibrium positions and source 
of information are given in table 9.1. For this study, calculations have been performed with Pd, 
Cu, Na and a generic metal, called M*. Pd represents a  metal ion which is very weakly adsorbing, 
although this interaction is still much stronger than the H probe with an adsorption energy of 
only -0.04 eV. Cu has been shown to adsorb weakly on oxygen sites in the MgO surface [202], but 
demonstrates a stronger interaction than Pd. Cu is also a  spin polarized atom and is therefore of 
possible interest as a  candidate for detecting the exchange force. A Na tip  has been included to 
represent a  more strongly interacting tip, although in principle Na prefers to  adsorb on Ni in NiO, 
its interaction with oxygen is still of interest for the purpose of ion jumps. M* represents a metal 
ion which is strongly adsorbing on oxygen sites in the surface.

9.5.2 R esults

Fig. 9.5 shows how the force on different metal tips varies as a function of tip-surface separation 
over an oxygen ion in the MgO surfax:e. For the Pd tip  the force increases very smoothly as the 
tip-surface separation decreases, to a  maximum of 1.19 eV/A at 2.8 A. At this distance the oxygen 
ion displaces by only 0.05 A. Beyond this point the tip  starts to feel a  repulsive force from the 
surface. The force behaviour for the Cu tip is very similar to  th a t of the Pd tip, but as expected 
the interaction is slightly stronger. The force increases smoothly to a  maximum of 1.89 eV/A
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Metal Ead (eV) req (A) Ref.
Pd -0.48 2.4 [201]
Cu -0.90 2.1 [202]
Na -1.40 2.0 This study.
M* -4.00 2.4 N/A

Table 9.1: Comparison of adsorption energies, Ead^ equilibrium positions, rgq, and references for 
adsorption of metal ions over oxygen in an oxide surface. Pd and Cu are over an MgO surface. 
The values for Na are taken from the adsorption on NiO from the calculations above and M* 
represents a generic metal which has a strong adsorption to the surface.

at 2.6 Â and at this distance the oxygen ion displaces by only 0.11 Â. Again beyond this point 
the tip begins to be repelled by the surface. The Na tip repeats this smooth behaviour with an 
increase in overall force to a maximum of 2.49 eV/Â at 2.6 Â and a displacement of oxygen by 
0.20 Â. The force curve for the strongly interacting M* tip is very different to the previous tips. 
Although initially the curve is smooth, the force is already much larger than for the other tips. 
At 3.8 Â there is an abrupt jump in the force, from 5.6 eV/Â  to 7.3 eV/Â, this is due to a jump 
of the oxygen ion below the tip. The oxygen displaces by 0.8 Â towards the tip at this tip-surface 
separation. This displacement remains fairly constant until at a tip-surface separation of 3.4 Â, 
the tip and oxygen ion are only separated by 2.6 Â. After this point the force curve becomes 
smooth again until at 2.4 Â there is another jump. Here the tip is so close to the surface that 
oxygen ions other than the one directly under the tip start to jump. However, the ion jump at 3.8 
Â is of more relevance to this discussion, since this becomes the limit for NC-AFM scanning with 
a metal tip of M* character.

- 5

§
>2 -10

  Pd tip
Cu tip

  Na tip
  M -tip

-1 6

-2 0
2.5 3.5 4.5

Tip-surface Separation (A)
5.5

Figure 9.5: Force on the tip as a function of tip-surface separation for different metal tips over an 
oxygen ion in the MgO surface. Tip-surface separation is measured with respect to the equilibrium 
position of the oxygen ion without interaction with the tip.

9.6 Conclusions

This study demonstrated that in principle it should be possible to measure the difference in 
interaction of a magnetic tip over spin up and spin down Ni ions in the NiO surface using NO-
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AFM. Using a spin polarized hydrogen atom, the theoretical model predicts th a t the difference 
in force would produce a  measurable frequency change a t tip-surface separations of less than 3.5 
Â. Since H was very inert to the NiO surface, this should be considered a minimum limit for 
detecting the exchange force. However, the real limiting factor in the measurement is the point 
a t which ion jumps begin. The calculations of tip-surface interaction over an oxygen ion in the 
MgO surface demonstrated the difference in jum p behaviour for different tips. The Pd, Cu and 
Na tips could safely approach the surface beyond the exchange force limit without inducing any 
ion jumps. However, the more strongly interacting M* tip  induced a jum p of the oxygen ion a t a  
tip-surface separation of 3.8 Â. This is before the exchange force limit and tips with this strength 
of interaction could not image the difference in force over opposite spin Ni ions. These results 
imply that a  successful experimental a ttem pt to  detect the exchange force must use a  tip  th a t is 
only weakly interacting with the NiO surface. At present most experimental setups favour iron 
coated tips for detecting the exchange force, but there is evidence th a t there is a  strong interaction 
between Fe and oxygen in oxide surfaces [2]. Experiments dem onstrate th a t Fe transfers charge 
to the surface to  form the Fe^+ and is then adsorbed on oxygen sites. This implies th a t ion 
jumps may prevent imaging of the exchange force with an iron tip. The calculations suggest th a t 
copper would be a better choice for the tip coating, it is spin polarized and its weak interaction 
with oxide surfaces removes the problem of ion jumps. The weakness of interaction also serves 
to  reduce contrast in images due to microscopic forces, making it easier to see any differences 
in contrast due the exchange force. As the exchange force depends on the spin interaction, its 
magnitude will not be greatly affected by the chemical nature of the tip. This can be seen clearly 
in the similarity of the exchange force calculated with the Na and H probe.

