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Preface

Friction is an old subject of research and is certainly one of the most im-
portant ones from a practical point of view. The da Vinci-Amonton laws
are common knowledge (1. Friction is independent of apparent contact area,
2. Friction is proportional to the normal load 3. Friction is independent of
velocity). Experiments with small contacts have shown that these empiri-
cal laws of friction do not always hold. Reasons may be related to the large
surface-to-volume ratio and the greater importance of adhesion, surface struc-
ture and surface chemistry. Therefore, there is some need to get a better
understanding of the phenomenon of friction, to learn how to quantify and
eventually control it. In the first half of last century the school of Bowden
and Tabor have performed systematic, macroscopic experiments and have
related macroscopic friction to small contacting asperities. In the 1990’s ex-
periments performed with atomic force microscopy, surface force apparatus
and quartz microbalance, revealed interesting new physics on the nanometer
scale (atomic-scale stick-slip, confinement of liquid films, determination of
electronic and phononic contributions to dissipation). During the same time,
theoretical analysis of nanometer-sized contacts has been performed and gave
insight into the processes in the buried interface. Strong activities were pur-
sued in the US at Universities and corporate research laboratories. Similar
activities were pursued in Japan, where the main focus was on the under-
standing the tribology of hard disc drives and applications in automobile
industries. Europe has a long tradition in mechanical engineering sciences.
Activities at the University level were mainly driven by recent developments
in nanosciences (scanning probe microscopy, computer modelling). In 2001,
the European Science Foundation Programme “Nanotribology” (NATRIBO)
was started. The aim of this programme is to bring together experimentalists
and theoreticians to improve the understanding of nanometer-sized contacts.
The aim of this book is to give an overview of the status of resarch in this
field. Members of the NATRIBO-network and a selection of excellent inter-
national experts have contributed to this book. They made a strong effort to
give a deep insight into the complex phenomena of nanotribology.

The book is divided in seven sections. In the first section the instrumen-
tal setups most commonly used in nanotribology are introduced. The first
chapter presents the atomic force microscope (AFM), with a special empha-
sis on the force sensors and the ways to control the contact between tip and
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surface. The interrelations between friction, load, material properties, tem-
perature, and the lateral forces detected in dynamic measurements, are also
discussed. The second chapter introduces the surface force apparatus (SFA),
as an independent tool and in combination with other techniques. A case
study of weakly adhesive surface under shear is discussed. The quartz crys-
tal microbalance is treated in Chapt. 3. After the acoustics of the crystal,
the driving circuits and the quality of the surface electrodes, the authors
present results obtained in ultra-high vacuum (UHV). Chapter 4 describes
the effects of normal and shear ultrasonic vibrations in AFM, focusing in par-
ticular on friction reduction and adhesion hysteresis. Finally, Chapt. 5 shows
how scanning probe microscopes can be combined with transmission electron
microscopes to image both tip and sample surface. Contact formation and
breaking, adhesion effects, electric conductivity and material transport are
consequently discussed.

Section 2 gives a detailed overview on friction phenomena occurring on
the atomic scale. Chapter 6 introduces the Tomlinson model and fundamen-
tal phenomena observed by AFM (atomic stick-slip, velocity dependence of
friction, superlubricity, and nanowear processes). The next chapter shows
how the rate theory has been applied to obtain general force-velocity rela-
tions. Analytical approximations are compared with precise numerical results.
Chapter 8 introduces the important problem of friction control. Mechanical
and chemical methods to achieve this goal are discussed from both theo-
retical and experimental points of view. Superlubricity is the main topic of
Chapts. 9-11. Chapter 9 shows how surface incommensurability and thermal
effects can lead to a strong reduction of friction, which was recently observed
experimentally. Lubrication by graphite, diamond-like carbon, fullerenes and
carbon nanotube is discussed within this frame. Chapter 10 presents theoret-
ical studies of superlubricity. Symmetry considerations, role of instabilities,
temperature effects, damping in the superlubric regime and long-range elas-
tic deformations are discussed, as well as generic models and applications to
layered materials, metal-metal contacts and hydrogen-terminated surfaces. In
particular, the presence of hydrogen is proved to be the key factor leading to
superlubricity between diamond surfacesas shown in the detailed theoretical
study presented in the last chapter of the section.

The third section of the book introduces contact mechanics on the
nanoscale. After a brief theoretical introduction, Chapter 12 describes the
main experimental methods to investigate elasticity on the nanoscale and re-
cent findings related to inorganic nano-objects and biological samples. Chap-
ter 13 addresses the special case on metallic nanocontacts, whose mechanical
properties cannot be separated from electron transport mechanisms. Fabri-
cation, elasticy, fracture, and shape of metal contacts are discussed, as well
as chains of gold atoms and metallic adhesion in atomic-sized tunneling junc-
tions. Quasi-crystals are the main subject of Chapt. 14. This leads the authors
to describe the surface roughness in relation to friction and adhesion. A par-
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ticular emphasis is given on the roughness power spectrum, which is derived
from the surface height using optical and scanning probe microscopes. Chap-
ter 15 focuses on the roughness of self-affine fractal surfaces. The contact
morphology and the pressure distribution are estimated at different scales,
with and without adhesion, using molecular dynamics, and they are com-
pared with analytical contact models based on continuum mechanics. The
role of the elastic moduli of the underlying bulk is also treated here. Finally,
the last chapter of this section describes how nanoroughness is affected by
depth-sensing indentation. A special attention is given to elastomer probes
used in AFM investigations.

Section 4 describes dissipative mechanisms at finite separation under dif-
ferent points of view. Chapter 17 deals with the case of amplitude modulation
AFM, used to characterize surfaces in air or in liquids. In such case the en-
ergy dissipation accompanying the imaging process is given by the phase
shift signal acquired while scanning. The next chapter considers dissipation
in non-contact AFM. After a review of the experimental data at our dis-
posal, possible mechanisms of atomic-scale damping are discussed, as well
as detailed models developed to understand the effect of these mechanisms
on the imaging process. The theory of non-contact friction is the subject of
Chapt. 19. The fluctuating electromagnetic field which surrounds any solid
surface, and is responsible for radiative heat transfer and van der Waals inter-
action and friction, is examined under semiclassical and quantum theories. At
short separations, Van der Waals friction is greatly enhanced. Furthermore,
static charges on the surface are responsible of electrostatic friction around
a moving body, and possible applications to scanning probe spectroscopy are
discussed. This topic is extended in Chapt. 20, where the authors show how
the force sensitivity of free cantilevers is limited by thermal fluctuations and
material properties and how these problems are reduced by UHV annealing
or cooling to cryogenic temperatures.

Wear and fracture are treated in the fifth section of the book. Chapter 21
covers the mechanisms of surface damage down to micro- and nano-scales.
Both basic theories and experiments are considered, and a discussion on hard-
ness at different scales is also provided. Chapter 22 examines the relation be-
tween stress and chemical reactivity. Examples of single asperity tribochem-
ical wear include dissolution along monolayer steps in calicum carbonates
and phosphates, wear of the probing tip on reactive surfaces and tip induced
wear of silicate substrates. Chapter 23 gives an overview of stiction, friction
and wear phenomena affecting micro- and nano-electromechanical systems.
The tribological characterization of these devices is discussed together with
various solutions introduced to improve their reliability. The last chapter of
the section addresses nanotribological problems in automotive engineering.
Wear rates of few nanometers per hours are mandatory in internal combus-
tion engines, which requires exceptional finishing of the sliding surfaces in
the engine.
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Another growing field of nanotribology is the manipulation of nanoparti-
cles, which is treated in Sect. 6. Chapter 25 shows how the tip of a scanning
probe microscope operated in dynamic mode can be alternatively used to im-
age and move particles in a controlled way. With a proper calibration of the
excitation amplitude the energy dissipation and the frictional forces involved
in the manipulation process can also be estimated. Chapter 26 considers
a system of great interest in nanoscience, i.e. carbon nanotubes (CNTs).
In such case AFM can be used to test mechanical properties in dynamic
and quasi-static ways. Nanotube bundles, catalytically grown CNTs, and di-
ameter dependence of bending moduli are addressed as special cases. The
next chapter focuses on the manipulation of fullerene molecules on a silicon
surface. After summarizing the experimental results obtained with scanning
tunneling microscopes, the authors present a model which successfully inter-
pretes the mechanisms underlying adsorption, diffusion and manipulation of
the molecules.

The last section of the book deals with applications of nanotribology to
organic materials. Chapter 28 gives a detailed overview of friction on self-
assembled monolayers (SAMs). Homogenoues films are first addressed, and
the influence of chain length, terminal groups, packing states as well as en-
vironmental conditions on friction are discussed. The role of nanoscale het-
erogeneities on the nanoscale is considered in the second part of the chapter.
The next two chapters deal with polymers. In particular, Chapt. 29 consid-
ers the influence of hydrophobicity on the frictional forces experienced on
two different materials, whereas Chapt. 30 treats the molecular origins of
elastomeric friction. Both interfacial adhesion and internal friction are ther-
mally activated processes, and the competition between them gives a correct
interpretation of the experimental results. Finally, the last chapter of the
book describes the importance of friction and adhesion mechanisms in cell
dynamics, with particular emphasis on the adhesive forces experienced on
the substrates where the cells can spread and proliferate. This is of great
importance in the emerging field of tissue engineering.

In conclusion, we would like to thank all the authors for the time and the
energies that they have spent on this project, as well as all the participants to
the Nanotribo workshops for the interesting scientific discussions that they
have stimulated. A special thanks goes also to Claus Ascheron, Angela Lahee
and Steffi Hohensee from Springer-Verlag, who made possible the publication
of this book. Financial support from the European Science Foundation, the
Pico-Inside project, the Swiss National Center of Competence in Research
Nanoscale Science and the Swiss National Science Foundation is gratefully
acknowledged.

University of Basel Enrico Gnecco and Ernst Meyer
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1 Friction Force Microscopy

Roland Bennewitz

Department of Physic, McGill University, Montreal, Quebec, Canada
roland.bennewitz@mcgill.ca

1.1 Introduction

Friction Force Microscopy (FFM) is a sub-field of scanning force microscopy
addressing the measurement of lateral forces in small sliding contacts. In line
with all scanning probe methods, the basic idea is to exploit the local in-
teractions with a very sharp probe for obtaining microscopic information on
surfaces in lateral resolution. In FFM, the apex of a sharp tip is brought into
contact with a sample surface, and the lateral forces are recorded while tip
and sample slide relative to each other. There are several areas of motivation
to study FFM. First, the understanding of friction between sliding surfaces in
general is a very complex problem due to multiple points of contact between
surfaces and the importance of lubricants and third bodies in the sliding pro-
cess. By reducing one surface to a single asperity, preparing a well-defined
structure of the sample surface, and controlling the normal load on the con-
tact the complexity of friction studies is greatly reduced and basic insights
into the relevant processes can be obtained. Furthermore, with the decrease
of the size of mechanical devices (MEMS) the friction and adhesion of small
contacts becomes a technological issue. Finally, the lateral resolution allows
to reveal tribological contrasts caused by material differences on heterogenous
surfaces.

The experimental field of FFM has been pioneered by Mate, McClelland,
Erlandsson, and Chiang [1]. The group built a scanning force microscope
where the lateral deflection of a tungsten wire could be measured through
optical interferometry. When the etched tip of the tungsten wire slid over
a graphite surface, lateral forces exhibited a modulation with the atomic
periodicity of the graphite lattice. Furthermore, a essentially linear load de-
pendence of the lateral force could be established.

In this chapter we will describe aspects of instrumentation and measure-
ment procedures. In the course of this description, a series of critical issues
in FFM will be discussed which are summarized in Fig. 1.1.
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Thermal fluctuations of
the cantilever.

Environmental conditions, in
particular humidity.

Calibration of the beam
deflection scheme.

Spring constant of normal and
torsional bending.

| Stiffness of the tip apex.

Crosstalk between friction and
topography signals.

| Sample surface quality. |

measurement.

| Wear during friction

Displacement of tip position Actual radius and constitution
parallel to the cantilever of the tip.
direction with increasing load.

Fig. 1.1. Critical issues in experimental friction force microscopy which are dis-
cussed in this chapter

1.2 Instrumentation

1.2.1 Force sensors

The force sensor in the original presentation of FFM by Mate et al. was
a tungsten wire [1]. Its deflection was detected by an interferometric scheme
where the wire constituted one mirror of the interferometer. A similar concept
was later implemented by Hirano et al., who optically detected the deflection
of the tungsten wire in a Scanning Tunneling Microscope when scanning
the tip in close proximity to the surface [2]. Mate and Hirano report lateral
spring constants from 1.5 to 2500 N/m, depending on the wire thickness and
length. Etching the wire to form a tip at its end, mounting the wire, aligning
of the light beam, and determination of the spring constant comprise some
experimental difficulties. These difficulties are greatly reduced by the use of
dedicated micro-fabricated force sensors. A very sophisticated instrumental
approach to the solution of those problems has been realized by Dienwiebel et
al. [3]. The group has attached a stiff tungsten wire to a micro-fabricated force
sensor made of silicon. The central part of the sensor is a pyramid holding the
tip. The position of the pyramid is detected in all three dimensions by means
of four optical interferometers directed towards the faces of the pyramid. It
is suspended in four symmetric high-aspect ratio legs which serve as springs
with isotropic spring constant in both lateral directions and a higher spring
constant in normal direction. The symmetric design of the instrument allows
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Fig. 1.2. Four design options for Friction Force Microscopy. a Concept of the
original instrument used by Mate et al. for their pioneering experiments [1]. The
deflection of a tungsten wire is detected by optical interferometry. The bent end of
the wire is etched into a sharp tip. b Beam-deflection scheme as devised by Marti
et al. [5]. Normal force Fx and friction force Fr cause bending and twisting of the
cantilever. The deflection of a reflected light beam is recorded by comparing currents
from four sections of a photodiode. ¢ Cantilever device for the measurement of
lateral forces with piezoresistive detection [8]. Lateral forces acting on the tip cause
a difference in stress across the piezoresistors. d Micro-fabricated force detector for
isotropic measurements of friction forces. The block in the center holds a tungsten
tip, pointing upwards in this figure. The position of the block in all three dimensions
is recorded by four interferometric distance sensors which are indicated by the four
light beams below the devices [9]

for determination of normal and lateral forces acting on the tip with minimal
cross talk. An overview over different experimental realizations of FFM is
given in Fig. 1.2.

The most widely used form of micro-fabricated force sensors for FFM
is the micro-fabricated cantilever with integrated tip. The cantilever can be
either a rectangular beam or a triangular design based on two beams. The
lateral force acting on the tip is detected as torsional deflection of the can-
tilever. This scheme has been implemented in 1990 by Meyer et al. [4] and
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Marti et al. [5]. It is interesting to note that the triangular design is more
susceptible to deflection by lateral forces than the rectangular beam, contrary
to common belief and intuition [6]. However, triangular cantilevers are less
prone to the highly unwanted in-plane bending [7].

The deflection of cantilever-type force sensors is usually detected by means
of a light beam reflected from the back side of the cantilever at the position
of the tip. The reflected light beam is directed towards a position-sensitive
photodiode which detects normal and torsional bending of the cantilever as
a shift in the position of the light beam in orthogonal directions. Realis-
tically, there is always some cross-talk between the signals for normal and
torsional bending. It can be detected by exciting the cantilever to oscillate at
the fundamental normal and torsional resonance and measure the oscillation
amplitude in the orthogonal channels. The cross-talk can be minimized by
rotation of the position-sensitive photodiode or accounted for in the detection
electronics or software. Cross-talk can transfer topographic features into the
lateral force signal and create topographic artifacts from friction contrast,
the latter even amplified by the feedback circuit acting on the sample height.

Calibration of the beam-deflection scheme is not a simple task, however
very important in order to compare FFM results from different sources. Many
publications in the past have reported on relative changes in frictional prop-
erties, without providing any calibration at all. While such relative changes
certainly represent important physical findings, it is nevertheless of utmost
importance to provide all experimental information available, often allow-
ing for a rough quantitative estimate of the lateral forces. Lateral forces in
FFM can easily range from piconewton to micronewton, spanning a range of
very different situations in contact mechanics, and knowing at least the order
of magnitude of forces helps to sort the results qualitatively into different
regimes.

The calibration comprises two steps. First, the spring constant has to
be determined for the force sensor. Note that the beam-deflection scheme
actually determines the angular deflection of the cantilever. Nevertheless it
has become custom to quantify the force constant in N/m, where the length
scale refers to the lateral displacement of the tip apex relative to the unbent
cantilever. Second, a relation between the deflection of the cantilever and the
voltage readout of the instrument has to be established.

