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Abstract

The collective mechanical behavior of a multitude of small contacts affects the friction between
sliding bodies on the macroscopic scale. The contacts are complicated systems involving many
atoms, which are constantly deformed, ruptured and reformed. In atomic force microscopy the
situation is simplified by studying a single asperity contact between a sharp tip and atomically
flat surfaces on the microscopic scale. In this thesis several aspects of contact dynamics have
been analyzed using atomic force microscopy in ultrahigh vacuum.

First, the influence of the tip-sample contact on the thermal fluctuations of the force sensor
and on the dynamics of the stick-slip process were characterized. A power spectrum analy-
sis showed that the fluctuations are strongly damped through the tip-sample contact. The
frequency shift of the resonance in contact was used as a measure of the contact stiffness.
Depending on the contact size different dependencies on the load were observed. Atomic-scale
stick-slip measurements studying the jump dynamics with high spatial and temporal resolution
suggested a wide variation of slip durations up to several milliseconds. These results are com-
pared with a multiple-tip simulation based on a Tomlinson model including thermal activation.
Thus, a correlation between the duration of atomic slip events and the atomic structure of the
contact is established.

Second, the actuation of nanometer-size contacts was studied by simulations based on an ex-
tended Tomlinson model. In this way the control and reduction of friction to negligible values
was described. Such simulations allowed us to approximate the residual friction forces and
compare them to an analytical approximation. Moreover, not only a reduction of friction but
also a reduction in energy loss was found in sufficiently underdamped systems.

Third, the influence of nanostructured surfaces on atomic friction has been studied. For this
purpose, ultrathin epitaxial films of KBr on NaCl(100) and NaCl on KBr(100) have been
grown. The structure of such films was studied by high resolution non-contact atomic force
microscopy. In the case of sub-monolayer coverage of KBr on NaCl(100), a superstructure was
found on islands of two and three layer height caused by the lattice mismatch. The friction on
such a structure changes from atomic-scale stick-slip to smooth sliding within a unit cell of the
superstructure because of a variation of the energy corrugation. Moreover, scans across atomic
scale defects confirm the high resolution capabilities of friction force microscopy close to the
ultralow friction state. In the complementary system, NaCl on KBr(100), flat islands without
any superstructure or rumpling were observed. Atomically resolved non-contact images of the
sub-monolayer coverage prove that the lattice constant of the NaCl islands is elongated to
match the one of KBr(100).

In summary, several different aspects of friction and contact dynamics from the atomic scale
to nanostructured surfaces were discussed and explained.





1

Introduction to Scanning Probe Microscopy

1.1. Scanning Probe Microscopy

The field of scanning probe microscopy (SPM) started in 1982 with the invention of the scan-
ning tunneling microscope (STM) by G. Binnig and H. Rohrer [1]. By applying a bias voltage
between a sharp tip and a sample, a tunneling current flows from the foremost atoms of the
tip through the vacuum gap into the surface. Because the tunneling current decays exponen-
tially with the distance between tip and surface, it is possible to image surfaces on the atomic
scale by scanning over a sample and keeping the tunneling current constant. The inventors
were awarded the Nobel prize in physics in 1986. The first and most important extension of
the STM was the atomic force microscope (AFM), invented in 1986 by Binnig, Quate and
Gerber [2]. With an AFM, one measures interaction forces down to the piconewton range. A
microfabricated cantilever with a sharp tip at its end serves as a force sensor. Normal and
lateral forces on the tip are measured as bending and twisting of the cantilever. In contrast
to the STM, the atomic force microscope is not restricted to electrically conductive surfaces.
The family of scanning force microscopy has several other members, based on measurements of
other quantities, i.e. electric and magnetic properties of surfaces, friction forces, and chemical
potentials. In addition to imaging surfaces STM and AFM give the opportunity to manipulate
atoms and molecules in a controlled way and perform various types of spectroscopy. With the
invention of these new types of microscopes the doors to study all kinds of phenomena on the
nanometer scale have been opened, and tremendous progress has been achieved in nanoscience.

The basic principle that all scanning probe microscopes have in common is a sharp probe,
which scans a sample along a raster as illustrated in Fig. 1.1. The interaction signals like
tunneling current or forces between the probe and the sample are recorded for every point
of the raster. Often, one of the interaction signals is used as feedback in order to keep the
distance between probe and surface of the sample constant. If the interaction between the
probe and the surface has a near-field component, imaging well beyond the resolution limit of
far-field techniques like optical microscopy or scanning electron microscopy becomes possible.
As the resolution is no longer restrained by the wavelength of light or electrons, the resolution
obtainable by STM and AFM reaches down to single atoms and molecules and is in principle
only limited by the geometrical shape of the probe. However, it is important to note that
the measured surface topography of a homogeneous surface in SPM is a good approximation
to the real topography. But in STM, what we call topography is actually a map of constant
density of states. In force microscopy, the situation is even more complicated as the image
results from an interplay of different forces.



4 1. Introduction to Scanning Probe Microscopy

Figure 1.1: Basic principle of a scanning
probe microscope: A sharp probe scans
over a surface and the interaction signals
(i.e. tunneling current) between probe and
surface are recorded, which provides sur-
face maps in real space.

Figure 1.2: Principle of the beam
deflection method: The bending and
twisting of the cantilever are mea-
sured by means of the deflection of
a light beam from the back side of
the cantilever, which is subsequently
recorded on a position sensitive four-
quadrant photodiode.

Figure 1.3: Force vs. distance curve including the long range van der Waals interaction
and the short-range Lennard-Jones-like interaction. Non-contact AFM is done such that
the tip-sample interaction is in the attractive regime, while contact AFM is performed
by bringing the tip to a distance at which repulsive forces dominate the tip-sample inter-
action. (Parameters used to plot the force-distance curves according to the equations in
section 1.3.1: Ebond=1eV, σ = 0.2nm, R=1nm and HA=260·10−21J)
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Since the scanning probe needs to be positioned with an accuracy of a few picometers if atomic
resolution is to be achieved, the movement of the probe along the raster is often realized by
means of piezoelectric translators. Piezoelectric materials like lead zirconium titanate change
their shape in an electric field due their anisotropic crystal structure. In scanning force mi-
croscopy, typically, a sharp tip integrated in a micro machined cantilever serves as a force
sensor. Alternatively, tuning forks with attached tips are used as force sensors. There are
different techniques to detect the bending of the cantilever due to the tip sample forces. Often
the optical beam deflection is used, which is illustrated in Fig. 1.2. The bending and twisting
of the cantilever are usually measured by means of the deflection of a light beam from the back
side of the cantilever and subsequently recorded on a position sensitive four-quadrant photo-
diode [3]. This detection scheme allows to measure normal and lateral forces on the cantilever
simultaneously. Other methods to detect the bending of the cantilever include interferometry
[4] or the use of piezo resistive cantilevers [5].

An ultrahigh vacuum (UHV) environment is required to study surfaces on the atomic level
in order to keep the surface free from contaminants. In UHV, an atomic force microscope
can be operated in dynamic or static, non-contact or contact mode. In dynamic non-contact
measurements, the cantilever is excited at its resonance frequency. The tip is approached to
the surface so that attractive forces dominate the tip-sample interactions. In contact AFM
the tip is brought into repulsive contact with the sample. Friction forces can be analyzed by
recording the lateral deflection of the cantilever simultaneously. Fig. 1.3 illustrates the differ-
ent operating regimes on the basis of a force-distance curve. The next two sections will present
further details of friction force microscopy and dynamic non-contact atomic force microscopy
as well as summarize recent developments in the field.

1.2. Friction Force Microscopy

Friction is a very old phenomenon, which occurs everywhere in daily life. For example without
friction between our feet and the ground we would simply not be able to walk. In this case
friction is desired. On the other hand, friction and wear are the main causes of power loss,
which is a problem in machinery. Therefore a lot of research has been done on the reduction
of friction on the macroscopic scale. In the last years, it became possible to build smaller and
smaller electro-mechanical devices on the micrometer scale (MEMS) as well as nanometer scale
(NEMS). The surface-to-volume ratio becomes larger on that scale and thus surface forces such
as friction forces increase and play a decisive role in such devices. Therefore, it is important
to study friction and its reduction down to the atomic scale.

Leonardo Da Vinci (1452-1519) was one of the first persons to study friction systematically. He
found that the size of the contact area between two macroscopic bodies has no effect on their
friction and that the frictional force between two sliding surfaces is proportional to the applied
load. Unfortunately, Da Vinci’s manuscripts were hidden and lost for centuries. Guillaume
Amontons (1663-1705) rediscovered the two basic laws of friction 150 years later. Leonard
Euler (1707-1783) was the first to distinguish between static and kinetic friction: He observed
that static friction is always larger than kinetic friction. The third friction law proposed by
Charles-Augustin Coulomb (1736-1806) states that kinetic friction is independent of the sliding
velocities. In 1950, F. Philip Bowden and David Tabor gave a physical explanation for these
three laws of friction. They found out that the true area of contact is a very small percentage
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of the apparent contact area (typically a factor 10−5), formed by several asperities. As the
normal force increases, more of these asperities come into contact and the average contact
area of each asperity grows. Bowden and Tabor argued that within these asperities all the
dynamics of friction takes place. In 1987, Mate et al. demonstrated the first observation of
friction on the atomic scale using a friction force microscope (FFM) [6]. Friction force mi-
croscopy allows to study the tribological behavior of a single asperity contact between a sharp
tip and an atomically flat surface. The force sensor in FFM is a microfabricated soft silicon
cantilever with an integrated sharp tip at its end. The tip is brought into repulsive contact
with the sample surface and the applied load on the contact is measured as normal bending
of the cantilever. When the sample starts sliding with respect to the tip, the lateral force
acting on the tip causes a twist of the cantilever. Hence, friction forces can be determined
from the twisting of the cantilever. Bending and twisting are usually measured by means of
the deflection of a light beam reflected from the back side of the cantilever.

1.2.1 Atomic-Scale Stick-Slip and the Tomlinson Model

One prominent experimental observation in friction studies is the so-called stick-slip move-
ment. Stick-slip movement on the macroscopic scale is familiar from everyday life: A creaking
door hinge, the excitation of a violin string, screeching tires, the squeaking of chalk on a black-
board and earthquakes. In friction force microscopy, atomic-scale stick-slip instabilities occur
when the tip sticks to a certain equilibrium position at the surface until the increasing lateral
force initiates a slip towards another equilibrium position. On crystalline surfaces, this process
repeats itself periodically every lattice spacing.

Atomic-scale stick-slip has been experimentally observed on a variety of materials including
insulators, metals and semiconductors. The first observation of atomic stick-slip by Mate et al.
was reported on graphite [6]. Stick-slip was also observed on other layered materials like mica
[7], MoS2 [8] and NbSe2 [9]. In scanning probe microscopy experiments on graphite, it is known
that thin, flat flakes of graphite are frequently transferred to the probing tip thus providing a
multi-atom contact. Ionic crystals are very common in atomic-scale friction studies, because
of their simple structure and comparatively simple preparation. Normally, the periodicity of
the stick-slip on ionic crystals corresponds to the unit-cell as found on KBr [10], NaCl [11, 12]
and KF [13]. Measurements on NaF(100) by Ishikawa et al. are the exception since they
could resolve both components depending on the applied load [14]. Atomic stick-slip was also
observed on metals: The formation of a neck of copper atoms at the tip allows stick-slip type
sliding over Cu(111) surfaces [15]. In contrast to the Cu(100) surface, which is worn, because
it is not a crystallographic glide plane [11, 16]. By using passivated tips, atomic stick-slip was
recently observed on Pt(111) [17]. Passivated tips allowed also to investigate the Si(111)(7x7)
[18] reconstruction.

The atomic-scale stick-slip process is often understood using a simple mechanical model re-
ferred to as the Tomlinson model [19]. In this model a mass attached by a spring to a constantly
moving support is pulled along a periodic surface potential with amplitude E0. The total po-
tential is therefore given as a sum of the periodic surface potential and the elastic energy which
is stored in the spring:

V = −E0

2
cos

(
2π

xtip

a

)
+

1
2
k(xtip − x)2 , (1.1)
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Figure 1.4: Scheme which explains the stick-slip movement in the framework of the
Tomlinson model in (a)-(c) position space and (d)-(f) in the energy space. The tip repre-
sented by the red dot is stuck in one of the local minima of the total potential until the
growing lateral force is strong enough to initiate a jump into the next stable position (c).
This behavior is referred to as atomic-scale stick-slip. The blue curve in (d)-(f) shows
the total potential of the spring and the surface corrugation (Eq. 1.1) for the different
support positions in (a)-(c).

where x = vt is the position of the support and a the lattice constant of the surface. The
effective spring constant of the pulling spring k does not only represent the spring constant
of the force sensor but also the respective compliance of tip and surface. The stiffness of tip
and surface are usually summarized under the term ’contact stiffness’. Fig. 1.4 illustrates
the stick-slip behavior in the framework of the Tomlinson model in the position space (a)-(c)
and energy space (d)-(f) for different positions of the support. The tip is stuck in one of the
local minima of the total potential (d)-(e) until the growing lateral force is strong enough to
initiate a jump into the next stable position (f). The lateral force is increasing because the
support of the tip is moving and extends the spring. A stable local equilibrium position means
mathematically that the derivative of the potential V with respect to the position of the tip
xtip equals zero and that the second derivative is positive:

∂V

∂xtip
=

E0π

a
sin

(
2π

xtip

a

)
+ k(xtip − x) = 0 (1.2)

∂2V

∂x2
tip

> 0 ⇔ cos
(

2πxtip

a

)
> − ka2

2E0π2
= −1

η
. (1.3)

In Fig. 1.5(a) the sinusoidal surface potential term and the spring term of Eq. (1.2) are plotted
with the corresponding total potential (b). One observes that for some values of k several
possible solutions exist, leading to instable regions for the tip. This causes hysteresis loops
between forward and backward scan. The parameter η = 2π2E0

ka2 in the second restriction
(Eq. (1.3)) expresses the relation between the corrugation amplitude E0 and the elastic energy
1
2ka2 stored in the spring [20]: If η < 1 Eq. (1.3) is always fulfilled, this means the tip is always
sitting in a local minimum and its movement is therefore continuous. In the case of η > 1,
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Eq. (1.3) is not always true, hence periodically instabilities occur and stick-slip behavior is
found. In a overdamped system, the tip jumps from one equilibrium position to the next but
recently it has been shown that in a underdamped condition also multiple slips are possible
[21, 22].

Figure 1.5: (a) Graphical solution of Eq. (1.2) to illustrate the instabilities. The straight
lines show the force from the spring and the curved lines show the periodic surface po-
tential. For c = 8 N/m and η = 0.8 there is a single intersection of the blue line with
the surface potential for each value of xtip, and thus a smooth sliding from one minimum
to the next is possible. For c = 2 N/m and η = 3.2 illustrated by the red lines, there
exist multiple intersections with the surface potential for several xtip. Green portions
of the potential curve indicate such unstable regions causing hysteresis loops between
forward and backward scans. Due to the unstable regions stick-slip instabilities cannot
be avoided. (b) The corresponding total potential energies according to Eq. (1.1) are
plotted. In conclusion, this graph reveals that the stiff tip (blue) follows instantaneously
the equilibrium position while for the soft tip stick-slip instabilities occur. The following
additional parameters were used: E0 = 0.5 eV and a = 0.5 nm,

If we replace the spring-term FL = k(xtip − x) in Eq. (1.2), it follows that

FL = −πE0

a
sin

(
2π

xtip

a

)
. (1.4)

The maximum of the absolute value of the lateral force Fmax
L is found at xtip = a/4, and we

obtain
E0 =

aFmax
L

π
. (1.5)

This equation describes a linear dependence of the surface potential amplitude E0 on the max-
imum lateral force Fmax

L . In chapter 6 measurements of E0 on ultrathin heteroepitaxial films
of KBr grown on NaCl will be shown. On top of these films a superstructure is found due to
the lattice mismatch between these two materials. Variations of the energy corrugation were
observed on these KBr-determinated surfaces, which demonstrates that chemically homoge-
neous surfaces can have significant variations of their atomic-scale friction properties due to
small structural inhomogeneities.

The Tomlinson model has also been extended into two dimensions. Fujisawa et al. [7, 8, 23, 24]
analyzed the forces in and perpendicular to the scan-direction simultaneously on different ma-
terials as MoS2 and NaF(100). They found that the frictional forces do not always point exactly
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in the direction of scanning. They measured contributions in both directions depending on the
alignment of the scan direction with the crystallographic direction of the surface, and observed
that the tip jumps always to the nearest sticking point. Therefore, the tip sometimes moves
along the surface in zig-zag walk (2D stick-slip) or straight (1D stick-slip). Hölscher et al.
[25] performed dynamical calculations for the case of NaF(100), where they observed similar
zig-zag walks and straight walks as in the experiments of Fujisawa.

Thermal activation has to be included in the Tomlinson model in order to describe stick-slip at
room temperature. Thermal activation causes the tip to jump to the next equilibrium position
earlier. Hence, the stick-slip jump and its height, which is related to the maximum lateral
force, is of a statistical nature. Sang et al. [26] investigated theoretically these jump processes
considering thermal activation and presented an analytical expression for the statistical tip
jump probability at finite temperatures. This tip-jump statistic of the stick-slip was experi-
mentally confirmed on graphite by Schirmeisen et al. [27].

Quantitative values from atomic-scale stick-slip measurements can be obtained by analyzing
plots of single scan-lines in the forward and backward directions - so-called friction loops. From
such friction loops (as shown in Fig. 1.6), information about the dissipated energy and stiffness
among other properties can be deduced. For example the area between the forward and the
backward direction in a friction loop has the dimension of work and is a measure of the energy
dissipated in the sliding process. Information about the stiffness is taken from the slope of the
lateral force in a friction loop. For large η the slope of the lateral force during the sticking
phase corresponds to the effective spring constant, which considers the stiffness of the contact
and the force sensor. For η approaching to one this relation needs to be corrected according
to keff = η+1

η kexp [28]. The lateral stiffness of the force sensor is usually at least a factor 50
higher than the contact stiffness. Therefore the effective spring constant is clearly dominated
by the contact. Socoliuc et al. found that the contact stiffness does not change for small
contact sizes and low loads [20]. However, in a continuum mechanics approach we expect the
lateral stiffness to increase with load proportional to the contact area [29]. Luan and Robbins
recently discussed the breakdown of continuum mechanics at the nanometer scale and found
by numerical calculations that its applicability depends on the atomic structure of the tip apex
[30]. In chapter 3 a detailed study of the contact properties including the stiffness and the
damping is presented based on the analysis of thermal fluctuation spectra. Tips with differ-
ent apex radii are compared to elucidate the limits of the applicability of continuum mechanics.

The first two classical friction laws state that the friction force is directly proportional to the
applied load (Amontons First Law) and that the friction force is independent of the apparent
area of contact (Amontons Second Law). On the microscopic scale, these two laws are related
since the friction of a single asperity contact is proportional to the contact area, and the
contact area is a function of load. Numerous models describe the dependence of the contact
area with load assuming different interaction forces [29, 31–34]. A non-linear dependence of
the applied load is expected in single asperity FFM experiments. However, a linear behavior
is predominantly found in systems with vanishing adhesion between tip and sample. Only
in systems with strong adhesion is a non-linear dependence found. For atomic-scale friction,
a transition from very low friction towards a linear increase with the load was found [20].
However, for some materials abrasive wear is observed already at very low loads, i.e. FN = 3 nN
for KBr [35]. Gnecco et al. found on KBr that the debris formed by the moved material due
to wear is reorganized in regular terraces with the same periodicity and orientation as the
unscratched surface [36]. The formation of ripples was observed after scanning the same frame
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Figure 1.6: (a) Lateral force map recorded on an atomically flat KBr(100). The image
has a size of 5 nm × 5 nm and is recorded while scanning in forward direction. (b) Lateral
force traces while scanning forwards and backwards over the KBr surface along the black
line indicated in (a).

several times with a load above the wear threshold [37].

1.2.2 Velocity Dependence

The second macroscopic law of friction states that friction is independent of the sliding velocity.
In atomic-scale friction experiments a logarithmic dependence of the mean friction force is
found at low velocities [12]. The friction force increases with increasing scanning velocity. The
physical origin of the velocity dependence can be understood within the Tomlinson model.
The slower the tip is scanning the higher the probability of an early thermally activated
jump. Assuming a linear dependence of the energy barrier with increasing lateral force gives
a logarithmic dependence of the lateral force with scan speed. Sang et al. [26] proposed that
barrier-hopping fluctuations occur preferentially when the tip is close to slipping at the top of
the barrier. This suggests that the friction scales with the logarithm of velocity to the power
2/3. The increase in friction with increasing sliding velocity has been studied for polymer films
grafted on silica [38], NaCl [12], Cu(111) [15] and glassy polymer films [39]. At high velocities
the thermal vibrations have no time to act, and a transition from increasing friction to a
constant plateau has been observed [40]. Reimann et al. [41–43] proposed a theoretical model
for friction force microscopy experiments with special emphasis on the realistic description
of dissipation and inertia effects. This model predicts a non-monotonic dependence of the
friction force upon the sliding velocity of the tip over an atomically flat surface. The velocity
dependence of friction in ambient conditions depends on the hydrophilicity of the surface [44].
Higher sliding velocities allow less time for the condensation of adhesive water necks, resulting
in lower friction. Therefore, capillary forces can dominate the velocity dependence in air.

1.2.3 Superlubricity

Friction is the main cause of power losses in mechanical devices. Liquid lubricants are often
used to reduce friction in macroscopic devices. On the molecular scale an enhanced viscosity of
liquids confined in layers of molecular thickness has been observed [45]. Therefore, traditional
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liquid lubricants do not work for Micro-Electro-Mechanical systems (MEMS) and, in order to
reduce friction and wear in such devices one has to consider different mechanisms. In a modi-
fied scanning tunneling microscope experiment, Hirano et al. [46] observed a state of vanishing
friction between a tungsten tip and a Si(001) sample. They predicted vanishing friction when
two surfaces in contact are laterally stiff and incommensurate, because the lateral force acting
between neighboring atoms of the contact should point in all directions and cancel each other
out on average [47, 48]. Hirano named this state superlubricity, whereas Müser et al. called
the same effect structural lubricity [49]. Dienwiebel et al. [50, 51]. observed superlubricity
while dragging a graphite flake out of registry over a graphite surface and confirmed Hirano’s
theory. Another method to achieve ultra low friction is based on the reduction of the normal
force applying on the contact. The atomic-scale stick-slip movement goes over in a continuous
sliding without any abrupt jumps and hence dissipation decreases below a critical threshold.
This method was studied in details by Socoliuc et al. [20] on NaCl in ultrahigh vacuum. Dry
friction can be decreased as well by reducing the scan velocity down to a few nm/s or less.
In this case thermally activated jumps occur in the contact area, and therefore the maximum
lateral forces are smaller. This type of friction reduction is called thermolubricity [52]. Several
ways to control friction at the nanometer scale without the use of lubricants have been sug-
gested. However, none of them seems to be applicable to practical nanometer sized devices.
An efficient way to switch friction on and off at the atomic scale was recently discovered by
exciting the mechanical resonances of the sliding system perpendicular to the contact plane
[53]. The resulting variations of the interaction energy reduce friction down to the detection
limit of the instrument in a finite range of excitation and load, without any noticeable wear.
Without actuation, atomic-scale stick-slip motion is observed, which leads to dissipation. In
chapter 5 of this thesis we will discuss an extended Tomlinson model describing these findings.
These simulations allowed us to calculate the residual friction force and the energy loss due to
the actuation.

In summary, the Tomlinson model comprising of a single spring pulling a mass along a sinu-
soidal potential surface successfully explains a number of experimental observations, i.e. the
occurrence of stick-slip as a function of load [20] and the damping of a lateral tip oscillation
very close to the surface [54]. By including thermal activation in the Tomlinson model [26]
experiments studying the velocity dependence of atomic-scale friction [12], the temperature
dependence [39], and the jump force distribution [27] are all in agreement with the Tomlinson
model. However, the experimental situation is not well represented by a model of a single
spring pulling a mass along a sinusoidal potential. One spring can not reproduce both the
resonance of the cantilever and the lateral stiffness of the contact. Therefore a two-spring
model where one represents the cantilever and the other the microscopic contact is presented
in chapter 4.4. All these results discussed before indicate the key role of the stick-slip instabil-
ity for the dissipation of mechanical energy into heat. In chapter 4.4 the results of experiments
and simulations which address in detail the dynamics of the atomic-scale slip are described.

1.3. Non-Contact Atomic Force Microscopy

Shortly after the invention of the AFM, Binnig et al. [55] reported on atomic resolution in
contact mode on the graphite surface. Mate et al. [6] suggested that a flake of material could
be responsible for the contrast formation. The fact that most of the so called atomic reso-
lution images in contact mode showed always a perfect symmetry and did not show defects



12 1. Introduction to Scanning Probe Microscopy

let suggest that the atomic contrast in contact mode is a convolution of the tip and surface
structure. This is reasonable considering that the size of contact presumably exceeds atomic
dimensions. Howald et al. estimated a contact size of less than 1 nm2 from AFM data at a
cleavage step of NaF(100) [56]. However, there are only a few contact measurements showing
point defects, i.e. on NaCl [57] and on LiF [58] suggesting true atomic resolution. Schimmel
et al. [59] were also able to resolve kinks on a 2H-NbSe2 surface and concluded that the tip
structure plays a major role in contact mode atomic resolution images. The advantage of
non-contact AFM compared to contact mode is the capability of true atomic resolution. True
atomic resolution was achieved the first time on Si(111)-(7x7) by Giessibl [60] and InP(110) by
Sugawara et al. [61] in 1995. In this thesis high-resolution non-contact AFM is used as a tool
to study surface patterns due to strain relief of the lattice mismatch in the initial growth of
heteroepitaxial thin films on insulators. Ultrathin films of KBr on NaCl(100) and of NaCl on
KBr(100) were grown and the underlying atomic structure analyzed in real space. Moreover,
the high resolution capabilities of contact mode AFM will be discussed by means of scans
across atomic scale defects on such KBr-terminated surfaces.