The extreme sensitivity of the low tem perature NC-AFM means th a t it can atomically resolve 
the surface via microscopic forces at distances much farther than normal NC-AFM. The atomic 
contrast in frequency change predicted over the CaFg surface (see chapter 8) was still about 0.2 
Hz a t 5.0 Â, so a  low tem perature NC-AFM could potentially measure atomic contrast a t tip- 
surface separations greater than this. This is too far for the difference in exchange force over spin 
up and spin down Ni ions to be measured and in real low tem perature NC-AFM experiments 
atomic resolution of the difference in microscopic force over O and Ni ions will be achieved before 
it is possible to measure the difference in exchange force over Ni ions. Successful imaging of the 
exchange force will require first achieving atomic resolution on the surface of NiO, at distances 
where opposite spin Ni ions appear identical in images. Then the frequency change should be 
gradually increased until the exchange force is measured and opposite spin Ni ions appear with 
different contrast in images. This is extremely difficult, but, as shown in chapter 8, has already 
been achieved with normal NC-AFM techniques on the CaF2 surface. Another problem for imaging 
of the exchange force, is th a t it is not obvious which sublattice in the NiO surface will be imaged 
as bright and therefore it is impossible to identify the atom  under the tip. Although most metal 
tips should interact more strongly with the oxygen ions, the study of Na showed th a t this is not 
always the case. In light of this, experimentally it would be better to  produce frequency change 
vs. distance curves directly over the whole surface unit cell, so-called Force Spectroscopy. This 
would be much more thorough way of analyzing the difference in force, rather than  trying to tell if 
certain atoms are ’brighter’ in an image. The resultant force map can be easily compared directly 
with theory to interpret the image and see if the exchange force plays a  role.
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Although the results discussed above are positive, this initial study has neglected some factors 
which could be im portant to the nature of the tip-surface interaction. A basic improvement to the 
model would be an expansion of the NiO surface unit cell to make sure there are no significant 
effects from the nearness of the periodic probes. A more thorough analysis of the properties of 
the tip  would also be useful. The magnetization of nano-scale metal clusters is quite complex 
and it is im portant to verify both theoretically and experimentally that a  single atom probe is an 
acceptable approximation. A more physical model of the tip  itself would also allow more complex 
spin interactions to  be studied. It would be especially interesting to see whether it is possible to 
flip a  Ni ion’s spin with the tip  and see if it remained ’flipped’ when the tip  is retracted.
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Chapter 10

Conclusions

The main goal of this study was to develop a  physical model of Non-Contact Atomic Force Mi­
croscopy and use it to aid in interpretting experimental data. This was successfully achieved, a 
model of NC-AFM which included all the forces relevant to NC-AFM imaging was developed. The 
model represented the tip on both the macroscopic and microscopic scale, and the necessity of 
a protruding nano-tip at the end of the tip  was demonstrated. Also by including bias and con­
ducting substrate effects in the model, it could be used to  study the tip-surface interaction over 
a wide variety of contrasting systems. In all systems studied, the theoretical modelling increased 
the amount of information on the tip, surface and tip-surface interaction compared to th a t from 
experiment alone.