For the determination of the spring constant, several methods have been
suggested. The easiest is to calculate it from the dimensions of the can-
tilever. While width and thickness are easily determined by optical or electron
microscopy, thickness is better deduced from the cantilevers resonance fre-
quency. Alternatively, the spring constant can be determined from changes
in the resonances caused by the addition of masses to the free end of the
cantilever. Also, the analysis of a cantilever’s resonance structure in air can
provide the required quantities. The latter two methods have recently be
described and compared by Green et al. [10]. The relation between tip dis-
placement and voltage readout can be established by trapping the tip in
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a surface structure and displacing the sample laterally by small distances.
For a rough estimate one can also assume that the sensitivity of the position-
sensitive photodiode is the same for normal and torsional deflection. Taking
into account the geometry of the beam-deflection scheme, the torsional de-
flection sensitivity can be deduced from the normal deflection sensitivity (See
Ref. [11] and page 352 of Ref. [12]).

A method which provides a direct calibration of the lateral force with
respect to the readout voltage is the comparison with a calibrated spring
standard. Recent implementations of this approach suggest as calibrated
standards optical fibers [13] or micro-fabricated spring-suspended stages with
spring constants that can be traced to international standards [14]. A particu-
larly elegant method to calibrate FFM experiments is the analysis of friction
loops, i.e. lateral force curves from forward and backward scans, recorded
across surfaces with well-defined wedges [11,15].

The torsional deflection of a cantilever can in principle be detected also by
optical interferometry, provided that the beam diameter is smaller than the
cantilever and the point of reflection is shifted off the torsional axis [16]. How-
ever, FFM results including normal and lateral force measurements require
the differential reading of multiple interferometers [3,17].

An alternative to the detection of the cantilever bending via the beam-
deflection scheme is the implementation of piezoresistive strain sensors into
the cantilever. In order to measure both lateral and normal forces acting
on the tip in FFM, two such strain sensors need to be realized on one sen-
sor. Chui et al. have created a piezoresistive sensor which decouples the two
degrees of freedom by attaching a normal triangular cantilever to a series
of vertical ribs sensing lateral forces [18]. Gotszalk et al. have constructed
a U-shaped cantilever with one piezoresistive sensor in each arm, allowing
for the the detection of lateral forces at the tip [19]. While the publications
presenting these novel instrumental approaches contain experimental proofs
of concept, no further use of piezoresistive sensors in FFM experiments has
been reported. This is certainly due to a lack of commercial availability. Fur-
thermore, the signal-to-noise ratio in static force measurements using piezore-
sistive cantilevers seems not to reach that of optical detection schemes.

1.2.2 Control over the contact

The exact knowledge of the atomic configuration in the contact between tip
apex and surface is prerequisite for a complete understanding of the results
in Friction Force Microscopy. It is the most severe drawback in FFM that this
knowledge is not available in most cases. While sample surfaces can often be
prepared with atomic precision and cleanliness, the atomic constitution of
the tip apex is usually less controlled. Furthermore, in the course of sliding
atoms may be transferred from the tip to the surface or vice versa. Such
transfer processes occur even for very gentle contact formation, as shown in
experiments combining Scanning Probe Microscopy with a mass spectrome-
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try analysis of the tip apex [20-22]. The transfer of atoms may quite often not
only quantitatively but also qualitatively change the lateral forces encoun-
tered. In particular, the occurrence of atomic stick-slip motion can depend on
the establishment of a certain degree of structural commensurability between
tip and surface in the course of scanning [23,24]. For atomic stick-slip mea-
surements on graphite surfaces, the role of small graphite flakes attached to
the tip has long been discussed and recently confirmed experimentally [1,25].

The best control over the atomic structure of the tip apex has been
achieved for metal tips in vacuum environments. By applying the established
procedures of Field Ion Microscopy (FIM), the tip structure can not only be
imaged but also conditioned on the atomic scale. Cross et al. have charac-
terized the adhesion between a tungsten tip and a gold surface and proved
the conservation of the atomic tip structure by means of FIM [26]. Even
with instruments of lower resolution, FIM can at least be used for cleaning
procedures and for a determination of the crystalline orientation of the apex
cluster [2].

The integrated tips at the end of micro-fabricated silicon cantilevers have
a well-defined crystalline orientation, usually pointing with the (100) direc-
tion along the tip. However, the tip surface and with it the whole tip apex
are at least oxidized and possibly contaminated through packaging, transport,
and handling. Furthermore, many tips are sharpened in a oxidation process
which introduces large stresses at the apex. While etching in hydrofluoric acid
can remove the oxide and for some time passivate silicon surface bonds by
hydrogen, a stable formation and reproducible characterization comparable
with FIM of metal tips has not yet been reported. Tips integrated into sili-
con nitride cantilevers are amorphous due to the chemical vapor deposition
process and may exhibit an even more complex structure and chemistry at
the tip apex.

One way of overcoming the uncertainty of the tip constitution is to use
methods of surface chemistry to functionalize the tip [27]. Specific interac-
tions between molecules attached to the tip and molecules on the surface can
be sensed by means of FFM [28]. At the same time, very strong adhesion
has been reduced by covering the tip with a passivating layer to allow for
lateral force imaging for example on silicon [29]. Numerous studies using this
method have been published, mainly concentrating on organic monolayers
on tip and surface. A recent review of the field has been given by Leggett
et al. [30]. Schwarz et al. have prepared well-defined tips for FFM by de-
position of carbon from residual gas molecules in a Transmission Electron
Microscope, keeping control of the tip radius for a quantitative analysis of
a contact mechanics study [31]. Force measurements explicitly aiming at in-
teractions between colloidal particles and a surface have been performed by
gluing micrometer-sized spheres of the desired size to the cantilever [32,33].
As a final note, one should always be aware of the possible occurrence of
major tip wear which has been observed to happen in a concerted action of
mechanical and chemical polishing [34].
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1.3 Measurement procedures

The standard measurement in FFM is the so-called friction loop: The lateral
force acting on the tip is recorded for a certain distance of scanning in the di-
rection perpendicular to the long cantilever axis and for the reverse direction.
The area in the loop represents the dissipated energy, and the area divided
by twice the distance is the mean lateral force. It is always very instructive to
record the topography signal of forward and backward scan at the same time,
as differences will reveal cross-talk between normal and torsional bending of
the cantilever.

Whenever lateral forces are measured as a function of some experimen-
tal parameter, the influence of that parameter on adhesion should be studied
simultaneously. In order to interpret the experimental results in terms of con-
tact sizes versus dissipation channels the knowledge of adhesion is essential.
An excellent example is the jump in lateral forces observed on a Cgg crystal
when cooling to the orientational order-disorder phase transition, which was
fully explained by a change in adhesion [35]. For experiments carried out in
ambient environment, the dominant contribution to adhesion are usually cap-
illary forces which dependent greatly on the humidity and on the hydropho-
bicity of the surface [36]. The humidity dependence of FFM results itself
can depend again on the temperature [37,38|. Consequently, an enclosure of
FFM experiments for humidity control greatly enhances the reproducibility
of results.

1.3.1 Friction as a function of load

One of the central experiments in tribology is the quantification of friction,
i.e. the change of lateral force with increasing normal load on the sliding
contact. One of the questions to be addressed is whether the relation be-
tween lateral and normal force is linear for FFM experiments, i.e. whether
Amontons’ law extends to the nanometer scale [39]. The number of FFM
studies reporting lateral force as a function of load is very large, and the
overall physical picture is multifaceted, to express it in a positive way. A col-
lection of results is shown in Fig. 1.3. From a procedural point of view it is
extremely important to measure the lateral forces for the full range of small
normal forces until the tip jumps out of contact, usually at a negative normal
force. In this way the adhesion in the system can be categorized, and possible
nonlinear characteristics at minimal loads are not overlooked. A useful way of
analyzing load dependence data from FFM experiments is the representation
in lateral force histograms, where for example friction on terraces and friction
at steps could automatically be distinguished [40].

When the normal load on the tip is varied the position of the contact may
be displaced along the long axis of the cantilever. This effect is caused by the
tilt of the cantilever with respect to the surface. On heterogeneous surfaces
such displacement may distort the friction measurement and, therefore, has
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Fig. 1.3. Examples for the diversity of friction vs. load curves measured by FFM.
a Amorphous carbon measured in an argon atmosphere [31]. The sub-linear charac-
teristic resembles the results of contact mechanics models. b Phenyltrichlorosilane
monolayer studied in ethanol [41]. A linear dependence is found until the mono-
layer collapses under the tip pressure. ¢ Atomic friction on NaCl(100) recorded in
ultra-high vacuum [42]. A regime of vanishing friction is found for low loads. d Fric-
tion measurement on a hydrogen-terminated diamond surface with nanometer-scale
roughness [43]. The closed circles represent the erratic load dependence of FFM
results when the lateral displacement of the tip for increasing load is not compen-
sated. The open circles show the expected sub-linear characteristic after activating
the compensation

to be compensated [43]. Another effect that can seriously disturb friction
experiments is the onset of wear and the concomitant increase of lateral
forces. Wear thresholds in FFM can be as low as a few nanonewton normal
load, and wear at a constant low load may suddenly start after repeatedly
scanning the same area [44].

1.3.2 Friction as a function of material

On inhomogeneous surfaces Friction Force Microscopy can image contrasts
between different materials with high lateral resolution. Such contrast has
been found to arise from a difference in chemical interactions between differ-
ent molecular patches at the surface and the tip [45]. As mentioned above,
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it is crucial to complement lateral friction contrast with local measurements
of adhesion in order to elucidate whether adhesion and contact size or dif-
ferent channels of dissipation are dominating the contrast. Care has to be
taken regarding topographical artifacts, as different materials on heteroge-
neous surfaces are often found at different topographic heights. Interestingly,
friction contrast is also found between domains of identical molecular layers
with anisotropic lateral orientation [46-48]. Friction anisotropy on a given
surface has to be clearly distinguished from friction anisotropy for different
azimuthal orientations between the tip and the surface. In order to measure
the latter, the sample has to be rotated with respect to the tip [25].

1.3.3 Friction effects in normal force measurements

When the sample is approached towards the tip, the normal force can be
determined as a function of distance by measuring the normal bending of
the cantilever. In all beam-deflection type FFM the cantilever is tilted with
respect to the sample surface to make sure that the tip is the foremost pro-
trusion of the force sensor. Once the tip is in contact, the tilt causes a lateral
displacement of the tip position upon further approach. The friction forces
arising from this lateral displacement influence the normal force measure-
ment [33]. A detailed analysis of the process proves that one can actually
perform a calibrated friction experiment through normal force vs. distance
curves, in particular when using extended tips like colloid probes [49]. Even
when probing the surface in a dynamic intermittent contact mode these fric-
tional contributions can be detected as a phase shift between excitation and
cantilever oscillation [47].

1.3.4 Fluctuations in Friction Force Microscopy

Friction Force Microscopy is naturally subject to thermal fluctuations. Such
thermal fluctuations can influence the frictional behavior of sliding contacts,
as evident in the logarithmic dependence of friction on velocity at low scan-
ning velocities [50,51] which has been linked to thermal fluctuations via its
temperature dependence [52]. Cantilever-type force sensors have a distinct
resonance structure which dominates the thermal noise spectrum. Typically,
oscillations at resonances with frequencies of several kHz are averaged out
in FFM experiments. However, these resonances influence the experimental
result and it is therefore very instructive to study the lateral force signal
with high bandwidth [53,54]. Furthermore, the statistical distribution of lat-
eral forces in FFM experiments can be analyzed to reveal the role of thermal
fluctuations [55]. The limited scanning velocity of FFM normally separates
the frequency regimes of fast fluctuations and of slower occurrence of topo-
graphic or even atomic features. The velocity limitations of FFM have been
addressed by new designs combining the force sensor of an FFM with a ded-
icated sample stage [56,57].
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1.3.5 Friction as a function of temperature

The study of friction as a temperature is an obvious field of great interest.
However, the number of groups including a temperature dependence into
FFM studies is increasing only recently [35,37,52,58,59]. Thermal drift is
a severe problem in the design of Friction Force Microscopes working at
variable temperature, since the optical lever of the beam-deflection scheme
needs to have a certain length for sensitivity. Variable-temperature instru-
ments with thermal-expansion compensated design comparable to dedicated
Scanning Tunneling Microscopes [60] have not been reported so far. One in-
teresting approach to circumvent drift problems is the local heating of the
very tip [61].

1.3.6 Dynamic lateral force measurements
Dynamic friction force microscopy

When the sample is periodically displaced in lateral direction, the lateral
force acting on the tip and detected by the cantilever will be modulated with
the same periodicity. An early application of such a lateral modulation by
Maivald et al. was the enhancement of contrast at step edges [62]. Dynamic
Friction Force Microscopy detects the periodic lateral force signal by means of
a lock-in amplifier. This idea was implemented by Goddenhenrich et al., who
applied the periodic sample displacement along the long axis of the cantilever
and detected the lateral force as periodic buckling of the cantilever [63]. Si-
multaneously, their fiber-interferometric setup could statically measure the
deflection of the cantilever caused by normal forces. The same technique was
implemented by Colchero et al. for a beam-deflection instrument. The authors
provided a detailed analysis for the evaluation of the lateral forces when the
sample is displaced in a sinusoidal movement [64]. They also pointed to the
fact that using their method of Dynamic Friction Force Microscopy one will
obtain quantitative results when taking data, while static experiments need
subtraction of forward and backward scan before numbers can be obtained.
Carpick et al. have used a similar technique with very small sample dis-
placement amplitudes to avoid any slip of the tip over the surface [65]. In
such experiments, the amplitude of the lateral force provides a measure for
the contact stiffness. Dynamic friction force microscopy has been combined
with sophisticated versions of the pulsed-force mode for a simultaneous mea-
surement of all relevant properties of mechanical contacts [66]. In a recently
published study, Haugstad has analyzed the non-linear response of the lateral
force to the sinusoidal sample displacement in a Fourier analysis [67]. Using
this technique he was able to gain new insights into the transition from static
to kinetic sliding on a polymer blend.

Dynamic Friction Force Microscopy can gain sensitivity by tuning the
periodic excitation to resonances of the cantilever [68,69]. However, the cou-
pling between the mechanical properties of the contact and the flexural modes
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of the cantilever requires a complex analysis, as provided in a recent re-
view which also references previous work in the field of ultra-sonic force mi-
croscopy [70].

Dynamic non-contact lateral force experiments

The success of dynamic non-contact force microscopy in atomic resolution
imaging of insulating surfaces and its prospect of measuring dissipation phe-
nomena with the same resolution [71] has initiated projects which aim at
a dynamic non-contact microscopy using lateral oscillation of the tip. Jarvis
et al. have constructed a novel force sensor which allows to excite and detect
oscillations of the tip in normal as well as in lateral direction [72]. The in-
dependent oscillations were achieved by suspending the tip holder in hinges
at the end of two normally oscillating cantilevers. The group has controlled
the tip-sample distance by changes in the normal oscillation frequency, and
simultaneously recorded changes in the amplitude of the lateral oscillation
pointing to frictional tip-sample interactions.

A standard rectangular cantilever has been employed by Pfeiffer et al. for
the dynamic detection of interactions between a laterally oscillating tip and
a surface close to but not in contact [73]. In this study, the cantilever was
excited to oscillate at its first torsional resonance, making the tip oscillate lat-
erally. The distance between tip and a copper surface was controlled using the
tunneling current as feedback quantity. The lateral interaction between tip
and monatomic steps or single impurities could be detected as frequency shift
in the torsional oscillation. Giessibl et al. attached a tungsten tip to a quartz
tuning fork such that it would oscillate laterally over the surface. Again us-
ing tunneling as feedback, they were able to study dissipation in the lateral
movement with atomic resolution on a Si(111)7x7 surface, thereby tracing
friction to a single atom [74]. The damping of the lateral oscillation has been
explained in terms of a fast stick-slip process involving one adatom. The same
surface has recently been studied in dynamic lateral force microscopy using
a standard rectangular cantilever by Kawai et al. [75]. In this study a small
frequency shift in the torsional resonance frequency upon approach was used
to control the tip-sample distance. The torsional resonance was detected us-
ing a heterodyne interferometer scheme, where the focus of the light beam
was positioned on one side of the cantilever in order to be sensitive to the
torsional bending. This is actually a very informative method to study the
resonance structure of cantilevers which can show significant deviations from
ideal modeling due to extra masses and asymmetries [16].

The dynamic non-contact experiments introduced in this section are very
interesting tools to study conservative and dissipative interactions in lateral
motion even before a repulsive contact is established. Their full strength
might become evident once they are applied to the manipulation of atoms or
molecules on surfaces.
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1.4 Outlook

Friction Force Microscopy is now a widely distributed experimental method.
The experimental procedures and the calibration have been established to
allow for reproducible studies of frictional properties in single-asperity con-
tacts. The biggest drawback within the method is the lack of methods for
a reproducible preparation and characterization of tips on atomic scale, as
compared to the surface preparation by means of methods of Surface Science.
Such control over the atomic constitution of the contact area would greatly
advance our understanding of tribological processes on the nanometer scale.
Other instrumental challenges in the field include the further improvement
of FFM experiments at variable temperatures and in liquid environments.
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2.1 Introduction

The measurement of the force of interaction between solids dates back to
the 1920s, when Tomlinson investigated the interaction between crossed fila-
ments of different metals [1]. Later, research groups in the Netherlands and
Russia led by Overbeek and Derjaguin developed different techniques for
measuring the force between surfaces of quartz or glass as a function of their
separation [2,3]. The example of these seminal pieces of work was promptly
followed by many other groups. Particularly in Cambridge a remarkable body
of work was accomplished, leading to the development of the Surface Forces
Apparatus, SFA, by Tabor, Winterton and Israelachvili [4, 5].