In non-contact AFM, the forces acting on the tip close to the surface are dynamically measured.
The free oscillation frequency of the cantilever is influenced by the tip-surface interaction re-
sulting in a frequency shift. There are two ways to measure this frequency shift. One is based
on amplitude detection where the cantilever is excited at a frequency close to the resonance
frequency (AM-mode or tapping mode) [62]. If the eigenfrequency is shifted due to the force
gradient the amplitude is changing and can be used as a feedback parameter to scan over
the surface. This method is not convenient in ultrahigh vacuum because the high Q-factor
of the cantilever would require an extremely slow feedback response. In the frequency mod-
ulation mode (FM-mode) [63], the cantilever is excited at its eigenfrequency and a feedback
loop keeps the amplitude constant. In the first FM-detection setup, the AC-signal coming
from the cantilever motion was amplified, phase shifted and then used as the excitation signal
(self-excitation). The frequency shift, which arises due to the tip-sample interaction, is mainly
used as a feedback parameter to control the tip-sample distance while scanning. The phase
locked loop (PLL) has been successfully employed for that purpose because the oscillation is
driven by the sinusoidal output of a voltage controlled oscillator, which is more stable in phase
than in the self-oscillation scheme. A direct comparison between the self oscillation loop and
the PLL setup is given by Kim [64]. The nc-AFM measurements presented in this thesis were
measured with a PLL [65]. The detail of the used controlling scheme will be explained in
chapter 2.2.

1.3.1 Relevant Forces

The interaction forces between tip and surface can be separated into chemical short-range
forces with an interaction length of a fraction of nm and long range forces, which extend up
to 100 nm. The long range capillary forces can be neglected in UHV. The long range Van
der Waals forces act between the mesoscopic tip end and the surface, while the long range
electrostatic forces interact with the whole cantilever. Therefore, the long range forces can be
described as an interaction between macroscopic bodies. In contrast, the short-range forces
take place between very few atoms of the tip apex. These forces provide information on
the sample down to the atomic scale. The fact that in AFM different parts of the tip and
cantilever contribute differently to the total force and feedback signal, respectively is in strong
contrast to the STM, where only the foremost atoms contribute to the tunneling current. The
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contribution of the outermost tip atoms dominates the tunneling current due to the strong
exponential decay with the distance. The interplay of the different forces in AFM complicates
the interpretation of the topographic measurements.

Short-range forces

Short-range chemical forces arise from the repulsion of the ion cores and the overlap of electron
wave functions, which can be both, attractive and repulsive. The model potentials like the
empirical Lennard-Jones potential or the Morse potential are essentially limited to the pair-
wise interaction of atoms. For example, the Lennard-Jones potential is an empirical model
consisting of two terms which combine the attractive Van der Waals and repulsive atomic
potential

VLennard−Jones = −Ebond

(
2
σ6

z6
− σ12

z12

)
, (1.6)

where Ebond describes the binding energy and σ the equilibrium separation. Due to the vari-
ation of short-range forces on the atomic scale, atomic resolution becomes possible in atomic
force microscopy.

Electrostatic forces

The contact potential difference between the surface and the tip creates charges at the surface
and tip leading to electrostatic forces. These electrostatic forces can be partially compensated
for by applying an appropriate bias voltage. With the Kelvin probe technique where the
bias voltage between tip and surface is modulated to detect contact potential differences, the
electrostatic forces can be simultaneously measured and dynamically compensated. Without
active compensation of the long range electrostatic forces height measurements in nc-AFM can
be influenced especially on heterogeneous materials [66].

Van der Waals forces

Van der Waals forces are caused by fluctuations in the electric dipole moment of the atoms
and their mutual polarization. A detailed description of these forces can be found in the book
by Israelachvili [67]. The Van der Waals potential between a spherical tip of radius R and a
surface at distance z can be described by

VVdW = −AHR

6z
, (1.7)

where AH is a material-dependent factor, called the Hamaker constant.

1.3.2 Dissipation Induced by Tip-Sample Interactions

In our setup the amplitude of the excitation voltage Aexc applied to the piezoactuator is con-
trolled so that the amplitude of the tip oscillations is fixed at a constant value. Any energy dis-
sipation in the tip-sample interaction damps the cantilever oscillation and requires an increase
of Aexc. Therefore, Aexc is often referred to as the damping signal. Under some conditions the
measured damping signal does not reflect the energy transfer from the oscillating cantilever
into microscopic degrees of freedom of tip and sample. It is referred as apparent damping.
One reason for apparent damping is that if the tip interacts with the sample, the motion of the
cantilever can be slightly non-harmonic. In this case a part of the oscillation energy is stored
in overtones of the cantilever frequency and the driving amplitude Aexc is increased to keep
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the amplitude of the first harmonic constant. For large amplitude measurements this effect
becomes negligible small. Apparent damping can also occur if the phase shift between driving
signal and cantilever oscillation cannot be kept at -90◦. Then, a larger excitation signal Aexc

is needed to keep the oscillation amplitude constant. If the phase error signal is not recorded
this Aexc signal can easily be misinterpreted as true dissipation.

Damping in the tip-sample contact arises from different phenomena and can be classified into
velocity-dependent mechanisms and hysteresis related mechanisms. The later arises if the
tip-sample interaction energy has two local minima and is bistable [68]. Then, forces on the
oscillating cantilever can be different while approaching and retracting. This can occur if
atomic positions are changing like atoms jump from the tip to sample or vice versa. Fur-
thermore the viscoelastic response of the sample also leads to additional damping [69–71]. A
velocity dependent damping mechanism observed by Denk and Pohl [72] is the Joule dissipa-
tion by charge carriers, which are driven by the time-varying electric field produced by the
oscillation. This type of dissipation occurs when a voltage difference is applied between the tip
and the sample or because the contact potentials of the two are not equal. Then the tip-sample
capacitance is charged and discharged during each oscillation cycle. If the tip and sample are
resistive, transport currents are generated and dissipate energy. Furthermore, Gauthier and
Tsukada have proposed that damping occurs because of coupling of atomic vibrations caused
by short-range forces [73–75].

A spatially resolved image of damping of the cantilever oscillation can be measured by record-
ing the excitation amplitude Aexc while scanning over the surface. The excitation amplitude
Aexc, which is needed to compensate for the internal friction, can be used to relate the recorded
signal Aexc to the dissipated energy. Despite recent efforts, a quantitative understanding of
Aexc is not straightforward [75, 76]. For example on the atomic scale the spatial correspon-
dence of the maxima in the topography and dissipation images is found to depend strongly
on the tip end and on the imaging conditions [77]. It has been reported that sometimes the
maxima of the two images occurred at the same position, sometimes they were slightly later-
ally shifted, and sometimes the position of the maxima of the topography even agreed with
the position of the minima of the dissipation. One explanation for this behavior is that the
local contrast depends strongly on the tip apex such that the spatial correlation between the
dissipation image and the topography is affected by tip changes.

The distance control by constant frequency shift normally used in non-contact force microscopy
is complicated by the fact that the frequency shift versus distance characteristic is not mono-
tonic. Whenever a frequency shift is chosen below the minimum of the curve, the controller
jumps into the wrong branch of the curve immediately resulting in a tip crash. Alternatively,
it has been suggested that one could use the dissipation signal for distance control due to
the usually monotonic nature of this signal [78]. The characteristics of dissipation feedback is
closer to tunneling microscopy than to conventional dynamic force microscopy controlled on
constant frequency shift.

In chapter 6 of this thesis we exploit the damping signal [76] to reveal surface structures with
very small topographic corrugation. By recording the damping signal simultaneously with the
topography signal, subtle details of the surface topography can be detected which are often
lost by the feedback circuit working with the more long-range frequency shift signal.
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Experimental Setup in Ultrahigh Vacuum

2.1. Ultrahigh Vacuum System

The results presented in this thesis are from experiments performed on two different ultra-
high vacuum systems. The system at the University of Basel in the group of Prof. E. Meyer
(chamber I, Fig. 2.1(a)) consists of three chambers separated by valves: The analysis chamber
(A-chamber), the preparation chamber (P-chamber) and a fast entry lock. The system of Prof.
R. Bennewitz at McGill University in Montreal, Canada, (chamber II, Fig. 2.1(b)), which was
used during a study visit of one year, comprises only an analysis chamber and a fast entry air
lock.

The main part of both analysis chambers is a home-built room temperature atomic force
microscope, which will be described in detail in the next section. Both analysis chambers
have an electron gun and a screen to perform Low-Energy Electron Diffraction (LEED) and
Auger Electron Spectroscopy (AES) measurements. LEED is used to determine the crystalline
structure of a surface, while Auger electron spectroscopy provides information on the chemical
composition of a sample. In the case of alkali halides, the electron gun of the LEED is also

Figure 2.1: Picture of the (a) UHV-system I and (b) UHV-sytem II equipped with
(1) AFM (2) LEED/AES (3) XPS (4) molecule evaporator with three Knudsen cells (5)
quartz-balance (6) sputter-gun (7) atom source (8) home-built evaporator (9) titanium
sublimation pump and (10) pressure gauge (11) valve, which separates the chambers.
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used for sample preparation. On a KBr(100) crystal, rectangular straight-edged pits of one
monolayer depth can be created by exposing the surface shortly to an electron beam [79–81].
Thus, molecules can be trapped in such pits for example, as shown by Nony et al. [82, 83]. In
addition, vacuum chamber I has an X-ray photoelectron spectroscopy system (XPS).

Both systems are equipped with a sputter gun and an electron bombardment heater used for
the preparation of metallic samples by Ar-sputtering and annealing cycles. There is a direct
current heater and a resistive heater in both systems as well. A home-built evaporator with one
Knudsen cell was used for the evaporation of salt films in system II. In system I a commercial
evaporator with three cells was used for this purpose. A valve between the P-chamber and the
evaporator has the advantage that you can exchange these cells without breaking the UHV
in the preparation chamber. This evaporator is also used for the sublimation of molecules.
In addition, another home-built evaporator was used for the deposition of gold. The crucible
of this evaporator is mounted on a sample-plate and thus can be brought into UHV over the
lock. Two different quartz-balances enable us to monitor and calibrate the evaporation rate
in system I. The preparation chamber in system I is equipped with additional tools to prepare
clean surfaces: A cleaving tool is used to cleave ionic crystals in UHV, which is crucial for
the preparation of a clean NaCl surface. An atom source provides neutral oxygen or nitrogen.
These neutral gas atoms have proven to be very effective in low damage surface treatments
such as nitridation and oxidation. A direct current heating platform with a gas inlet in the
lock of system I makes it possible to heat samples in a pure gaseous atmosphere.

These two systems are pumped by a combination of turbo-pumps, ion getter pumps and ti-
tanium sublimation pumps. During measurements the systems are pumped by the ion getter
pumps and the turbo-pumps are switched off to avoid mechanical vibrations. The base pres-
sure in both analysis chambers is below 10−10 mbar.

2.2. The Atomic Force Microscope

The two home-built atomic force microscopes used in this work, both operated at room tem-
perature, are similar in design to the one described by L. Howald et al. [84]. The AFM is built
on a platform suspended by four springs and damped by an eddy current damping system in
order to decouple it from external mechanical vibrations. The deflection of the cantilever is
detected by the optical beam deflection method [3], which allows us to measure the normal and
lateral bending of the lever simultaneously (compare Fig. 1.2). The light of a superluminescent
diode is coupled into a fiber which is introduced into the vacuum by a swagelock-feedthrough
filled with teflon [85]. The light beam is then focused by a lens and guided over a first mo-
torized mirror to the back of the cantilever and from there over another motorized mirror
to the position sensitive four-quadrant diode. The mirrors can be adjusted by piezo motors.
The signal of the quadrant diode is directly amplified in UHV. This guarantees a high quality
signal and a unique signal bandwidth of 3 MHz. There is also a tunneling preamplifier with
changeable resistor between 10−8-10−10 Ohm in UHV. The sample-holder sits in front of a
tube piezo, which performs the scan movement while the tip remains fixed. The sample with
the piezotube is attached to a walker which can be moved by three piezo stacks for the coarse
approach. The tip holder is glued on a shaking piezo to excite the cantilever for non-contact
measurements. A bias voltage can be applied on both the tip or the sample in order to com-
pensate the contact potential between tip and sample, and for STM operation.
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Figure 2.2: Picture of the home-built UHV-AFM in system I.

The AFM can be operated in contact as well as in non-contact mode. A scheme comprising
all the controllers and filters for the non-contact and contact mode is shown in Fig. 2.3. For
the non-contact mode experiments, the cantilever has been excited with a driving amplitude
Aexc to oscillate at the first bending resonance with constant amplitude. The tip-sample dis-
tance can be controlled by maintaining constant negative shift of the resonance frequency with
respect to the resonance far from the surface, by constant damping, or by constant tunnel
current. Fig. 2.3 (a) shows a scheme of the constant frequency shift mode: The amplified
and bandpassed filtered A-B signal of the four-quadrant diode is fed into a phase locked loop
(PLL), which measures the difference ∆f between a set frequency and the actual frequency
of the cantilever. At the same time, the A-B signal is fed into an RMS-to-DC converter
which provides the input signal of the amplitude controller to maintain a constant oscillation
amplitude. Typical amplitudes used for non-contact measurements ranged from 5 nm to 20 nm.

Additionally, the microscope can be operated as a Kelvin force microscope, where an AC-
voltage is applied between tip and sample for the detection of electrostatic forces. Two dif-
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ferent methods can be employed for Kelvin measurements: the frequency modulation (FM)
mode [86] or amplitude modulation (AM) mode [87, 88] detection. In FM-mode, the oscillation
amplitude of the frequency shift at the modulation frequency is measured. The oscillation am-
plitude is proportional to the gradient of the electrostatic force. In AM-mode, the amplitude
of the cantilever oscillation at a certain frequency is measured. The amplitude is proportional
to the electrostatic force itself. By tuning the modulation frequency to a higher resonance of
the cantilever, a resonant and therefore very sensitive way to detect the signal is achieved in
the AM-mode [88].

In contact mode, the normal deflection signal is used as a signal for the distance control. In
friction force microscopy experiments, the tip scans at a constant height over the surface while
the normal and torsional deflection are measured. In this case, the gains of the distance con-
troller are kept at very low values in order to avoid any influence by the topography.

In system I, some home-built scan electronics and scan software is used, while in system II a
combination between home-built [89] and commercial scan electronics (SCALA, Omicron Nan-
otechnology) was used in combination with a Nanosurf easy PLL and the scan software SCALA.

Figure 2.3: Scheme comprising all the controllers and filters for controlling AFM in the
non-contact and contact mode.
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2.3. Calibration of Forces and Amplitudes

In this section, methods for the calibration of forces in contact mode as well as the determi-
nation of the amplitude and Q-factor in non-contact mode are explained.

Calibration of the Stiffness and Force in Contact Measurements

If we assume that the elastic deformation of the tip and the sample in contact mode are
negligible, the normal force FN and lateral force FL are a function of the differential signal
from the photo diode UA−B and UC−D respectively, the sensitivity of the detector sz in nm/V
and the spring constant k of the cantilever [90]

FN = kNszUA−B and FL =
3
2
kT

h

l
szUC−D . (2.1)

The sensitivity sz can be determined from a force-distance curve as shown in Fig. 2.4. The
force-distance curve should be taken on a hard surface to ensure that elastic deformation of
the sample can be neglected. Several methods to measure the spring constants of a rectangular
cantilever have been suggested based on additional mass attached to the cantilever [91] and
on the viscous damping of the cantilever oscillation in air [92] or the so-called wedge-method
[93, 94]. In this work, the spring constants kN for normal bending and kT for the torsional
mode were calculated from its geometry [90, 95, 96]

kN =
Ewt3

4l3
and kT =

Gwt3

3h2l
. (2.2)

Scanning electron microscopy can be used to determine the relevant dimensions of the can-
tilever: Length l, width w and height h of the tip. The thickness t can be determined from
the fundamental resonance frequency f of the cantilever [97]

t =
2
√

12π

1.8752

√
ρ

E
fl2 . (2.3)

In Eq. (2.3), the cantilever is considered as a beam only, neglecting the tip. For the material
constants of silicon the following values were used: E = 1.69·1011 N/m for the elastic modulus,
G = 6.8 · 1010 N/m for the shear modulus and ρ = 2328.3 kg/m3 for the density [95].

Calibration of the Oscillation Amplitude in Non-Contact AFM

The oscillation amplitude of the cantilever in non-contact mode can be determined with the
help of the calibrated z-piezo. The principal idea is to compare the change in z for different
amplitudes with the change in the oscillation amplitude [98]. On insulating materials, the
distance between the tip and sample is normally controlled by keeping the frequency shift con-
stant. Because the frequency shift depends on the oscillation amplitude f ∝ A−3/2 [99, 100],
the distance control has to be readjusted for every amplitude. For example, the amplitude
controller is set to a small stable amplitude with setpoint A0, the tip is then approached on
a flat surface and the tip-sample distance controlled on a constant frequency shift f0. If the
amplitude is now increased by a factor c, the distance controller has to be changed to a new
setpoint f1 = f0c

−3/2. The difference in the measured z-positions for both amplitudes divided
by the measured voltage difference of the peak-to-peak amplitude of the oscillation results in
a conversion factor nm/V. With this conversion factor the peak-to-peak amplitude in volts
can be calibrated in nm. In case of conductive samples, controlling on tunneling current is
suggested for a more accurate calibration.
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Figure 2.4: (a) Force-distance curve measured on an atomically flat KBr(100) (b) Sketch
to the amplitude calibration: It shows how the ∆f has to be adjusted upon an amplitude
increase in order to keep the same distance to the sample.

Determination of the Q-Factor

The Q-factor of the free cantilever is a measure for the power dissipation in dynamic force mi-
croscopy. This dissipation is independent of the tip-surface interaction and cannot be avoided.
Because the Q-factor is inverse proportional to the force sensitivity it is an advantage to have
high Q-factors [63]. The Q-factor for a cantilever operated in air is mainly limited by viscous
damping and typically amounts to a few hundred, while in vacuum, only internal and surface
effects in the cantilever material are responsible for damping and Q reaches hundreds of thou-
sands. There are different ways to determine the Q-factor far from the surface. One possibility
is to sweep the frequency and simultaneously record the amplitude A or the phase φ of the
cantilever oscillation. The amplitude respectively phase are related to the frequency by

A(f) =
A0√

(1− (f/f0)2)2 + (f/f0 ·Q)2
(2.4)

φ(f) = arctan
(

1− (f/f0)2

f/f0
Q

)
+ φ0 (2.5)

where f0 is the resonance of the free lever and Q the quality factor. These relations can be
derived from the equation of motion of a free cantilever [95]. Fig. 2.5 shows the measured
amplitude and the phase with the corresponding least-square fits while sweeping the frequency
around the first normal resonance frequency. Alternatively, the phase can be varied while
measuring the frequency and amplitude. In this work, both methods were used to determine
the Q-factor of a non-contact lever far away from the surface.

The Q-factor of a cantilever can also be deduced without any excitation of the lever just from
thermal fluctuation measurements. The analytical curve given below is fitted to the resonance
peak [101, 102]

S(ω) =
2kBTω3

n

DnQ
(
(ω2 − ω2

n)2 + ω2
nω2

Q2

)
,

(2.6)
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Figure 2.5: Example of a frequency sweep around the first normal resonance frequency
of a silicon non-contact cantilever with a reflective aluminum coating at the backside: (a)
measured amplitude and (b) measured phase versus excitation frequency.

where Dn is the spring constant of the n-th eigenmode, Q the quality factor, ωn the eigenfre-
quency of the n-th eigenmode and kB the Boltzmann constant. The temperature T was set
to 300 K in this work as all the measurements were performed at room temperature. Fig. 2.6
gives an example of the torsional resonance of a free cantilever with the corresponding fit. The
fit using Eq. (2.6) reveals a frequency of f = 157.3 kHz, Q = 223, 800 and k = 80.96 N/m for
the free contact cantilever. This method is mainly used in chapter 3.

Figure 2.6: Power spectral density showing the peak corresponding to the first torsional
resonance of a free rectangular contact lever. The fit according to Eq. (2.6) reveals a
frequency of 157.3 kHz, Q = 223, 800 and kT = 80.96 N/m.
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Another accurate method to determine the high Q-factor is the ring-down method, where the
oscillation amplitude is measured as a function of time after stopping the external excitation
of the cantilever resonance. The ring-down follows an exponential decay and can be fitted with
the following formula [102]

A(t) = A0 exp
(
−π

f

Q
(t− t0)

)
, (2.7)

where A0 is the excitation amplitude and t0 the switch of time of the external oscillation.
This method was used to confirm the Q-factor of a contact lever in contact, see chapter 3.2
respectively Fig. 3.2.

2.4. Properties and Preparation of the Cantilevers

We used commercial, microfabricated, rectangular cantilevers made of silicon with integrated
tips as a force sensor. They are fabricated from highly doped silicon to avoid charging and
to allow for combined tunneling and force microscopy experiments. The tips have pyramidal
shapes and are produced by etching processes. For atomic-resolution images, the front atom
of the tip should ideally be the only atom that interacts strongly with the sample. In order to
reduce the forces caused by the shaft of the tip, the radius of the tip apex should be as small as
possible. The typical tip radius used in this work is less than 10 nm [103]. Special cantilevers
are used for the different operation modes of an atomic force microscope. In contact mode
the stiffness of the cantilever should be less than the interatomic spring constants of atoms
in a solid, which amount to k < 10 N/m. For contact measurements, predominantly silicon
contact cantilevers bearing sharp tips with a spring constant of the order of kN = 0.09 N/m for
the normal bending and kT = 62 N/m were used. The stiffnesses change slightly from tip to
tip, because the thickness of the cantilever and hence the first normal resonance frequency are
different. In dynamic force microscopy, cantilevers with higher stiffness help to reduce noise
and increase stability and prevent the tip from jumping into contact [104]. The properties of
the different type of levers used in this work are summarized in Table 2.1. For non-contact
measurements, cantilevers with an aluminum coating of approximately 30 nm thickness on
the detector side were typically used. This enhances the reflectivity of the light beam by a
factor of 2.5 and furthermore prevents light from interfering within the cantilever. For load
dependence studies of the resonance in section 3.3, an alternative set of rectangular silicon
contact cantilevers with a spherical tip (Nanosensors) was used for comparison. The radius
of curvature of the sphere was determined using scanning electron microscopy to be 0.9 µm,
(see Fig. 2.7). The spring constant for this tip was kN = 0.11 N/m for normal bending and
kT = 82 N/m for torsion. The other cantilever dimensions are identical to normal contact
cantilever. Etched tungsten or cut platinum-iridium wires can be used as tips for measuring
STM in our system as an alternative to a microfabricated cantilever.

The commercial cantilevers are glued onto a tip holder which assures a good optical path in
the system. After introducing the tips into vacuum, they are heated at 120◦ C for half an hour
in order to remove water and contaminants. The silicon tips are covered with a thin layer of a
few nm of silicon oxide as no special tip treatments have been applied. The native oxide layer
could be removed by annealing in situ above 900◦ C by electron-beam bombardment [105],
HF-etching before introducing into UHV [106], or sputtering.
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(a) (b)

Figure 2.7: (a) Scanning electron microscopy image of a rectangular silicon cantilever
with a spherical tip with a curvature radius of 0.9 µm. (b) Scanning electron microscopy
image of a rectangular non-contact silicon cantilever.

contact lever non-contact lever
thickness t 1.3-2.1 µm 6.6 -7.5 µm
width w 44-46 µm 34-36 µm
length l 453 µm 226 µm
force constant c 0.046-0.21 N/m 35-54 N/m
normal resonance frequency f0 9-14 kHz 177-198 kHz

Table 2.1: Properties of the different types of rectangular silicon cantilevers used in the
experiments.

2.5. Sample Preparation

Under atmospheric pressure, all kinds of adsorbed particles form an adlayer on the topmost
atomic layers of a solid. The chemical composition and geometrical structure of these adlayers
are usually not very well defined. Thus, real surfaces exposed to atmospheric pressure are very
complex and these adlayers hinder a clear analysis of the underlying surface structure and
the controlled adsorption of a single and pure species. In ultrahigh vacuum, there are several
techniques to prepare clean and well-defined surfaces. Brittle materials like alkali halides can
be prepared by cleaving. Surfaces can only be cleaved along certain crystallographic direc-
tions. Sputtering and annealing cycles are the most versatile cleaning techniques for metal
surfaces. Contaminants and the topmost atomic layers of the crystal are sputtered off by the
bombardment with noble gas ions. Subsequent annealing is necessary to remove embedded
and adsorbed noble gas atoms and to recover the surface crystallography. It is possible that
during the annealing further impurities from the bulk segregate to the surface, so that the ion
bombardment/annealing cycle has to be repeated several times [107].