Studies of TiOg, NaCl and CaFg show th a t this model, given parameters from experiment, 
can reproduce the magnitude of the contrast found in experiment. This shows th a t the model 
can successfully reproduce the behaviour of the oscillating cantilever under the influence of the 
tip-surface interaction. The scanlines predict th a t the contrast in experiments is produced at 
tip-surface separations of 0.3 - 0.5 nm. The atomic contrast in NC-AFM images was shown to be 
dominated by the interaction between the electrostatic potential of the tip  with the electrostatic 
potential of the surface. Strongest contrast is observed over atomic sites of largest electrostatic 
gradient with opposite nature to the tip  potential i.e. a negative potential tip  is attracted  most 
strongly to  sites of largest positive potential gradient in the surface. On the CaFg surface similar 
atomic contrast was generated with widely different macroscopic background forces, emphasizing 
the dominance of the short-range chemical force. This interaction is also strongly affected by 
atomic displacements and the coordination of the surface ions. In all the systems studied, the 
atoms of the surface begin to displace from their equilibrium positions as the tip  approaches and 
at scanning height these displacements can be of the order of 0.01 nm. Atoms th a t displace 
towards the tip effectively form a  dipole which extends the electrostatic potential above th a t ion 
and increases the tip-surface force a t a given distance. Loosely bound lower-coordinated ions are 
also much more easily displaced than normal atomic sites. The study of low-coordinated sites 
on the edges and kinks of NaCl islands confirmed this and also showed th a t these sites have 
higher electrostatic potential gradients even when undisplaced. This combination of factors leads 
to strong increases in contrast over the edges and kinks of the NaCl islands in theoretical and 
experimental images.

161
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The dependence of atomic contrast on the interaction of the potential from the tip  and surface 
means th a t knowing the chemical structure of the nano-tip becomes crucial in understanding 
images. Modelling of an NaCl thin film and the CaFg surface demonstrated th a t the atomic 
source of contrast in images could be reversed if the chemical structure of the nano-tip was changed. 
Modelling of CaFg also demonstrated th a t contrast is not always due to  the most obvious atoms 
or even atoms at all. Even though the F ions protrude from the surface, a  negative potential tip 
still resolves the embedded Ca ions as bright and also resolves a  minimum of repulsion between 
two F ions as a  weak bright feature. The dependence of the image contrast on the tip  structure 
is clearly seen in experimental images where contrast changes occur. At a  specific point in a  scan 
across a  surface the image contrast undergoes a  stark change, even reversing completely in some 
cases. Theoretical modelling shows th a t ions in the surface can jum p to the tip  a t small tip- 
surface separations and this would change the potential from the tip, and therefore the contrast, 
significantly. This is especially evident in the study of CaFg where in one image (see fig. 8.14) the 
contrast changes from th a t theoretically predicted as due to a  negative potential tip, to th a t of a 
positive potential tip.

The role of image forces in NC-AFM was analyzed and their importance in conducting or thin 
film systems was demonstrated. Specifically, modelling of NaCl thin films showed th a t charged 
features could be resolved directly in NC-AFM due to  the large contribution of the image force to 
the tip-surface interaction. On the (110) surface of TiOg modelling demonstrated th a t image forces 
could dominate the simulated contrast, although a physical representation of the conductivity of 
the TiOg surface remains as a future study. On metal surfaces, where the conductivity is more 
easily defined, image forces proved crucial in understanding the magnitude of forces observed at 
medium range over a copper surface.

A ttempts to compare directly theoretical and experimental results have shown the importance 
of comparing force vs. distance curves to characterize the tip-surface interactions. The study of 
the tip-surface interaction over a  metal surface demonstrated the ability of frequency change vs. 
distance curves to differentiate between different tips. This knowledge was applied to  characterize 
the tip used in experiments on the CaFg surface and a  comparison of theoretical and experimental 
curves gave a very good estimate of the tip  radius and the contribution of long-range electrostatic 
forces to the tip-surface interaction. This made modelling the imaging process on th a t surface 
much more consistent than in previous studies where the tip radius must be estimated from the 
frequency change while imaging, effectively only one point of a  frequency vs. distance curve. 
Force vs. distance curves should be considered an essential part of any study, theoretical or 
experimental, as many questions regarding tip  radius, tip  structure and the components of the 
tip-surface interaction can be answered immediately.

Direct modelling of a  NC-AFM experiment over the CaFg (111) surface showed th a t the ex­
perimental results matched very closely with theoretical predictions for a  positive potential tip 
imaging fluorine ions in the surface. On a  qualitative level the experimental and theoretical im­
ages both demonstrated a clear triangular pattern , and the modelling showed this was due to 
interaction with the second layer of fluorines in the surface, elongating the contrast. This second 
feature could also be seen as a  shoulder to  the main peaks in both experimental and theoretical 
scanlines. Theory predicted th a t these shoulders should appear a t 0.220 nm from the main peaks 
and statistical analysis of many experimental scanlines gave the average position of the shoulders
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in experiment as 0.247±0.05 nm. Also, over the same range of average frequency change (i.e. 
same change in tip-surface separation) theory and experiment gave almost the same change in the 
relative heights of the main peaks and shoulders. This is the first time in NC-AFM imaging of 
insulators th a t any strong conclusions about the identity of the sublattice imaged could be made.