The study of lateral forces between surfaces has a longer history. The
problem of friction between surfaces attracted great thinkers as Da Vinci,
Coulomb, FEuler, Amontons and many others. A fascinating historical ac-
count of the history of tribology was compiled by Dowson [6]. The friction
phenomena have also been investigated with SFAs modified for that pur-
pose; the first friction measurements using this technique date back to the
1970’s [7]. A decade later Briscoe and Evans reported extensive results on the
study of friction of adsorbed monolayers in air [8]. Nevertheless, it was not
until the late 1980’s that nanotribology studies with the SFA became a very
active field of research. Since then, various modifications to the technique
have been introduced. In the present chapter we describe the principles of
operations and some experimental details of the SFA-nanotribometer.

2.2 Surface Forces Apparatus Technique: Generalities

In a typical SFA-nanotribometry experiment molecularly smooth mica sur-
faces are glued to cylindrically curved silica lenses, and used to confine thin
films. The use of mica as a substrate for surface force experiments was orig-
inally advanced by Bailey and Courtney-Pratt [9]. The cylindrically shaped
silica disks are placed with their axes perpendicular to each other, a config-
uration that presents several advantages. First, it circumvents the difficult —
if not impossible — task of accurately aligning two parallel plates. Unwanted
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edge effects are easily avoided by this approach. Second, it allows the in-
vestigation of different contact spots on the same pair of surfaces, simply
by laterally displacing the crossed cylinders. If wear or contamination of the
surfaces appears during the experiment, a fresh contact zone can be readily
found. Finally, this geometry is convenient for comparing the results of the
measurements with theoretical descriptions, typically sketched for flat sur-
faces. If the separation between the curved surfaces is much smaller than
their radii of curvature, R, the SFA cross-cylinder configuration is equivalent
to a sphere-on-plate contact. The force between two such surfaces, F', can
be related to the energy of interaction between flat surfaces per unit area,
E, by using the so-called Derjaguin approximation [10], E=F/2r R. This pro-
vides a normalization method in order to quantitatively compare data from
different experiments. The question of the normalization of the measured in-
teraction forces is more involved in friction experiments, as will be discussed
below.

One of the major strengths of the SFA technique rests on the possibility
of imaging the area of contact to determine the distance between the sur-
faces, the refractive index of the film confined between the surfaces and the
geometry of the contact region. The SFA is one of few techniques in the field
of tribology that allows to image in situ and in real time the geometry of
the contact area, and probably the only one with subnanometric resolution.
Multiple Beam Interferometry (MBI) is used for this purpose [11]. A highly
reflective layer is deposited on the back side of the mica surfaces, and white
light is passed through this built-in Fabry-Perot interferometer. The intensity
of the light transmitted through the stratified media between the two mir-
rors depends on the optical thickness in a nontrivial way: only wavelengths
that interfere constructively after the multiple reflections in the cavity tra-
verse the multilayer system. The emerging beam of light can then be focused
on a spectrometer. The resulting constructive interference fringes (Fringes of
Equal Chromatic Order, FECO) carry with them the information about the
thickness and the refractive index of the different layers in the path of the
light. Particularly, the thickness and the refractive index of the film confined
between the mica surfaces can be determined with an accuracy of 0.1 nm and
0.01 respectively. Israeclachvili developed simple explicit expression to calcu-
late these quantities from the wavelength of the FECO for a film confined
between symmetric mica surfaces [12]. Later, the analysis has been extended
to asymmetric, adsorbing, anisotropic or more complicated multilayer sys-
tems [13-15]. The potential of extending the analysis to obtain information
about the roughness of the surfaces has also been demonstrated [16].

Many different experimental setups for the measurement of the surface
forces have been reported. One of the oldest versions, the Mk I, was designed
by Israelachvili and Adams for the measurement of forces between liquids
and vapours [17]. It was based on the earlier designs of Tabor, Winterton and
Israelachvili [4, 5], and was later followed by greatly improved and modified
versions, the Mk IT and IIT [18,19]. Parker and co-workers developed later
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a circular steel apparatus (Mk IV) which is simpler to clean and assemble
than Mk T or IT [20]. The stability and reliability of the apparatus, as well as
the simplicity of handling, have been progressively improved on each design.
The interested reader is referred to the original publications for the particular
details of each apparatus.

For measuring the normal force of interaction in a typical SFA experiment,
one of the surfaces is displaced using a combination of motors and piezoelec-
tric elements, while the other surface is coupled to a calibrated spring with
a fix end. Double cantilever springs are typically used in order to minimize
the tilting and/or sliding between the surfaces when the spring is deflected.
The interaction force between the surfaces is measured by progressively dis-
placing the fix end of the double cantilever spring and allowing the separation
between the surfaces to come to an equilibrium situation, where the surface
forces are balanced by the elastic force of the spring. The difference between
the displacement imposed to the surface and the actual change in the sepa-
ration between the surfaces, Az (measured by MBI) will correspond to the
deflection of the spring. It will be used to calculate the interaction force sim-
ply by means of the Hooke’s law, F' = kAxz, where k is the elastic constant
of the double cantilever spring. Albeit being conceptually simple, measuring
the forces by this procedure is limited by spring instabilities. Quickly de-
caying forces with a force-distance gradient larger than the spring constant
are inaccessible because of mechanical instability of the system under such
conditions. Derjaguin and co-workers proposed the use of a force feedback
technique to overcome this problem [3]. The idea is to control the force ap-
plied to the surfaces independently of the displacement. An external force is
applied to the surfaces to maintain the spring undeflected. Effectively, this
translates into a continuously changing spring constant, which eliminates the
mechanical instability above mentioned. Several implementations of this idea
have been reported [21,22]. Steward and Parker modified a Mark IV by in-
corporating a magnetic force transducer and a bimorph displacement sensor.
Tonck et al. introduced a feedback apparatus with capacitive displacement
transducers [23]. An interesting description of the different techniques used
for the measurement of the normal force between surfaces was presented by
Lodge [24].

2.3 Surface Forces Apparatus Nanotribometer

In a nanotribology experiment with the SFA, the mica surfaces are brought
to a certain separation, T'. By using motors or electomechanical transducers
a lateral displacement between the surfaces is imposed, and the force induced
by this displacement is measured. Usually a certain normal load is applied, L.
If the load is high enough, the glue layer under the surfaces undergoes elastic
deformation, and a thin film is confined to a flat circular region of uniform
thickness 7" and area of contact A, as illustrated in the Fig. 2.1. By using
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Fig. 2.1. Functional scheme of the SFA designed by Israelachvili and coworkers
configured for friction experiments. The mica sheets are mounted in crossed-cylinder
geometry, and their back surfaces are coated with reflective silver layers to allow for
multiple beam interference. The upper and lower surfaces are mounted on cylindri-
cally curved silica discs which are attached to the friction sensing device and the
piezoelectric bimorph slider, respectively

MBI an image of the surfaces in contact can be obtained as the surfaces are
slid, allowing monitoring of the size and the profile of the contact area and
the distance between the surfaces, by observing the flat region on the FECO.
Shear-induced elastohydrodynamic deformation can also be distinguished. In
addition, damage of the surfaces can be easily detected as soon as it occurs,
allowing to discriminate between undamaged sliding and friction with wear,
and to independently study the two scenarios.

A subject of major importance in the analysis of a SFA-nanotribology
experiment is to identify the area over which the frictional force takes action.
Often the friction force between sliding surfaces will be dominated by the flat
contact area. In that case, the sharp edge of the FECO allows recognizing the
“area of contact”, used to normalize the measured force and to calculate the
shear stress. This operation is necessary to quantitatively compare the results
of different experiments. From this point of view, the customary used friction
coefficient is a less fundamental parameter than the shear stress. There is,
however, an important caveat to this operation: very often the measured shear
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stress depends on the applied pressure. Given that curved surfaces are used
in a SFA experiment, the normal pressure is not constant over the flatten
area. Its value is given by a nonlinear function of the position in the contact
area, a problem that has been extensively treated by the contact mechanics
community [25]. It is clear then that the shear stress calculated in a SFA
experiment is an average quantity, to be treated with caution.

An even more complicated scenario is found when there is a significant
contribution to the friction force by regions of the surfaces outside the flatten
area. This situation can be envisaged, for example, if there is a contribution
to the frictional force coming from breaking and reforming bonds of long
molecules that are able to bridge the two surfaces together. In that case,
there is not an obvious way to identify the effective contact area. One pos-
sibility is to adopt a cut-off length, and to assume that the contribution to
the frictional force is negligible at larger separations. However, at least two
problems persist: the choice of the characteristic length rests somehow arbi-
trary and the contribution of a given region to the total force will most likely
be a function of the local surface separation. It is important to emphasize
at this point that the experimental difficulties just outlined are shared by
most —if not all- the experimental techniques in nanotribology. Besides, the
SFA-nanotribometer in its interferometric version is possibly the only tech-
nique in nanotribology that allows the observation of the contact geometry
while rubbing the surfaces.

2.3.1 Experimental Setup

Several SFA experimental setups have been proposed during the last two
decades, each with its own capabilities and limitations. In the following we
will briefly describe few systems which are broadly used in the field. The
reader interested in more complete information is referred to the original
papers.

A number of experimental designs have been proposed by the group of
Israelachvili [26, 27]; they are all in principle based on the original method
proposed by Israelachvili and Tabor [5]. The main features of the most re-
cent version are illustrated in Fig. 2.1. The lower surface is mounted on
a bimorph-driven slider [27], which moves laterally in a linear fashion when
a constant slope voltage ramp is applied between the two electrodes of sec-
tored piezoelectric bimorphs (electromechanical transducers). Alternatively,
a constant frequency sinusoidal input can be imposed to the slider to per-
form nanorheological experiments. The upper surface is itself attached to
a vertical double cantilever spring, whose deflection is monitored using strain
gauges connected to form the arms of a Wheatstone bridge. If the displace-
ment of the lower surface induces a viscous or friction force on the upper
surface, the vertical spring will deflect. From the deflection of this spring of
known spring constant K, the friction force between the surfaces F' can be
calculated, simply by using Hooke’s law of elasticity [26]. The mechanical
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properties of the measurement system (e.g., compliance and inertial mass)
will influence the results; these factors have to be taken into account in order
to obtain meaningful information from the signal measured. This can be done
in a straightforward fashion in the SFA because of its mechanical simplicity
and easy-to-characterize mechanical properties.

The maximal distance that can be slid with this setup depends on the
characteristics of the bimorph strips used, being typically of the order of
several tens of micrometers. Otherwise, larger displacements can be achieved
by mechanically driving the upper surface using a reversible, variable speed
motor-driver micrometer shaft that displaces the translation stage holding the
vertical double cantilever spring. The detection limit for the friction force of
this setup is typically of the order of several uN. By changing the frequency
and the amplitude of the input signal to the bimorph slider, the driving
speed can be typically varied between several A/s to 0.1 mm/s. This device
has been used to study a large number of systems. Some examples included
confined simple liquids [28-30], polymer melt and solutions [26,27,31-33],
self-assembled surfactant and polymer layers [34-36].

An alternative design conceived for the study of smaller deformations
was introduced by Granick and coworkers [37, 38]. The goal of these low
amplitude studies is to focus the investigation on the linear response of the
confined films. By applying small deformations, the flow of fresh liquid in
the contact zone is avoided. This allows the study of long time relaxation
process that may be occurring in the contact region. A schematic of this
device is illustrated in Fig. 2.2. In this design, the bottom surface remains
stationary, while the upper surface is mounted on a holder attached to a dou-
ble cantilever. Compared with the design of Israelachvili, they replaced the
vertical metallic cantilevers by two piezoelectric bimorph strips. One of the
bimorphs is used as an actuator and the other as a sensor. In the experiment,
a voltage difference is applied to one of the bimorphs to bend it. Typically,
a constant frequency sinusoidal signal is used, inducing an oscillating force on
the bimorph. Simultaneously, the deformation-induced voltage of the second
bimorph is measured. This data is used to determine the actual displacement
of the surface. By comparing this response with the one observed when no
interaction between the two surfaces is presented, the influence of the con-
fined film on the moving surface can be extracted. The electromechanical
characteristics of the system are model as a series of effective masses, springs
and dashpots representing the different components of the apparatus. The
friction appears as a force acting on the holder of the lower surface, from
which an effective viscosity can be extracted [38]. Although mainly conceived
for the study of small deformations (of the order of the film thickness) typi-
cal displacements range from few nm to few um. The reported sensitivity on
the friction force is around 5 UN. Many different systems have been explored
with this device, including simple liquids [37,39-41] polymer melts [42-44]
and solutions [45, 46].
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Fig. 2.2. Schematic illustration of the SFA designed by Granick and coworkers.
The shear force is generated by one bimorph (actuator) and the response of the
device induces a voltage across the other bimorph (receiver)

A third experimental setup widely used in the literature has been devel-
oped by Klein and co-workers [47,48]. A schematic of this device is presented
in Fig. 2.3. In this device the sensitivity to the measured friction forces is
greatly improved with respect to the previous designs. Inversely to the con-
figuration adopted by Israelachvili and co-workers, in the most recent version
of their design the upper surface is driven and the effect on the lower surface is
measured. A sectored piezoelectric tube is use to produce a normal or lateral
displacement of the upper surface. An air-gap capacitor is used to measure
the lateral displacement of the lower surface, which is coupled to a calibrated
double cantilever spring with a fix end. The shear induced frictional force
is then directly extracted from this displacement (e.g., the deflection of the
spring) by using Hooke’s law. The reported sensitivity of the friction force
is 50nN and the maximal displacement of the upper surface is few tens of
pm. The improved sensitivity of this device comes from the detection method
used. This has proven to be very valuable for the study of polymer melts and
solutions [49-52] where small forces are typically observed. Research on wa-
ter and other simple liquids has also been conducted with this experimental
setup [53,54].
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Fig. 2.3. Schematic illustration of the surface force balance (SFB) designed by
Klein and coworkers. The separation between the surfaces is controlled via a three-
stage mechanism with a sectored piezoelectric tube on which the top surface is
mounted. The piezoelectric element produces both normal and lateral displacement.
The bending of the shear force spring is detected by an air-gap capacitor. Reprinted
with permission from The Journal of Physical Chemistry B Volume 105(34), 8125—
8134 (2001). Uri Raviv, Rafael Tadmor and Jacob Klein

Further improvements on different aspects of the experimental technique
have been proposed during the last decade. First, substantial efforts have
been devoted to automate the procedure of measurement, in order to improve
the accuracy and simplicity of the technique. Second, the strategy used to
determine the separation between the surfaces has been extended by using
non-interferometric techniques. Recently, Qian and co-workers extended the
capabilities of the apparatus to include the movement of the surfaces and the
measurement of the friction force between them in two orthogonal directions
in the plane of contact [55]. This new apparatus should prove to be useful
in investigating shear-induced effects (e.g. shear alignment) on the confined
thin films.

The automatic detection of the FECO have posed some challenges in the
past, but increasingly accurate and affordable charge couple devices in the
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market are currently used in several laboratories in the world for this purpose.
Different strategies for the automation of the measurement process have been
extensively described by Quon et al. [56], Grunewald and Helm [57], and more
recently by Heuberger and coworkers [58].

As mentioned before, some efforts have also been devoted to determine the
surface displacement by noninterferometric techniques. Several groups have
proposed to use piezoelectric bimorphs for this purpose [59-61]. This solu-
tion is inadequate for long or quasi-static measurements due to the intrinsic
drift and leakage of bimorph sensors (electrical drift and decay). A partial
solution to these problems was presented by Parker [62], who suggested the
use of an ultra-high impedance amplifier to lengthen the decay time of the
bimorph sensor. A different method was presented by Frantz and cowork-
ers [63]. They proposed to monitor the capacitance between the silver layers
deposited on the back surface of the mica sheets for a fast detection of the
surface separation, and described the use of this setup for the study of con-
tact mechanics. Later Stewart proposed to use capacitance dilatometry to
measure the separation between the surfaces: one plate of a parallel-plate ca-
pacitor was attached to the moving surface, and the other to the chamber of
the apparatus [64]. This technique allows a fast and accurate measurement
of the displacement of the surface and eliminates the constraint of having
to use transparent surfaces. Nevertheless, if opaque surfaces are used it is
impossible to obtain an image of the contact region while shearing, which is
one of the major strength of the SFA technique.