The experiments which will be described in the following chapters were mainly performed on
alkali halides, namely potassium bromide (KBr) and sodium chloride (NaCl). Alkali halides
are a model system due to their simple structure and their reproducible preparation by cleav-
ing. If an insulating ionic crystal is cleaved, the crystal and especially the region below the new
surface become plastically deformed due to the large stress during cleavage [108]. Therefore,
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Figure 2.8: Sample preparation: (a) Contact AFM image showing monatomic steps on a
KBr surface after cleaving in air and annealing at 120◦C in UHV (Load 0 nN). (b) Atomic
resolution on KBr obtained with nc-AFM. (c) Clean Cu(100) surface after sputtering and
annealing recorded with nc-AFM. (d) Tapping mode AFM image revealing monatomic
steps on Al2O3 after annealing in air at 1400◦C recorded in tapping mode in air.

in most cases the crystals are charged afterwards. These residual charges from the cleavage
make it difficult to image the surface by AFM. In order to reduce the electrostatic forces a
bias voltage can be applied between the tip and the surface while measuring, but often the
highest possible applicable voltage in our setup is not enough. Careful heating in vacuum at
around 120◦C can help to reduce the charges and still preserve the stoichiometry of KBr and
NaCl. Heating in vacuum at higher temperatures, 330◦C for KBr and 400◦C for NaCl, results
in molecular evaporation from corner sites of steps. This process smoothes cleavage steps,
and spirals of steps around the intersection of dislocations with the surface are formed. Such
spiral steps provide a regular array of monatomic or diatomic steps separating atomically flat
terraces with a typical width between 50 and 150 nm [109, 110].

In our experiments we were interested in clean alkali halide surfaces with large atomically flat
terraces. Therefore, the KBr(100) surfaces were prepared by cleaving a single crystal in air,
followed by a quick transfer to the vacuum system and annealing in ultrahigh vacuum at 120◦C
for 30 minutes. The NaCl single crystals were cleaved in UHV and heated at 150◦C for 30
minutes in order to remove charges produced in the cleaving process. A cleaved KBr surface
with large flat terraces is shown in Fig 2.8(a). Fig. 2.8(b) reveals true atomic resolution in
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non-contact mode on KBr(100).

The load dependence experiments with the spherical tip in chapter 3.3 were performed on the
hard Al2O3(0001) single crystals which guaranteed negligible deformation of the sample. The
Al2O3(0001) sample was heated in air at 1400◦C for four hours and in UHV at 120◦C for 30 min-
utes, producing clean atomically flat terraces with a typical width of 60 nm [111]. Fig. 2.8(d)
shows these monatomic steps on Al2O3(0001) after heating in air. Annealing Al2O3(0001) in
UHV to high temperatures of around 1300◦C would result in the loss of oxygen relative to
aluminum in the outermost layers and therefore different reconstructions are observed [112–
115]. Subsequent heating of the crystal in oxygen atmosphere produces surfaces similar to
the bulk terminated structure [116, 117]. In contrast to the extremely hard surface of Al2O3,
copper was used as a very soft material in this study. Cu(100) was prepared by several cycles
of 20 minutes Argon-ion sputtering (E = 1 keV) and 20 minutes annealing (450◦C) in UHV.
A prepared Cu(100) after several cycles of sputtering and annealing is shown in Fig. 2.8(c).
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3
The Influence of the Tip-Sample Contact on Thermal
Fluctuations of a Cantilever

3.1. Introduction

The collective mechanical behavior of a multitude of small contacts affects the friction be-
tween sliding bodies on the macroscopic scale. Friction force microscopy is used to study the
sliding of a sharp tip over an atomically flat surface on the nanometer-scale. This single as-
perity contact between tip and substrate is a complicated system involving many atoms and
is constantly deformed, ruptured and reformed. Unfortunately, no experimental estimates for
several parameters such as the mass or the damping of the contact exists. A thermal fluc-
tuation analysis of the cantilever while it is in contact provides a lot of information about
the nature of the contact. It allows us to study the contact without scanning, which avoids
the permanent rupture of the contact and reduces the atom transfer between tip and sample,
which can permanently change the contact. The measured thermal noise of the cantilever was
used to determine quantities such as the spring constant of a cantilever [118], or the tip-sample
interaction potentials [119–122]. Drobek et al. [123] investigated the elastic properties of the
tip-sample contact by analyzing the thermomechanical noise of a surface coupled cantilever at
room temperature in air. They extracted the shear stiffness of the tip-sample contact from a
power spectrum analysis of the lateral force signal. On the other hand, thermal fluctuations
of the cantilever are one of the most significant sources of noise in an atomic force microscope
and therefore affect the measurement process by defining the lowest achievable force resolution
of the instrument.

In this chapter, we discuss thermal noise measurements of a cantilever in ultrahigh vacuum
and we analyze the influence of the tip-sample contact on the thermal fluctuations. Frequency
spectra and ring-down measurements were performed to study the strong damping of the can-
tilever occurring by the tip-sample contact. The advantage of performing such measurements
in ultrahigh vacuum is that viscous damping which dominates in ambient atmosphere is sup-
pressed. The measured damping in UHV is only caused by intrinsic damping of the cantilever
and damping due to the tip-sample interaction. Moreover, the contact stiffness for different
contact sizes was determined from the shift of the resonance peak due to the tip-sample in-
teraction. Such an analysis allows us the explore the limits of continuum mechanics. Finally,
these findings are discussed in terms of simple mechanical models, such as a point mass model
or beam equation.

In thermodynamic equilibrium, the mean-square displacement of the tip from its neutral posi-
tion due to thermal activation can be estimated from using the equipartition theorem. Choos-
ing a normal stiffness of kN = 0.09 N/m and a lateral stiffness of kT = 62 N/m for the
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cantilever results in a normal respectively lateral mean square displacement of

√
〈u2

z〉 =
√

kBT

kN
= 212 pm and

√
〈u2

x〉 =
√

kBT

kT
= 8 pm (3.1)

for the cantilever at room temperature (T=293 K). In friction measurements, a low lateral
contact stiffness was found typically of the order of 1 N/m [20]. Since the contact is associated
with a lower stiffness than the cantilever, larger thermal amplitudes of the order of 60 pm are
found. Nevertheless, the lateral thermal noise amplitude of the lever and contact are much
smaller than typical atomic distances. Thus, the tip stays in its equilibrium position and the
probability of spontaneous hopping to an adjacent equilibrium position is small in the absence
of any further external driving forces. If the cantilever deflections are detected by the optical
beam deflection method, the measured amplitudes of the thermal noise are usually different
from the actual thermal noise of the cantilever, because the photodiode signals are related to
bending and twisting angles. The optical beam deflection method is hence more sensitive to
the slope of the cantilever rather than to its displacement. Butt and Jaschke calculated the
thermal displacement of a cantilever and distinguished between the actual thermal noise and
the measured thermal noise which is obtained using optical beam deflection method assuming
a infinitesimal spot size [124]. This study was extended by Schäffer to a finite optical spot size
[125]. A calibration of the photodiode signal as described by Pfeiffer et al. [102] was not done
for the results presented in this chapter.

The analysis of the thermal noise in ultrahigh vacuum requires a high bandwidth in the mea-
surement electronics. In the atomic force microscopes used for these measurements, a fast
preamplifier is integrated into ultrahigh vacuum in order to keep low-voltage signal lines from
the photodiode very short. This provides a high bandwidth of 3 MHz. This bandwidth al-
lows the study of the normal and torsional oscillation of a cantilever as well as some of its
higher modes. For the fluctuation analysis, both the normal and the torsional deflection of
the cantilever were acquired with sampling rates of up to 20 MHz using a digital oscilloscope
card (National Instruments, NI5102). The acquisition and detailed analysis of these signals
including the calculation of a Fast Fourier Transformation (FFT) to study the properties of
the cantilever resonances was done with a LabVIEW program written by the author [126].

3.2. Frequency Spectrum of Thermal Fluctuations:
From Non-Contact to Contact

Normal and lateral force signals were simultaneously recorded to characterize the dynamic
properties of the cantilever force sensor driven by thermal fluctuations. Fig. 3.1(a) shows
a typical overview power spectral density (PSD) plot including higher normal and torsional
modes of a free contact lever as used in atomic friction experiments. We identify the first
eight modes in the normal spectrum and the first five modes in the torsional spectrum. A
cross-coupling between the normal and torsional deflection signal is observed: In the normal
spectrum there are peaks at the position of a torsional resonance and vice versa. This cross-
coupling originates from a suboptimal alignment of the cantilever in the optical path. Table 3.1
summarizes the measured frequencies of the higher normal and torsional modes. The expected
ratio of the resonance to the fundamental frequency is obtained by solving a beam equation for
a rectangular beam as described by Rabe et al. [127]. These ratios are in good agreement with
the experiment. The small but systematic deviations of the theoretical frequencies for higher
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modes are due to deviations from the rectangular shape at the cantilever end, and the ne-
glected mass of the tip. The eigenmodes of the free contact cantilever were simulated by finite
elements using the software FEMLAB to illustrate the first normal and torsional eigenmodes
in Fig. 3.1. The geometrical parameters used are listed on page 23. The lateral eigenmodes
are omitted since they cannot be detected by the optical beam deflection method.

Figure 3.1: (a) Power spectral density of thermal fluctuations in the normal and lateral
force signal showing peaks corresponding to the resonances of a free rectangular contact
cantilever and its higher modes. (b) Finite element simulation of a rectangular contact
lever, as used in atomic friction experiments, showing the first six eigenmodes as observed
in atomic force microscope experiments by optical deflection method. The eigenmodes
are ordered according to their resonance frequency starting with the smallest frequency.
The color coding is proportional to the displacement in z-direction.

Thermal fluctuations of the free cantilever, especially the normal mode, have already been
measured in ambient atmosphere as well as in UHV and discussed in detail, see e.g. Refs.
[101, 102, 127, 128]. However, about the torsional mode in particular with the tip in contact
little is known. In this section, measurements of thermal fluctuations in the lateral force are
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mode number
normal mode torsional mode

f i
exp f i/f1

exp f i/f1
theo f i

exp f i/f1
exp f i/f1

theo

(kHz) (kHz) (kHz) (kHz) (kHz) (kHz)

1 7.97 1 1 148.97 1 1
2 50.44 6.3 6.27 448.73 3.0 3
3 141.97 17.8 17.53 760.57 5.1 5
4 279.62 35.1 35.39 1086.29 7.3 7
5 464.53 58.3 56.84 1432.34 9.6 9
6 696.56 87.4 84.91
7 975.12 122.3 118.59
8 1300.33 163.2 157.91

Table 3.1: Frequencies of the higher normal and torsional modes of a free rectangular
cantilever measured in UHV from the power spectral density plot in Fig. 3.1. The expected
ratio of the resonance to the fundamental frequency is obtained by solving a beam equation
for a rectangular beam as described by Rabe et al. [127].

presented, where the changes of the resonance peak upon contact formation is of special inter-
est. Fig. 3.2(a) compares the measured power spectral density of the lateral force for the free
cantilever and for the cantilever with the sharp tip resting in contact with a KBr(100) surface.
The sharpness of the peak at 168.6 kHz reflects the high quality factor of Qfree ∼ 350000 for
this oscillation mode. When the tip is in contact, the resonance frequency shifts to 172.5 kHz,
and its width increases significantly. Assuming a harmonic oscillator model to be adequate,
the width corresponds to a new Q-factor of Qcontact ∼ 700. The Q-factors for both the free
cantilever and the cantilever with the tip in contact were determined with a least-square fit to
the resonance curves using Eq. (2.6). Because the peak in contact is relatively weak compared
to the noise level, additional ring-down measurements for an externally excited cantilever were
performed to confirm the quality factors. For these measurements the cantilever was exter-
nally excited with a function generator, with an excitation amplitude small enough so that
the cantilever did not jump out of contact. Fig. 3.2(c) shows the ring-down of the oscillating
lateral force signal after stopping the external excitation. The ring-down of the amplitude
in Fig. 3.2(c) with the corresponding least-square fit using Eq. (2.7) reveals a quality factor
of 335, which is of the same order of magnitude as that obtained by fitting the resonance in
thermal noise spectrum. The factor two difference is put down to the fact that a different lever
was used for the ring-down measurements shown here.

First, let us discuss the increase of the torsional resonance frequency upon contact formation.
This increase can be explained by the additional stiffness caused by the fixation of the tip
apex. It has been observed in ambient environment and described in a finite element analysis
by Drobek et al. who used such measurements to determine the shear stiffness of the contact
[123]. In section 3.5 we will discuss different models for a quantitative analysis of the frequency
shift upon contact formation. In Fig. 3.2(a) we do not only observe a shift of the resonance
frequency but also a drastic increase of the width of the resonance peak, corresponding to a
drop in the quality factor by nearly three orders of magnitude, upon contact formation. This
observation is only possible in vacuum, as in earlier studies in ambient environment the quality
factor is dominated by air damping. Let us consider possible sources of additional dissipation,
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Figure 3.2: (a) Power spectral density of thermal fluctuations in the lateral force signal
showing peaks corresponding to the first torsional resonance for the free cantilever (narrow
peak) and for the cantilever with a sharp tip in contact with an applied normal force of
-0.1 nN (wider peak). (b)-(c) Ring-down of an externally excited cantilever oscillation
while the tip is in contact with a KBr sample. The decaying oscillation amplitude of the
cantilever with the tip in contact is shown in (b). A quality factor of 335 was determined
by a least-square fit. In (c) the decaying torsional oscillation of the cantilever is resolved.

which yield the drastic decrease of the Q-factor upon contact formation. The quality factor of
the free cantilever is given by the internal friction in the beam mainly caused by thermoelastic
loss and surface and bulk defects. A significant change of the shape of the cantilever deflection
upon contact formation can be excluded. Consequently, the observed strong damping cannot
be caused by additional internal friction in the cantilever. Rather, dissipation in the tip-sample
contact causes the decrease in the quality factor of the cantilever. In order to qualitatively
analyze how the damping of the tip deflection will influence the cantilever motion we calculate
the quality factor of the cantilever oscillation for the two-spring model in section 3.5.

3.3. Load Dependence of the Resonance

The occurrence of stick-slip instabilities in atomic friction experiments and accordingly energy
dissipation has been found to depend critically on the normal load applied to the contact [20].
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Therefore it is interesting to study the change in the torsional resonance of the cantilever in
contact depending on the normal load. For a standard contact lever as used in atomic fric-
tion experiments the power spectral density of the torsional signal was measured in contact
with a KBr(100) surface. Upon contact formation, we observed an increase of the resonance
frequency and the width of the resonance peak as shown in Fig. 3.2(a). However, once the
contact between the sharp tip and surface has been established we found no clear dependence
of the position of the torsional resonance peak with the load. Fig. 3.3(c) shows the frequency
shift between the free cantilever far away from the surface and the lever in contact depending
on variable loads up to 15 nN. The position of the resonance peak varies as much as 700 Hz
even for subsequent measurements at the same load. Any distinct relation between resonance
and load is hidden by these fluctuations. This result is in some contrast to findings in air by
Drobek et al. [123] who reported that for a v-shaped cantilever the resonance frequency of the
first torsional mode increases with higher loading forces and related the increase of frequency
to an increase of the contact stiffness.

In order to elucidate whether the vacuum environment or the different tip sample interac-
tion causes the differences between our and Drobek’s findings we have recorded the thermal
fluctuation spectra for spherical tips with micron-scale apex radius. Since KBr is a very soft
material and the sample starts to wear off even for small loads [10, 36], the measurable loads
were restricted to a narrow range. The measurements with the spherical tip were therefore
performed on the hard Al2O3(0001) surface in order to avoid plastic deformation. The sur-
face was prepared by annealing in air as described in section 2.5. In all these experiments
we waited a few minutes between the loading and unloading steps and the data acquisition
in order to let the contact relax to an equilibrium position. Upon contact formation with the
flat Al2O3(0001) surface, frequency and quality factor changed in the same way as observed
for the sharp tip on the KBr(100) surface, except that the frequency shift of the resonance
peak between the free cantilever and the lever in contact is more than 20 kHz and therefore
much larger than in the case of the sharp tip. A further increase of the frequency shift is found
for higher applied loads, as seen in Fig. 3.3(a). Moreover, the width of the resonance curves
decreases by increasing the load and its peak height increases. Using a harmonic oscillator
analysis, this would imply that the quality factor in contact increases with increasing load.
Fig. 3.3(e) indicates almost a linear dependence of the Q-factor with the load. The quality
factor was calculated from the resonance frequency f and full width at the half-maximum of
the resonance peak Γ: Q = f

Γ . These Q-factors are comparable to the values which were found
in the last section for the sharp tip in contact. It is important to note that the total area
below the peaks is reduced by the increasing load indicating that the contact acts as a hinge
changing the shape of the deflection of the cantilever. The Q-factor in the second torsional
mode seems to decrease upon loading. The height of the resonance peaks shown in Fig. 3.3(b)
is decreasing while the width increases. But the signal-to-noise ratio is too low to make any
further quantitative statement.

Alternatively, the contact size and contact stiffness was calculated from the measured slope
of the sticking part in friction loops while scanning with the micrometer-sized spherical tip
over the Al2O3(0001) surface. A typical friction loop over a scan range of 10 nm with a scan
speed of 10 nm/s and a load of 0.4 nN is shown in Fig. 3.4(a). Because the contact is larger
than in atomic friction experiments, more atomic bonds break during a slip which results in
higher friction force than with a sharp tip. Moreover, slips of different length are observed.
The occurrence of stick-slip behavior along this small scan range let us believe that the tip
moves from one equilibrium position to the next, although one might expect the tip is resting
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(b)(a)

(c) (d) (e)

Figure 3.3: (a) Power spectral density (PSD) of the lateral force signal from a cantilever
bearing a micrometer-scale spherical tip in contact with an Al2O3 surface for different
loads. The center frequency increases monotonously with higher loads, while the width
of the peaks decreases as indicated in (d). Note that the total area of the peaks is not
constant. The torsional resonance frequency of the free cantilever was 195.0 kHz. (b)
Simultaneously recorded second torsional mode of the cantilever in contact. (c) The
frequency shift between the free cantilever and the cantilever in contact for different
applied loads bearing a sharp tip in contact with a KBr(100) surface. Note that no
significant load dependence is found. (d) Frequency shift between the free cantilever far
away from the surface and the lever in contact as well as the width for different applied
loads of the resonance peaks in (a). (e) Calculated Q-factor from (d) completed with
other measurements of similar type (black points).

in contact or rolling due to its large contact size. The measured sticking slope at the beginning
of the friction loop corresponds to the effective spring constant which considers the spring
constant of the force sensor and the compliance of tip and surface as follows

1
kexp

=
1

kcon
+

1
kT

+
1

ktip
. (3.2)

The inset of Fig. 3.4(b) illustrates the different contributions to the effective stiffness. Lantz
et al. pointed out that it is important to consider the lateral stiffness of commercial probing
tips ktip [129]. They found by scanning transmission electron microscopy imaging and finite
element analysis a value of ktip = 84 N/m for a sharp silicon tip, which is comparable to
the lateral stiffness of the cantilever. In this calculations we did not consider the tip stiffness
separately, because our tip has a different shape than the one described by Lantz et al. and a
detailed enough high resolution SEM study of ours was not available.
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The contact area between a sphere and a plane is quantified in continuum mechanics by

a =
kcon

8G∗ with G∗ =
(

2− ν2
1

G1
+

2− ν2
2

G2

)−1

. (3.3)

This equation is valid for various continuum elasticity models and does not depend on the
interaction forces [29, 130]. The following values for the shear moduli G1 and G2 of the tip
and sample as well as Poisson ratio ν1,2 were used to calculate the effective shear modulus G*:
GKBr = 1.0 · 1010 N/m2, GSi = 6.8 · 1010 N/m2, νKBr = 0.25 and νSi = 0.22 [90]. The cal-
culated contact stiffness and area for the experiment with the spherical tip upon contact with
a flat Al2O3(0001) surface are shown in Fig. 3.4 (b). The contact stiffness is found to change
between 16 N/m and 61 N/m by varying the load form -8 nN to 56 nN. This corresponds to a
change in the contact radius of 0.4 nm to 1.67 nm. For small loads, contact radii of the order
of atomic dimensions are found, which is at the limit of continuum elasticity theory. A contact
radius of 1.67 nm means that more than 200 atoms are involved in a contact. The stiffness
of the contact itself and hence the radius would be larger if the stiffness of the tip could be
considered independently. These measurements suggest that the lateral contact stiffness kcon

for high loads becomes equal to the cantilever stiffness kT . In their experiments on CdTe
Drobek et al. measured a contact radius of 3.8 nm [123]. For that reason, the spherical tip
measurements on Al2O3 are more comparable to their findings than the one obtained with the
sharp tip in contact with KBr, where we expect the contact radius to be in the order of a few
angstroms, which corresponds to only a few atoms. In conclusion, both the power spectral
density measurements and the friction loop measurements using the spherical tip indicate an
increase of the contact stiffness with increasing load.
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Figure 3.4: (a) Friction loop of a micrometer-sized spherical silicon tip scanning in
contact with a flat Al2O3(0001) surface. The applied load was 0.4 nN. (b) Contact
stiffness and contact radius calculated from the measured slope of the sticking part in the
friction loop for different loads. The inset illustrates the different contributions to the
effective stiffness.

In comparison to the very hard Al2O3(0001), the load dependence of the torsional resonance
bearing the micrometer-sized spherical tip in contact was studied on a very soft material as
Cu(100). In this case, we observe a discrepancy in the frequency vs. load curves upon loading
and unloading, as shown in Fig. 3.5(a). This hysteresis behavior is arising form the fact that
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plastic deformation occurs which results in a significant change in the contact area. Con-
cerning the width at half-maximum of the resonance peak, a similar behavior compared to
Al2O3(0001) is observed: The peaks of the first torsional mode become narrower with increas-
ing load. Fig. 3.5 suggests a linear decrease of width at half-maximum of the resonance peak
with the resonance frequency. Hence, assuming a harmonic oscillation, the Q-factor increases
for higher resonance frequencies, in agreement with the measurements on Al2O3.
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Figure 3.5: (a) The frequency shift between the free cantilever and the cantilever in
contact for different applied loads bearing a sharp tip in contact with a Cu(100) surface.
Different measurements are represent by different symbols. The uploading part is plotted
in black and the unloading part in red. The discrepancy in the frequency vs. load curve
upon loading and unloading suggests a plastic deformation of the sample. (b) Full width
at half-maximum of the measured resonances peaks.

In summary, a further frequency shift with increasing load on the contact is found for micro-
meter-sized spherical tips, while for the sharp tips used in atomic friction experiments, no
clear tendency of the frequency shift is observed, only fluctuations of the peak position of
about 700 Hz even for measurements at the same load. Following the point-mass model or
the model of Drobek et al. [123] and taking the frequency shift as a measure for the contact
stiffness, we find that the contact stiffness for very sharp tips is not load dependent but shows
smaller variations as a function of time. This is in agreement with prior analysis of the load
dependence of the contact stiffness from atomic friction data [20]. In a continuum mechanics
approach we expect the lateral stiffness to increase with load proportional to the contact area
as described in Eq. (3.3) and shown in Fig. 3.4. The breakdown of continuum models at the
nanometer scale for the contact stiffness has recently been discussed by Luan and Robbins,
who found that their applicability depends on the atomic structure of the tip apex [30]. Tips
which have a spherical shape even on nanometer scale are well described by continuum mod-
els, while tips with a stepped atomic structure exhibit discontinuities in the contact area with
increasing load. We find apex clusters with a stepped structure a more probable tip model
and conclude from our results that for very sharp tips and low loads the contact size and the
contact stiffness do not vary as a function of load. The unsystematic changes of the contact
stiffness are related to changes of the contact geometry, due to uncontrolled processes such as
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diffusion or drift. For larger spherical tips and higher loads, our data in Fig. 3.3 and Fig. 3.4
confirm the established relations between load, contact size, contact stiffness, and shift in the
torsional resonance frequency.

The frequency spectra of the lateral force signal were also studied while scanning over the
surface. In the case of the sharp tip on the KBr(100) surface, the frequency spectrum does
not change significantly. The only additional features appearing in the spectrum are peaks
at low frequencies caused by the periodically occurring stick-slip instabilities in the saw-tooth
shaped friction signal, and their higher modes. In the case of the micrometer-sized tip in
contact with Al2O3(0001) surface, the height difference between the low and high loading is
less pronounced. But a similar dependency in frequency shift and Q-factor is observed upon
loading and unloading.

3.4. Calculation of the Torsional Resonance Frequency of the
Cantilever in Contact

The increase of the torsional resonance frequency of the cantilever upon contact formation is
explained by the additional stiffness caused by the fixation of the tip apex. In this section
different theoretical methods to calculate the frequency shift upon contact formation are dis-
cussed and compared with the experimental results of the previous section. Fig. 3.6 illustrates
the used point-mass model and beam equation model.

(a) (b)

kT
mcl

kcon

kcon l

t
w q

side view front view

h

kcon

Figure 3.6: Scheme of the point-mass model in (a) and beam equation in (b). In this
section the torsional resonance frequency of the cantilever in contact is calculated for both
models .

3.4.1 Point-Mass Model

A simple first approach to model the torsional resonance of a cantilever with its tip in contact
with a sample is the point-mass model. The effective mass of cantilever and tip is considered
as a point-mass connected by a spring, which represents the massless cantilever, to a fixed
support. Thus, the resonance frequency of the torsional mode of the free cantilever is given by

ffree
T =

1
2π

√
kT

mcl
, (3.4)

where kT is the spring constant for torsional bending and mcl is an effective mass of the
cantilever. The ratio of the effective mass of the cantilever and its real mass depends on the
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width of the beam and on the length of the tip [131]. Bringing the tip into contact, the contact
stiffness kcon adds to the spring constant resulting in

f con
T =

1
2π

√
kT + kcon

mcl
. (3.5)

The contact stiffness, a combination of the tip stiffness and the curvature of the surface po-
tential, can be calculated from the slope of the force curve kexp assuming the cantilever and
the contact act as springs in series according to Eq. (3.2). Combining Eqs. (3.5) and (3.2), the
point-mass spring model predicts

f con
T = ffree

T

√
1 +

1
kT

kexp
− 1

. (3.6)

With such a point-mass model only the frequency of the fundamental mode is obtained. By
solving a beam equation, which includes a mass distribution, also higher modes are obtained.