A more advanced application of NC-AFM is the study of the atomic scale magnetic properties 
of surfaces. By applying the theoretical model to  the anti-ferromagnetic NiO surface, with a full 
ab initio treatm ent of atomic interactions, the possibility of measuring the exchange force with 
NC-AFM was demonstrated. The model predicts th a t the difference in force between a magnetic 
tip  over spin up and spin down Ni ions can be measured a t tip-surface separations of less than 3.5 
Â. A study of the effect of ion jumps on measuring the exchange force, demonstrated th a t it is 
im portant to  use a  tip  th a t is weakly interacting with the NiO surface, otherwise ions will jum p 
to the tip  before reaching the exchange force limit.

As can be easily surmised from reading this work, there remain many problems and unknowns 
in interpretting NC-AFM experiments. However, the first part of any solution is identifying the 
problem, so this study will end with an analysis of some of the outstanding issues in NC-AFM 
and some possible methods for overcoming them.

Although image interpretation is a general problem of NC-AFM, it could be made a lot more 
objective if a more statistical approach is taken. At present experimental images are normally 
filtered by fourier analysis and then analyzed by eye or by plotting a few scanlines. This approach 
is very open to prejudice and an approach based more on statistical averages of a  large number of 
images and scanlines would prove much more reliable.

Many of the most technologically im portant insulating surfaces, such as alumina and MgO, 
still remain to be imaged successfully in atomic resolution. Theoretical modelling of the inter­
actions over the surface of the classic insulator CaF2 dem onstrated th a t homogeneous charging 
is not a problem for imaging, as atomic contrast is not strongly dependent on the nature of the 
background force. This implies th a t the roughness of these surfaces after cleavage is the main 
obstacle to imaging. Nano-debris and localized charge on the surface means th a t the force field 
is very inhomogeneous and rapid changes in the force gradient are common. Due to  the finite 
response time of the frequency change modulation electronic loop in NC-AFM electronics, there is 
a maximum force gradient which can be successfully reacted to without stability problems. Larger 
force gradients will cause the tip  to crash before the loop pulls the cantilever back. However, de­
velopments in surface preparation are producing smoother surfaces and many oxides can now be 
grown as atomically smooth thin films. These techniques should allow the progression of NC-AFM 
to imaging of any insulating surface.

The most problematic area of NC-AFM interpretation remains the tip, almost all results in 
this study are dependent on the chemical nature of the nano-tip. It is very difficult to  identify the 
source of contrast in images without knowing the nature of the potential from the tip. Since most 
insulating surfaces contain more than one atomic species, this is a significant problem. Modelling of 
the CaFg surface revealed one possible technique for identifying clearly both the sublattice imaged 
and the potential of the tip. The complex nature of the (111) surface meant th a t it contained 3 
different lattice sites, one calcium and two fluorines. The asymmetry of the surface ions translated 
into differences in images and scanlines taken with different nano-tips, and a  comparison between 
theory and experiment allowed strong conclusions to  be made about the sublattice imaged and the
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chemical structure of the tip. This type of surface could be used as a  benchmark to  characterize 
the tip  before imaging on more symmetric surfaces. If experiments could be performed in the same 
chamber on both the asymmetric and real samples with the same tip, it would be possible to use 
the asymmetric images to characterize the tip and then use the information on the tip  to identify 
the source of contrast in images of the real sample. Another possible approach to problems with 
tip  identification, is to use a  tip  which is more easily controlled. Metal tips, such as tungsten, can 
be cleaned of any contaminants by applying a large voltage to them  and they can be made very 
sharp by ion beams. If NC-AFM was performed with a  metal tip  prepared correctly, the imaging 
nano-tip would be almost certainly of pure metal character. The main problem with such tips 
is th a t they usually do not dem onstrate very strong chemical interactions with the surface and 
the magnitude of contrast is normally much smaller than with silicon tips. However, the smaller 
contrast should not be a  problem for low tem perature NC-AFM, with its greater sensitivity.

NC-AFM has now been established as a powerful technique in surface science, yet reliability 
and interpretation problems stop it developing into a commonly used and trusted  tool. Until 
a  full understanding of the interactions im portant in imaging is obtained, NC-AFM will remain 
a  specialized technique. This study has demonstrated the power of theory in bridging the gap 
between experimental data  and the physics of surfaces, and with a  little more effort from the 
NC-AFM community there will be no gap a t all.
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