2.3.2 Local Structural Information:
Combination of the SFA with other Techniques

The information gathered in a conventional SFA experiment is limited to
the average response of the confined film under shear and compression. For
achieving a better understanding of the behavior of confined films under
shear, it is desirable to obtain structural information at the molecular level.
Obtaining this information implies a colossal experimental challenge. On one
hand the number of molecules involved in a thin film is relatively small,
particularly when a localized area is explored, which inevitably reduces the
intensity of any measured signal. On the other hand the investigated thin
film is surrounded by layers of different materials that are susceptible to in-
teract with the used probe (e. g. light, x-ray or neutrons) increasing the level
of noise of the measured signal. Despite of these difficulties, several experi-
mental groups have reported encouraging results of experiments combining
the capabilities of the SFA with other techniques in situ. It is reasonable to
expect that techniques revealing the local molecular properties of the con-
fined films will improve our understanding about the friction phenomena in
the years to come.

The earliest effort in this direction aimed to combine SFA with x-ray
diffraction (XSFA) [65,66]. The second generation of XSFA combines the force
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measurement capabilities of the SFA with in situ small angle x-ray scattering
experiments [67]. Films of several liquid crystals have been studied with this
technique, and the effect of shear on the molecular alignment in confined
films has been directly evidenced. The application of this technique has so far
been limited to films thicker than 500 nm, mainly because of the poor signal
to noise ratio obtained otherwise. Obviously, the research in nanotribology
calls for much thinner films. Moreover, the results reported with this method
have been limited to an average investigation of the contact area, because
of the size of the x-ray probe used. The possibility of investigating small
regions of the contact area by using a micro focused x-ray beam has been
suggested, but no results in this direction has been reported so far. Despite
of the difficulties encountered, several research groups are actively working
in this technique. It has been shown recently that X-ray reflectivity can be
used to obtain structural information of ultra confined molecular films only
few molecular layers thick [68].

Helm and coworkers [69] showed that MBI can be used to obtain struc-
tural information of the confined thin films without any modification to the
original SFA technique. Information about orientation and intermolecular in-
teractions can be extracted from the FECO if optically active molecules are
investigated. They were able to study ultra thin films, given that the light
absorption by the confined molecules is enhanced by the multiple reflections
in the optical cavity. Local information in the contact area can also be ob-
tained. Nevertheless, this technique limits the molecules that can be studied
to large dye molecules. In addition, for best determination of the adsorption
spectra of the confined dyes, relatively thick mica has to be used, reducing
the accuracy of the film thickness determination.

In other order of ideas, Salmeron and coworkers suggested to couple sec-
ond harmonic and sum-frequency generation to the SFA to study alignment
and relaxation of confined ultra thin films, and showed the potential of the
application by investigating self-assembled and langmuir blodget monolayers
of several surfactants [70]. However, results with other experimental systems
have not been reported so far.

The combination of the SFA with other optical techniques has been lim-
ited by the reflective silver layer used to determine the surface separation
by MBI. This layer strongly reduces the intensity of the illumination of the
confined films, seriously limiting the in situ performance of other optical
methods. Granick and coworkers have overcome this limitation by replacing
the reflective silver layer by multilayer dielectric coatings, which are trans-
parent in different regions of the optical spectrum. In that way, they have
been able to apply different spectroscopic tools to obtain in situ structural
information of ultra thin films under shear [71-73].

By combining the SFA nanotribometer with fluorescence correlation spec-
troscopy they measured the molecular diffusion coefficient in thin films within
spots of submicron size, obtaining spatially resolved measurements [71]. This
method has the drawback that fluorophore molecules have to be added to the
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liquid investigated in order to have a fluorescence signal. However, the au-
thors have shown that the small amount of fluorophores added didn’t modify
they behavior under shear and compression of the fluids investigated. Thus,
diffusion coefficient of rhodamine in 1,2 propane diol was found to decrease by
2 orders of magnitude under confinement. Similar results were observed for
the diffusion of cumarin 153 in OMCTS. They also found that the diffusion
coefficient decreases from the edges towards the center of the contact region.
Their results seem to suggest a heterogeneous dynamic in the confined thin
films, where the diffusion appears to involve cooperative rearrangements of
many molecules.

They have also reported results on the combination of SFA with other
techniques, as Confocal Raman Spectroscopy [72]. By using confocal geome-
try the authors avoided the problem of contribution of the bulk to the scat-
tered signal. By using a multilayer reflective coating transparent to the argon
laser and to the scattered Raman signal, they were able to monitor the ge-
ometry of the contact area simultaneously with the Raman scattering signal.
They reported spatially resolved Raman scattering before and after shear,
evidencing the influence of shear on the orientation of the molecules inside
the confined film.

A third technique developed in Granick’s group is the combination of
photoluminescence and absorption dichroism with the SFA [73]. The shear-
induced alignment of pre-adsorbed polymer molecules on mica was quantified
both by photoluminescence and absorption spectra. They found alignment
parallel and perpendicular to the shear direction. The alignment direction
seems to be extremely sensitive to small changes in the initial conditions that
the authors were not able to characterize. Although this technique is limited
to the investigation of optical active substances, the information obtained
can help to understand the behavior of lubricants with similar molecular
structure.

In a different direction, Berg and coworkers recently suggested incorpo-
rating a Quartz Crystal Resonator in the SFA [74]. Because of the high os-
cillation frequency of the Quartz Crystal, this configuration allows the study
of sliding velocities much higher than typically investigated in a conventional
SFA nanotribology experiment. Nevertheless, in order to obtain meaningful
results extremely thin mica surfaces need to be used, complicating its imple-
mentation as a routine technique. In addition, a sphere-on-plate geometry is
required, which complicates the procedure of preparation of the mica surfaces.

2.3.3 Beyond Mica: Alternative Substrates

As mentioned previously, mica surfaces are the most popular substrates for
SFA experiment. It gathers a set of properties seldom observed in other ma-
terials. It is transparent and can be prepared in the form of thin sheets of
molecularly smooth surfaces over large areas by successive cleaving. The com-
bination of these properties is at the heart of the SFA technique: transparent
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surfaces are required to determine the geometry of the contact by MBI Be-
sides, mica is a fairly incompressible material, so the forces measured are not
flawed by the deformation of the surface. In addition it is inert to chemical
reaction, so it is hardly modified during experiments. As a drawback, the pro-
cess of producing mica surfaces thin enough to fulfill the requirements of the
SFA technique calls for a skillful experimentalist. This constraint is greatly
relaxed by carefully implementation of automatic thickness measurement. On
the other hand, thanks to the smoothness of the surfaces the geometry of the
contact between the two surfaces can be completely described, simplifying
the description and interpretation of the results.

The investigation of substrates other than mica is of interest for obvious
reasons. The substrate plays a major role in most of the phenomena investi-
gated by SFA, and particularly in tribology. It acts not only as a geometrical
barrier, but as a major player: the interaction between the surfaces and with
the confined films determines the general frictional behavior. For these rea-
sons a considerable effort has been devoted to investigate the possibility of
modification or replacement of the mica surfaces by other substrates, in or-
der to expand the range of applications of the technique. Mica surfaces can
be modified by deposition or adsorption of different materials. By properly
controlling the modification process, the smoothness of the surfaces can be
preserved. In addition, by the deposition of a smooth layer on the mica sur-
faces it is possible to modify the surface energy of the substrate, preparing
surfaces that may be more prone to chemical modifications.

Several groups have investigated the behavior of mica surfaces modified by
self-assembly [35,36,75,76] or deposition of Langmuir-blodgett films [35,77,78]
of different substances. Mica acquires a negative surface charge when im-
mersed in water, so positively charged species (e.g. cationic surfactants)
spontaneously adsorbed on it; the structure of the adsorbed layer and its
relationship to the molecular structure of the adsorbed material has been
a very active area of research during the last fifteen years [79]. The frictional
behavior of the modified surfaces depends strongly on the characteristic of
the adsorbed layers: surface properties like the adhesion energy and the mor-
phology of the adsorbed layer will ultimately determine their behavior under
shear.

As mentioned before, Mica is in general an inert material. Nevertheless,
it can be chemically modified by water vapor plasma treatment, increasing
their reactivity to different species, e. g. chlorosilanes, as suggested by Parker
and coworkers [80]. In this way, molecularly smooth hydrophobic surfaces can
be prepared, given that the chemical structure is modified without increasing
the roughness of the substrates. Mica surfaces treated by this procedure have
been used in SFA studies [81]. Kessel and Granick modified this procedure
to be able to induce the self-assembly of alkoxysilanes on mica, showing that
strongly bound monolayers were formed [82].

Several groups have proposed to modify the mica surfaces simply by de-
positing on them thin films of different materials, including metals and di-
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electrics. In order to be able to monitor the geometry of the contact region
by MBI, it is important for the deposited layers not to be completely opaque.
This does not impose a serious limitation for sufficiently thin films. The inter-
pretation of the FEC'O becomes more involved because of the larger number
of optical layers in the optical path of the white light, but the information
about the thickness and optical properties of the confined film can nonethe-
less be extracted. Different algorithms which are adequate for the modified
experimental conditions have been described in the recent years [83,84].

Studies of mica modification by deposition of many different materials
have been reported in the past. Silver [83,85], gold [83,86], platinum [86,87],
silica [87,88], are only a few of a long list of materials investigated. Horn
and coworkers grown single crystals of aluminum oxide [89] by vapor phase
condensation. The tribological behavior of these surfaces was later investi-
gated by Berman and coworkers [90]. Vigil and coworkers deposited smooth
layers of amorphous silica on mica, and study the behavior under compres-
sion and shear of the resulting surfaces [88]. They found that oscillatory
structural forces were absent of the interaction between the surfaces. In addi-
tion, they observed long time-dependent adhesion and friction of the surfaces
in the presence of water. Mc Guiggan and coworkers deposited amorphous
carbon by magnetron sputtering on mica, and used these surfaces in the
SFA-nanotribometer [91]. They found the friction force to be proportional to
the area of contact between the surfaces, and the measured shear stress to
decrease strongly with increasing relative humidity. Hirz and coworkers sput-
tered thin films of zirconia and alumina on mica, and investigated the be-
havior of these surfaces when lubricated with a linear perfluoropolyether [92].
They showed that these metal oxide formed smooth films on mica susceptible
of being used as alternative substrates in SFA experiments.

Other groups have proposed to simplify the method of substrate prepara-
tion by eliminating the use of mica all together. A method of preparing silica
surfaces for use in the SFA was proposed by Horn and coworkers, although its
use has not became widespread [93]. Golan et al. proposed to deposit a thin
layer of silicon nitride on rigid silica disks previously coated with a reflec-
tive layer to replace the mica substrates [94]. They also reported a succinct
tribological study of this generic substrate.

In general, the surface modification processes abovementioned may alter
the smoothness of the surfaces at some degree complicating the geometry of
the system, changing it from a single-asperity to a multiple-asperity contact.
However, they allow the investigation of surfaces of interest in many different
fields, extending the range of applications of the SFA. In addition, in most
of the cases the roughness of the deposited layers can be controlled and/or
modified to certain extent, allowing the investigation of the effect of surface
roughness on friction, an important field of research on its own. SFA studies
involving controlled roughness are in progress in several laboratories in the
world.
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2.4 Case Study: Weakly Adhesive Surfaces under Shear

To illustrate the potential of the SFA technique for nanotribology studies,
some experimental results obtained with self-assembled surfactant layers are
described in this section. Another interesting example is presented later in
the book by Mugele.

We investigated the following system: the mica surfaces in the SFA are im-
mersed in bulk aqueous surfactant solutions. Cationic surfactants are chosen,
so that self assembled layers are formed on the mica surfaces. For surfac-
tant concentrations above the critical micelle concentration (cmc) the ad-
sorbed films show different morphology depending on the surfactant. Some
surfactants adsorb as flat bilayers, while others form rather modulated layers,
suggesting the adsorption of globular or cylindrical micelles [79]. If two flat
bilayers are compressed, eventually the hemifusion of the layers can be in-
duced. In the hemifused region the mica surfaces end up cover by a monolayer
of surfactant, and the surfaces are held together by an adhesive interaction,
because of the hydrophobic attraction between the hydrophobic chains of the
surfactant molecules. The precise measurement of the thickness of the trapped
layer allows the clear identification of the hemifusion; an abrupt change of
the confined film, corresponding to the expulsion of two monolayers from the
contact region, is induced by compression and/or shear [36,75, 95].

The behavior under shear of these systems is very complex. In general,
when two intact bilayers are sheared, we do not detect any frictional resis-
tance at any applied velocity or normal load: the friction force is below the
detection limit of our experimental setup, which is similar to the one de-
signed by Israelachvili [26,27]. On the contrary, after the hemifusion of the
layers is induced, a higher friction force can be observed. A typical friction
trace measured during the hemifusion process is presented in Fig. 2.4, to-
gether with friction traces measured at different driving velocities after the
hemifusion has taken place. The general behavior of the measured friction
force with the driving velocity after hemifusion is illustrated in Fig. 2.5. At
least 5 different regimes can be identified. At low velocities smooth sliding is
observed. The force increases first linearly and then logarithmically with the
driving velocity, before reaching a plateau. Above a certain critical velocity
the movement becomes unstable and stick slip is observed. At even higher
velocities the movement becomes again stable and a second smooth sliding
regime is observed, when the frictional resistance increases linearly with the
driving velocity. As can be observed in the Fig. 2.5, an extensive dynamic
regime is necessary to be able to observe the five regimes just described. This
exploration of the space of parameters can be readily performed with the
SFA nanotribometer.

Within the experimental accuracy, the shear stress, defined as o = F/A,
appears to be independent of the normal load L over the range of load in-
vestigated, both along the plateau regime preceding the stick-slip instability,
and for the high velocity smooth-sliding regime. This implies that the fric-
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Fig. 2.4. a Friction signal recorded when the lower surface is displaced at constant
velocity in a reciprocate mode, at the moment of the shear-induced hemifusion.
A dramatic increase in friction force is accompanied by a film thickness reduction
from 6.5nm to 3.5 nm, indicating the hemifusion of the adsorbed bilayers. The
normal load remains practically constant b A smooth sliding regime is observed at
low velocities, V' < V.. In the stick-slip regime the friction force oscillates between
the kinetic value Fx and a lower kinetic value Fyx. ¢ Increasing the driving velocity
the measured spring force changes from an oscillatory state to a smooth steady
state. Every time the driving velocity is reversed there is a transient response of
few hundredth of a second before the system reaches steady-state sliding

o
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Fig. 2.5. Driving-velocity dependence of the spring force measured while shearing
two adsorbed monolayers of the 12-3-12-3-12 surfactant under a load of L = 4.51 mN
at T' = 20 C. The smooth sliding to stick-slip transition occurs at Ve ~ 0.3 um/s.
Prior to the transition, the kinetic stress oy levels off at Vi after a logarithmic o — V'
dependence. The quasi-smooth regime persists up to the transition at V.. At high
driving velocities a new transition to a smooth-sliding regime is observed

tion force is proportional to the contact area A, rather than to the contact
diameter or the load L. The load independence of the shear stress is no longer
verified along the logarithmic regime. It is only due to the possibility of mon-
itoring the real area of contact with the SFA (from the flat region on the
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FECO) that the shear stress can be univocally calculated at all times during
the experiment.

All the trends observed in the sliding curve can be described by a model
originally proposed by Schallamach [96] and that we have extensively dis-
cussed in the past [36]. The general behavior of the friction force can then be
interpreted in terms of a model based on the kinetics of formation and rup-
ture of small adhesive links (bonds) between the two shearing surfaces. Under
this scenario, the observed stick-slip regime is just a manifestation of the me-
chanical instability due to the negative slope of the force vs. velocity curve
in a certain range of speeds. This adhesive model is insufficient to account
for the steady smooth sliding regime observed at high velocities. A second
contribution to the friction force (other than the elastic contribution) must
be considered in order to re-stabilize the mechanical system in a kinetic state
with finite friction. This extra contribution may be, for instance, the vis-
cous dissipation in the trapped layer. The linear increase of the force at high
sliding velocity seems to support this idea [36,95].

This example illustrates the capabilities of the SFA nanotribometer. It
shows how the measurement of the parameters pertinent to the friction prob-
lem, in particular the capability to monitor the geometry of the rubbing sur-
faces, greatly improves the understanding of the phenomena involved, allow-
ing a quantitative comparison of the behavior of the system with theoretical
models.
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3 The quartz crystal microbalance
as a nanotribology technique

Lorenzo Bruschi and Giampaolo Mistura

Dipartimento di Fisica G. Galilei, via Marzolo 8, 35131 Padova, Italy

3.1 Introduction

The quartz crystal microbalance technique (QCM) is a powerful probe of
interfacial phenomena that has been successfully employed to investigate the
sliding friction of objects of nanoscopic size subject to lateral speeds as large
as a few m/s [1,2]. The microbalance is a small quartz disk whose principal
faces are optically polished and covered by two metal films, which are used
both as electrodes and as adsorption surfaces. By applying an AC voltage
across the two electrodes, it is possible to drive the crystal to its own me-
chanical resonance with the two parallel faces oscillating in a transverse shear
motion. The quality factor of these resonances is usually very high (> 10°)
and this explains why the QCM is quite sensitive to interfacial phenomena.
A change in the disk inertia, as caused, for example, by the adsorption of
a film on the metal electrodes, is signalled by a shift in the resonant frequency.
Similarly, any dissipation taking place in the system determines a decrease
in the resonance amplitude.