3.4.2 Beam Equation

In this section the rectangular cantilever is considered as a beam with length L, width w, and
thickness t. The beam is made of a material with mass density ρ and a shear modulus G.
The beam is subject to a time-dependent torque per unit length arising from the lateral forces
between sample and tip, which causes a twist of the lever. The torsional angle θ(x, t) is a
function of length x and time t. The equation of motion is a second order differential equation
and is therefore easier to solve than the one for the normal bending, which is fourth order

∂2θ

∂x2
=

ρJ

C

∂2θ

∂t2
. (3.7)

The torsional stiffness C is

C =
w · t3

3
·G ,

where G is the shear modulus of the cantilever. The cross section of the cantilever is rectan-
gular, therefore the polar moment of inertia can be calculated as follows:

J = 4 ·
∫ w/2

0

∫ t/2

0
(z2 + y2)dydz =

1
12

(w3t + t3w) .

In our model the cantilever is fixed at one end and at the other end connected with a spring
to the surface. This leads to the following two boundary conditions

θ(0, t) = 0 and
∂θ(L)

∂x
= −kconh2

C
θ . (3.8)

In the second boundary condition, it was assumed that the lateral displacement of the beam end
is small compared to the tip height h, which results in acting the lateral force of Flat = −kconhθ.
A more appropriate model describing the tip in contact with a sample would need to include
a damping term parallel to the spring term. The equation of motion (3.7) can be solved by
the ansatz

θ(x, t) = X(x) · T (t) , (3.9)

where variables are separated. Substituting Eq. (3.9) into Eq. (3.7) and rearranging leads to
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1
X(x)

∂2X

∂x2
=

ρJ

C

1
T (t)

d2T

dt2
. (3.10)

This equation can be separated into spatial and temporal components as following

∂2T

∂t2
+

Cλ

ρJ
T = 0 and

∂2X

∂x2
+ λX = 0 , (3.11)

where λ represents the separation constant. The solution of these two equations are

T (t) = A cos

(√
λC

ρJ
t

)
+ B sin

(√
λC

ρJ
t

)
(3.12)

X(x) = E cos(
√

λx) + F sin(
√

λx) , (3.13)

with integration constants A, B, E and F . Using the first boundary condition in Eq. (3.8) we
find E = 0 so that

X(x) = F sin(
√

λx) . (3.14)

The second boundary condition in Eq. (3.8) leads to the transcendental equation

C
√

λ

h2kcon
= tan(

√
λL) . (3.15)

The solutions of this equation for λ determines the torsional contact resonance frequencies of
the first and its higher eigenmodes

f con
T =

1
2π

√
λC

ρJ
. (3.16)

which depend on the contact stiffness kcon. From the orthogonalization and normalization of
the eigenfunctions we could obtain an expression for the integration constants A, B and F and
therefore the shape of the different modes. Using different boundary conditions Eq. (3.7) was
also used to describe the torsional resonance of the cantilever in contact in ultrasonic friction
force microscopy [131–133]. In the following section we calculate the frequencies of the lever
in contact f con

T in dependence of kcon for the geometry of the spherical tip and compare them
to the measured frequencies.

3.4.3 Comparison between the Two Models

In this section the point-mass model and the beam equation model are compared with respect
to the measurements presented in the previous two sections. Fig. 3.7 compares the frequency
shift upon contact formation obtained with these two models using Eqs. (3.6) and (3.16).
The input parameters for the geometry of the cantilever with the spherical tip are listed on
page 23. The thickness of the cantilever was adjusted so that the resonance frequency of the
free cantilever matches to the measured one. An incorrect frequency shift of the fundamental
mode is obtained from the point-mass model, as soon as the contact stiffness is of the order of
the cantilever spring constant. For low loads in the order of a few nanonewtons a frequency
shift of around 20 kHz and a contact stiffness of 15 N/m was measured. This is in good agree-
ment with the result of the beam equation, which confirms a value of 20.5 kHz for a contact
stiffness of 14 N/m. For higher contact stiffnesses, the calculated frequencies are higher than
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the measured ones. Such a discrepancy may be caused by the fact that the contact may act as
a hinge and change the cantilever deflection, as can be inferred from the changing area under
the resonance curves in Fig. 3.3(a). Moreover, one has to keep in mind that the spring is at-
tached to the end of the cantilever, but in reality the tip does not sit right at the end of the lever.

Figure 3.7: Calculated frequency shift for the spherical tip upon contact formation
using the point-mass model (red) respectively the beam equation (black). The parame-
ters for these simulations are in accordance with the experimentally found determined
for the cantilever with the spherical tip: w = 45 µm, L = 453 µm, t = 1.47 µm,
GSi = 0.68 · 1011 N/m2, ρSi = 2328.3 kg/m3. The inset is a zoom to the range of contact
stiffnesses comparable to the experiment.

For the sharp tip used in Fig. 3.2(a) with a measured slope of kexp = 2.23 ± 0.05 N/m (com-
pare Fig. 4.2) we expect f con

T = 171.75± 0.08 kHz according the point-mass model Eq. (3.6),
which is a little less than the actual measure value of 172.5 kHz. From the beam equation we
obtain a resonance frequency of 170.60 kHz for the cantilever in contact. The thickness of the
cantilever was chosen so that the resonance of the free cantilever matches the measurement.
The discrepancy can easily be caused by the error in the determination of kT , which depends
critically on the precise measurement of the actual height of the tip. Another explanation for
the discrepancy could be a change of the effective mass mcl if the shape of the cantilever de-
flection is modified by the contact formation. However, considering the small relation between
contact stiffness kcon and cantilever stiffness kT and the small thermal oscillation amplitude of
about one tenth of an atomic diameter at the tip apex, a significant change of the deflection
mode can be excluded. In summary, for rectangular cantilevers and a small contact stiffness in
the order of a few N/m the point-mass harmonic oscillator model can describe the frequency
shift reasonably well, while for the spherical tip a beam equation should be used.
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3.5. Calculation of the Quality Factor in Contact

Upon contact formation, we do not only observe a shift of the resonance frequency but also a
drastic increase of the width of the resonance peak, corresponding to a drop in the quality factor
by nearly three orders of magnitude. In the discussion of this experiment it was concluded that
the observed strong damping cannot be caused by additional internal friction in the cantilever.
Rather, dissipation in the tip-sample contact was expected to cause the decrease in the quality
factor of the cantilever. In order to analyze how damping of the tip deflection will influence the
cantilever motion we calculate the quality factor of the cantilever oscillation for a two-spring
model. One spring represents the cantilever and the other the tip-sample contact. The tip
motion is described by Newton’s equation

mtipẍtip = −ktip(xtip − xcl)−mtipγtipẋtip , (3.17)

where xtip and xcl are the respective deflections of tip and cantilever, γtip is a damping co-
efficient for the tip movement and mtip the mass of the tip and contact. We neglect the
internal friction of the cantilever since we know that dissipation due to the tip motion domi-
nates. Assuming for this derivation that the cantilever oscillates with xcl = Acl sin(ωclt), with
ωcl =

√
kT /mcl, the equation of motion Eq. (3.17) becomes

ẍtip + γtipẋtip + ω2
tipx =

ktipAcl

mtip
sin(ωclt). (3.18)

The time-averaged power loss in this driven, weakly damped oscillation of the tip is given as

P =
k2

tipA
2
clγtip

2mtip

ω2
cl(

ω2
tip − ω2

cl

)2
+ ω2

clγ
2
tip

. (3.19)

This dissipation in the tip movement will damp the cantilever oscillation. The quality factor
Qcon of the cantilever is defined as the relation between the total energy of its oscillation and
the power loss per oscillation cycle:

Qcon = 2π
E

∆E
= 2π

1
2kT A2

cl

2π P
ωcl

=
1
2

kT A2
clωcl

P
. (3.20)

Combining Eqs. (3.20) and (3.19) and introducing the critical damping γc = 2ωtip for the tip
movement we obtain

Qcon =
1
2

(
mtip

mcl

) 1
2
(

kT

ktip

) 3
2
(

γc

γtip

) [(
ωtip

ωcl
− ωcl

ωtip

)2

+ 4
γ2

tip

γ2
c

]
. (3.21)

For the following parameters mcl = 5.5 · 10−11 kg, mtip = 1 · 10−12 kg, kT = 62 N/m, ktip =
3.5 N/m, ωtip =

√
ktip/mtip, and γtip = γc one obtains Qcon ∼ 30, the same order of magnitude

as the result for a resonance analysis of the simulated lateral force data. These parameters will
be discussed in detail in the stick-slip simulations explained in section 4.4. For mtip ¿ mcl we
have ωtip À ωcl and the expression simplifies into

Qcon =
1
2

(
mcl

mtip

) 1
2
(

kT

ktip

) 1
2
(

γc

γtip

)
. (3.22)

As one would expect, the quality factor Qcon of the cantilever is lowered by the effective mass
mtip of the tip, the coupling ktip between cantilever and tip, and by the damping γtip of the tip
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movement. In order to reach a quality factor of the order of 600 as found in the experiment,
one would have to assume a hundred times smaller tip mass or a strong underdamped tip
movement. No signatures of the latter has been observed in experiments. On the other hand,
an effective tip mass of only mtip = 10−14 kg would make sense as it corresponds to a volume
of 1 µm3. In comparison, a very rough approximation for the mass of the microscopical tip
calculated from the geometrical dimensions obtained from a SEM image assuming a pyramid
with a triangular base results in mtip ≈ 5× 10−13 kg. Exactly this value was used by Dupas in
his model to describe the normal oscillation modes of a cantilever in contact [128]. Reimann
and Evstigneev have come to a similar conclusion in their analysis of friction force microscopy
focusing onto the tip deflection and suggested for the effective mass m ≤ 3× 10−12 kg [42].

The increase of the quality factor with increasing load observed for the micrometer-sized con-
tact and higher loads on Al2O3(0001) and Cu(100) cannot be explained in a simple two-spring
model. The lateral contact stiffness becomes comparable to the torsional stiffness of the can-
tilever. Consequently, the contact can act as a hinge and change the shape of the cantilever
deflection, as can be inferred from the changing area under the resonance curves in Fig. 3.3(a).
More complex models including the finite volume of the beam and internal friction following
stress distributions will be necessary to predict the quality factor in these cases. In a simple
picture one can assume that the additional fixation of the tip, which leads to a higher stiff-
ness, reduces the amount of degrees of freedom in the tip movement and consequently also the
amount of possible dissipation channels.

3.6. Conclusions

Thermal fluctuations of the cantilever have a strong impact on the atomic-scale stick-slip
process in friction. In this chapter such fluctuations have been studied in detail using a home-
built force microscope in ultrahigh vacuum allowing for high bandwidth detection of the lateral
and normal force signal. It was found that the thermal fluctuations are strongly damped
through the tip-sample contact. Using the frequency shift of the resonance upon contact
formation as a measure for the contact stiffness, a power spectrum analysis has suggested that
the contact stiffness remains constant for the sharp tip and only changes for micrometer-sized
spherical tips with changing loads. This finding was confirmed by measurements of friction
loops. This suggests a breakdown of continuum models at the nanometer scale for the contact
stiffness as recently discussed by Luan and Robbins, who found that their applicability depends
on the atomic structure of the tip apex [30]. Tips that maintain a spherical shape even on
the nanometer scale are well described by continuum models, while tips with a stepped atomic
structure exhibit discontinuities in the contact area with increasing load. We find apex clusters
with a stepped structure a more probable tip model and conclude from our results that for very
sharp tips and low loads the contact size and the contact stiffness do not vary as a function
of load. Modeling the experiment by a two-spring model, one representing the cantilever force
sensor and one the compliant tip-sample contact, a consistent description of the lateral contact
stiffness and the quality factor in lateral force measurements has been achieved.
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4

Time Resolved Atomic-Scale Stick-Slip Measurements

4.1. Introduction

Already the first report on friction force microscopy by Mate et al. describes a stick-slip move-
ment of the tip with the atomic periodicity of the sample’s surface structure [6]. This atomic
stick-slip process has attracted a lot of attention since it can be seen as an elementary mech-
anism of friction. The tip is locked to one atomic position on the surface until the increasing
lateral force is strong enough to initiate a sudden jump to the next position. The occurrence
of the stick-slip behavior is one-to-one related to energy loss in the sliding process [20]. When
reducing the normal load on the contact, the tip starts to slide continuously over the surface po-
tential and friction is reduced essentially to zero. Only with increased normal load do stick-slip
instabilities arise and cause energy dissipation. Other recent results include the understanding
of the role of thermal activation for the velocity dependence of atomic friction [12, 26, 41, 42].
It was found that, thermal fluctuations reduces friction at elevated temperatures, and at slow
sliding velocities.

All these results indicate the key role of the slip instability for the dissipation of mechanical
energy into heat. However, the duration of the slip events have never been investigated exper-
imentally. This chapter describes the results of experiments and simulations which address in
detail the dynamics of the atomic-scale slip by means of high bandwidth atomic friction force
microscopy. By analyzing the duration of a slip we could distinguish between a single and
multiple contact. The experimental results are compared with a multi-tip simulation based on
a one-dimensional Tomlinson model including thermal activation.

4.2. Atomic-Scale Stick-Slip on KBr(100)

The lateral force map for the perfect one-atom contact on a KBr(100) surface consists of a
regular array of diamonds, their corners touching each other. The size of the unit cell cor-
responds to the spacing between equally charged ions. Such a pattern can be reproduced
by a two-dimensional Tomlinson model, as reported by Lüthi et al. [35]. In the Tomlinson
model the tip is considered to move over a periodic potential given by the atomic lattice, while
being dragged along the surface by an external spring as explained in detail in section 1.2.1.
Fig. 4.1(d) comes very close to a regular pattern of diamonds and also reveals perfect stick-slip
curves as shown in Fig 4.2. Unfortunately, irregular tip structures and drift can cause irregu-
larities in the stick-slip pattern. Examples of lateral force maps recorded on KBr(100) surfaces
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showing such irregularities are presented in Fig. 4.1(a)-(c). It is important to note that these
images do not represent true atomic resolution of a KBr surface, since all the unit cells are the
same and no defects were observed suggesting that the atomic contrast in contact mode is a
convolution of the tip and surface structure. The interaction of the different atoms at the tip
apex with the perfectly symmetric surface atoms results in a distorted shape of each unit cell.
In order to compare experimental data to a one-spring Tomlinson model we took data from
frames that come as close to the expected diamond pattern as possible. In this chapter we will
extend the Tomlinson model to a multiple-tip model which allows us to describe lateral force
maps of not so perfect stick-slip measurements arising from multiple contacts.

(a) (b)

(c) (d)

Figure 4.1: Experimental lateral force maps recorded on KBr(100) surfaces. The cubic
symmetry of the surface is distorted due to instrumental drift. The atomic patterns in
images (a)-(c) show significant deviation from the diamond-like pattern expected from
the two-dimensional Tomlinson model for a single asperity. In contrast, (d) resembles
the expected pattern rather closely. The scan range in all the images is 3 nm × 3 nm.
Applied loads: (a) -0.4 nN, (b) -0.1 nN, (c) -0.4 nN and (d) -0.1 nN.
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It would be very helpful to reconstruct the atomic structure of the tip apex from images
shown in Fig. 4.1. Algorithms have been suggested for the deconvolution of scanning probe
microscopy images for obtaining the shape of the tip [134]. For atomic scale imaging these
approaches are hampered by the fact that the tip apex atoms have distances that may vary
around the length of one surface unit cell. Therefore, a unique reconstruction from the re-
peated pattern is not possible. Recently, Giessibl and Hembacher et al. report on distinct
substructures in images of individual adatoms on silicon (111) and graphite and interpreted
these observations as images of atomic orbitals of the front atom of the tip in non-contact
atomic force microscopy [135, 136]. However, additional evidence is necessary to distinguish
multi-tip effects from structures that might be found on length scales below the surface unit
cell. Wyder et al. discussed the effect of different tip shapes on atomic stick-slip curves on
KBr using atomistic simulations [137, 138]. In the following sections, we will be discuss how
the slip duration provides information on the shape of the contact.

4.3. Determination of Slip Duration

Figure 4.2(a) shows a typical friction loop, where the lateral force for a single scan line in
forward and backward directions is measured. All stick-slip friction loops in this section were
recorded on a KBr(100) surface along the [001]-direction when the tip was moving through
the center of the apparent unit cells, i.e. along lines of maximal modulation of the lateral
force. The sawtooth-shaped signal consists of sticking phases where the lateral force is built
up in an almost linear way, and slip events where the tip jumps from one atomic position to
the next. The slope of the sticking part, kexp, reflects the effective lateral stiffness of the force
sensor and the contact. Here, we find kexp = 2.23 ± 0.05 N/m. The data for this figure was
acquired with a commercial data acquisition setup (SCALA, OMICRON Nanotechnology).
The sampling rate of data points recorded (1250 Hz at scan velocity of 15 nm/s) is not high
enough either to detect thermal fluctuations in the force signal or to measure the duration
of each slip. Therefore, we simultaneously acquired the lateral force signal with a sampling
frequency of 3.3 MHz, the bandwidth of our force detection. The actual stick-slip structure can
be made out in a wide band of noise, composed of both thermal fluctuations of the cantilever
and electronic noise, see Fig. 4.2(c). In order to analyze the slip duration we have averaged
the force data over 50 points so that the stick-slip characteristics can be clearly recognized,
reducing the bandwidth of the results to 66 kHz or to a time resolution of 15 µs. A typical scan
line with this temporal resolution in forward direction is shown in Fig. 4.2(b). The following
tilted step function was used to perform a least-square fit to the averaged friction force signal
in order to determine the slip duration

f(x) =





kexpx + b1 x ≤ t1

kexp(t1−t2)+b1−b2
t1−t2

x− kexp(t1−t2)+b1−b2
t1−t2

t1 + kexpt1 + b1 t1 < x < t2

kexpx + b2 x ≥ t2

, (4.1)

where t1 and t2 describe start and end time of the slip and therefore their difference gives
the slip duration. b1 and b2 correspond to the FL-axis intercept of a straight line during the
stick-phase and their difference is related to the jump height.
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(a) (b)

(c)

Figure 4.2: (a) Friction force loop recorded as part of a typical scan frame on a KBr(100)
crystal along the [001]-direction. The time resolution is typical for commercially available
data acquisition setups. The cantilever in this experiment is the same as the one used to
produce the data for Fig. 3.2(a). (b) High temporal resolution scan line simultaneously
acquired with the forward scan data (square symbol in (a)) at a sampling frequency of
3.3 MHz, subsequently averaged over 50 points in order to clearly reveal the shape of the
stick-slip pattern. (c) High temporal resolution scan line of (b) without any averaging.

Fig. 4.3 shows four slips recorded with this high bandwidth. Compared to the typical friction
loop presented in Fig. 1.6 all the stick-slip curves are mirrored against the FL-axis. Since we
are interested in the dynamics of single slips this does not influence the result of this chapter
in any way. The same instrumental parameters were used for these measurements: normal
load FN = −0.1 nN and scan velocity v = 25 nm/s. For the slip in 4.3(a) we measure a slip
duration of t ≈ 8.2 ms, and t <15 µs for the one in 4.3(b). The duration of the second slip
is below the limit of time resolution and is almost certainly even shorter than 15 µs. As a
first conclusion we find that the slip process in atomic friction can happen on very different
time scales for similar experimental conditions. Figures 4.3(c) and (d) give examples of slip
events which suggest possible mechanisms for the prolonged slip duration. In Fig. 4.3(c) the tip
jumps forth and back between two atomic positions before finally settling at the new position.
In Fig. 4.3(d) the tip jumps into an intermediate position before the jump over a full lattice
constant is finished.
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(a) (b)

(d)(c)

Figure 4.3: Lateral force vs. time acquired on KBr(100) with a sampling frequency of
3.3 MHz and subsequently averaged over 50 data points. The same scan parameters were
used for these four measurements of atomic stick-slip: normal force FN = −0.1 nN and
scan velocity v = 25 nm/s. The slip duration was determined to be (a) t ≈ 8.2 ms and (b)
t <15 µs. (c) In the process of slipping to the next atomic position, the tip jumps forth
and back between the new and the old position. (d) During the slip, the tip assumes an
intermediate position.

An overview of the distribution of slip durations for several tips which range from some mi-
croseconds up to several milliseconds is given in Fig. 4.4. Corresponding lateral force maps
are included in order to reveal possible correlations between the features of such maps and
the duration of slip events. Lateral force maps corresponding to fast slips appear as a pattern
of flat tilted diamonds with the size of one unit cell of the KBr(100) surface. In contrast,
maps associated with slower slips show features on a scale smaller than the unit cell. Such
features could arise from an irregular structure of the tip as already discussed in the begin-
ning of this chapter. Several atoms of the tip might be in contact with different unit cells of
the surface, having a distance between the contact points that is not commensurable with the
KBr(100) surface structure. The bar for shortest slip-duration includes slips with a scan speeds
in the range from 9 nm/s up to 100 nm/s indicating that fast slips occur for several scan speeds.

In chapter 3 it was found that the quality factor Q for the cantilever torsion is of the order of
600. With such a quality factor one may expect to observe a ring-down of the oscillation after
fast slip events. The excitation of such oscillations by each slip event has been reported for
an uncalibrated atomic friction experiment on graphite [139]. The cited experiment is difficult
to compare to these results since the magnitude of forces is unknown and the experimental
method included band-pass filtering around the expected torsional resonance. In both our
experimental and simulation results we do not observe any excitation of cantilever oscillations
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Figure 4.4: Distribution of the slip durations for 150 slip measurements on KBr(100)
taken from 46 different scan frames using four different tips. The applied load was always
very close to 0 nN. Four lateral force maps are shown to reveal possible correlations
between their appearance and the duration of slip events. Note the irregular features
within the unit cell for the two maps on the right. The colors indicate which slip durations
were found in which lateral force map. The bar for shortest slip duration reflects the slips
which happened faster than our time resolution of 15 µs.

by the slip events. The magnitude of the force relaxation in the slip is of the same order or
smaller than the thermal fluctuations of the force signal. Therefore, excitations of oscillations
with subsequent ring-down can not be observed because thermal oscillations dominate.

We will discuss now the wide variation of slip durations in the atomic stick-slip experiments.
The shortest possible duration of a slip is given by the time the cantilever needs to swing back
from the deflected to the relaxed position, i.e. 1/(4fT ). With a torsional resonance frequency
of f con

T ≈ 172 kHz this reaction time is 1.5 µs. While we observe that many slips happen
indeed on a time scale faster than our time resolution of 15 µs, other slips may take up to
several milliseconds. These long slips are very surprising as we would not expect any relaxation
process on atomic scale to be that slow. A first possible explanation for slow slip events can
be found in the framework of the Tomlinson model. The effective potential governing the tip
movement consists of a sinusoidal surface potential and a parabolic spring potential which are
continuously shifted relative to each other. The tip is stuck in a potential minimum until the
ramped spring potential flattens the potential barrier to the next atomic position. The decrease
of the resonance frequency of the system in the flattened potential well when approaching the
slip instability is described in Refs. [26, 140]. When the resonance frequency decreases in the
flattened potential, a slower reaction of the cantilever might be expected. On the other hand,
thermal fluctuations activate the slip before the potential barrier has completely vanished,
resulting again in a fast slip. The simulation result of the stick-slip instabilities in Fig. 4.6(a)
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and (d), which will be discussed in detail in the next section, demonstrates that no retarda-
tion of the slip takes place in the single-contact model. All slip durations are clearly faster
than the resolution of 15 µs. As a conclusion, we can rule out any explanation for long slip
durations within the simple one-dimensional Tomlinson model including thermal activation at
room temperature.

Our results suggest that multiple tips in contact play an important role in the understanding of
slow slip events. We measure fast slips of the order of several microseconds, if the lateral force
maps look similar to the two-dimensional modelling for an ideal single tip reported by Lüthi et
al. [35]. Slow slips occur when the lateral force maps exhibit features within a lattice unit cell
or deviate significantly from the expected diamond pattern, see Fig. 4.4. Such irregularities
can be explained only by multiple tips which are in contact with different unit cells of the KBr
surface. In the next section simulations based on a two-spring model are presented to confirm
that the picture of multiple tips is realistic.

4.4. Stick-slip Simulations with a Two-Spring Tomlinson Model

A model comprised of a single spring pulling a mass along a sinusoidal potential surface includ-
ing thermal activation has described atomic friction phenomena like temperature and velocity
dependence, and the distribution of jump forces [26]. The results are in agreement with exper-
iments studying the velocity dependence [12], the temperature dependence [39], and the jump
force distribution [27]. However, the experimental situation is not well represented, since a
one-spring model can not reproduce both the resonance frequency of the cantilever, and the
experimentally found lateral stiffness which is dominated by the contact. Therefore we extend
the simulations to a two-spring model, where one spring represents the cantilever and the other
spring the microscopic contact. The two springs are connected in series to a support moving
at constant velocity. A tip attached to the contact spring is dragged over a periodic potential
surface (see Fig. 4.5(b)). We have simulated the resulting Langevin equation including the
random effect of thermal fluctuations using Ermak’s algorithm [141] along the lines pointed
out in Ref. [26].

The results in the last chapter suggested that the contact stiffness remains constant upon
changing the applied load for a sharp tip resting in contact. This is in agreement with previ-
ous measurements by Socoliuc et al. [20] who found that the effective stiffness k is typically
1 N/m, much lower than the torsional stiffness of the cantilever which is i.e. 60-80 N/m. These
findings strongly suggest that mainly the small group of flexible atoms at the tip apex slips
rather than the cantilever or macroscopic tip. This hypothesis is also supported by a recent
theoretical work by Krylov et al. [142]. They reported on the characteristic frequencies of
such a tip apex and showed that what the friction force microscope measures can be very
different from what the tip apex does. The small group of flexible atoms at the tip apex form-
ing the contact with the surface is referred to as the tip in context of the Tomlinson model
in this chapter. Several atoms of such a tip might be in contact with different unit cells of
the surface, having a distance between the contact points that is not commensurate with the
KBr(100) surface structure. Such groups of atoms we refer as single tips within a multi-tip
model giving rise to a multiple contact. In an earlier study of atomic friction processes, Lifshits
et al. demonstrated that for an MgO tip sliding over a LiF(100) surface a regular stick-slip
behavior of the lateral force is found only after transfer of several ions from the sample to the
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Figure 4.5: Three spring configurations for different implementation of the Tomlinson
model. (a) One-spring model (b) two-spring model and (c) multiple-tip model.

tip [143]. This ion transfer, referred as self-lubrication, establishes a higher commensurability
between tip and surface structure, resulting on one hand in a significant drop in total energy
and on the other hand in the observation of a regular stick-slip pattern. Therefore we can as-
sume that the very end of tip apex forming the contact consists of potassium and bromine ions.

The parameters describing the cantilever spring in the two-spring model are taken from the
experimental data. An effective cantilever mass mcl = kT /(2πffree

T )2 = 5.5 · 10−11 kg can be
calculated using the frequency of the free cantilever ffree

T = 168.6 kHz and the spring constant
kT = 62 N/m. This is in good agreement with the calculated mass of mcl = 8.4·10−11 kg for the
cantilever beam only obtained from the geometrical dimensions (448µm × 52.5µm × 1.5µm)
and the density of silicon (ρSi = 2328.3 kg/m3). For the following simulations we take mcl =
5.5 · 10−11 kg. The occurrence of stick-slip instabilities in the tip movement depends on the
relation between the potential corrugation E0 and the elastic energy in the springs. It can be
described by the parameter

η =
2π2E0

ksa2
with

1
ks

=
1
kT

+
1

ktip
. (4.2)

Stick-slip behavior is found for η > 1 [20]. We chose ks = 3.7 N/m and a value of η = 2 in
order to obtain a value for the potential corrugation E0 for which the simulation produces a
stick-slip pattern similar to the experimental results. Equation (4.2) allows us to determine
ktip = 3.5 N/m. The lattice constant a = 0.66 nm of KBr(100) determines the spatial period
of the potential. The mass of the tip is assumed to be mtip = 1.0×10−12 kg. Since we have no
experimental estimate for the effective mass of the tip which corresponds to the tip stiffness,
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we have varied mtip by a factor of ten for the simulations, and found no influence on the key
results described below. The damping of the tip movement is calculated in units of the critical
damping γc = 2

√
ktip

mtip
. Reimann and Evstigneev suggested that one may model tip damping

based on the tip velocity relative to the surface but also relative to the support [41, 42]. For
the low sliding velocities simulated here such a distinction is not necessary. The simulations
are performed at room temperature and for a scan velocity of 25 nm/s. The time step used
for solving the Langevin equation is 1 ns, and data points are sampled from the simulation at
a rate of 3 MHz equal to the experiment.

Simulations using the two-spring model and the parameters described above provided the
expected stick-slip results plotted in Fig. 4.6(a). However, the slip duration in these simulations
was always shorter than 15 µs, independent of the damping of the contact spring which was
varied from critical to strong damping. Experimental friction maps often show features within
a unit cell which let us conclude that the contact between the tip and the surface consists
of several smaller contacts. Therefore, we expanded the two-spring model to the case of
multiple tips in contact with the potential surface, where the distance between tips was either
commensurate or incommensurate with the periodicity of the potential. Fig. 4.5(c) gives a
scheme of the multiple-tip model. The parameters for each N -tip simulation were the same as
described above, with each of the contact springs having a tip stiffness of ktip/N and a mass of
mtip/N . We also divided the potential corrugation E0 by the number of tips N . This scaling
is chosen in order to always reproduce the experimentally observed slope and amplitude of the
stick-slip force curves independent of the number of tips involved. For the multiple-tip model,
the dynamics of each tip i is described by the Langevin equation

mtipẍtip,i + mtipγtipẋtip,i +
∂E(xtip,i)

∂x
= ξ(t), (4.3)

where the combined surface-tip potential has the form

E(xtip,i) =
ktip

2
(xtip,i,0 − xtip,i)2 − E0

2
cos

(
2πxtip,i

a

)
. (4.4)

xtip,i,0 is the equilibrium position where the springs ktip have no deviations. ξ(t) is a random
noise satisfying the fluctuation-dissipation relation 〈ξ(t)ξ(t′)〉 = 2mtipγtipkBTδ(t − t′), where
the angular brackets denote the mean, and kB is Boltzmann’s constant. As the mass of the
cantilever is many orders of magnitude larger than the tip’s mass, the thermal effects on the
cantilever can be neglected. Secondly, the tip apex region is associated with lower spring values
than the cantilever and thus larger thermal amplitudes result according to the equipartition
principle mentioned on page 28. Therefore, the cantilever’s motion is described by Newton’s
equation.

mclẍcl + mclγclẋcl − kcl(vt− xcl) +
∑

i

ktip(xtip,i,0 − xtip,i) = 0. (4.5)

Figure 4.6 shows simulation results for the stick-slip process with a multiple-tip model for
critical damping of the contact springs. We compare the cases of one, three, and five tips,
where the multiple tips are in positions commensurate with the potential surface. The num-
ber of tips is crucial for the duration of the slip: The slips become slower for an increasing
number of tips. As mentioned above, a single tip always slips faster than 15 µs. For five tips
we observe slip durations in the range of 2.8 ms to 3.2 ms. For three tips, the slips show a
wide variation of duration between microseconds and milliseconds. In this case the slip often



52 4. Time Resolved Atomic-Scale Stick-Slip Measurements

contains intermediate states, where one or several tips have jumped but others remained in the
sticking position. The duration of the slip does not depend significantly on the damping of the
contact springs; no difference was noticed for critical damping and the ten times overdamped
system. Details of slip events are plotted in Fig. 4.6(d)-(f). For the one-tip model, the slip
happens faster than the data capture rate of 3 MHz. It is interesting to note that the thermal
fluctuations clearly follow the frequency of the cantilever resonance. However, no excitation of
oscillations with subsequent ring-down can be observed after jumps. The simulation for three
tips reveals jumps forth and back between the previous and the final position and into inter-
mediate states, indicating the mechanisms responsible for the wide variation of slip durations.
For five tips, multiple tip jumps events smooth the transition from one atomic position to the
next and cause the prolonged slip duration.

(a) (b) (c)

(d) (e) (f)

Figure 4.6: Simulation of the stick-slip process with a critically damped two-spring
model. The contact consists of (a) one, (b) three and (c) five commensurate tips. Data
were sampled from the simulation at a rate of 3 MHz and subsequently averaged over 50
points. (d) Zoom around the slip of the simulation with one tip, no averaging. (e) and
(f) Details of the simulation for three and five tips, respectively, averaged over 30 points.

We have also studied the case of multiple tips in incommensurate contact with the periodic
surface potential. For a small number of tips with a distance of 1.1× a the periodicity of the
potential can be recognized in the lateral force, as shown in Fig. 4.7(a) for the case of three tips.
However, for as few as five tips the asymmetric stick-slip instabilities are almost completely
changed into a symmetric force modulation, compare Fig. 4.7(b). For a fully incommensurate
configuration in Fig. 4.7(c) with a tip distance

√
2×a no structure of the potential is reproduced

in the lateral force. This is in agreement with the experimental observations by Dienwiebel
et al. on graphite, who measured atomic-scale friction as a function of the rotational angle
between two contacting bodies and found that the origin of the ultra-low friction of graphite
lies in the incommensurability between rotated graphite layers [51].
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Figure 4.7: Simulation of the stick-slip process with a critically damped two-spring
model. The contact consists of (a) three, (b)-(c) five incommensurate tips. Data were
sampled from the simulation at a rate of 3 MHz and subsequently averaged over 50 points.
The distance between the tips is 1.1×a in (a)-(b) and

√
2×a for the fully incommensurate

configuration in (c).

The simulations support the idea that multiple tips can give a clear stick-slip motion, however
with a significantly longer slip duration than the reaction time of the force sensor. Our three-
tip model with thermal activation also reproduces the wide distribution of slip durations found
in the experiments. Furthermore, the simulations indicate mechanisms for the retardation of
the slips. Figure 4.6(e) shows that multiple tips do not jump coherently but that single tips can
jump ahead and actually may go back to their previous atomic position before the increasing
lateral force enforces a jump of all tips. A similar mechanism of molecular rebinding has been
predicted through simulations of the rupture of adhesion bonds in dynamic force spectroscopy
by Dudko et al. [144]. In a recent theoretical study, Krylov et al. have pointed out that the
thermally activated jumps between atomic positions can create a situation of ultra-low friction,
provided that the scan velocity is small enough [52]. The jump mechanism is clearly observed
in our experiments. Figure 4.3(c) and (d) exhibits signatures of jumps between positions and
intermediate states, respectively. The latter may also be an effect of two-dimensional stick-slip
where the slipping tip takes a zig-zag path including a neighboring unit cell [8, 145]. However,
a zig-zag movement should produce its characteristic slip pattern for all slips in a given scan
line. Since we observe a wide distribution of slip times and shapes in a single scan line, we
believe that thermally activated jumps of a multiple tip are the appropriate picture for our
experiments.

Recently, Evstigneev et al. have studied single vs. multiple contact formation in atomic friction
measurements on highly oriented pyrolytic graphite (HOPG) by analyzing the slips according
to a single-step rate theory [146]. They found that a single-step rate equation is valid only at
relatively high velocities above 90 nm/s. They suggested that at slower pulling speeds a more
complicated hopping mechanism must be at work and supposed multiple bond formation to
be the reason for the breakdown of the single-slip rate description. Since we observed fast slips
on KBr, suggesting a single contact also for velocities below 90 nm/s, it would be interesting
to verify whether a single rate theory is valid for such fast slips.
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4.5. Local Correlation Function of the Lateral Force

Autocorrelation is a useful tool to find repeating patterns in a signal, such as determining the
presence of a periodic signal which has been completely buried in noise. The autocorrelation is
a measure of similarity of the samples’ distribution, which is computed by the sum of the cross
products between the data set and its shifted versions. For a real continuous function f(t)
the autocorrelation is defined by R(t) = limT→∞ 1/(2T )

∫ T
−T f(τ)f(t + τ)dτ . According to the

Wiener-Khinchin theorem, the Fourier transform of the autocorrelation function is the power
spectrum [147]. Compared to the power spectrum, fewer points are required to detect periodic
signals with frequencies in the range of some kilohertz out of a noisy signal, because the infor-
mation of the presence of such an oscillation is located at the beginning of the autocorrelation
function in this case. Therefore, an autocorrelation analysis of the lateral force signal allows us
to locally determine the strength of the torsional cantilever oscillation buried in noise. More-
over, the absence of a strong oscillation of the cantilever and its ringdown directly after the
slip can be verified by this method.

The autocorrelation of white noise is zero, except at the origin which represents the variance
of the signal. This means that a sampled period of white noise is statistically not correlated
to a sampled period of the same white noise signal at another time. The autocorrelation of a
periodic function is also periodic with exactly the same period. For example, the autocorrela-
tion function of a damped harmonic oscillator is a periodic oscillation with an exponentially
decaying amplitude. The decay length is inversely proportional to the Q-factor. Figure 4.8
shows two examples of the autocorrelation functions for the damped harmonic oscillator (a)
and for white noise (b). In our measurements we have a mixture of these two signals. Therefore
we expect a strong signature at the origin followed by a decaying oscillation depending on the
strength of the cantilever oscillation.
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Figure 4.8: Autocorrelation function of a damped oscillator with an oscillation frequency
of 160 kHz in (a) and white noise in (b). The insets show the original signal, which were
used to perform the autocorrelation function.
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Figure 4.9: Illustration how a local correlation function of the lateral force signal is
obtained.

The lateral force signal of a cantilever with its tip in contact was recorded with a high sampling
frequency of 3.3 MHz while scanning along the surface. A tilted stepfunction as described in
Eq. (4.1) was fitted to this sawtooth shaped friction signal as described in sections 4.3. The
obtained analytical curve was subtracted from the measured data so that the resulting force
signal has a mean value of zero. This is important because we want to compare different
data subsets with each other. In order to obtain local information about the oscillation of the
cantilever, the lateral force signal is split into several subsets containing 10,000 points each.
To reduce effects which arise by performing a correlation of a finite number of points, the
second subset for the correlation calculation contains the same initial data set but is doubled
in size. The correlation for all these subsets is calculated and normalized so that the sequence
of zero lag is identical to one. Finally, all the calculated correlation functions are plotted in
one map, which typically results in a graph as shown in Fig. 4.10(a). Only the positive part of
the correlation function is considered. Because the autocorrelation function is symmetric this
causes no information loss. The peaks represent the first point of each correlation function
calculated from a single data subset. Fig. 4.9 illustrates the calculation of local correlation of
the force signal as described above.

Fig. 4.10(a) shows the local correlation of the lateral force signal while scanning over a KBr(100)
surface and its corresponding force signal. This subset of a scan line with an applied load of
-0.1 nN corresponds to a scan range of approximately one nanometer comprising one slip event.
In the middle of the sticking phase the local correlation function indicates a strong oscillation
of the cantilever. Zooming in, a frequency of 173.1 kHz is determined, which corresponds to
the resonance frequency of the cantilever in contact. In the lateral force signal, the oscillation
of the cantilever is completely buried in noise and cannot be distinguished. Directly after the
slip event no evidence for a strong oscillation is found. The same behavior was observed for
other slips.

In conclusion, this analysis confirms the hypothesis of the absence of a strong ring-down of
the cantilever oscillation directly after the slip. At first glance, the strong oscillation during
the sticking phase is rather surprising since the tip is in rigid contact with the sample and is
not moving. Such oscillations might be explained by mechanical vibrations in the instrument.
However, measurements obtained on a NaCl(100) surface measured on another microscope
showed similar strong oscillations in the sticking part. In the simulations of the stick-slip
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Figure 4.10: (a) The lateral force signal showing one stick-slip event and its local
correlation function. A zoom of the local correlation function indicates an oscillation of
173.1 kHz corresponding to the torsional resonance frequency of the cantilever. In the
lateral force signal this oscillation is buried in noise. (b) Simulation of the stick-slip with
one tip with a high temporal resolution. This unaveraged data confirms possible outburst
of the cantilever oscillation in the middle of the sticking phase due to thermal activation.
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movement by a two-spring model including thermal noise previously described in this chap-
ter, outbursts of cantilever oscillations were found in the middle of the sticking phase due
to thermal activation. Fig. 4.10(b) shows unaveraged simulation data obtained by a one tip
model. In this case no local correlation is needed since the simulation is clean of any disturb-
ing additional electronic noise. Therefore, such strong oscillations during the sticking phase as
observed in the local correlation function in Fig. 4.10(a) may arise either from a disturbance
of the instrument or due to thermal activation.

4.6. Conclusions

Atomic friction phenomena have been studied in detail by means of a home-built force mi-
croscope allowing for high bandwidth detection of the lateral force signal. Recording the
atomic-scale stick-slip movement of the force microscope tip with high bandwidth revealed a
wide variation of slip durations up to several milliseconds, by far longer than expected for a
relaxation process on atomic scale. These long slip events are believed to be the consequence
of a multiple contact between tip and surface. This conclusion is drawn from a correlation
between irregular features in lateral force maps and long slip durations. A comparison of
our experimental results with a multi-tip simulation based on a Tomlinson model including
thermal activation supports this conclusion.



58 4. Time Resolved Atomic-Scale Stick-Slip Measurements



5
Control of Atomic Friction by Actuation of the Contact

5.1. Introduction

Gears, bearings, and liquid lubricants reduce friction in the macroscopic world, but the min-
imization of friction for small devices such as micro- or nano-electro-mechanical systems
(MEMS/NEMS) requires other solutions. The much greater surface-to-volume ratios lead
to serious adhesion forces, which are strong enough to damage tiny devices. On the nanoscale,
lubrication is not a viable option because traditional liquid lubricants become too viscous when
confined in layers of molecular thickness [45]. This situation has resulted in a number of pro-
posals how to reduce friction [148]. Sliding with negligible friction is related to superlubricity, a
term used by Hirano et al. who, starting from Aubry’s original ideas [149], predicted vanishing
friction when two surfaces in contact are laterally stiff and incommensurate [47]. Dienwiebel et
al. have observed superlubricity while dragging a graphite flake out of registry over a graphite
surface [50]. Another way of reducing friction involves a reduction of the contact pressure to
almost zero [20]. Moreover, a decrease in dry friction was observed when the sliding speed is re-
duced below a critical velocity that depends on temperature. This effect is related to thermally
activated jumps occurring in the contact area and has therefore been called thermolubricity
[52]. Unfortunately, all these techniques to achieve ultralow friction cannot be easily applied
in practical situations and do not allow a fast switching between the ultralow and the high
friction state. Recently, an efficient way to switch friction on and off at the atomic scale has
been achieved by exciting mechanical resonances of the sliding system perpendicular to the
contact plane [53]. The resulting variations of the interaction energy reduce friction below the
sensitivity of the instrument (below 10 piconewtons) in a finite range of excitation and load,
without any noticeable wear.

In the beginning of this chapter measurements on a clean NaCl(100) surface will be summa-
rized, further validating the results described by Socoliuc et al. [53]. In the second part an
extended Tomlinson model, which explains the experimental findings very well, is discussed in
detail. It is shown how the residual friction force depends on the actuation frequency and scan
speed. Moreover, the dependence of the energy dissipated in such a system on the damping
and the influence of thermal fluctuations will be discussed.

5.2. Experiments on NaCl(100)

The experimental method of controlling friction by external actuation of the contact is dis-
cussed in detail in the PhD thesis of A. Socoliuc [150] for KBr and mica. Thus, only some
measurements on a NaCl(100) single crystal are mentioned here, which further validate the
effect of reduction of friction by external actuation of the contact. For a detailed description
of the experiments the reader is referred to [150].
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Figure 5.1: (a) Topography and (b) lateral force maps recorded, while scanning over an
atomically flat NaCl(100) surface with an applied load of 2.73 nN. In the lower part of
the image a sinusoidal voltage of a peak-to-peak amplitude of 1.5 V and a frequency of
f = 56.7 kHz between tip and sample backside was applied. The lateral force Fx without
an excitation voltage applied in (c) taken from the upper part of the image shows a stick-
slip behavior leading to a hysteresis loop. The friction loop disappears in (d) taken from
the lower part of the image, recorded with an applied excitation, confirms an ultralow
friction state of smooth sliding with a perfect match between forward and backward scan.
The normal force sampled with 3 MHz bandwidth in (e) suggests a modulation of the
interaction due to the externally applied excitation. The mean value indicates that the
tip nevertheless remains in contact. The applied load for this measurement was 0.32 nN.

Fig. 5.1(a) shows the topography and (b) the simultaneously measured friction force maps
while scanning over an atomically flat NaCl surface. The averaged normal force was set at
FN = 2.73 nN. In the lower part of the image an AC-voltage between the cantilever and
the sample holder was applied with a frequency f = 56.7 kHz and a peak-to-peak amplitude
U = 1.5 V. This frequency corresponds to the first normal resonance of the cantilever in contact.
In the upper part of the image stick-slip instabilities are observed which cause a hysteresis loop
between the forward and backward scans and consequently energy dissipation. Fig. 5.1(c) and
(d) show two lateral force traces corresponding to these two states. The lateral force traces
were recorded along the [001]-direction when the tip was moving through the center of the
apparent unit cells, i.e. along lines of maximal modulation of the lateral force. The disappear-
ance of a friction loop with an applied excitation of 1.5 V in Fig. 5.1(d) indicates an ultralow
friction state. The sawtooth modulation of the lateral force is transformed into a continuous
modulation with a nearly perfect match between forward and backward scans, still showing
the atomic periodicity of the surface lattice but negligible net friction. The recorded normal
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force sampled with a 3 MHz bandwidth in Fig. 5.1(e) illustrates that the applied AC-voltage
causes a modulation of the normal force. Moreover, even its maximum value remains above the
negative value for jump out of contact, thus indicating that the excited tip stays in the contact.

The high bandwidth of our scan electronics allows us to monitor resonances of the cantilever
excited by thermal fluctuations. In chapter 3 the frequency shift of the resonance upon contact
formation was discussed in detail. Fig. 5.2(a) shows the power spectrum of the normal and
lateral force fluctuations of the cantilever in contact. This power spectrum analysis confirms
that the above mentioned excitation frequency of 56.7 kHz corresponds to the first bending
resonance of the cantilever. A sweep of the excitation frequency in Fig. 5.2(b) indicates a
reduction of friction at the normal oscillation frequency of the contact resonance and half that
value. No reduction of friction was observed at the torsional resonance frequency. When the
AC-voltage is switched on, the ionic crystal acts as a dielectric medium placed between two
conductors. Because the thickness of the sample is much larger than the tip height, the ca-
pacitive interaction occurs mainly between the cantilever body and the sample holder. This
interaction results in a capacitive force, which oscillates with twice the excitation frequency
f . Besides capacitive forces, any charge trapped at the tip or any charge layer at the surface
results in a nonzero contact potential and in an additional force, which oscillates at the actu-
ation frequency f . Thus, the electro-static coupling between cantilever and sample leads to
a modulation of the normal force at the normal contact resonance and capacitive coupling at
half the resonance frequency. The next section shows that the modulation of the normal force
acting between the tip and sample can be modeled using an extended Tomlinson model with
a temporally changing surface energy corrugation.
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Figure 5.2: (a) Power spectrum of thermal fluctuations of the cantilever in contact show-
ing the first torsional and bending modes. (b) Sweep of the excitation frequency indicating
a reduction of friction at the normal oscillation frequency of the contact resonance and
half that value.

It is important to note that the topography in Fig. 5.1(a) does not indicate a change in mean
tip-sample separation whenever actuation is switched on. Thus, one can assume that the tip
scans at constant mean height over the surface and the suppression of friction is not due to
tip lift-off. This is in contrast to observations by D. Godfrey [151], Dinelli et al. [152] and
Heuberger et al. [153] who attributed the reduction of friction due to normal vibrations to
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an increase in the mean separation between the two surfaces. Riedo et al. [40] observed a
partial reduction of friction using friction force microscopy when the contact between tip and
a mica surface in humid air was laterally excited in a narrow range of frequencies. The ac-
tual torsional resonance in contact was not measured in that experiment. In our experiment
no substantial reduction of friction was observed by exciting the torsional resonance in contact.

5.3. Dynamic Extension of the Tomlinson Model

The Tomlinson model has been used for describing different aspects of atomic-scale friction
such as stick-slip showing lattice periodicity [6], dynamics (as shown in chapter 4), velocity
dependence [12], or load dependence [20]. All these results were in good agreement with
experiments. In this chapter an extended Tomlinson model is discussed which provides simple
but novel explanation for the atomic scale control of friction by normal actuation of the contact.
In the last section it was shown that the applied AC-voltage caused a modulation of the normal
force. This modulation results in a periodically changing interaction between tip and surface.
In terms of the Tomlinson model, this is equivalent to a surface corrugation potential with a
periodically oscillating amplitude in terms of time

E(t) = E0(1 + α cos(2πft)). (5.1)

The parameter α represents the normalized amplitude of the applied voltage. In the experiment
this amplitude is maximal when the excitation frequency matches a bending resonance of the
cantilever with the tip in contact. The modified expression of the surface potential leads to
the following equation of motion assuming a one-dimensional Tomlinson model

dx2
tip

dt2
+ Γ

dxtip

dt
+ ω2

tip(xtip − xs) = −πE0

am
(1 + α cos(2πft)) sin

(
2πxtip

a

)
, (5.2)

where xs = vt is the position of the cantilever support. ωtip =
√

k
m represents the angular

frequency of the tip and Γ = γ
m is the damping rate, expressed in terms of the stiffness k,

the damping γ and mass m of the tip. So far thermal effects have not been considered. As
discussed in the last chapter, the experimental situation is not very well represented since a
one-spring model cannot reproduce both the resonance frequency of the cantilever, and the
experimentally found lateral stiffness which is dominated by the contact. Using a one spring
model we ignore the lateral deflection of the cantilever and consider the equation of motion
for the tip apex what we call tip as in the last chapter (compare page 49). In the following
simulations a constant lateral stiffness k = 1 N/m and a lattice constant of a = 0.5 nm are
used. As already discussed in the chapter 4, the effective mass of the tip m is difficult to
determine. In this chapter, we used m = 8 · 10−13 kg, mainly for computational convenience.
No qualitative change on the calculated averaged friction force was observed by lowering the
mass by a factor of ten.

An adiabatic approximation, in which inertia and damping of the nanotip are neglected and
the forces acting on the tip are in balance at every instant, leads to the following criteria

ftip À f and fΓ ¿ 4πf2
tip , (5.3)

where ftip is the resonance frequency of the tip. The additional criterion f À v/a ensures that
the tip experiences the minimum energy corrugation many times within a lattice constant.
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Due to the periodically changing E, also the parameter η, which describes the relation be-
tween the spring energy and the corrugation potential, periodically changes in terms of time.
In the quasi-static case (α = 0) it was found that if η = 2π2E0/ka2 < 1 the total potential has
a single minimum so that the tip slides smoothly over the surface [20]. Hence, the actuated
tip is expected to slide smoothly once ηmin = 2π2E0(1 − α)/ka2 < 1. In other words, the
parameter ηmin replaces η in the condition for the occurrence of ultralow friction. It has been
shown that the average friction force equals FL ≡ Fx computed using the full Eq. (5.2) under
these conditions for several values of α and η and plotted versus the parameter ηmin collapse
towards the usual dependence computed in the limit where the inertia and damping of the
nanotip are neglected [53]. This confirms that the adiabatic approximation provides a good
agreement with our observations.