Thanks to the pioneering work of Krim and coworkers [3], it was found
that molecules and atoms weakly bound to the surface of a quartz crystal
can slip relative to the oscillating substrate. The slip occurs as a result of the
force of inertia F' acting on the adsorbates during the vibrational motion of
the crystal. Actually, because of its extremely small value, the force I’ induces
a slow, thermally activated motion of the adsorbate along its direction, with
a drift velocity proportional to F'. Most of the friction experiments carried
out so far with the QCM technique have dealt with molecularly thin films of
simple gases adsorbed at low temperatures on the metal electrodes, generally
gold or silver, evaporated over the faces of a quartz crystal. For such studies,
the QCM was implemented in standard cryostats that guarantee very good
temperature controls, of the order of a few mK or better [4-7]. In this way,
it was possible to achieve very stable quartz resonance curves, an essential
requirement to detect the tiny dissipation associated with the friction of very
thin films. However, more systematic and quantitative investigations now
require the use of very uniform and clean surfaces, well characterized at the
microscopic level by techniques like STM or AFM. Furthermore, it is also
important to change in situ and in a controlled way the morphology of the
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surface. In other words, it is necessary to design a new generation of QCM
experiments that combine cryogenics with surface science [8].

In the literature, there are several general reviews on the application of
the QCM to nanotribology. However, none of them has covered in detail
the experimental aspects of such a technique. Therefore, in this chapter,
after a brief description of the acoustics of the QCM, we present the main
electronic circuits used to drive the QCM, emphasizing their pro and con.
We then discuss the surface quality of the quartz electrodes and conclude
with a short summary of the main features of a new apparatus that we
have expressly built to fulfil the requirements of low temperatures and an
ultra-high-vacuum environment. Finally, we present some preliminary data
acquired with set-up that seem to suggest structural depinning of Ne films
adsorbed on Pb(111) at a coverage above 0.4-0.5 layers.

3.2 The acoustics of the quartz crystal

The more common quartz crystals used in interfacial physics are of the so
called AT-cut. It has been extensively used in the electronics because the
temperature dependence of its resonance frequency is very small around room
temperature. Other types are the SC-cut (stress-compensated) quartz crystal,
which is insensitive to radial stresses, although the minimum of the quartz
resonance versus temperature curve occurs close to 200 °C. Furthermore, the
SC-cut crystals are much more expensive and require a complicated driving
circuit with respect to the more common AT-cut crystals. In practice, QCMs
employing SC-cut crystals have been used so far in adsorption studies but
not in the field of nanotribology [9].

Let us now consider an AT-cut quartz plate, which is characterized by
a shear motion of its two parallel faces. The AT crystal has a natural me-
chanical resonance when the plate thickness h is half of the transverse mode
wavelength A, or an odd multiple of A\/2, e.g. h = n%, where n is called
the overtone number (n = 1 is the fundamental mode, n = 3 is the third
overtone. .. ). At room temperature, the resonance frequency of such a plate
oscillating in vacuum is related to its thickness h by the simple relation:

1.75n
fO,n - h

-C (3.1)

where fy ,, is measured in MHz, h in mm and C' is a small correction factor
which increases with electrode thickness [10]. (Typical values of fy 1 for AT
plates employed as QCM sensors lie in the range 1—10 MHz).
At a certain frequency f*, its behavior in vacuum can be described by
a complex acoustical impedance:
"= fon

ZO = RO — ]XO = R() - ]ﬂﬂAquO— (32)
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where A is the area of one electrode, Z, = 8.862 - 10° g/cm?s is the quartz
acoustic impedance and the dissipative term Rg, which accounts for all the
losses in the plate, is related to the quality factor Qg via

1 2R
QO B 7mAZq

(3.3)

When the quartz plate is immersed in a fluid, its impedance will change
because of the adsorption of a film onto the quartz surfaces and of the viscous
coupling with the surrounding vapor. The global contribution per unit area
can be expressed in terms of a complex impedance Rgp, — j Xy, in series
with Zg. If both faces of the quartz plate are exposed to the fluid, the total
dissipative and inertial terms become, respectively, Ry + 2ARs, and Xy +
2AX¢,. The quality factor will then decrease by an amount Aé equal to:

1 1 1 4Ry

A—=———= 3.4
Q Q Qo mwnZy (34)
and the resonance frequency f will also be diminished by:
_ o fO,n
Af = f - fO,n - 72Xsfv (35)

™

The exact shifts will obviously depend on the explicit forms of Rgs and
Xstv. In order to determine them, we have applied the linearized Navier-
Stokes equation to the combined system quartz crystal-adsorbed film-bulk
vapor [11]. Let d be the thickness of the adsorbed film and pf and 7 its
bulk mass density and viscosity, respectively, while 7, and p, represent the
viscosity and the density of the bulk vapor. If we assume, as customary,
that the transverse velocity field depends only on the vertical distance z
from the electrode surface, the general stationary solutions to the Navier-
Stokes equations in the vapor and film regions are determined apart from
four integration constants.

These can be univocally determined by imposing the following boundary
conditions on the velocity fields v and vy: a) vy = 0 very far from the film;
b) vy = vr at the film-vapor interface (i. e. no slippage at this boundary); ¢) at
this interface, the force exerted by the vapor on the film must be equal to that

caused by the film on the vapor, that is (dvv) = —n (%)Z:d; d) we

assume, in general, that there may be slippz;igze Za¥dthe solid-film interface.
Because of this, there will be a frictional force Fy at this boundary. As the
last condition, we then impose that the force Fy must be equal and opposite
to that due to the film, that is: Fg = +n¢ (%)220' Finally, we make the
plausible assumption that Fyr depend linearly on the relative velocity between

the quartz plate and the film:

Fy = —n2[vo — v (0)] (3.6)
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where 7y is called coefficient of sliding friction or interfacial viscosity, vg
is the velocity of the electrode and v¢(0) that of the film at the electrode
surface. This condition is consistent with recent QCM studies of the velocity
dependence of interfacial friction [12]. If there is no slippage at the solid-
fluid interface, e = oco. The opposite limit, 772 = 0, corresponds instead to
a superfluid whose motion is totally decoupled from that of the oscillating
substrate.

By carrying out the necessary algebra, one finds that the reciprocal of
Zsy can be easily rewritten as:

R S
Zsfv Zv+Zfd M2

which says that the total acoustic impedance Zg, of the combined system
substrate-film-vapor can be considered as the parallel between the series of
the vapor i mpedance, Z,, and that of the film Zgg, and the impedance 7,
due to the slippage of the film at the solid boundary.

The formula 3.7 means that it is possible, at least in principle, to mea-
sure the friction force of a film adsorbed on a solid surface with a quartz
microbalance. In nanotribology one is interested in studying the friction of
an adsorbed monolayer. This implies that the acoustic impedance of the film
can be simplified as

(3.7)

Zga ~ —jwprd (3.8)
where w = 27 f.
If we solve the Eq. 3.7 in terms of Ry, and Xy we get:

Xsfv _ Wpfd + XV (3 9)
Rgfv sva R\27 + (Wpfd + Xv)2 '
and R R )
sfv v
= + — 3.10
Rgfv 52fv R\27 + (wpfd + XV)2 Up ( )
The first equatlon yields the film thickness d as
X
2y2 | _ 2V
2wp |:Rsfv + X sfv + \/ Rsfv + Xsfv) —4R Xsfv wpfs (311)

which can be substituted in the second one in order to calculate the interfacial
viscosity 7s.

Finally, the slip time 75, which represents the time required for the ad-
sorbed film speed to decay to 1/e of its initial value after that the oscillating
substrate has been put to rest in the absence of a bulk vapor, can be calcu-
lated from the ratio [3]:

Ty = M (3.12)
2

In the limit of very low vapor density, this approach yields identical re-
sults with the formulas introduced heuristically by other authors [13], ac-
cording to which the vapor impedance is in series with the parallel of the
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film impedance and the interfacial viscosity. As an example, for Kr vapor
pressures below 1 Torr, the two approaches yield essentially the same results,
while for pressures above 10 Torr this discrepancy can be as high as 15% or
more, depending on the amount of sliding observed.

3.3 QCM driving circuits

As we have already mentioned, in order to use the quartz crystal as a nan-
otribology sensor it is necessary to measure its resonance frequency and its
quality factor very accurately. Close to resonance, an AT-plate can in fact be
accurately described [10] by the equivalent circuit shown in the enlargement
of Fig. 3.1. The capacitor Cy (of the order of a few pF ) represents the static
capacitance of the crystal between the two electrodes. The values of Lq and
Cq are related to the kinetic and potential energies of the plate. The resistor
R, (of the order of a few tens of 2) accounts for all the losses of the crystal
and thus determines the intrinsic ()4 of the crystal. A quartz plate exhibits
a series resonance at fs = 1/2m,/L,Cy and a parallel resonance at f, where
fp — fs = fsCq/2C). The detailed values of these characteristic parameters
are provided by the manufacturer.

Various techniques have been devised to measure f,os. The simplest one
is that of the oscillator, which uses the quartz crystal (either at its series
or parallel resonance) in a positive feedback network in order to obtain an
oscillating circuit. Many different configurations of oscillators exist in the
literature. For example, Fig. 3.1 shows a very schematic diagram of an oscil-
lator we have built in which the quartz crystal is connected to the inverting

output

-Vce

a

Fig. 3.1. Schematic circuit of a quartz oscillator used in our laboratory
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channel of a wide-band operational amplifier. By adjusting the resistence of
the trimmer close to R, the circuit will auto-oscillate to the series resonance
frequency of the quartz.

In practice, because of the unavoidable phase shifts introduced by the
electronic components employed, fos. is shifted with respect to fies and this
difference depends on the width of the resonance curve, if the overall phase
shift does not change. For example, a typical phase error of 10° implies an

error in the frequency ‘ﬁlﬂéﬁ‘ ~ 2-1075 with a quality factor of 40,000. If

Q decreases during the measurements by 30%, (a value observed in our studis
with multilayers and which may become much bigger if one studies systems
like heavy, organic fluids characterized by a large damping ), it determines
a change in the frequency of the oscillator of about 6- 1077 parts, e.g. an
error of about 3 Hz for a crystal of 5 MHz. Another drawback of the oscillator
is that it does not allow an easy variation and monitoring of the excitation
power of the crystal. Furthermore, the oscillator selects by itself the resonance
mode, typically it is the fundamental series, and it is not easy to switch to
other modes. In conclusion, such a technique, although it is the simplest one,
is not very flexible and might cause serious measurement errors particularly
in situations where the Q) of the quartz microbalance is small.

Another simple way to measure both the frequency shift and the dissi-
pation taking place in a QCM experiment is the ring-down method shown
in Fig. 3.2. The quartz crystal is excited at its resonance frequency either
by an high-stability radio frequency generator [14] or by an oscillator [15],
which are connected to the electrodes through an electronic switch. This
latter one is controlled by a pulse generator that also triggers a digital os-
cilloscope. In this way, it is possible to turn the excitation on and off at
a fixed rate, typically comprised between 10 and 100 Hz, and store the free
decaying voltage after the excitation has stopped in the memory of the os-
cilloscope. The data can then be analyzed and fit according to the function

X m—=—T— digital
XTAL == i
= oscilloscope
L
JL > trigger [

Fig. 3.2. Block diagram of the ring-down technique
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Aexp(—t/7) cos(2m ft + ¢), where f represents the resonance frequency while
the decay time 7 is related to the quality factor of the crystal through the
simple relation Q = 7 fT.

In our view, the technique best suited to drive the QCM in nanotri-
bology applications is certainly that of the frequency modulation. In such
a technique, fosc corresponds to the maximum (or to the minimum) of the
amplitude of the quartz electrical impedance while the quality factor is de-
duced from the amplitude of the detected signal [16]. Its main advantages
can be summarized as: i) it is possible to lock on any resonance mode of the
QCM (series or parallel, fundamental or overtone) in a very simple and fast
way; ii) the excitation power can be easily varied from a few nW to several
UW and, more important for nanotribology studies, its precise value can be
accurately determined from the analysis of the crystal circuitry [17]; iii) it is
possible to achieve very high sensitivities and time stabilities; iv) most of its
main components can be easily found in any laboratory.

Figure 3.3 shows the block diagram of the electronics used in the FM tech-
nique. The output of an high stability radio-frequency generator equipped
with the external frequency-modulation option (FM) drives the quartz crys-
tal (XTAL) with a frequency f = fear + Af SIn(27 fmodt), where fear is the
so-called frequency carrier, set by the operator sufficiently close, but not nec-
essarily equal, to the resonance frequency of the quartz mode one wants to
lock-on. This fc., is modulated at a low-frequency fioq between the extremes
fear — Af and fcar + Af. The frequency of this modulation has to be smaller
than the inverse decay time of the crystal fres/Qq [16]. The quartz crystal may
either be inserted in a transmission line or have one electrode grounded, de-
pending on the experimental set-up. As a matter of course, the actual config-
uration affects the choice of the amplifier A. If Af < fear, the amplified volt-
age can be well approximated by A(f) ~ A(fear) + %’;""”)Af SIn(27 finodt)-
The high-frequency component of this signal can then be rectified by a diode

f XTAL
FM |—> A > —_L >
=
A — Y
b3 <—{ PID v |
A A
| <—LK-in <

Fig. 3.3. Block diagram of the frequency modulation technique. See text for further
details
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detector. In our case, to bypass the problems connected with the use of the
diode, e. g. periodic calibrations and thermal and time drifts, we have realized
a multiplier whose output yields the square of the signal followed by a low-
pass filter [17]. The DC amplitude of this signal is read by a high-precision
voltmeter. The small component at f,q is instead detected by a lock-in am-
plifier (Lk-in). The DC output of Lk-in, which changes sign as the frequency
passes through quartz resonance, is used to control the value of f.,, and thus
locks the circuit onto the resonance frequency of the quartz. The block X
adds up the low frequency modulation signal and the output of the Lk-in.
The PID sums up the Lk-in output, its integral and its derivative. The in-
tegral is needed to perfectly locate the resonance frequency, the derivative
guarantees stability to the feedback loop.

Finally, we mention another simple and sensitive circuit to drive a QCM.
A generator is locked to the series resonance of the crystal by an high-
frequency lock-in amplifier, which detects the reactive component of the
transmission signal of the crystal and shifts the synthesizer frequency to null
this component, after an offset is applied to cancel the contributions of shunt
capacitance [18].

3.4 Quality of the surface electrodes

For a quantitative use of the QCM in nanotribology, it is of paramount im-
portance to have very homogeneous and well characterized surfaces. In fact,
surface roughness not only complicates the comparison with theoretical mod-
els but can also prevent the sliding of the adsorbed film. Although quartz
resonators consist of thin disks of single crystalline silicon dioxide which are
optically polished on both sides to roughness of about 1 nm rms, the ther-
mally deposited metal electrodes usually exhibit a roughness of a few nm
rms. Unfortunately, this roughness cannot be significantly reduced. To an-
neal a thermally deposited gold electrode, heating above 600°C would be
required. However, at 573 °C a phase transition occurs from - to S-quartz.
This phase transition is reversible upon cooling, but may introduce regions
where the direction of the electrical axis in the quartz is reversed and thus
remove or greatly reduce the piezoelectricity.

In a systematic study [19] of the surface morphology of Cu films on quartz
in a UHV chamber, it was observed that annealing to 340°C of the films
deposited onto quartz preplated with titanium reduces the rms roughness to
about 3nm over a scan size of 500x500 nm?, although they maintain a self-
affine fractal scaling behavior over the length scale 10 ~ 500 nm.