The equation of motion in Eq. (5.2) was numerically solved by means of a fourth-order Runge-
Kutta method. Fig. 5.3(a) shows a typical simulation result for the lateral force Fx over one
lattice constant using this extended Tomlinson model with a periodically oscillating corruga-
tion potential in terms of time and satisfying three conditions mentioned following Eq. (5.3).
The simulation parameters correspond to a realistic measurement on a NaCl(100) sample, but
assume actuation at frequencies about hundred times lower than the experimental frequency.
This is mainly done for display purposes and chosen so that a simulation time step of one
nanosecond is sufficient. In Fig. 5.3(a) a frequency of f = 567 Hz is used at a scan speed
of v = 10 nm/s. In this chapter, the magnitude of η, in this case η = 4, is always referred
to the quasi-static case. In this example the normalized amplitude α = 0.9 is close to its
maximum value, hence the time averaged lateral friction force is expected to be nearly zero.
The time-average of the lateral force FL for different α is plotted in the inset of Fig. 5.3(a).
This plot confirms that the net friction is dramatically reduced for large enough α in both the
overdamped (10 times critical damping) and underdamped cases (0.05 critical damping). It
is important to note that averaged friction force plots for large η do not match for different
damping rates. In the underdamped case at small α multiple slips are found as already pre-
dicted in the quasi-static case by Nakamura et al. [22] and experimentally proved by Medyanik
et al. [21].

Fig. 5.3(a) indicates that the damping has not a large influence on the rapidly oscillating lat-
eral force for small value of ηmin, except the very short time interval 1/Γ around a/2 when the
tip transits into the next potential well. A zoom corresponding to this moment is shown in
Fig. 5.3(b). In the underdamped case, the friction force Fx is oscillating, suggesting that the
tip performs a nearly free, non-adiabatic motion. The free motion is most clearly seen if the
system is underdamped since the decay time is inversely proportional to Γ, but its contribution
is independent of damping. Fig. 5.3(c) illustrates that the lateral force Fx rapidly oscillates
between the two quasi-static envelopes corresponding to a change in η between ηmax = η(1+α)
and ηmin = η(1− α).

In order to illustrate the evolution of the tip position in this oscillating potential energy
landscape, the shape of the potential and the position of the tip is plotted in Fig. 5.4 for
different times. All the parameters involved in this simulation are the same like for Fig. 5.3(a),
except the damping (γ = 10−6 kg/s). In frame (1) the friction force Fx touches the quasi-static
envelope corresponding to η = ηmin. At this point the energy barrier has vanished and the
tip sits in a single local minimum, which is situated to the left of a/2. Hereafter, the growing
barrier splits the single potential into two potential wells, which are slightly asymmetric versus
a/2 so that the one on the left is slightly lower in energy. The barrier reaches its maximum
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Figure 5.3: (a) Typical simulation result for the lateral force using the extended Tom-
linson model with a periodically oscillating corrugation potential. The inset shows the
time-averaged lateral friction force FL for different α and confirms that the net average
friction force vanishes for α approaching to one. (b) In the very short time interval right
after the nanotip transits to the next potential well, the tip performs a nearly free motion,
manifested in the oscillations of the lateral force Fx in the underdamped case. (c) Oth-
erwise the lateral force Fx oscillates adiabatically between the two quasi-static envelopes
corresponding to a change in η between ηmin and ηmax. Simulation parameters: η = 4,
α = 0.9, f = 567 Hz in (c) and the inset of (a) and f = 600 Hz (a)-(b), v = 10 nm/s,
k = 1 N/m, m = 8 ·10−13 kg, γunderdamped = 1 ·10−7 kg/s and γoverdamped = 2 ·10−5 kg/s.

when η = ηmax, as shown in frame (2). Between frame (2) and (3) the barrier vanishes again
and the transition of the tip to the right side of a/2 occurs. In the underdamped case the tip
moves fast to the next potential well and oscillates freely in this relatively flat potential well.
This free motion is manifested in the oscillation of the friction force in Fig. 5.3(b). In frame
(4) the single symmetric potential is now on the right side of a/2. After the energy barrier
reappears the local minimum on the right is lower, as seen in frame (5). It is important to
note that in all the graphs except frame (3), where the free motion occurs, the tip is sitting in
a local minimum corresponding to the assumed adiabatic approximation.
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Figure 5.4: Evolution of the tip in the oscillating potential energy landscape: (a) The
oscillating lateral force Fx over one lattice unit with a zoom around a/2, where the tip
transits to the next potential well as shown in (b). (c) Different frames illustrating the
instantaneous potential energy and the position of the tip. The corresponding lateral
force is marked in (b) using colored points.

5.3.1 Estimation of the Residual Friction

The averaged friction with actuation does not vanish completely even if all the three criteria
in Eq. (5.3) are satisfied and ηmin < 1. In this section this residual averaged friction force
will be discussed in detail. For this purpose, we first have to clarify the relation and the
interplay between the four frequencies involved in the simulations. These are namely the
excitation frequency f , the so-called wash-board frequency v/a, the damping rate Γ = γ

m and

the frequency of the tip in the potential well ftip = 1
2π

√
k
m . If the first two frequencies are

incommensurate, the energy barrier vanishes at different support positions with respect to
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a/2 for different unit cells. Such an incommensurability leads to a superstructural pattern in
the simulated friction force as shown in Fig. 5.5(a) for f = 567 Hz and v/a =40 Hz. The
superperiod consists of 40 slips composed of units of five and six slips which are separated by a
larger jump. Due to the incommensurability, the averaged friction force for every slip within a
superperiod is different. Therefore, the residual friction force has to be determined averaging
over an entire superperiod. The number of slips involved in such a superperiod N depends on
the ratio between the two frequencies f and v/a and is equal to the smallest integer such that
N · fa/v is an integer:

N · fa

v
∈ N. (5.4)

In the case of a commensurate ratio between the actuation frequency and the wash-board
frequency all the slips have the same shape and averaged friction force, as seen in Fig. 5.5(b)
for f = 600 Hz and v/a = 40 Hz.

(a)

(b)

Figure 5.5: (a) The incommensurability between the actuation frequency and the wash-
board frequency v/a leads to a spatio-temporal mismatch manifesting itself in a superpe-
riod of the lateral force. This superperiod consists of 40 slips for the excitation frequency
f=567 Hz and wash-board frequency v/a=40 Hz. (b) Commensurate ratio between the
actuation frequency and the wash-board frequency (f = 600 Hz and v/a= 40Hz): all the
slips have the same shape and averaged friction force.

In the commensurate case, the phase shift between the actuation and corrugation determines
the point in the scan movement when the energy barrier vanishes and the transition to the
next equilibrium position becomes possible. Therefore, we introduce a phase φ in the actuation
term E(t) = E0(1+α cos(2πft+φ)) and will study how the phase affects the averaged friction
force. Furthermore, we define the ratio between the actuation and wash-board frequency by
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the parameter M :

M :=
fa

v
. (5.5)

In the special case when M is an integer, the excitation and washboard frequency are com-
mensurate and no superperiod in the lateral force is observed. For small M ’s the actuation
becomes comparable to the washboard frequency. This means that the barrier vanishes only a
few times per lattice spacing. Fig. 5.6(a) shows the lateral force for four different phases when
M=3, for an actuation frequency of f = 600 Hz and a scan velocity of v = 100 nm/s. The
averaged friction force vs. the phase in Fig. 5.6(b) reveals an abrupt change for φ = 2π/3.
This abrupt change can be explained by the fact that the barrier close to a/2 vanishes for
φ = 2.14 before the support passed a/2. Therefore the tip has to wait another actuation pe-
riod to transit to the next potential minimum. For φ = 2.07 the barrier vanishes after a/2 and
the tip can directly pass to the next minimum. As will be shown later, the incommensurate
case represents a partial phase average and the large jumps in Fig. 5.5(a) are related to the
previous phase jumps. Similar phase variation simulations showed that the number of phase
jumps is given by N , the number of slips per superperiod. Moreover, there is a different phase
dependence found for M odd or even. The phase for which an abrupt change in the averaged
friction force is observed is currently under investigation. In any case, the phase allows us
to tune the transition of the tip to the next potential minima, which takes place around a/2,
by one oscillation of the periodically changing surface corrugation. Therefore the number of
oscillations to the left and right of a/2 can be changed by the phase. This leads to different
averaged friction forces for different phases. The residual averaged ’friction’ force changes for
some phases even to positive values indicating that the tip moves ahead of the support.

Figure 5.6: The lateral force is sensitive to the phase shift between the actuation and
the corrugation: (a) Lateral force for four different phases where the actuation frequency
is only three times the washboard frequency. (b) Averaged lateral friction force versus
phase for the same parameters. Parameters: η = 4, α = 0.9, f = 600 Hz, v/a = 200 Hz,
ten times critical damping.

Having introduced the spatio-temporal mismatch and the phase dependence we now discuss
the residual averaged friction for different scan speeds and excitation frequencies. One reason
for the drastic decrease of the averaged friction in these simulations based on the Tomlinson
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Figure 5.7: The number of oscillations in one unit cell before and after the transition of
the nanotip to the next potential minimum is different and leads to an asymmetry in the
lateral force. The curves in (a) and (b) indicate for phase zero about one extra period
for M odd and two in the case of M even. (c) and (d) indicates zero and two of these
extra oscillations by setting the phase to minimal and maximal friction force. The extra
oscillations cause the residual friction force. Parameters: η = 4, α = 0.9, f = 600 Hz, ten
times critical damping.

model is that the lateral force before and after a/2 is nearly antisymmetric with respect to a/2
in one unit cell, once negative and once positive. Therefore, these contributions cancel each
other in the averaged friction force. However, the number of oscillations before and after the
support of the tip passes a/2 is different. These additional extra periods are not compensated
for and are responsible for the residual friction force. This hypothesis is also confirmed by inte-
gration of simulated lateral force along one lattice spacing from the left and right side towards
a/2. Fig. 5.7(a) and (b) illustrates that there is approximately one extra period for M odd
and nearly two extra periods for M even with zero phase. Changing the phase corresponding
to maximal or minimal averaged lateral force in Fig. 5.7(c) and (d) we find almost two extra
periods.

Consequently, we can describe the maximal residual friction in the commensurate case by a
simple analytic estimate, assuming two extra oscillation periods per lattice spacing are con-
tributing to this residual friction force. We assume η À 1, but η(1− α) ¿ 1 for this approxi-
mation. In this limit the friction force approximately oscillates between zero and the envelope
with slope kηmax/(ηmax + 1) = kη+ for positions of the support between zero and a/2. The
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slope is approximated in analogy to the relation for the quasi-static case keff = kη/(η+1) [20].
This envelope corresponds to a lateral force of kη+a/2 for xs around half a lattice constant.
Hence a maximal averaged lateral friction force per lattice spacing of

Fmax = 2Ckη+
a

2
v

fa
= Ckη+

v

f
(5.6)

results, assuming that two extra oscillations are contributing. fa/v in Eq. (5.6) is the ratio of
the time to cover one lattice spacing to the duration of one oscillation period. The factor C
accounts for the anharmonicity of the force oscillation and equals 1/2 when the force oscillation
is harmonic, and 1 in the extreme anharmonic limit.

Fig. 5.8 shows simulation results for the velocity dependence of the residual averaged friction
force in order to verify the above discussed analytical approximation. The simulation points
confirm a linear dependence of the residual friction force with the velocity. In this simulation
η = 4, and α = 0.9 and excitation frequencies of f = 600 Hz and f = 567 Hz were chosen. The
blue (0.01 critically damped) and black (10 times critically damped) bars on the simulation
points represent the phase variation described before. The data points themselves correspond
to zero phase. The simulations indicate that the phase influences the residual friction force for
large velocities more strongly because the barrier vanishes only a few times per lattice spacing.
Furthermore, this graph indicates that the incommensurate case of f = 567 Hz corresponds
to a phase average, since the points nearly overlap the phase averaged data for the commen-
surate case. Moreover, these simulations show that under the assumed adiabatic conditions
the residual averaged friction force is viscous-like, but not influenced by the damping. This
is reasonable since the shape of the Fx vs. distance curve does not depend much on damping
except in the short time interval when the tip transits to the next potential minimum (compare
Fig. 5.3(a)). It is important to note that the residual friction force is below the quasi-static
case as long as f À v/a. In this simulation η = 4 and α = 0.9 were used, resulting in
η+ = 7.6/8.6 = 0.884; Eq. (5.6) yields Fmax = 0.884Ckv/f . Assuming C = 1/2, the analytic
estimate comes close to the initial slope of M even, which is itself slightly below the slope of
the line through the bottoms of the phase bars corresponding to the maximal lateral force.
The estimate with C = 1/2, only taking in account one extra period, is in good agreement to
the phase averaged values. In conclusion, the linear dependence on velocity predicted by the
simple analytical approximation is confirmed by the simulations.

The simple analytical expression in Eq. (5.6) does not only depend on the velocity, but also on
the excitation frequency f . Therefore, simulations were also performed with a constant velocity
of v = 50 nm/s and the frequency was varied between 100 Hz and 10 kHz. Fig. 5.9 includes both
simulation with fixed velocity v and variable actuation frequency f and vice versa. The results
fit together and indicate a linear dependence of the residual friction force normalized by ka on
1/M as predicted by the analytical approximation. Hence, the residual averaged friction force
averaged over all phases is in good agreement with the analytical approximation. A difference
in the averaged friction force between the overdamped and underdamped system is observed
in the 1/f dependence for small values of 1/M . This deviation from the linear dependence for
large M in the overdamped case arises because fΓ becomes comparable to f2

tip hence violating
the adiabatic criteria in Eq. (5.3) (second condition). As long as the inequalities in Eq. (5.3)
are satisfied, Eq. (5.6) and Fig. 5.8 allow one to predict the maximum and phase-averaged
residual friction expected under experimental conditions. e.g. f = 56.7 kHz and a scan speed
of 10 nm/s results in a maximum residual friction force of 8·10−14 N using a harmonic estimate.
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Figure 5.8: Velocity dependence of the residual friction force under adiabatic conditions
when η(1 − α) < 1. The residual friction force scales linearly with the velocity and is
below the quasi-static limit. The simulation points for the phase averaged simulations
with f = 600 Hz are in agreement with the simple analytical approximation in Eq. (5.6)
assuming one extra oscillation period contributes on average to the residual friction force.
The simulation points for M even are close to the approximation for two extra periods.
The bars on the data point represent the phase dependence (blue corresponds to the
overdamped points and black to the underdamped). Simulation parameters: α = 0.9 and
η = 4.

Figure 5.9: The computed normalized residual friction force FL/ka reveals a linear
dependence on v/fa = 1/M . Simulations with a variable frequency at a fixed velocity
coincide with simulation points with variable velocity at fixed frequency. The dashed blue
line represents the analytical approximation assuming one extra oscillation contributes
to the residual averaged friction. These points are in good agreement with the phase
averaged simulations where we expect one extra period to occur on average. Simulation
parameters: α = 0.9 and η = 4.
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5.3.2 Estimation of the Energy Loss

In the last section we have approximated the residual friction force in a system with an applied
external excitation. Since the normal oscillations take energy to actuate, it is not obvious how
this energy compares to the energy saved by reducing friction. For this purpose we calculate
numerically the total dissipated energy per lattice spacing from the expression valid for real
damping proportional to velocity, as assumed in Eq. (5.2)

∆E = γ

∫
(dxtip/dt)2dt . (5.7)

Fig. 5.10 compares the energy loss with and without activation along one unit cell. For this
simulations the same parameters as in Fig. 5.3 were used. In the quasi-static case (a) all the
energy stored during the stick-stage is dissipated during the slip as indicated by the single step
in the loss. The dissipated energy per lattice constant equals the friction loss ∆E = FLa. It
is important to note that in the static-case the energy dissipated per lattice constant does not
depend on damping as long as 1/Γ ¿ a/v. Because the tip relaxes after the slip long before the
next slip occurs, all the energy stored in the spring is dissipated independent of the damping
rate. Ignoring thermal effects the loss in the static case is also nearly constant for different ve-
locities as long as the scan velocity is much smaller than the tip velocity [25, 154]. Fig. 5.10(b)
and (c) indicates that the actuation in order to reduce friction, causes a strong dependence
of the loss on damping. In the overdamped case (b), energy is continuously dissipated over a
lattice constant due to the actuation. The energy loss close to a/2, when the tip transits to the
next local energy minimum is small compared to the entire dissipated energy. Nevertheless,
the energy loss in this example is still less than for the static case. In the underdamped case in
Fig. 5.10(c), the loss due to actuation is small and the transition to the next energy minimum
dominates the energy loss. This loss contribution is due to the non-adiabatic free motion of
the tip in the short time interval after the transition.

Figure 5.10: Energy loss around one slip for (a) the quasi-static case, (b) the over-
damped case with actuation (γ = 1.79 · 10−5 kg/s, f = 600 Hz), (c) the underdamped
case with actuation (γ = 1.7 · 10−7 kg/s, f = 600 Hz). In the overdamped case the
energy is continuously dissipated over a lattice constant due to the actuation while in
the underdamped case the loss due to actuation is small and the transition to the next
energy minimum dominates the energy loss. It is important to note that the energy loss
with actuation in this example is still less than for the static case. Further simulation
parameters: η = 4, α = 0.9, v = 10 nm/s.
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From these observations we divide the energy loss ∆E over one lattice spacing into two contri-
butions. The first term considers the loss caused by the actuation done and the second term
the free motion of the tip during the transition to the next minimum. Let us analyze the loss
due to activation first. xtip oscillates between 0 and the envelope with slope η+vt for the first
half of the lattice constant. Hence, the amplitude A of the oscillation in xtip is proportional to
η+vt and the amplitude of dxtip/dt is proportional to 2πfA = 2πfη+vt. Therefore the energy
loss can be expressed by the following integral according to the definition in Eq. (5.7)

∆E = γ

∫ a/2v

0
(dxtip/dt)2dt = 2Dγ(2πfη+v)2

∫ a/2v

0
t2dt = Dγ

π2

3
(fη+)2a3

v
, (5.8)

where the factor D addresses the anharmonicity of the oscillation. For a harmonic oscillation
we have D = 1/2 and in general D is between one and zero. The factor 2 considers the contri-
butions from the left and the right side of a/2. The second contribution to the loss is related
with the free motion as the tip relaxes to the next energy minimum. It was found by numerical
simulations that this term scales with v/f . In close analogy with the loss in the absence of
actuation one can suppose, that the potential energy stored by the spring during the extra
periods, which gives rise to the net residual friction force, is released and dissipated during the
free motion. The second term is phase-dependent and scales as 1/M like aFL. The actuation
term dominates for large M because it is proportional to M2 while for small M the second
term dominates. The analytical formula representing this term is currently under investigation.

The analytical formula for the loss due to actuation in Eq. (5.8) predicts a linear scaling of the
loss with f2a3/v for large M . This scaling was confirmed by numerical simulations shown in
Fig. 5.11(a) for an overdamped system and (b) for an underdamped system. For small values
of f2a3/v the second term of loss dominates and hence we observe a deviation. This loss due
to actuation is not phase-dependent since the data points for M odd and even are on one
straight line. Fig. 5.11(c) shows the loss with actuation normalized to the static loss. This
curve indicates that in an intermediate range of M = fa/v which increases as the damping
increases not only the friction is reduced but compared to the quasi-static case also the net
energy loss.

5.3.3 Thermal Effects

In this section we discuss preliminary results including thermal activation effects. For this
purpose random noise ξ(t)/m satisfying the fluctuation-dissipation relation

〈ξ(t)ξ(t′)〉 = 2γkBTδ(t− t′)

is added on the right side of the equation of motion in Eq. (5.2). The angular brackets
denote a time average, and kB is Boltzmann’s constant. We have simulated the resulting
Langevin equation including the random effect of thermal fluctuations using Ermak’s algorithm
[141] along the lines discussed in Ref. [26]. The Box-Muller algorithm was used to generate
normally distributed stochastic numbers with zero mean and unit variance from a pair of
uniformly distributed numbers obtained by the random number generator function ’ran2.c’
from Numerical Recipes [147].

Fig. 5.12(a) and (b) show the average friction force FL for different α and η in a 0.05 and a 10
times critically damped system for T = 293 K. Since the lateral force is of statistical nature



5.3 Dynamic Extension of the Tomlinson Model 73

Figure 5.11: Numerical simulation of the energy loss with actuation. (a) and (b) show
the loss in the overdamped (a) and underdamped (b) case versus f2a3/v. For large M
a linear scaling is found in accordance with the analytical estimate in Eq. (5.8) for the
actuation loss. For small M the dissipated energy during the free motion after the tip
transits to the next stable potential minimum. (c) The loss with actuation Edyn versus
the static loss Estat suggests that in the underdamped case for large M not only the
friction is reduced but also the energy loss in the system.

when including thermal activations each point was averaged over 200 lattice constants. Both
plots confirm that the reduction of friction by actuation persists also at finite temperatures.
For higher η in the underdamped case multiple slips were observed, as already found in the
static case by Nakamura [22] and experimentally proved by Medyanik et al. [21]. In both cases
friction is reduced for small α compared to the static case since the tip can jump earlier to the
next local minimum due to thermal activation. Fig. 5.12(c) and (d) compares the lateral force
with and without thermal activation. For α close to one no multiple jumps occur and some of
these oscillations are inverted as seen in Fig. 5.12, because the tip jumps back to the previous
potential minimum. This partially compensates for the extra oscillations, which gives rise to
the net FL, hence reducing it even more.
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Figure 5.12: Effects of thermal activation on friction simulations with actuation. (a) and
(b) show the residual averaged friction force for different α and η for an (a) overdamped
(10 times critical damping) and (b) underdamped system (0.05 times critical damping).
In both cases data is averaged over 200 lattice constants. (c) and (d) compares the lateral
force with (d) and without (c) thermal activation for a critically damped tip. Simulation
parameters: T = 293 K, v = 10 nm/s, f = 567 Hz and (c)-(d) α = 0.9 and η = 4.
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Figure 5.13: Phase dependence with thermal activation at T = 293 K for a frequency of
f = 600 Hz and a scan speed of v = 100 nm/s. The clear phase dependence as observed
without thermal activation disappears. This indicates that thermal activation leads to a
partial phase averaging.
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Furthermore we studied the influence of thermal activation on the phase dependence in that
limit. Fig. 5.13 shows that the strong phase dependence observed in Fig. 5.6 disappears at
higher temperatures. This indicates that thermal activation allows the tip to jump forward
and backward when the potential barrier vanishes around a/2. The simulation thus shows that
thermal activation leads to a partial phase average.

5.4. Conclusions

In recent years several mechanisms for achieving ultralow friction were suggested, but most of
them cannot be easily applied in practical situations. Moreover, they do not allow us a fast
switching between an ultralow and a high friction state. In this chapter an efficient way to
switch friction on and off at the atomic scale has been described and explained by exciting the
mechanical resonance of the sliding system perpendicular to the contact plane [53]. In order
to understand the atomic scale control of friction by actuation of nanometer-size contacts an
extended one-dimensional one spring Tomlinson model was discussed in detail. First, it was
explained how the tip is moving in the oscillating surface potential. An analytical estimate
for the residual friction force was found which is in good agreement to numerical simulations.
This model suggests that for low enough damping the friction but also the energy loss can be
dramatically minimized compared to the quasi-static case.
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6

Ultrathin Alkali Halide Films: Heteroepitaxial Growth
and Atomic-scale Friction

6.1. Introduction

The lattice mismatch in heteroepitaxy can produce large strain, whose relief creates a mul-
titude of surface structures such as dislocation networks or self-assembly of quantum dots.
While these surface structures have interesting physical properties in themselves, they can also
be used as templates for the heterogeneous nucleation of island superlattices, or for the regular
arrangement of single molecules or molecular clusters [155]. The heteroepitaxy of alkali halide
crystals provides model systems for studying strain relief structures of insulators because of
the large range of lattice constants and the comparatively simple preparation. Heteroepi-
taxial growth for various combinations of alkali halide crystals over a wide variety of lattice
mismatches has been studied in several reflection high-energy electron diffraction (RHEED)
experiments [156–159]. One of the results of these studies is that alkali halide thin films grow
epitaxially in a layer-by-layer mode for lattice mismatches smaller than 20% and in a three-
dimensional island mode for larger mismatches.

Scanning probe microscopy is not only a tool to reveal strain relief structures and the under-
lying atomic structure in real space, it also allows us to study the development of individual
islands at the very initial stage of film growth. The development of high-resolution non-contact
atomic force microscopy has extended these capabilities to insulating surfaces. Several scan-
ning tunnelling microscopy and nc-AFM studies have described the heteroepitaxial growth of
ultrathin well-ordered alkali halide films on metals and semiconductors [160–166]. For cov-
erage of one or two atomic layers, a carpet-like growth mode was observed: The first layer
grows in form of large islands with hundreds of nanometers side length, smoothly covering
substrate steps. The subsequent layers grow in form of smaller rectangular islands with tens of
nanometers side length. Very few atomic force microscopy studies have reported on the growth
of alkali halide films on alkali halide crystals. Mazur et al. have described a layer-by-layer
growth of twenty monolayers of LiBr on LiF(100) and the formation of rectangular pits in
these films upon annealing as found in contact-mode AFM experiments [167]. The advantage
of the SPM technique compared to numerous scattering and diffraction measurements is that
surface structures can be studied in the real space without electron and photon-stimulated
decomposition.