More recently, Pb films have been grown by physical deposition using an
e-beam heated evaporation source at a rate of 0.5nm/s [20]. The substrate
was a quartz blank polished down to an RMS roughness of about 0.3 nm.
Prior to Pb evaporation the quartz substrate was annealed under UHV con-
ditions up to 140°C in order to remove condensed surface impurities. When
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Fig. 3.4. STM topography of
a 2000 x 2000 nm? area representa-
tive of a 150 nm thick Pb film de-
posited at 150 K on the surface of an
AT-cut quartz. The film is formed by
the assembly of 0.5 um sized domains
which are formed by a stacking of
platelets. (Photo courtesy of F. Bu-
atier de Mongeot)

e
400nm

Pb deposition is performed at or above room temperature, the thermally
activated diffusion of Pb atoms is so high that a non connected percolated
network of Pb clusters is formed [20]. Therefore, a substrate temperature of
150 K was chosen to hinder adatom mobility and a connected film is formed.
In Fig. 3.4 we can see a large scale STM image (2 x 2 um) showing the mor-
phology of a 150 nm thick Pb film deposited at 150 K, followed by annealing
at room temperature. The image shows a distribution of domains with lat-
eral dimensions around 0.5um . The various domains can be identified by
the different orientation of the platelets. The majority of them are stacked
parallel to the quartz surface, with an in-plane rotational mismatch, while
a minor fraction is stacked with a tilt angle with respect to the substrate.

Another method to obtain very homogenous surfaces consists in glueing
very thin layers of mica to the metal electrodes of a QCM [21]. In this way,
it is possible to have a quartz sensor with a macroscopic atomically flat area
without a significant loss of its sensitivity. These mica covered crystals have
been used in studies of contact mechanics [22]. So far, however, no QCM
measurements on the sliding friction of monolayers adsorbed on mica have
been reported. Following a similar approach, a piece of Grafoil, a type of
graphite, was glued uniformly on the Ag electrodes of a quartz crystal in
order to study the slippage of *He films below 3K [23].

3.5 UHYV apparatus

Another problem that affects QCM measurements of the sliding friction of
adsorbed monolayers is the contamination of the active surface of the quartz
sensor [8]. To overcome these problems, we have recently assembled a new
apparatus specifically designed to perform friction experiments on molecu-
larly thin films carried out with the QCM technique in ultra-high-vacuum
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and at a temperature as low as 4 K [24]. The main chamber is provided with
a stainless steel jacket that allows a quick change of the various temper-
ature inserts (cryocooler head, liquid nitrogen insert, Peltier-cell stage...)
that span the working range 4400 K, without ever breaking the vacuum.
The crystal mounting is compatible with UHV conditions and with the Omi-
cron standard and guarantees a good thermal and electrical contact over
the entire temperature range. The quartz is inserted in a specially designed
copper sample holder, housing the wiring for the temperature control and
signal detection systems in a volume separated by that of the chamber. In
this way, we can control the QCM temperature within 5 mK or less at any
temperature below 10 K. Furthermore, the quartz frequency and amplitude
stabilities are found to be as good as the best recorded values achieved with
QCMs mounted in standard high-vacuum, liquid bath cryostats. The system
is provided with a sputtering ion gun mounted in the fast-entry load section
to clean the QCM electrodes from surface contaminants. The movements of
the quartz sample inside the vacuum volume of the system are performed
through the combination of a magnetic translator and a wobble stick.

Facing the circular hole in the crystal mounting, there is a thin-wall stain-
less steel tube whose end is attached to a sapphire variable leak valve. The
high pressure side of the valve is connected to a high-purity gas cylinder
and another port allows to purge the system effectively. A film is condensed
onto the QCM, kept at low temperature, by slowly leaking gas through this
nozzle. Depending onto the vapor pressure, the film may cover either only
one or both electrodes. In the former case, which typically occurs at very
low temperatures, the deposition of a Ne film can be controlled within 0.1
layers working at a fundamental frequency of 5 MHz. Obviously, this figure
improves significantly using an heavier adsorbate and/or an higher overtone.
For instance, the dosing of a Kr film onto a QCM running at 15 MHz (and
third overtone) is done with a resolution better than 0.05 layers. If necessary,
the adsobed film can be annealed to higher temperatures by simply turning
off the cryocooler.

In the following, we present some preliminary data acquired with this
setup at temperatures below 10 K. They refer to Ne deposited on a Pb(111)
electrode grown and characterized in the group of Prof. Valbusa following the
procedure described in the previous section. The data have been acquired at
the third overtone of a 5 MHz quartz plate characterized by a quality factor
of 380,000 at low temperatures. The two top graphs in Fig. 3.5 show the
variations in the measured QCM resonance parameters during Ne evapora-
tion. By acting on the leak valve, the film was slowly grown in steps of about
0.2 layers and then we waited for the system to equilibrate. At low cover-
ages, there is no change in the quartz amplitude and accordingly the slip
time is zero. Close to 0.4-0.5 layers, dissipation starts to appear and the slip
time reaches values close to 0.3 ns, which are typical for rare gases sliding on
metal surfaces. The slip times described in the bottom of Fig. 3.5 have been
normalized with coverage according to the formulas reported in [8].
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Fig. 3.5. Raw data of the resonance frequency shift (top) and amplitude (middle)
during an adsorption isotherm of Ne on lead at 6.5 K. Bottom: calculated slip time
as a function of Ne film coverage

Although there is no data available in the literature on the 2D phase
diagram of Ne adsorbed on Pb(111), it is tempting to interpret our data in
terms of a structural depinning of the film. At low coverages, the Ne film is in
a fluid phase that at such low temperatures is locked to the substrate. Close
to about 0.4 layers, the film enters an incommensurate solid phase which is
weakly bound to the substrate and can easily slides. This interpretation is
consistent with the structural phase diagrams of heavy rare gases adsorbed on
Ag(111) [25], systems that are very similar to Ne/Pb(111). Our measurements
are also in very good qualitative agreement with the results of extensive
computer simulations of a model system carried out by Persson [26] in the
case of a low-corrugated susbtrate .

A systematic study of the dependence of the slip time on film coverage,
driving amplitude and temperature is currently under way in order to estab-
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lish the phase diagram of this intrinsic depinning [27]. In a previous QCM
study of the sliding friction of Kr monolayers adsorbed on Au(111) at 85 K we
have also observed a nonlinear behavior, but in that case the depinning was
induced by increasing the driving amplitude above a certain threshold [7].
More recently, highly sensitive AFM experiments have found changes in the
friction behavior that are based on similar structural effects. Dienwiebel et al.
observed that friction between graphite surfaces is significantly reduced when
the surfaces are rotated out of the commensurate locking angle [28]. Socoliuc
et al., by varying the normal load on the contact between tip and substrate,
have also observed a new regime of very low friction in which negative and
positive lateral forces sum up to a vanishing average force in the time average
instead of the spatial average [29].

It is a pleasure to acknowledge several clarifying explanations of the the-
oretical aspects of nanofriction we have had over the past few years with
Francesco Ancilotto, Bo Persson and Erio Tosatti. We also wish to thank our
experimental partners Francesco Buatier de Mongeot, Renato Buzio, Bruno
Torre, Corrado Boragno and Ugo Valbusa for many interesting discussions
and suggestions. We have greatly benefitted from daily interactions with our
students who have been involved with these studies: Alessandro Carlin, Moira
Ferrari, Luca Stringher, Francesco dalla Longa, Giovanni Fois and Alberto
Pontarollo, and we must also thank Giorgio Delfitto for his technical mastery.
Finally, funding from INFM, PRA Nanorub, and MIUR, FIRB Carbon based
micro and nanostructures and PRIN Nanotribologia, is kindly acknowledged.
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4 Nanoscale Friction and Ultrasonics
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Mancha, Plaza Manuel de Meca 1, 13400 Almadén, Spain

4.1 Introduction

Ultrasonic technology finds many applications in our society. It is used in
chemistry, biology and medicine, i. e. for preparation of colloids or emulsions,
the pregermination of seeds, for imaging of biological tissues, etc. Also, it is
used in nondestructive testing (NDT), for measurement of materials prop-
erties, in metrology, etc. Ultrasonic vibrations are commonly employed in
mechanical machining of materials [1]. Procedures such as ultrasonic cut-
ting of metals, ultrasonically assisted wire-drawing, ultrasonically assisted
drilling, etc., take advantage of a modification of friction by ultrasonic vibra-
tion. Macroscopically, it is well known that friction and acoustics are very
much related [2]. The development of nanoscale ultrasonics can be of inter-
est in nanotechnology. Nevertheless, studies related to the emission of ultra-
sound from nanoscale contacts or to the influence of ultrasonic vibrations on
nanofriction are still scarce [3].

The investigation of friction at the nanometer scale can be realized with
an atomic force microscope (AFM). A specific AFM-mode, friction force mi-
croscopy (FFM), has been developed for this purpose [4]. FFM monitors
the torsion of a microcantilever as a sample is laterally displaced by means
of piezoelectric actuators, being the cantilever tip in contact with the sam-
ple surface. Typically, the deformation of the cantilever is sensed by optical
beam deflection, and both bending in normal direction and torsion are simul-
taneously recorded with a four-quadrant photodiode detector [5]. The mea-
surement of the lateral forces that act upon the tip—sample contact during
forward and backward scans allows us to distinguish frictional forces, which
reverse when reversing the scanning direction, from the lateral forces that
stem from topographical features. The lateral resolution in FFM depends on
the tip—sample contact area, which is typically 10—-100nm in diameter, in
ambient conditions.

Ultrasound refers to mechanical vibrations of frequencies ranging from
20kHz up to GHz. Typical ultrasound propagation velocities in solid ma-
terials are of the order of 103 ms~'. Hence, ultrasonic wavelengths in solid
materials are of the order of mm, much larger than the diameter of the mean
tip—sample contact area. The actuation of ultrasonic vibration at a nanocon-
tact is always accomplished in the near-field regime. The understanding of
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whether it is possible to detect ultrasonic vibration at the contact of an AFM
cantilever tip and a sample surface is not trivial at first sight. A cantilever
tip in contact with a surface will certainly be subjected to forces when the
surface atoms displace due to ultrasound excitation, but if the ultrasonic fre-
quency is sufficiently high, considering the cantilever tip as a point mass,
it is clear that it will not be able to follow the surface motion due to its
inertia.

Starting from 1992, different procedures to monitor ultrasonic vibrations
at a sample surface using an AFM cantilever tip have been explored, which
will be described in this chapter [6-23]. A first motivation for most of those
studies was to implement a near-field approach that provided the kind of
information that is obtained with the acoustic microscope, i.e. information
about the elasticity and viscoelasticity of materials, but with a lateral reso-
lution on the nanometer scale. To this aim, different AFM-based techniques
such as ultrasonic force microscopy (UFM) [7,9], atomic force acoustic mi-
croscopy (AFAM) [10], and heterodyne force microscopy (HFM) [21] have
been quite successfully implemented. The different methods and their main
opportunities for the characterization of nanoscale materials properties will
be briefly outlined in Sect. 4.2.

Shear ultrasonic vibration excited at a sample surface can also be detected
with the tip of an AFM cantilever [24-36]. Experiments that monitor the can-
tilever response to shear ultrasonic vibration excited at the tip—sample inter-
face, with the tip in contact with the sample surface, provide novel methods
to study nanoscale friction. Some interesting results concerning the response
of nanocontacts to shear ultrasonic vibration will be introduced in Sect. 4.3.

In Sect. 4.4, experimental evidence of the reduction and/or elimination of
friction at nanometer-sized contacts by means of ultrasonic vibration will be
considered. The opportunity to control friction at the nanometer scale is of
tremendous significance in nanotechnology. By now, it has been unambigu-
ously demonstrated that ultrasound of sufficiently high amplitude can act as
a lubricant in nanoscale contacts [38,43-45]. Nevertheless, only a few exper-
iments that address this topic have been performed to date, and hence the
opportunities of ultrasonic vibration to modify the mechanisms of friction at
a nanometer scale are still an open question.

In Sect. 4.5, some attempts to obtain information about adhesion and/or
the adhesion hysteresis using ultrasonic AFM techniques will be summa-
rized [21,51-57]. Procedures for the measurement of adhesion hysteresis from
UFM have been investigated, and a relationship between adhesion hysteresis
and friction has been formally established [54]. Phase-HFM provides infor-
mation about dynamic relaxation processes related to adhesion hysteresis
nanoscale contacts with an extremely high time sensitivity, superior to any
other ultrasonic-AFM procedure [21]. In view of a comparison of phase-HFM
and friction data, the opportunities to take advantage of the time resolution
of HFM for the study of nanoscale friction processes will be discussed.
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4.2 Normal Ultrasonic Vibration at Nanocontacts

In the following, we will consider the nanocontact formed by the tip of an
AFM cantilever in contact with a sample surface. Normal ultrasonic vibra-
tions at the tip—sample interface can be excited using, for instance, an appro-
priate piezoelectric element attached to the back of the sample; longitudinal
acoustic waves originated by mechanical vibrations of the piezo will propagate
through the sample, and reach the surface—tip contact area.

As indicated in the introduction, in the limit of high ultrasonic frequen-
cies (hundreds of MHz for instance), it is not expected that the cantilever
tip in contact with the sample surface can move fast enough to keep up with
surface atomic vibrations at ultrasonic frequencies, due to its inertia. Nev-
ertheless, the displacement of the surface atoms will lead to modification of
the tip—sample interaction forces. In the absence of ultrasound, with the tip
in contact with the sample surface, in the repulsive interaction force regime,
the cantilever is bent to compensate for the sample surface repulsive inter-
actions, so that the net force at the tip—sample interface is zero, and the tip
is indented into the sample to a certain extent, which depends on both the
cantilever and the tip—sample contact stiffness. In the presence of normal ul-
trasonic vibration the tip—sample distance is varied at ultrasonic frequencies
between minimum and maximum values, which depend upon the amplitude
of ultrasound excitation and the initial set-point force (see Fig. 4.1a). If the
amplitude of the ultrasound is small, the tip—sample distance sweeps a linear
part of the tip—sample interaction force curve. The net average force that
acts upon the cantilever during an ultrasonic time period will be in this
case the initial set-point force. However, if the amplitude of ultrasound is
increased, and the tip—sample distance is swept over the nonlinear part of
the force curve, the average force will then include an additional force. If
the ultrasonic amplitude is sufficiently high, the cantilever experiences an
additional displacement due to this force, which can be easily detected with
the optical lever technique [7]. This additional force constitutes the so-called
ultrasonic force and it is the physical parameter evaluated in ultrasonic force
microscopy (UFM) [7,9]. The ultrasonic force induces a static cantilever dis-
placement (UFM signal) as long as vertical ultrasonic vibration of sufficiently
high amplitude is present at the tip—sample contact. In this sense, the can-
tilever behaves as a mechanical diode, and UFM has also received the name
of mechanical-diode ultrasonic mode.

The ultrasonic force is hence understood as the averaged force experi-
enced by the tip during each ultrasonic period. Its magnitude depends upon
the part of the tip—sample force regime over which the tip—sample distance
varies while being modulated at ultrasonic frequencies, i.e. on the initial
tip—sample distance (the initial indentation or set-point force) and on the ul-
trasonic amplitude. The ultrasonic response will be dependent on the details
of the tip—sample interaction force, and hence on sample materials proper-
ties such as local elasticity and adhesion. Figure 4.1a and 4.1b illustrates the
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Fig. 4.1. a,b The physical principle of UFM measurements (see text). The ultra-
sonic excitation may be introduced through the sample (S-UFM) (c) or through
the tip using the cantilever as a waveguide (W-UFM) (d). The piezo excitation is
given a triangular modulation, with maximum amplitude Ay,. The effect of varying
the static force Fy, (set-point force) is similar for S-UFM and W-UFM (from [22])

physical principle of the UFM measurements. Softer surface or near-surface
regions of nanoscale dimensions at the sample under consideration will be
easily distinguished from harder regions because of a smaller UFM signal at
the former (Fig. 4.1b). Fig. 4.1c and d displays UFM responses of a sample of
poly(methylmethacrylate) about 3 mm thick (see [22] for more details about
these measurements). As shown in the figure, the piezo excitation is given
a triangular modulation, with maximum amplitude A,,. In Fig. 4.1c, the piezo
is located at the back of the sample, and works at a frequency of 2.620 MHz
(the way ultrasound is excited at the tip-sample contact in Fig. 4.1d will be
discussed below). The set-point force is kept constant at 7 nN. UFM responses
for different maximum ultrasonic amplitudes are shown. As it is noticeable
from the figure, the UFM response is zero until the amplitude of ultrasound
excitation reaches a threshold value, and it then increases as the ultrasonic
amplitude is increased. If the ultrasonic excitation amplitude is periodically
varied at some low kHz frequencies, the UFM response will change accord-
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ingly, and by monitoring its magnitude at every surface point by means of
a lock-in amplifier, UFM images can be measured. To date, it has already
been demonstrated that UFM is a useful technique to map the nanoscale elas-
ticity and adhesive properties of surface and subsurface regions in a variety
of both stiff and compliant samples [9,19].