Theoretical models and numerical simulations propose various interface structures for the ac-
commodation of the lattice mismatch at the interface of two alkali halide crystals, including
stacking faults, elongated lattice constants, and surface rumpling [168–172]. Kiguchi et al.
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[173] found that the lattice distortion in the film relaxed more rapidly for systems with a
film lattice constant larger than the substrate lattice constant (positive misfit) as compared to
systems with a smaller film lattice constant (negative misfit). The difference between the two
cases was attributed to the anharmonicity of ionic bonds, which makes the elongation of ionic
bonds easier than their compression.

In this chapter the sub-monolayer growth of films of KBr on NaCl(100) and of the complemen-
tary system NaCl on KBr(100) are characterized by means of nc-AFM in ultrahigh vacuum.
NaCl and KBr have a lattice mismatch of 17%, the ratio of nearest-neighbor distances of NaCl
and KBr is very close to seven to six. Despite the large lattice mismatch, a layer-by-layer
growth has been observed in RHEED studies [159]. Duan et al. [174] found the signature
of a superstructure on top of KBr films grown on NaCl(100) by helium atom scattering ex-
periments. The periodicity of the superstructure was indeed seven times the next-neighbor
distance of the NaCl(100) surface. In this chapter images of the superstructure as observed
in real space by force microscopy are presented. The growth mode is compared with that of
the complementary system of NaCl on KBr(100). In addition to the structure, contact AFM
provides information on the local stiffness, potential energy landscape, and frictional proper-
ties of the composite system. Hence, we performed a friction force microscopy study to give
further insight into the properties of such films. The influence of such structures on friction
force microscopy imaging will be discussed in detail.

6.2. Heteroepitaxial Growth of KBr/NaCl(100) and
NaCl/KBr(100)

Atomically flat and clean KBr(100) and NaCl(100) were prepared by cleaving in air and UHV,
respectively. Further details of the sample preparation are mentioned in section 2.5. Ultrathin
films of NaCl and KBr were evaporated on the clean substrate from a Knudsen cell. The
evaporation rates were calibrated with a quartz-balance and analysis of the AFM images.
Evaporation rates in the range from 0.1 Å/min to 2.4 Å/min have been used.

6.2.1 Heteroepitaxial Growth of KBr on NaCl(100)

The sub-monolayer growth of KBr on an atomically flat NaCl(100) surface is shown in Fig. 6.1(a).
Rectangular islands with a height of two or three atomic layers and a typical side length of
15 nm are homogenously distributed over the surface. Islands of one monolayer height are not
observed. While the first two layers always form complete rectangular islands, the third layer
may cover only part of double layer rectangular islands. The lateral size of islands depends on
the evaporation rate. At a higher evaporation rate islands with side length less than 15 nm
are formed. In Figure 6.1(a) and (c) the influence of the evaporation rate can be directly
compared, since these images have the same scan range: in (a) a rate of 0.1 Å/min was used
compared to 2.4 Å/min in (c). Note that the coverage on both samples was slightly different
with 27% in (a) and 37.8% in (c). The histogram in Fig. 6.1(d) illustrates the different distri-
butions of the island size in dependence of the rate. The fitted Gaussians reveal an averaged
side length of 13.7 nm for 0.1 Å/min and 7.5 nm for a rate of 2.4 Å/min. During evaporation
the NaCl substrate was held at a temperature of 25◦ C. A complete stripe of KBr decorates
the upper terrace at an atomic step on the NaCl substrate as can be seen in Fig. 6.1(c). Some
KBr islands on the lower terrace are attached to the steps. However, none of the KBr islands
are found to be overgrowing the step.
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Figure 6.1: Topography images of NaCl(100) partially covered with KBr. The section
in (b) shows that the islands are two and three atomic layers high. The typical size of the
KBr islands depends on the evaporation rate: (a) slow rate of 0.1 Å/min and (c) high rate
of 2.4 Å/min. (d) shows the distribution of the island size depending on the evaporation
rate. (e) illustrates the adsorption of a KBr monomer on NaCl as discussed by Celli and
Urzua [175]. They claimed isolated KBr molecules prefer to stand upright on a NaCl
substrate and build directly a double layer. Image sizes: (a) and (c) 200 nm × 200 nm.

In the submonolayer growth of KBr on NaCl we observe islands of two and three atomic layers
height, but none of one monolayer. This finding is in agreement with the work by Duan et
al. [174], who noted in their high-resolution helium atom scattering measurements that during
the growth of KBr onto NaCl(100), the first film layer takes twice as long to complete as
subsequent layers. Therefore, they suggested that this first layer is a bilayer. Their conclusion
is supported by calculations of Celli and Urzua [175], who suggested a tilt angle of 42◦ be-
tween the axis of an adsorbing NaCl monomer and the normal to the KBr substrate. In these
calculations it was assumed that the cation adsorbs on top of the surface anion, as illustrated
in Fig. 6.1(e). Hence, they claimed isolated KBr molecules prefer to stand upright on a NaCl
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substrate and build directly a double layer. The fact that alkali halide monomers can either
stand upright or grow flat on top of the surface has also been observed for the submonolayer
growth of NaCl on metallic and semiconductor surfaces, where double layers [160, 163] and
monolayers were observed [161].

The surface of the KBr islands exhibits a regular superstructure. This superstructure is ob-
served on islands of both two layer and three layer height. The corrugation of the super-
structure is too small compared to the island height to become visible in the topographic
representation of the islands in Fig. 6.2(a). In contrast, the derivative of the topography
(b), the frequency shift ∆f -image (c) and the corresponding Aexc-image in (d) reveal the su-
perstructure clearly. The white contrast on the left island edge and the black on the right
island edge in the Aexc-image indicate that the controller was not fast enough to maintain
constant frequency shift. This is also seen in the error signal of the topography control, the
∆f -image. Any occurrence of energy dissipation in the tip-sample interaction would dampen
the cantilever oscillation and require an increase of the excitation amplitude Aexc applied to
the piezo actuator. Therefore, Aexc is often referred to as damping signal. Despite recent
efforts, a quantitative understanding of Aexc measurements is not straightforward [73, 75]. In
this section we exploit the characteristic distance dependence of the damping signal [76] to
reveal surface structures with very small topographic corrugation. By recording the damping
signal simultaneously with the topography signal, subtle details of the surface topography can
be detected which are often lost by the feedback circuit working with the more long-range
frequency shift signal.

(a) (b) (c) (d)

Figure 6.2: The corrugation of the superstructure is too small compared to the island
height to become visible in the topographic representation of the islands in (a). How-
ever, the derivative of the topography (b), the frequency shift ∆f -image (c) and the
corresponding Aexc-image in (d) reveal the superstructure clearly. This image is a de-
tail of Fig. 6.1(a). Imaging parameters: scan size 100 nm × 100 nm, f = 153.6 kHz,
∆f = −14.11 Hz, Q = 38100, A = 11 nm.

High-resolution images of small areas on top of a double layer island are shown in Fig. 6.3.
The periodicity of the superstructure is found to be 3.73 ± 0.2 nm along the [100]-direction.
The ratio of unit cell size between KBr and NaCl is nearly 6:7. Therefore, a periodicity of
six unit cells of the KBr film respectively 3.9 nm could be expected for the periodicity of the
superstructure. This is in agreement with the helium scattering results of Duan et al. [174] and
the predictions of Baker et al. [169]. Fig. 6.3 shows the topography (a) and the corresponding
Aexc-map (b) of the superstructure, with a typical cross-section detailed in (c). The corruga-
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tion of the superstructure is observed to take values up to 0.12 nm on two layer thick islands
and up to 0.11 nm on three layer thick islands depending on the tip used and the frequency
shift applied. The measured corrugation increases towards the edge of islands, and depends
strongly on the tip shape. These findings resemble the observations for corrugation variations
in atomic resolution imaging of alkali halide surfaces which were found to originate in the
coordination of surface atom and in the details of the tip structure [176]. The corrugation of
the superstructure we measured using nc-AFM is about a factor ten higher than Baker et al.
[169] calculated in their Monte Carlo simulations without including an AFM-tip and Duan et
al. measured by helium atom scattering [174].
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Figure 6.3: Topography (a) and Aexc-map (b) showing the superstructure on top of
a double layer KBr island grown on NaCl(100). The pronounced corrugation in the
upper row of features can be attributed to the fact that this row forms the edge of the
film. (c) Cross-section of (a) and (b) along the white lines. (d) Topography (upper
image) and corresponding frequency shift image (lower image) showing atomic resolution
across the superstructure. Imaging parameters: (a)-(b) 10 nm × 10 nm, f = 153.6 kHz,
∆f = −28.4 Hz, Q = 38100, A = 11 nm and (d) frame width 10 nm, f = 154.9 kHz,
∆f = −32 Hz, Q = 36300, A = 7 nm.

The cross-section of the damping signal in Fig. 6.3(c) shows an increased damping signal in the
topographic valleys of the superstructure. The atomic lattice underlying the superstructure is
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revealed by high-resolution images in Fig. 6.3(d). The atomic periodicity appears pronounced
in maps of the frequency shift, i.e. of the error signal of the topographic feedback as the tip is
moving at quasi-constant height on the lateral scale of the atomic lattice. Fourier analysis of
such images verifies a relation of 6:1 between the lattice of the superstructure and the lattice
of the KBr(100) island surface.

(a) (b) (c)

Figure 6.4: In an attempt to grow a complete flat layer of the superstructure we have
explored different growth rates. Topography (a) and (b) three dimensional topograph-
ical image of the evaporation with a rate of 0.1 Å/min. One can clearly observe the
superstructure on the second and the third layer while small patches of the open NaCl
substrate appear flat. (c) Evaporation with a higher rate of 1.8 Å/min. Imaging parame-
ters: (a)-(b) 200 nm × 200 nm, f = 155.2 kHz, ∆f = −20.39 Hz and (c) 400 nm × 400 nm,
f = 161.5 kHz, ∆f = −11 Hz.

In an attempt to grow a complete flat layer of the superstructure we have explored different
growth rates and substrate temperatures. Evaporation of two full layers with a low rate of
0.1 Å/min does not result in a completed second layer, as shown by Fig. 6.4(a). The third
monolayer continues to grow before the second monolayer is closed. In Fig. 6.4(b) one can
clearly observe the superstructure on the second and the third layer while small patches of
the open NaCl substrate appear flat. In this image a three dimensional topographical view
was chosen in order to reveal the superstructure better. The same growth mode was observed
for a higher evaporation rate, see Fig. 6.4(c). In order to promote the formation of a closed
layer of the superstructure we have grown KBr films at a slightly elevated substrate temper-
ature. Fig. 6.5(a) shows a film grown at the same conditions as the film shown in Fig. 6.4(a)
except that the substrate was kept at 90◦C during the evaporation. A similar density and
size distribution of rectangular islands is found on a closed surface. These rectangular is-
lands have monolayer height and are covered by an additional incomplete monolayer which
exhibits an irregular, dendritic shape. Two interpretations of the result are possible: The
closed surface below the rectangular islands is a complete double layer of KBr, the rectangular
islands are part of the third layer comparable to the findings in Fig. 6.4(a) and the irregularly
shaped layer is part of a fourth and fifth layer. Alternatively, the closed surface could be the
NaCl substrate, and the islands part of the first and second layer of a reduced final coverage
resulting from the elevated substrate temperature. The latter interpretation seems to be sup-
ported by the fact that we could not observe the superstructure under these growth conditions.
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(a) (b)

Figure 6.5: KBr film grown at the same conditions as the film shown in Fig. 6.4(a)
except that the substrate was kept at 90◦C during the evaporation. A similar density and
size distribution of rectangular islands is found on a closed surface. These rectangular
islands have monolayer height and are covered by an additional incomplete monolayer
which exhibits an irregular, dendritic shape. (b) Shows such a dendritic island in detail.
Imaging parameters: (a) 300 nm × 300 nm, f = 154.9 kHz, ∆f = −5 Hz and (b)
100 nm × 100 nm, f = 154.9 kHz, ∆f = −5 Hz.

For the growth of KBr films at elevated temperature one has to consider the possibility of
mixing of ionic species across the interface. Alkali halide crystals are well known for forming
solid solutions. Such mixing adjust the average lattice constant and may support the formation
of monolayer islands and dendritic structures of KBr as observed here.

It is important to note that the superstructure on top of the KBr islands deposited on NaCl
is different in nature from the numerous observations of Moiré patterns in STM [177, 178]
and transition electron microscopy (TEM) [179]. The Moiré pattern observed by STM on
layered materials [180] and on thin films is related to the electronic structure [181] and mod-
ulation of the local work function [178]. The superstructure on the KBr islands is due to the
spatial modulation of the atomic position [169, 182]. Duan et al. [174, 183] observed this
superstructure by the use of helium atom scattering for the first time. They performed the
measurements at 223 K. Our measurements show that this structure is also stable at room
temperature. We could resolve the superstructure only on KBr films evaporated with a rate of
0.01 Å/min leading to larger islands of an averaged side length of at least 13 nm. The averaged
side length was only around 7 nm for higher rates, which corresponds to only about twice the
periodicity of the superstructure. Such islands might be too small to build up a superstructure.

The corrugation of the superstructure measured by nc-AFM is about a factor ten higher than
that calculated by Baker et al. [169] in their Monte Carlo simulations without including an
AFM-tip and that Duan et al. measured by helium atom scattering [174]. The Monte Carlo
simulations by Baker et al. revealed that the biggest amplitude of this superstructure is at the
interface between these two materials, namely at the last substrate layer. On the KBr film
itself the corrugation was found to be relatively weak. The effective corrugation observed in
non-contact atomic force microscopy is given by the interplay of long- and short-range forces
between the tip and the surface. On a clean KBr surface atomic corrugations up to 0.3-0.4 nm
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can be observed [184]. A significant part of the enhanced atomic corrugation is probably due to
the displacement of ions in the force field. In comparison, helium atom scattering measurements
on a flat KBr surface revealed a corrugation of about 0.3 Å [185], which is a factor ten smaller.

6.2.2 Heteroepitaxial Growth of NaCl on KBr(100)

Fig. 6.6(a) shows an overview image of the sub-monolayer growth of NaCl on an atomically
flat KBr(100) surface. The substrate was held at room temperature during the evaporation of
around 2/3 of a monolayer with the slower rate of 0.1 Å/min. Islands of one monolayer height
are homogeneously distributed over the surface. There is, however a significant difference in the
growth mode between the two systems. The NaCl islands on KBr(100) have only monolayer
height. Furthermore, their average size is larger at comparable evaporation rates.

(a) (b) (c)

Figure 6.6: (a)-(b) NC-AFM images of the submonolayer growth of NaCl on KBr(100):
Homogeneously distributed islands are found in contrast to the carpetlike growth of NaCl
on Cu(100) in (c). A series of smaller NaCl islands decorates the substrate steps on
the upper terraces. On the lower terrace the NaCl islands are directly attached to the
substrate steps. Imaging parameters: (a) 1 µm × 1 µm, f = 163.9 kHz, ∆f = −10 Hz
(b) 200 nm × 200 nm, f = 163.9 kHz, ∆f = −13.1 Hz and (c) 400 nm × 400nm.

The size of the islands decreases towards the substrate steps. Fig. 6.6(a) and (b) show how
a series of smaller NaCl islands decorates the substrate steps on the upper terraces. On the
lower terrace the NaCl islands are directly attached to the substrate steps. No clear transition
between the attached NaCl islands and the upper terrace of the KBr substrate can be recog-
nized, not even in the atomic resolution image in Fig. 6.9(d). A complete stripe of NaCl seems
to have grown along the substrate steps on the lower terrace. This conclusion is supported by
the observation that the formerly straight substrate steps have an irregular appearance after
evaporation of NaCl and by the finding that the series of smaller NaCl islands on the upper
terrace have a distance of about 10 nm to the apparent substrate step. However, none of the
NaCl islands is smoothly overgrowing a step. This is different from the carpet growth which
has been observed in the growth of NaCl thin films on metallic and semiconductor substrates
[160–165]. An example of a carpet growth is presented in Fig. 6.6(c) showing a NaCl thin
film grown on a Cu(100) substrate. In the case of a carpet growth, the first layer grows in
form of large islands with hundreds of nanometers side length (right lower half of the image),
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smoothly covering substrate steps. The subsequent layers grow in form of smaller rectangu-
lar islands with tens of nanometers side length. These small islands tend to grow over the step.

A closer look into the NaCl islands reveals some growth irregularities, see Fig. 6.7(a). The
island edges exhibit several kinks per island. On most islands a second layer starts to grow,
and defects appear in some of the islands. A particular defect shown in the cross-section in
Fig. 6.7(b) turns out to be a hole with the depth of the island height. These irregularities may
be the result of the large strain in the islands or from a coalescence of smaller precursor islands.

0 10 20 30 40 50 60

0

1

2

3

4

5

h
ei

g
h
t
(Å

)

distance (nm)

(a) (b)

Figure 6.7: Details of NaCl islands grown on KBr(100). The island edges exhibit several
kinks per island. During the evaporation the substrate was held at 25◦C. The section in
(b) reveals that there are small defects in the islands of image (a). Imaging parameters:
(a) 100 nm × 100 nm, ∆f = −17 Hz.

The rectangular shape of the islands described so far is the result of a minimization of corner
and kink sites in the island edges and documents how energetically unfavorable corner and
kink sites are for these systems. The situation changes for NaCl island grown on KBr(100) at
elevated temperature. Figure 6.8 shows the round shape of islands grown at a substrate tem-
perature of 80◦ C. The images demonstrate that at these growth temperatures a minimization
of the length of the island edge becomes more favorable than a minimization of the number of
kinks and corners.

The atomic structure of the monolayer NaCl islands on KBr(100) has been investigated in
some detail. The structure of both the substrate and an island are resolved in Fig. 6.9(a). The
particular appearance of the step edge is a result of the convolution of the respective atomic
structures of the tip apex and the step edge. While the immediate surrounding of the step is
blurred by this effect, one can still recognize that the lattices of substrate and island have the
same periodicity. A Fourier analysis (Fig. 6.9(b)) confirms that NaCl island and surrounding
KBr substrate have the same lattice constant, which is within the experimental error identical
to the lattice constant of the KBr(100) surface before growth of NaCl islands. We conclude
that the ion-ion distance in the monolayer NaCl islands are enlarged to match the lattice of
the KBr substrate. Fig. 6.9(c) illustrates the growth of NaCl on KBr. In agreement with this
conclusion, no superstructure or dislocation network is observed on NaCl islands grown on
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(a) (b)

Figure 6.8: Sub-monolayer growth of NaCl on KBr(100) at 80◦ C substrate tempera-
ture. The round shape of the islands demonstrate that at these growth temperatures a
minimization of the length of the island edge becomes more favorable than a minimization
of the number of kinks and corners. (a) 200 nm × 200 nm. (b) 500 nm × 500 nm.

KBr(100). The adaption of the KBr(100) lattice by the islands has been confirmed in many
atomically resolved images. One example is the NaCl island attached to a KBr substrate step
in Fig. 6.9(d).

With increasing thickness of the NaCl films we would expect the lattice constant to change
towards the bulk lattice constant of NaCl. Fig. 6.10(a) shows the KBr(100) surface after evap-
oration of approximately three layers of NaCl. The surface was held at room temperature
during the evaporation and the rate was 0.1 Å/min. The surface appears rough compared
to the complementary system discussed in section 6.2.1. Annealing flattens the surface sig-
nificantly. Fig. 6.10(b) shows the same surface as in (a) after 90 minutes annealing at a
temperature increasing from 60◦C to 80◦C. The first layer of NaCl seems now to be almost
closed with only a few defects observed. Similar changes in topography upon annealing were
observed for films of LiBr on KBr(100) and on LiF(100) by Goleck et al [186]. The authors
attributed the changes to an Ostwald ripening which favors the growth of larger islands at the
cost of smaller ones.

6.2.3 Discussion about the Different Growth Modes

In the last two sections, the initial stage of misfit accommodation at the interface between
NaCl and KBr has been studied in real space by the atomic resolution capabilities of non-
contact atomic force microscopy. For the case of sub-monolayer coverage of KBr deposited
on NaCl(100), a superstructure was found on islands of two and three layers height. In the
complementary system of NaCl deposited on KBr(100), flat islands of one monolayer height
without any evidence for a superstructure or rumpling were observed. Atomically resolved nc-
AFM images of the sub-monolayer coverage proved that the ion-ion distance in the monolayer
high NaCl islands is enlarged to match the one of the KBr(100) substrate. In this section the
different possibilities leading to such a different growth mode between these complementary
systems are discussed.
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Figure 6.9: (a) Atomic resolution image showing a NaCl island and the KBr substrate
(15 nm × 19.6 nm). (b) A Fourier analysis over the entire image reveals the four folded
symmetry of the rock salt structure. There is no split up of the main peaks suggesting
different lattice constants for the film and the substrate. Moreover, there are no peaks
indicating the existence of a superstructure. (c) Illustration of the proposed atomic ar-
rangement showing that the ion-ion distance in the monolayer NaCl islands are enlarged
to match the lattice of the KBr substrate. (d) Atomic resolution image of a NaCl island
which grew on a step. A three dimensional topview was chosen in order to enhance the
atomic contrast (33 nm × 30 nm).

(a) (b)

Figure 6.10: Growth of approximately three monolayers of NaCl on KBr(100) (a) before
and (b) after 90 minutes annealing at a temperature increasing from 60◦ C to 80◦ C.
The surface after evaporation appears rough. Annealing flattens the surface significantly.
Image sizes: 500nm × 500nm.
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Shluger et al. [182] discussed how the alkali halide clusters can accommodate the strain in their
static calculations based on total-energy minimization for NaCl clusters at the MgO surface.
They found that small planar clusters of around eleven molecules stabilize their structure by
deforming perpendicular to the surface. They assume the same stabilization mechanism might
be working for much larger clusters. Small three-dimensional clusters were found to deform
strongly both parallel and perpendicular to the surface plane. In contrast to the simulations
of Shluger et al., we could not observe any bending perpendicular to the surface on the planar
NaCl islands on KBr(100). The amplitude of such a deformation might be too small to be
resolved with atomic force microscopy. However, it is important to note that Shluger et al.
studied a system with a positive misfit while NaCl on KBr has a negative misfit.

Natori et al. [171] have theoretically investigated the initial stage of heteroepitaxial growth
KCl/KBr(001), which has a lattice mismatch of −4.7%. They found by means of energy min-
imization calculations that for their system strained layers (the lateral lattice constant of the
film is that of the substrate) are more stable than pseudomorphic commensurate layers (the
lateral lattice constant of the film is that of the film material) below the critical thickness
of three atomic layers. This indicates that enlarged lattice constants rather than a rumpling
might be a possible way of strain relaxation for negative misfit below a critical coverage.

Kiguchi et al. [173] described the differences between alkali halide systems with positive and
negative misfit. They found that the lattice distortion relaxed more rapidly for the system
with a positive misfit compared to the system with a negative misfit. The difference between
the two cases was explained by the anharmonicity of ionic bonds, which makes the ionic bond
easy to elongate but hard to contract. This might explain the different relaxation of NaCl/KBr
and KBr/NaCl.

6.3. Contact Atomic Force Microscopy at the Resolution Limit

In the last section we have seen that strain relief in heteroepitaxial growth creates different sur-
face structures depending on the lattice mismatch. High-resolution non-contact atomic force
microscopy is a perfect tool to study such patterns and their underlying atomic structure in
real space. In addition to the structure information, contact atomic force microscopy provides
information on the local stiffness of the contact, the potential energy landscape of the sur-
face, and frictional properties of the composite system. In the remaining part of this chapter,
the influence of such structures on friction force microscopy imaging will be discussed in detail.

Fig. 6.11(a) shows the topography and (b) the lateral force map of a KBr double layer, de-
posited on NaCl(100) imaged with contact atomic force microscopy. We used the same evap-
oration conditions as for Fig. 6.4(a). The applied mean load for imaging was around −0.1 nN
close to the jump-off-contact at −0.37 nN. These images confirm the existence of a superstruc-
ture on top of the KBr films as already found by nc-AFM. A Fourier analysis of this image
verifies a superstructure periodicity of six nearest-neighbor distances of KBr. Surprisingly,
this image reveals a small defect in the superstructure as indicated by the red arrow. It seems
that none of the atoms is missing, but a couple of them are slightly elevated. The position of
the atoms around the defect deviates from the perfect lattice and the atomic rows are slightly
curved. Such curved atomic rows can also be observed to the right of the defect as marked
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Figure 6.11: (a) Topography and (b) lateral force map of a KBr double layer, deposited
on NaCl(100), showing a superstructure with atomic scale defects. Such an image confirms
the high resolution capability of friction force imaging using a sharp tip and loads close
to a ultralow friction state (FN = −0.1 nN). A defect is marked by the red arrow. The
yellow arrows point out irregular deformations of atomic rows. (c) Section across the
defect. (d) Topographical overview of KBr islands on NaCl(100) in contact mode imaged
with a load of FN = −0.26 nN.

by the yellow arrows. These defects were imaged under stable conditions and reproduced over
subsequent images in both topography and lateral force map. The section in Fig. 6.11(c) across
the defect indicates that the stick phase is stretched over the defect. Apart from this defect,
the modulated surface structure suggests a coherent interface, and there is no evidence for
misfit dislocations.