When working in the UFM mode, the high-frequency cantilever vibration
is not directly monitored. If the cantilever is regarded as a simple point mass,
the amplitude of vibration at the driving frequency should vanish in the limit
of very high frequencies [7]. Nevertheless, the cantilever is not a point mass,
but a tiny elastic beam that can support high-frequency resonant modes.
Atomic acoustic force microscopy (AFAM) [10,13] monitors the resonance
frequencies of the high-order bending modes of the cantilever, being the tip
of the AFM cantilever in contact with the sample surface, in the presence
of normal ultrasonic vibration at the tip—surface interface. According to the
wave theory of elastic beams, the flexural resonance frequencies of a rectangu-
lar cantilever are the solutions of a fourth-order differential equation, which
can be analytically solved for a clamped-free cantilever, and for a clamped
spring-coupled cantilever with the tip in contact with a sample surface [13].
In the latter case, the resonances are shifted in frequency and the vibra-
tion amplitudes along the cantilever changes. Using a linear approximation
for the tip—sample interaction forces, the frequency shift can be calculated.
Figure 4.2 shows the resonance frequencies of the clamped spring-coupled
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Fig. 4.2. Resonance frequencies f, of the clamped spring-coupled cantilever with
the tip in contact with a sample surface (black squares) normalized to the first
resonance frequency of the clamped-free cantilever f,. K* and K. are the tip—
sample contact stiffness and the cantilever stiffness, respectively. A comparison
with the point-mass model for the cantilever (open circles) shows that this model
predicts too large frequency shifts for K*/K. > 1 (from [13])
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cantilever as a function of the stiffness of the tip—sample contact normalized
to the cantilever stiffness for the first three modes. The experimental deter-
mination of the shift of the resonance frequencies of the high-order flexural
cantilever modes provides a measurement of the tip—sample contact stiffness,
with lateral resolution in the nanometer scale. From the contact stiffness, the
sample indentation modulus can be derived using, for instance, Hertz contact
theory [13].

In UFM, it is assumed that the cantilever is dynamically frozen, and
does not vibrate at ultrasonic frequencies [7]. Even though resonant modes
can certainly be excited at a microcantilever, the point-mass picture for the
AFM cantilever tip allows us to understand certain peculiarities of its high-
frequency dynamic behavior. Thus, the inertia of the cantilever “explains”
that in ultrasonic-AFM techniques soft cantilevers can indent hard samples,
and yield information about surface and subsurface elastic inhomogeneities.
In the limit of high ultrasonic frequencies, the amplitude of vibration at the
crests of the resonant modes of a clamped spring-coupled cantilever is ex-
pected to be very small, and extremely difficult, if possible, to detect. Hence,
UFM appears as the most appropriate technique for measurements at higher
ultrasonic frequencies. Typically, in AFAM, the tip—sample distance is kept
sufficiently small that the tip—sample interactions remain in the linear regime.
In contrast, UFM relies on the nonlinearity of the tip—sample interaction
force; if the tip—sample interactions are in the linear regime, no ultrasonic
force is expected to set in at the tip—sample contact.

The detection of surface ultrasonic vibration with the tip of an AFM
cantilever was first demonstrated in [6] by exciting surface acoustic waves
(SAWSs) at slightly different frequencies, and using a cantilever tip in con-
tact with the sample surface to detect the surface vibration at the difference
frequency. SAWs are acoustic modes that are confined within a wavelength
to the surface of a solid, and propagate along specific crystalline directions.
They can be excited using interdigital transducers (IDTs) on appropriate
substrates. Scanning acoustic force microscopy (SAFM) was particularly im-
plemented for the characterization of SAW field amplitudes [11] and phase
velocities [18]. The procedure in SAFM is actually equivalent to this in UFM:
the superposition of two SAWs of slightly different frequencies leads to surface
high-frequency vibration that is modulated in amplitude at the (lower) dif-
ference frequency. When the surface vibration amplitude is sufficiently high,
a cantilever tip detects the signal via the mechanical diode effect, due to the
nonlinearity of the tip—sample force curve.

In scanning local acceleration microscopy (SLAM) [14], the cantilever tip
is considered a point mass. Three different working modes are distinguished:
the contact-mode, the mechanical-diode mode and the subharmonic mode. In
contact-mode SLAM, the sample is vibrated at high frequency, with the tip
in contact with the sample surface, and the tip displacement, which yields the
contact stiffness, is monitored at the excitation frequency; the high-frequency
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surface vibration amplitude is kept sufficiently low that the tip—sample in-
teraction remains in the linear regime. The mechanical-diode SLAM mode is
equivalent to UFM. In subharmonic SLAM, the sample surface is excited at
very high ultrasonic vibration amplitudes. According to interesting reported
data [12], the analysis of the generation of subharmonics and chaos may pro-
vide information about the local coefficient of restitution of a tip bouncing
on a sample surface.

Scanning microdeformation microscopy (SMM) [8] uses a piezoelectric ele-
ment to both excite ultrasonic vibration at a sample, and detect the acoustic
wave generated by the microdeformations caused by a tip in contact with
a sample surface. The technique can operate in transmission mode, with the
piezo located at the back of the sample. In this way, contrast of local elas-
tic constants, inhomogeneities and/or subsurface features is obtained with
a lateral resolution essentially related to the tip diameter.

It is worth remarking at this stage that most of the different ultrasonic-
AFM approaches discussed so far have capabilities of subsurface imaging [8,
9,14]. Nevertheless, so far the resolved buried feature sizes are typically much
smaller than the used acoustic waves, the sensitivity to subsurface features
does not appear straightforwardly related to acoustic wave propagation, but
rather to a near-field effect.

The development of AFAM has proved that in the presence of ultrasound,
with the tip is in contact with a sample surface, flexural resonant modes are
excited at typical AFM cantilevers at frequencies of some MHz. Nevertheless,
UFM usually also works quite well in the frequency range of some MHz. In
principle, the ultrasonic frequency selected for UFM measurements should
not be coincident with the cantilever contact resonances in order that the
high-frequency displacements of the tip are as small as possible. However, it
has additionally been demonstrated that ultrasound can be excited at a sam-
ple surface from a piezoelement located at the cantilever base. In this case, the
cantilever acts as an acoustic waveguide that propagates the ultrasonic signal
to the sample. As in AFAM, the measurement of the amplitude and resonant
frequency of the high-order resonances of a cantilever in contact with the
sample surface when ultrasound is excited from the cantilever base provides
information of the sample elasticity with nanoscale resolution [15,16]. SMM
has also been implemented in the so-called “reflexion mode”, with a piezoele-
ment located at the cantilever base that is used for both the excitation and
the detection of ultrasound [17]. And even though the propagation of ul-
trasound from the cantilever base to the sample surface necessarily requires
that the cantilever tip vibrates at the excitation frequency, it has been exper-
imentally demonstrated that UFM works in this configuration, renamed as
waveguide-UFM (W-UFM) for distinction. As in the case when ultrasound is
excited at the tip—sample contact from the back of the sample (sample-UFM,
S-UFM) [22,23], in W-UFM the ultrasonic excitation is input at the tip—
sample contact via tip displacements. W-UFM and S-UFM signals recorded
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on PMMA can be compared in Fig. 4.1c and d. In Fig. 4.1d, a piezo located
at the cantilever base is excited at 5.120 MHz. As it is apparent from the
figure, both procedures lead to remarkably similar qualitative responses. In
principle, excitation of ultrasound from the cantilever base in ultrasonic-AFM
techniques is potentially advantageous as there are by far fewer restrictions
on the sample shape or its internal structure (e. g. porous or hollow samples
can be studied). In addition, the use of same piezo—cantilever—tip assembly
for different samples simplifies a quantitative comparison of nanoscale me-
chanical data.

In heterodyne force microscopy (HFM) [21], ultrasound is excited both at
the tip (from a transducer at the cantilever base) and at the sample surface
(from a transducer at the back of the sample) at adjacent frequencies, and
mixed at the tip-sample gap (see Fig. 4.3). The physical principle of HFM is
described in Fig. 4.3. As the sample vibrates at a frequency w; and the tip at
a frequency ws, the maximum tip—sample distance, is modulated at wy — wo
(beat frequency). Provided that the total amplitude is large enough to cover
the nonlinear range of the tip—sample interaction force, an ultrasonic force
(stronger for larger amplitudes) will act upon the cantilever and displace it
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Fig. 4.3. A schematic diagram illustrating HFM. Small phase delays between tip
and sample vibration (at w1 and wa, respectively) will cause a phase variation of
the cantilever vibration at the difference frequency w1 — ws. This is detected as the
HFM response
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from its initial position. Owing to the varying ultrasonic force, the cantilever
vibrates at the difference mixed frequency. In HFM, this vibration is moni-
tored in amplitude and phase with a lock-in amplifier, using the (externally)
electronically mixed signal as a reference. The information provided by the
amplitude-HFM (A-HFM) response is very similar to that obtained by UFM.
Nanoscale lateral variations in sample elasticity and/or adhesive properties
will give rise to A-HFM contrast. A unique feature of HFM is its ability to
monitor phase shifts between tip and sample ultrasonic vibrations with an
extremely high temporal sensitivity, i.e. fractions of an ultrasonic time pe-
riod. Small differences in the sample dynamic viscoelastic and/or adhesive
response to the tip interaction result in a shift in phase of the beat signal
that is easily monitored in phase-HFM (ph-HFM). In this way, HFM makes
it possible to study dynamic relaxation processes in nanometer volumes with
a time-sensitivity of nanoseconds.

Recently, scanning near-field ultrasound holography (SNFUH) [23] has
been proposed as a nondestructive imaging method. The technique is imple-
mented in a similar way to HFM, save that here the difference frequency is
chosen in the range of hundreds of kHz whereas in [21] difference frequencies of
some kHz are used. The experimental data obtained by SNFUH demonstrate
its capability to provide elastic information of buried features with great sen-
sitivity. Interestingly, in phase-HFM most of the contrast apparently stems
from surface effects, as will be discussed in Sect. 4.5 of this chapter.

4.3 Shear Ultrasonic Vibration at Nanocontacts

If we consider the nanocontact formed by the tip of an AFM cantilever in
contact with a sample surface, shear ultrasonic vibrations at the tip—sample
interface can be excited using, for instance, a shear piezoelectric element
attached to the back of the sample; shear acoustic waves originated by me-
chanical vibrations of the piezo will propagate through the sample, and reach
the surface—tip contact area.

With a shear-wave transducer oriented in such a way that the surface in-
plane vibrations are polarized perpendicular to the long axis of the cantilever,
torsional resonant modes of a cantilever with the tip in contact with the sam-
ple surface are excited. Lateral-acoustic friction force microscopy (L-AFAM)
(or resonant friction force microscopy (R-FFM)) [24-27] monitors the vi-
bration amplitudes of the cantilever torsional resonant modes at different
surface points. In this technique, the sample is typically laterally vibrated at
MHz frequencies, and the torsional vibration amplitudes provide information
about the lateral forces between tip and sample. Apparently, L-AFAM images
are independent of the scanning direction, i. e. not influenced by topography-
induced lateral forces [25]. When scanning in the presence of shear ultrasonic
vibration at the tip—sample contact, the relative tip—sample velocities are of
the order of 1 mms~!, much larger than those in conventional FFM (about
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100—250 ums~1!), and nearer to the sliding operating velocities in MEMs and
NEMs (in the range of tens of mms~! to a few ms™1t) [37].

The analysis of the torsional contact resonances of AFM cantilevers in
contact with a sample surface provides a novel means to study friction and
stick—slip phenomena at the nanometer scale [26,27]. At low shear-excitation
voltages, the resonance curve torsional cantilever vibration amplitude versus
excitation frequency is a Lorentzian with a well-defined maximum; the can-
tilever with the AFM tip stuck to the sample surface following the surface
motion, behaves like a linear oscillator with viscous damping. Above a critical
shear excitation amplitude, which depends on the static cantilever load, and
is of the order of 0.2 nm for bare and lubricated silicon samples [26], the shape
of the resonance curve exhibits a characteristic flattening, attributable to the
onset of sliding friction at the tip—sample contact. Experimental evidence of
energy dissipation before sliding friction sets in has been related to microslip,
i.e. slipping of an annulus at the tip—sample contact before the whole contact
starts to slide (see Ref. [26] for further details).

The local vibration amplitudes and phases of the torsional resonances of
clamped-free AFM cantilevers have been studied using optical interferome-
try [28]. The finite size of the cantilever beam and asymmetries in its shape
leads to coupling between flexural and torsional vibrations. Lateral resonant
modes of AFM cantilevers, which consist in flexural vibration modes in the
cantilever width direction parallel to the sample surface, have also been ex-
perimentally observed [29]; asymmetries in the cantilever thickness lead to
a z component of the displacement that can be monitored by optical beam
deflection with an AFM.

The torsional resonant modes of a cantilever tip in contact with a sample
surface have also been excited using a shear piezo located at the cantilever
base [30,31]. In the torsional resonance dynamic-AFM mode (TR mode) [32]
torsional vibrations of the cantilever are excited via two piezoelectric elements
mounted beneath the holder of the chip, which vibrate out-of-phase, in such
a way that they generate a rotation at the length axis of the cantilever. Using
this procedure, the torsional resonances of the cantilever can be monitored in
both near-contact and contact modes. In ultrahigh vacuum (UHV), torsional
cantilever resonances can be excited via vertical vibrations, due to their high
quality factors. Lateral forces between a cantilever tip and objects on sur-
faces have been measured in UHV by monitoring the induced change of the
frequency of the fundamental cantilever torsional resonant mode [33]. In the
torsional overtone microscopy [34], torsional cantilever resonances excited
by thermal noise are used to obtain information about the shear stiffness of
the tip—sample contact.

In the limit of high ultrasonic frequencies, it is questionable if high-order
torsional resonances will be excited at the cantilever. Nevertheless, in lateral
scanning acoustic force microscopy (LEM-SAFM) [35,36] SAWSs with inplane
oscillations components such as Love waves have been detected by modulat-
ing the rf signal’s amplitude at some kHz. When the tip is in contact with
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the sample surface, in the presence of shear ultrasonic vibration at the tip—
sample contact, the cantilever experiences an additional amplitude-dependent
torsion or lateral mechanical-diode effect. From the ultrasound-induced addi-
tional torsion, information about the amplitude and phase velocity of in-plane
polarized SAWs can be obtained.

In lateral ultrasonic force microscopy (L-UFM) [9] lateral vibrations of the
sample surface at a relatively low frequency of some kHz, polarized perpen-
dicular to the length axis of the cantilever, are superimposed on a continuous
vertical ultrasonic surface vibration. The measurement of the amplitude of
torsion of the cantilever at the lateral low-frequency surface vibration pro-
vides information about the sample shear elastic properties with subsurface
sensitivity.

4.4 Reduction of Friction by Ultrasonic Vibration

The reduction of friction by ultrasound is a well-known macroscopic effect [1,
2]. Its occurrence at the nanometer scale is only recently being investigated.

Dinelli et al. [38] studied the influence of out-of-plane ultrasonic vibration
on the frictional response of a Si sample in ambient conditions, using FFM
and UFM. Their results clearly demonstrated that dynamic friction vanishes
in the presence of ultrasound when the tip—surface contact breaks for part of
the out-of-plane vibration cycle (see Fig. 4.4). Figure 4.4 shows the friction
force and the cantilever deflection measured at different surface ultrasonic
vibration amplitudes. The friction force in Fig. 4.4 was independently deter-
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Fig. 4.4. Experimental measurements of dynamic friction (thick line) and can-
tilever deflection (thin line) dependencies on the ultrasonic amplitude, for two dif-
ferent applied loads F1 = ON and F» = 2nN on a Si sample (from [38])
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mined for each of the different amplitudes of surface ultrasonic vibrations by
laterally scanning the sample back and forth in the direction perpendicular
to the cantilever axis, using a lock-in amplifier (see Ref. [38] for further de-
tails). The cantilever deflection signal in Fig. 4.4 corresponds to the cantilever
response to the ultrasonic force, i.e. the UFM signal, which depends on the
ultrasonic amplitude (see Fig. 4.1). The onset of an UFM response for a given
set-point force roughly indicates the ultrasonic amplitude needed for the tip
to detach from the sample surface at part of the surface ultrasonic vibration
cycle.

The breaking of the tip—sample contact at each ultrasonic cycle explains
the reduction or elimination of friction because of a reduction of slippage
during sliding. Interestingly, it is apparent from Fig. 4.4 that, for a given
applied load, the friction force considerably decreases well before the onset
of the UFM response, i.e. while the tip remains in “linear contact” with the
sample surface during the ultrasonic vibration cycle. For the case of F5 in
Fig. 4.4, the reduction of friction already amounts to about 60% when the
UFM cantilever response sets off.

The influence of normal ultrasonic vibration on the static friction force was
studied by keeping the amplitude of the lateral displacement small enough
that the tip remained stick to a surface point without sliding, see Ref. [38] for
details. It was demonstrated that the static friction force begins to decrease at
very low ultrasonic amplitudes, and that the onset of friction reduction does
not depend on the applied shear force. Evidence on this latter point ruled
out the possibility that the reduction of friction is due to slippage during the
part of the period that the tip—sample forces are the lowest.