It is important to note that it is very exceptional in contact mode imaging to distinguish single
defects. Usually, contact mode images on the atomic scale show always a perfect symmetry
without any defects and let therefore suggest that the atomic contrast in contact mode is a
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convolution of the tip and surface structure and is only representing the periodicity of the
surface. This is reasonable considering that in general the size of a contact between tip and
surface presumably exceeds atomic dimensions. So far, there are only very few examples in
literature suggesting that true atomic resolution is also possible in contact mode, i.e. reports
on point defects on NaCl measured in air [57] and on LiF in UHV [58], resolved kinks on a
2H-NbSe2 surface steps [59] and sublattice atom identification on NaF depending on the ap-
plied load [14]. In all these studies, it was concluded that the tip structure plays a major role
and that the tip has to be very sharp. Therefore, we can assume that for the measurements
described above the tip was very sharp and only a few atoms were involved in the contact. For
blunter tips we were not able to image the superstructure with the same quality. The blunter
the tip became, the more difficult it was to resolve the pattern, which supports the importance
of a sharp tip.

Fig. 6.11(d) demonstrates that it was possible to image double and triple layer high KBr is-
lands grown on the NaCl substrate on a larger scale without destroying or moving the film
around, provided the load was of the order of a few nanonewtons close to the jump-off-contact.
This allowed us to choose a suitable spot on the KBr film for atomic friction studies and to
determine the thickness of the KBr film at that spot. In general, relative low loads were applied
in this study preventing damage while scanning.

6.4. Atomic-Scale Stick-Slip on Top of KBr Films Grown
on NaCl

In this section, we present a detailed analysis and discussion of atomic-scale stick-slip mea-
surements on ultrathin KBr films, deposited on NaCl(100). Fig 6.12(a) shows the lateral force
map and (d) the simultaneously recorded normal force map while scanning over the pattern
on top of a double layer high KBr island for two different applied loads. The load was reduced
from -0.01 nN to -0.32 nN after half of the image. The load in the lower half of the image is
very close to the jump-off-contact of the lever, which was around -0.37 nN. All normal forces
are given with respect to the unbent cantilever, negative normal forces refer to an up bending
of the cantilever that partially compensates adhesion forces. The load in the lower part of
the image is so small that the tip follows smoothly the atomic corrugation and no stick-slip
instabilities occur as described by Socoliuc on a flat NaCl surface [20]. For this load the cor-
rugation of the superstructure is very small and not apparent. In contrast, the lateral force
maps imaged with a slightly higher load show strong variations of atomic friction along the
pattern. The feedback on constant load was slow in this measurement to avoid any influence of
the topography on the friction signal resulting in a constant height scan. All the topographic
information is therefore represented in the normal force image in Fig. 6.12(d), which shows the
error signal of the topographic feedback. The section in Fig. 6.12(e) along the indicated line
shows that the change in load due to the slow feedback is only in the order of about 0.004 nN.
However, the normal signal is very similar to the lateral force signal in Fig. 6.12(b) suggesting
a coupling between the normal and lateral force.

The sections in Fig. 6.12(b) and (c) taken along the lines marked in the lateral force map rep-
resent typical lateral force signals as observed for these two applied loads. Section (d), imaged
with the lower load close to the jump-off-contact, shows the atomic periodicity of the surface
lattice, and only a faint variation of the superstructure along the pattern is buried in the weak
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Figure 6.12: (a) Lateral and (d) normal force maps on KBr films grown on NaCl(100)
showing strong variations of atomic scale friction due to small topographic undulations
of the superlattice. The load was changed from −0.32 nN in the lower part of the image
to −0.01 nN in the upper part. The superstructure is nearly invisible for small loads
corresponding to a ultralow friction state. (b) and (c) show lateral force traces along
the two lines marked in (a) corresponding to two different applied loads. Note that in
(b) only about the first seven slips are along lines of maximal modulation of the lateral
force. (e) Presents a section along the normal force suggesting that the load changes
little while scanning in constant height over the pattern. The frame size in (a) and (d) is
10 nm × 10 nm. In (a) and (d) the background was subtracted line by line.
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signal. The hysteresis loop, and with it the dissipation, disappears within the sensitivity of the
experiment resulting in a perfect match of forward and backward scan. On the other hand, the
section in Fig. 6.12(b) shows a beating pattern signaling a strong variation of the maximum
lateral force. One has to note that only about the first seven slips are along lines of maxi-
mal modulation of the lateral force. Comparing the hysteresis loop of every single slip along
the 6×6 unit cell, a transition from atomic-scale stick-slip in the middle of the unit cell to a
smooth sliding of nearly perfect match between forward and backward scan at the edges of the
unit cell is observed. In this smooth sliding state often referred as superlubricated or ultralow
friction state no stick-slip instabilities occur. The lateral force signal in the ultralow friction
part is nearly symmetric while in the stick-slip state an asymmetric sawtooth-like shape is
observed. A zoom on the first part of the lateral force signal in forward direction only is shown
in Fig. 6.14(a), where these different shapes of the individual slips in the lateral force signal
are better recognizable. A similar transition from stick-slip to smooth sliding was observed on
NaCl by Socoliuc et al. [20] by reducing the load. To elucidate whether a change in the local
stiffness of the structure or a change in the energy barrier leads to such a beating pattern in
the lateral force signal, these parameters will be calculated for each slip along the unit cell of
the superstructure.

A one-dimensional Tomlinson model comprised of one spring which drags a point mass over
the surface potential, describes several aspects of atomic-scale friction in agreement with ex-
periments. Assuming a sinusoidal effective potential, the parameter η describes the relation
between corrugation amplitude E0 and the elastic energy stored in the spring

η =
2π2E0

ka2
. (6.1)

It is known from the stability criterion explained in the introduction (compare chapter 1.2.1,
Eq. (1.3)) that if η < 1 the movement is continuous and no hysteresis occurs, while for η > 0
stick-slip behavior is found [20]. To prove that the atomic-scale friction over the pattern is
changing from a continuous smooth sliding to a stick-slip state, we have to determine the
surface corrugation E0 and the stiffness k, which combines the lateral stiffness of the contact
and stiffness of the cantilever. Thus, we can estimate η for every single slip.

The corrugation of the surface potential E0 is linearly related to the maximum lateral force
Fmax

L as shown in section 1.2.1
E0 =

a

π
Fmax

L . (6.2)

This relation permits us to reconstruct the potential energy landscape from the experimental
data by extracting all the Fmax

L along a scan line. The experimentally determined slope kexp

differs for small η from k and has to be corrected accordingly [20]:

k =
η + 1

η
kexp. (6.3)

Substitution Eqs. (6.2) and (6.3) into the definition of η yields to

η =
2πFmax

L

kexpa
− 1. (6.4)

In this form η depends only on parameters which can be directly determined from the experi-
mental data.
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Fig. 6.13 summarizes the experimentally determined parameters E0, k and η using Eqs. (6.2),
(6.3) and (6.4) across a single unit cell of the superstructure on these ultrathin KBr films
grown on NaCl. In (a)-(c) the parameters for the lateral force signal in Fig. 6.12(b) and
Fig. 6.14(a) are presented, which represents a typical lateral force signal along this super-
structure. Fig. 6.13(d)-(f) show these three experimentally determined parameters for three
different lines taken from the upper part of the lateral force map in Fig. 6.12(a). All the lateral
force traces considered in this analysis were recorded along the [001]-direction when the tip was
moving through the center of the apparent unit cells, i.e. along lines of maximal modulation of
the lateral force. The Fmax was determined for every slip by taking the mean of the minimum
lateral force from the forward direction and the corresponding maximum lateral force from the
backward direction. The measured slope of the sticking part kexp is accurate to ±0.05 N/m and
the maximum lateral force to ±0.01 nN. A constant lattice spacing a = 0.66 nm for the KBr
film was used in the entire data analysis. In Monte Carlo simulations of this surface structure
[169] the largest rumpling was found to occur in the topmost layer of the substrate and the
double layer of KBr itself is only weakly corrugated, approaching the properties of the bulk ma-
terial. Therefore the assumption of the bulk value for the lattice constant might be reasonable.

The beating shape of the lateral force signal across the unit cell of this superstructure shows
that the maximum lateral force Fmax

L is periodically changing. As a result the amplitude of
the surface energy E0 has to change within the superstructure in accordance to Eq. (6.2).
Fig. 6.13 (a) and (d) indeed indicate a strong variation in the amplitude of the energy barrier
between 0.06 eV and 0.17 eV for the applied load of -0.01 nN. The slope of the sticking part
kexp was varying between 0.26 N/m and 0.56 N/m. However, the spring constant k shows no
clear tendency of a change along the structure. Finally, η was found to vary between 0.25 and
1.5 across the unit cell. This strengthens the hypothesized transition from the ultralow friction
state to the stick-slip state across the unit cell of the superstructure.

Comparing the corrugation of the surface potential E0 with the effective stiffness k in Fig. 6.13,
we find that E0 varies more strongly within one unit cell than k, which is nearly constant.
This explains also the variation in the relation η between these two quantities E0 and k. The
change in the slope of the sticking part is therefore mainly associated with the variation for
small values of η and is not related to a change in the local lateral stiffness of the structure.
The fact that the effective stiffness is nearly constant is in agreement with the findings in chap-
ter 3. It was found by means of a detailed analysis of the load dependence of the resonance
in contact, that once the contact between the sharp tip and surface is formed the resonance
curve does not shift when increasing loads further and therefore the contact stiffness does not
change [187]. A nearly constant effective stiffness k was also observed by Socoliuc et al. in
atomic friction measurements for different applied loads on NaCl [20].

The magnitude of the effective energy corrugation obtained in our measurements is in agree-
ment to what has been reported in literature. Riedo et al. reported on the linear behavior
of the energy barrier in friction measurements with the applied load on mica in ambient con-
ditions [40] and values of E0 = 1 to 2 eV. Socoliuc et al. found from atomic-scale friction
measurements on NaCl energy barriers in the range of 0.1 to 0.5 eV depending on the applied
load [20]. Recently, Schirmeisen et al. reported a barrier height of 48 meV on NaCl by three
dimensional force mapping using non-contact atomic force microscopy [188]. Their measure-
ment confirmed also a sinusoidal shape of the energy profile.

For a flat surface the corrugation E0 is assumed to be constant. In our experiment E0 is
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Figure 6.13: The amplitude of the energy barrier E0, the effective stiffness k and the
parameter η measured for every slip along the 6×6 unit cell on the KBr-terminated super-
structure: (a)-(c) show these three parameters along the first seven slips in Fig. 6.12(b).
(d)-(f) represent the same parameters for three different sections from Fig. 6.12. Varia-
tions of the energy barriers between 0.06 to 0.17 eV are determined and a transition from
atomic-scale stick-slip to smooth sliding within the unit cell is confirmed by the change
in η from values below one to value larger than one. The effective spring constant does
not suggest a clear tendency and can be assumed to be constant.
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periodically oscillating around a mean potential barrier E∗
0 and therefore the so far constant

E0 has to be replaced by

E0 = E∗
0

(
α cos

(
2πxtip

b

)
+ 1

)
. (6.5)

The parameter b describes the periodicity of the superstructure, and corresponds to b = 6a.
The constant α defines a normalized amplitude of the E0-variation, and hence the range in
which the parameter η changes. The parameter α was estimated from the experiment as
α = 0.45 with a mean potential corrugation of E∗

0 = 0.144 eV for a load of -0.01 nN. These
values fit to the upper part of Fig. 6.12, where the beating pattern due to the superstructure
is observed. In conclusion the complete effective potential consisting of surface potential and
spring potential can be written in the following form

V = −E∗
0

2

(
α cos

(
2πxtip

b

)
+ 1

)
cos

(
2πxtip

a

)
+

1
2
k(xtip − vt)2 . (6.6)

The effective potential described in Eq. (6.6) is plotted in Fig. 6.14(d) using the parameters
mentioned above without inclusion of the spring term. The corresponding η for this effective
potential is shown in Fig. 6.14(e). The background color identifies the two states of stick-slip
(yellow) and smooth sliding (white). Assuming a one-dimensional one-spring Tomlinson model
the motion of the tip is described by Newton’s equation

mẍtip + mγẋtip +
∂V

∂xtip
= 0 . (6.7)

This equation of motion including the effective potential in Eq. (6.6) was numerically solved by
means of a fourth-order Runge-Kutta method. For the simulations a scan velocity v = 10 nm/s
matching the experimental one was used. For the effective spring constant a mean value
k = 0.75 N/m was determined from the data set in Fig. 6.13(b). The following parameters were
chosen for this simulation: an effective mass m = 8·10−13 kg, a sampling frequency f = 10 kHz
and the time step of the simulation of 1 ns. These parameters are the same than already used
in the last chapter. The result of the numerical simulation for a five times critically damped
system is shown in Fig. 6.14(b). The shape of the beating pattern in the lateral force does not
depend significantly on the damping of the contact springs. In Fig. 6.14(c) thermal fluctua-
tions are included. For this purpose random noise ξ(t) satisfying the fluctuation-dissipation
relation 〈ξ(t)ξ(t′)〉 = 2γkBTδ(t − t′) is added on the right side of the equation of motion in
Eq. (6.7). The Langevin equation was solved with Ermak’s algorithm as described in section
5.3.3. Otherwise the same parameters were used as in (a). For the above used parameter set
no difference was observed for a five times critical damping and a 0.05 times underdamped
system. In conclusion, the beat-like pattern is perfectly reproduced by simulations with and
without thermal activation using a constant stiffness k and periodically oscillating E0. Hence,
the simulations are in very good agreement with the experiment and represent the transition
from a stick-slip state to a continuous sliding state.

Fig. 6.15(a) shows a topographical overview in contact mode of the complementary system
of NaCl islands on KBr. Non-contact measurements of this system, indicated flat and well-
ordered NaCl islands with an expanded lattice spacing to match the one of the KBr substrate.
The lateral force map in (b) and the atomic friction loop measurements in (c) show regular
stick-slip without a systematic variation of the maximum lateral force. Therefore the amplitude
of the energy corrugation is constant. This confirms the hypothesis based on the non-contact
measurements that these films are flat. Note the irregular features within the unit cell for this
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Figure 6.14: Comparison of the experimental measured lateral force with simulations
based on a one-dimensional Tomlinson model comprised of one spring. (a) Typical mea-
sured lateral force along the 6×6 unit cell on top of the KBr thin films. (b) Numerical
simulation with a Tomlinson model including a modulated energy corrugation but con-
stant stiffness. The background color identifies the two states of stick-slip (yellow) and
smooth sliding (white). (c) Numerical simulation with a Tomlinson model including a
modulated energy corrugation and thermal effects (T = 293K). The grey dots represent
the lateral force with thermal fluctuations sampled at 10 kHz and the black line is an
average over 20 simulation points. (d) Effective potential without the spring term and (e)
calculated η which was used for the simulations in (b) and (c).
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measurement indicate a multiple contact. Hence it is unlikely to resolve a superstructure with
such a tip.
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Figure 6.15: (a) Topographical overview in contact mode showing flat NaCl islands
on KBr(100) (FN = 0.4 nN). (b) Lateral force map on such a NaCl island suggests no
superstructure. Note the irregular features within the unit cell indicate a multiple contact.
Applied load: -0.4 nN. The friction loop in (c) shows atomic-scale stick-slip similar to a
flat NaCl surface (red: forward, black: backward).

From the helium atom scattering measurements on the top of the KBr film by Duan et al. [174]
and the Monte Carlo simulations by Baker et al. [169] one has to assume that the corrugation
of this superstructure is rather weak of the order of 0.1 Å. However, the effective corrugation
felt by the tip is much larger as already observed in non-contact measurements. The observed
disappearance of the long wavelength modulation of the superstructure while retaining lattice
resolution in going from high to low load in Fig. 6.12 supports the idea, that the modulation is
weak on the free sample but is enhanced when the tip is close to the sample. The variations of
the energy barriers determined on these KBr-terminated surfaces demonstrate that chemically
homogeneous surfaces can have significant variations of their atomic friction properties due to
small structural inhomogeneities. Compared to a flat surface the coordination of the surface
atoms is slightly changing along the pattern which might result in the observed changes in E0.
Another possible explanation for the change in E0 might be the difference in interactions felt
by the tip on the top and in the valley of the pattern. Since we were able to resolve atomic-scale
defects, we can assume to have a very sharp nanotip at the apex, which is smaller in size than
the periodicity of the superstructure. The very end of the tip is then mainly sensitive to the
atomic corrugation, whereas the change over the superstructure can be associated to a larger
region of the tip apex, which experiences more interaction in the valley than on top of the
structure. The effective contact size and interaction felt by the tip on top and in the valley of
the structure would be different and lead to a change in E0. A comparison of the topography
image with the lateral force map in Fig. 6.11 might suggest that the stick-slip pattern in the
topographical valley is more pronounced than on top of this superstructure. However, the
topography can be influenced by the lateral force. Also the normal force in Fig. 6.12(d), which
is the error signal of the topographic feedback as the tip is moving at constant height, follows
strongly the lateral force and hence suggesting a coupling between normal force and lateral
force.
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The Tomlinson model comprised of a single spring pulling a mass along a sinusoidal potential
surface has described atomic friction phenomena like load dependence [20] as well as temper-
ature and velocity dependence, and the distribution of jump forces [26] by including thermal
effects. In chapter 4 it was shown that the experimental situation is not well represented, since
a one-spring model cannot reproduce both the resonance frequency of the cantilever, and the
experimentally found lateral stiffness which is dominated by the contact. Nevertheless, the
above mentioned simulations and the ones presented in this section use both a single-spring
model and are in agreement with the experiments. The capability of resolving a single defect
confirms that the contact was very small and multiple contacts can be excluded. The exten-
sion of the Tomlinson model discussed in this chapter is similar to the extension described
in chapter 5, where the energy barrier was modulated in time. In these simulations here the
barrier is modulated in space. But it is important to note that the modulation in space is
quasi-static and not dynamic. Moreover, the parameter α depends on the structure and the
applied load in this chapter and cannot be switched on and off in the same way than described
in the last chapter.

The potential energy landscape of the surface governs not only atomic friction, but it deter-
mines also the diffusion of adsorbed molecules and is responsible for dynamic surface processes
such as growth and catalytic action. The experimentally determined energy barriers are di-
rectly correlated to diffusion energy barriers. However, the absolute values cannot be directly
compared, because the influence of long range forces between the tip and the surface are not
known. If the change in the modulated energy barrier is large enough, these surface struc-
tures on insulators are promising candidates as templates for self assembly of adsorbates, i.e.
molecules or particles, or anisotropic catalysis. Such nanostructured surfaces are especially of
importance on insulators because molecules are in general quite mobile on insulating surfaces
and need to be trapped at steps or pits [83, 189] in order to be imaged. Many examples of
Moiré patterns on metals are known as candidates for periodic diffusion anisotropies giving
rise to be an ideal substrate to grow island networks [155, 190, 191]. The structure presented
here is an interesting insulating candidate.

An interesting observation is found in the normal force image in Fig. 6.12(c). In this measure-
ment the controller was almost switched off to avoid any influence on the friction signal. All
the topographic information is therefore represented in the normal force image. In the ultralow
friction state (lower part of the image), the normal force map shows stripes along one scanline
indicating some instabilities where the tip is lifted up for a short moment. These stripes were
not observed while scanning in the stick-slip regime (upper part of the image). The height of
these instabilities are all comparable. Similar stripes were observed in the topography of non-
contact measurements and may interpreted as mobile KBr monomers which are not attached
to an island. This observation shows that imaging in contact mode in the ultralow friction
state needs to be further investigated, in order to completely understand such details.

6.5. Conclusions

Ultrathin epitaxial films of KBr on NaCl(100) and NaCl on KBr(100) have been grown to
study the surface structure produced by the large strain due to a lattice mismatch of 17%.
In the first part of this chapter images of these films in real space using non-contact atomic
force microscopy are shown. For the case of sub-monolayer coverage of KBr on NaCl(100),
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a superstructure was found on islands of two and three layers height. In the complementary
system, NaCl on KBr(100), flat islands without any superstructure or rumpling were observed.
Atomically resolved non-contact images of the sub-monolayer coverage proved that the lattice
constant of the NaCl islands is elongated to match the one of KBr(100). The differences in
growth of the two systems can be ascribed to the anharmonicity of ionic bonds, which make the
ionic bond easy to elongate but hard to contract. Friction force measurements on these thin
KBr films on NaCl revealed transitions from atomic-scale stick-slip to the smooth sliding within
the unit cell of the superstructure. An explanation was found in the framework of a Tomlinson
model by a variation of the energy barriers along the unit cell which is in agreement with the
measurements. Scans across atomic scale defects confirmed the high resolution capabilities of
friction force microscopy close to an ultralow friction state.
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In this thesis several aspects of contact dynamics from the atomic scale to nanostructured sur-
faces were analyzed and discussed based on results from atomic force microscopy in ultrahigh
vacuum. These studies involved high temporal resolution measurements of thermal fluctua-
tions of the force sensor in contact, measurements of the slip duration in atomic-scale stick-slip,
and atomic friction measurements on ultrathin heteroepitaxial films on alkali halides. Alkali
halides provide model systems for atomic friction measurements and heteroepitaxial growth
studies on insulators because of their simple structure, the large range of lattice constants
and the comparatively simple preparation. Moreover, different simulations based on a one-
dimensional Tomlinson model provided explanations for several experimental observations.

In chapter 3 the influence of the tip-sample contact on the thermal fluctuations of the force
sensor and on the dynamics of the stick-slip process were characterized. Thermal fluctuations
of the cantilever which have a strong impact on the atomic stick-slip process were found to be
strongly damped through the tip-sample contact. Using the frequency shift of the resonance
in contact as a measure for the contact stiffness with different applied loads, a power spec-
trum analysis suggested that the contact stiffness remains constant for the sharp tip and only
changes for micrometer-sized spherical tips. In a continuum mechanics approach we expect the
lateral stiffness to increase with load proportional to the contact area. Hence, these measure-
ments demonstrate the breakdown of continuum models at the nanometer scale for the contact
stiffness. By modeling the experiment with a two spring model, one representing the cantilever
force sensor and one the compliant tip-sample contact, a consistent description of the lateral
contact stiffness and quality factor upon contact formation in lateral force measurements has
been achieved.

The atomic-scale stick-slip process has attracted a lot of attention since it can be seen as an
elementary friction mechanism. The occurrence of the stick-slip behavior is one-to-one related
to energy loss in the sliding process. Measurements of the stick-slip movement of the force
microscope tip with high bandwidth have been presented in chapter 4. They revealed a wide
variation of slip durations up to several milliseconds which is far longer than expected for a
relaxation process on atomic scale. Such long slip events were believed to be the consequence
of a multiple contact between tip and surface. This conclusion was drawn from a correlation
between irregular features in lateral force maps and long slip durations. Moreover, a compar-
ison of our experimental results with a multiple-tip simulation based on a Tomlinson model
including thermal activation supports this hypothesis. These findings show that the slip du-
ration can be seen as a measure of the contact shape.

Over the past years, several mechanisms to reduce friction have been suggested. However,
most of them cannot be easily applied in practical situations and do not allow for fast switch-
ing between ultralow and high friction states. Recently, an efficient way to switch friction on
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and off at the atomic scale has been achieved by exciting the mechanical resonances of the
sliding system in a direction perpendicular to the contact plane [53]. In order to obtain better
understanding of the atomic scale control of friction by actuation an extended one-dimensional
Tomlinson model was discussed in detail in chapter 5. This model allowed us to understand
how the tip is moving along the surface potential. This led us to an analytical approximation
for the residual friction force which is in good agreement with numerical simulations. Moreover
the simulations suggest that in a sufficiently underdamped system not only the friction but
also the energy loss is dramatically minimized compared to the static case. This effects could
be useful in efforts to develop micro- and nanoelectromechanical systems (MEMS/NEMS) that
do not tolerate lubrication.

The heteroepitaxy of alkali halide crystals provides model systems for studying strain relief
structures on insulators because of the large range of lattice constants. Ultrathin epitaxial
films of KBr on NaCl(100) and NaCl on KBr(100) have been grown to study the surface struc-
ture caused by a lattice mismatch of 17%. In chapter 6 images of these films in real space
using non-contact atomic force microscopy are shown. For the case of sub-monolayer coverage
of KBr on NaCl(100), a superstructure was found on islands of two and three layers height.
In the complementary system, NaCl on KBr(100), flat islands without any superstructure or
rumpling were observed. Atomically resolved non-contact images of the sub-monolayer cov-
erage prove that the lattice constant of the NaCl islands is elongated to match the one of
KBr(100). The differences in growth of the two systems can be ascribed to the anharmonicity
of ionic bonds, which make the ionic bond easy to elongate but hard to contract. Friction
force measurements on these thin KBr films on NaCl revealed transitions from atomic-scale
stick-slip to the smooth sliding within the unit cell of the superstructure. An explanation
was found in the framework of a Tomlinson model by a variation of the energy barriers along
the unit cell which is in agreement with the measurements. Scans across atomic scale defects
confirm the high resolution capabilities of friction force microscopy close to an ultralow friction
state. This suggests that scanning in a ultralow friction state may also be very promising as
a future imaging technique.

The superstructure formed by the large strain showed interesting properties in themselves. If
the change in the modulated energy barrier is large enough, such surface structures are promis-
ing candidates as templates for ordered island growth or the self assembly of adsorbates, i.e.
molecules or particles. Recently, several examples of Moiré patterns on metals have been shown
to be an ideal substrate to grow island networks [155, 190]. On insulators such structures are
especially important because molecules are in general very mobile and need to be trapped at
steps or pits in order to be imaged.
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[125] T.E. Schäffer. Calculation of thermal
noise in an atomic force microscope with
a finite optical spot size. Nanotechnol-
ogy, 16:664–670, 2005.

[126] S. Maier. Thermisches Rauschen von
AFM Cantilevern. Semsterarbeit, Uni-
versity of Basel, 2002.

[127] U. Rabe, K. Janser, and W. Arnold.
Vibrations of free and surface-coupled
atomic force microscope cantilevers:

Theory and experiment. Rev. Sci. In-
str., 67(9):3281, 1996.

[128] E. Dupas. Cartographie et spectroscopie
des propriétés méchaniques à l’échelle
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