In order to explain a reduction of friction at low ultrasonic amplitudes,
the presence of a surface layer at the tip—sample gap, i. e. a liquid layer formed
by water and possibly organic contaminants, has been considered [38]. In the
absence of ultrasonic vibration, such a layer might organize in a solid-like
configuration between the tip and the sample and partially sustain the load.
As the tip—sample distance is varied at ultrasonic frequencies, the viscosity
of the layer would hinder its rearrangement, thereby reducing the probability
of tip stick—slip processes, and hence friction.

Using molecular dynamics (MD) simulations, Gao et al. [39] demonstrated
that small amplitude (of the order of 0.1 nm) oscillatory motion of two con-
fining interfaces in the normal direction to the shear plane can lead to tran-
sitions of a lubricant from a high-friction stick-slip shear dynamics to an
ultralow kinetic friction state (superkinetic friction regime), provided that
the characteristic relaxation time for molecular flow and ordering processes
in the confined region is larger than the time constant of the out-of-plane
mechanical oscillations.

Heuberger et al. [40] observed load- and frequency-dependent transitions
between a number of dynamic friction states of a lubricant using a surface
forces apparatus, modified for measuring friction forces, while simultaneously
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inducing normal vibrations between two boundary-lubricated sliding surfaces.
In particular, they found regimes of vanishingly small friction at interfacial os-
cillation amplitudes below 0.1 nm, and demonstrated that they originate due
to the dynamics of the relaxation processes of the lubricant at the molecular
level.

Recently, Socoliuc et al. [41] have demonstrated that mechanical vibra-
tions normal to the plane of sliding at cantilever resonance frequencies in the
range of hundreds of kHz in ultrahigh-vacuum (UHV) conditions lead to an
ultralow friction regime in atomic scale friction even when the amplitude is
not sufficiently high that the tip detaches from the sample during the vibra-
tion cycle. Previously [42], the authors had reported on the observation of an
ultralow dissipation state in atomic friction related to the absence of mechan-
ical instabilities, attained by varying the normal force. Such a state may exist
because a modification of the tip—sample normal load leads to changes in the
lateral surface corrugation felt by the tip without significantly altering the
stiffness of the tip—sample contact. In the case that the tip—sample force is
periodically varied at high frequencies, it is feasible that the tip slides through
ultralow dissipation atomic friction states when being laterally displaced.

The effect of in-plane ultrasonic vibration in nanoscale friction has also
been considered. Scherer et al. [25] observed that when lateral ultrasonic vi-
brations are excited at a sample surface at ambient conditions using a shear
piezo bonded to the back of the sample, friction nearly vanishes at certain
frequency bands, whereas it remains as high as on a nonvibrating surface at
other frequencies. However, they verified that the near-zero friction bands co-
incided with frequencies at which a lift-off (vertical displacement) of the AFM
cantilever occurred. As discussed by the authors [25] such “lift-off” might be
attributed to the set in of a vertical ultrasonic force due to parasitic out-of-
plane motions of the sample surface or to mode coupling in the cantilever.
Nevertheless, the buildup of an elastohydrodynamic lubrication film whose
viscosity and hence thickness is dependent on the lateral tip—sample relative
velocity was proposed as a reasonable hypothesis that could account for a ver-
tical cantilever displacement in the absence or in the case of low-amplitude
out-of-plane surface vibrations.

Behme et al. [43-45] studied the influence of surface acoustic waves
(SAWSs) on nanoscale friction. SAWSs constitute a precise source of acous-
tic vibration, with well-defined surface oscillations in a perfectly determined
polarization, whereas when working with bulk shear-wave transducers para-
sitic surface displacements due to the existence of boundaries, etc. can hardly
be avoided. LFM and multimode SAFM were used to measure and distin-
guish the influence of inplane and vertical surface oscillations components on
the cantilever torsion and bending. To this aim, the authors [43-45] excited
a standing Rayleigh-wave field, and considered the dependence of friction
on the acoustic excitation amplitude. In Rayleigh waves, the atoms oscil-
late on elliptical trajectories with a large vertical and a smaller lateral os-
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cillation component. The experiments showed that by increasing the rf am-
plitude, friction is locally reduced an eventually suppressed. In addition, it
was clearly demonstrated that at the point at which friction disappears, the
lateral-SAFM signal breaks down. Hence, it was concluded that the effect
of friction reduction is essentially due to the vertical mechanical-diode effect
that leads to an effective shift of the cantilever, whereas inplane oscillations
do not play a significant role. This hypothesis was further reinforced by the
fact that apparently in-plane polarized Love-type SAWs did not significantly
alter the frictional behavior. When using the in-plane polarized Love-type
SAWs, no cantilever lift-off induced by a lateral oscillation of the sample was
observed [25]. At very high Rayleigh-wave amplitudes a lateral force rectifica-
tion of the longitudinal component of the standing-wave field was apparent,
which resulted in a scan-direction-independent appearance of the LEFM traces.

Ultrasonic vibration covers a broad range of frequencies, and the processes
involved in a reduction of friction by ultrasound can vary at different relative
tip—sample velocities. De Hosson and Kessermakers [46] studied the influence
on nanoscale friction of lateral high-frequency vibration of the cantilever,
up to frequencies of 1 MHz, on a NbS; sample at ambient conditions, and
observed gaps of lowered or eliminated friction at specific frequencies, pre-
sumed to be around torsional and/or lateral cantilever resonances. In these
experiments a Au-coated cantilever was used, and the oscillating lateral can-
tilever vibration was applied by means of an electrostatic field. At a partic-
ular friction-gap frequency, a slow increase in driving field amplitude caused
a gradual increase in friction, and above a certain threshold level of driving
amplitude, a partial stick-slip behaviour with the tip periodically alternating
between a zero friction an a nonzero-friction state was apparent.

Riedo et al. [47] also reported about a reduction of friction when lateral
oscillations around a frequency of 19.5 kHz were applied to an AFM cantilever
sliding on mica. In the range of scanning velocities they used, the thermally
activated hopping of contact atoms over the effective lateral interatomic po-
tential led to increased energy dissipation when increasing the sliding velocity.
By superimposing a lateral oscillation on the cantilever and sweeping its fre-
quency between about 20 to 300 kHz, and a clear peak of friction-reduction
was observed around 19.5 kHz, independently of the applied load. This fric-
tion reduction peak was attributed to the excitation of a cantilever torsional
contact resonance, which increased the attempt frequency for thermally acti-
vated jumps during sliding. The effect did not occur above a certain critical
value of the sliding velocity.

In recent experiments performed by Socoliuc et al. [41] on KBr samples
in UHV no reduction-of-friction effect was apparent upon the excitation of
torsional cantilever contact resonances in the frequency range from 40 kHz up
to 200kHz, even though friction was strongly reduced when the excitation
frequency matched one of the normal resonance frequencies of the pinned
lever or half its value.
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Other studies that have considered the possibility to control nanoscale
friction by mechanical action at high frequencies on the system motion are
described in [48,49] and Ref. therein.

4.5 Adhesion Hysteresis at Ultrasonic Frequencies

On the nanoscale, adhesion phenomena become decisive to the performance
of nanodevices, and surface properties acquire a particular relevance. Usually,
the work of adhesion is defined as the energy needed to separate two surfaces,
assuming that this is reversible [50]. The adhesion hysteresis is defined as the
difference between the work needed to separate two surfaces and that gained
when bringing them together. The fact that those two works are different
in magnitude, i.e. the adhesion hysteresis is different from zero, can be at-
tributed to elastic, viscoelastic and plastic deformations in the contact zone,
reconfiguration of surface molecules during contact, chemical reactions, etc.

Recently, novel methods to obtain information about the work of adhe-
sion and the adhesion hysteresis at the tip—sample contact using UFM have
been proposed [51-55]. Essentially, they take advantage of the fact that the
ultrasonic amplitude at which an UFM response sets off when increasing
the excitation is different from this at which it falls down when decreasing
the excitation. This is illustrated in Fig. 4.5 [51], in which both experimen-
tal and simulated UFM signal versus ultrasonic excitation amplitude curves
have been drawn. In UFM, with the tip in contact with the sample, when
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Fig. 4.5. UFM signals recorded when increasing and decreasing the ultrasonic
excitation amplitude (see arrows to distinguish each case) on an aluminum thin film.
The continuous lines correspond to a numerical evaluation of the UFM responses
according to the model detailed in [51] (from [51])
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increasing the normal ultrasonic amplitude at the tip—sample contact, at
certain amplitude the tip detaches from the surface at part of the ultra-
sonic period, and the ultrasonic force (see Sect. 4.2 of this chapter) experi-
ences a sudden increase that gives rise to a “jump-out” of the cantilever (see
Fig. 4.5). When decreasing the ultrasonic amplitude, at certain amplitude
the tip can no longer separate from the surface, and the ultrasonic force ex-
periences a sudden decrease that gives rise to a “jump-in” of the cantilever
(see Fig. 4.5). For the evaluation of the ultrasonic force, it is considered that
mechanical hystereses, i.e. snap-in and -out of the cantilever when approach-
ing or separating from the sample surface do not occur. In the absence of
ultrasound, compliant cantilevers are subjected to large mechanical hystere-
sis when approaching or separating from a sample surface due to the force
gradient being larger than the cantilever spring constant. However, at ultra-
sonic frequencies, the inertia of the cantilever leads to an effectively much
larger cantilever stiffness, and the cantilever can probe the hysteretic cycle
of tip—sample in-and-out interactions without a decrease of its sensitivity for
force-field detection.

In [51] a method for quantitative analysis of the UFM signal is proposed
in order to determine both the sample elastic modulus and the work of adhe-
sion by monitoring the cantilever jumps such as those in Fig. 4.5. In UFM,
both elasticity and adhesion contribute to the ultrasonic force. Dinelli et
al. [56] evaluated the contact stiffness by comparing the jump-in positions in
ultrasonic amplitude for different applied loads. Using the Johnson-Kendall-
Roberts—Sperling (JKRS) model to account for both elastic and adhesive
forces between tip and sample, the authors in [51] evaluated both the stiff-
ness and the work of adhesion as defined in JKRS by calculating the jump-in
and jump-out cantilever shifts. According to their modeling, the normalized
cantilever jump-in shift turns out to be constant and effectively independent
of the set-point force, the stiffness and the work of adhesion. Hence, they
derived a universal relation between the work of adhesion, the stiffness and
the cantilever shift at jump-in, the latter being easily measured from the
experimental data (see Ref. [51] for further details).

In [52] the area between experimental curves such as those in Fig. 4.5
is measured and defined as the UFM hysteresis area (UH), and it is as-
sumed that UH scales with the local adhesion hysteresis. A detail procedure
to obtain quantitative information about the adhesion hysteresis from UFM
signal versus ultrasonic excitation amplitude curves is discussed in [55]. The
correlations between adhesion hysteresis and local friction have been theo-
retically and experimentally investigated [54]. According to a model based
on the classical theory of adhesional friction and contact mechanics, which
includes the effects of capillary hysteresis and nanoscale roughness and as-
sumes an adhesive, elastic and wearless tip—sample contact, a relationship
between adhesion hysteresis and friction has been derived, which depends
on the varying ratio of the tip—sample work of adhesion over the reduced
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Young’s modulus (see Ref. [54] for further details). In the model, the ad-
hesion hysteresis is estimated as the pull-off force times the critical separa-
tion at which the tip—sample contact is about to be broken. Measurements
on a wide range of engineering samples with varying adhesive and elastic
properties have confirmed the model [52,54]. The aforementioned ratio does
not vary much between typical metallic samples, and for a limited number
of specimen’s adhesion hysteresis and friction the experimental relationship
may appear linear. In addition, it is found that capillary hysteresis offsets
the measured adhesion hysteresis from the friction force, and that roughness
reduces both friction and adhesion hysteresis: friction decreases because of
a smaller area of a real contact, and adhesion hysteresis drops due to a smaller
pull-off force at rough surfaces. Recently, it has been demonstrated that the
study of the dependence of local adhesion hysteresis on relative humidity
using UFM may provide information about protein—water binding capacity
with molecular-scale resolution [53].

Procedures to obtain information about the work of adhesion using AFAM
are also being considered [54]. In AFAM, the tip—sample contact stiffness can
be determined by monitoring the resonance frequency of an AFM cantilever
tip in contact with the sample surface (see Sect. 4.2 of this chapter). Strictly,
the contact stiffness is influenced by both the tip—sample elastic properties
and the work of adhesion. Typically, the tip—sample distance in AFAM is kept
sufficiently small that the tip—sample interactions remain in the linear regime.
Recently, a method has been proposed to evaluate both these properties
quantitatively from the analysis of the nonlinear AFAM cantilever response
excited when the tip—sample distance sweeps the nonlinear part of the tip—
sample interaction in such a way that the tip always remains in contact with
the sample surface, considering the case of a perfect contact. To this aim, the
dependence of the resonance frequency on the vibration amplitude is studied;
the elastic properties and the work of adhesion are separately determined by
finding the optimal set of values that minimizes the difference between the
theoretical and empirical relationship of cantilever resonance frequency versus
ultrasonic excitation amplitude (see Ref. [56] for further details).

In HFM, the phase signal provides information of the adhesion hysteresis
related to the formation and breaking of the tip—surface contact [21]. Contrast
in phase-HFM mostly stems from dissipative processes. An exceptional fea-
ture of this technique is its ability to probe a local response in extremely short
time. HFM may test effects that take place at nanoseconds in nanometer-scale
volumes. Hence, phase-HFM can reveal dissipation due to extremely quick
transitions that otherwise remains unresolved from other dissipative effects
occurring at larger time scales. For instance, using phase-HFM, it has been
possible to distinguish differences in contrast at identical thin polymer layers
with different boundary constraints on the nanometer scale. These layers,
however, exhibited the same FFM contrast, which confirms the ability of
phase-HFM to resolve dynamic dissipative processes in a much shorter time
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scale than conventional FFM. In the following, the results presented in [21]
relative to those experiments will be summarized here, with a main focus in
understanding the opportunities of phase-HFM to provide information about
adhesion hysteresis with extremely high time sensitivity.

In metals, anelastic or viscoelastic contributions are expected to be small.
In contrast, in polymeric materials, intra- or intermolecular perturbations in-
duced by tip actuation, and/or dissipative effects of the molecules due to ad-
hesion to the tip or to other neighboring molecules will play a significant role
in the phase-HFM contrast. Phase-HFM has been applied to PMMA /rubber
nanocomposites that consist in an acrylic matrix, a copolymer based upon
PMMA and toughening particles composed of a core of acrylic enclosed with
rubber with a bonded acrylic outer shell to ensure good bonding to the matrix
(see Fig. 4.6).

Figure 4.6a—c shows contact-mode AFM (a), phase-AFM (b) and LFM
images recorded over the same surface region of a PMMA /rubber sample.
The topographic protrusions in Fig. 4.6a indicate the presence of core-shell
PMMA particles in the surface and/or near surface region. Two different
kinds of topographic protrusions may be distinguished from those and other
images recorded on the PMMA /rubber sample surface: (i) some that give
rise to a lower Ph-HFM contrast than the PMMA matrix, and (ii) others
that show a Ph-HFM contrast similar to that of the PMMA matrix. Such
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Fig. 4.6. a—c AFM contact-mode topography (a), Phase-AFM (b) and LFM (c)
images recorded over a same surface region of a PMMA /rubber sample. The images
at the top right-hand side correspond to AFM contact-mode topography, and LFM
images recorded scanning from left to right, and vice versa respectively (see arrows),
over a same surface region of the sample, different from that in (a—c). Below,
schematic drawings illustrate the apparent structure at the PMMA /rubber sample
surface
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different protrusions are apparent from the comparison of Fig. 4.6a and b.
The drawings in Fig. 4.6 illustrate a model for the two different protrusions:
at some particles, the PMMA particle shell is well-bonded and indistinguish-
able from the PMMA matrix, whereas in others the rubber particle is still
capped with the PMMA layer, but this is detached from the matrix material.
Such a picture is corroborated when considering FFM images (see Fig. 4.6c¢)
as well as UFM and A-HFM images recorded in the same surface region (not
shown here, see Ref. [21]). Both UFM and A-HFM reveal the presence of
the toughening particles by a darker contrast, indicative of the presence of
a softer material in the surface or near-surface region. The aforementioned
different particles cannot be distinguished from the UFM and A-HFM mea-
surements [21]. However, they are clearly differentiated in Ph-HFM, and dis-
cernible by the presence or absence of a kind of halo contrast in FFM.

At the top right-hand side of Fig. 4.6, contact-mode AFM and FFM im-
ages recorded over a particular PMMA /rubber particle scanning from left
to right (forward scan), and vice versa (backward scan, see arrows in the
figure) are shown. This particle is representative of those that typically give
rise to Ph-HFM contrast, and the image quality is a little better than this
in Fig. 4.6¢c. From those images it is apparent that the particle is character-
ized by a halo-shaped frictional contrast, in both forward (bright halo) and
reversed (dark halo) FFM scans, which can be attributed to the presence
of rubber directly exposed at the sample surface. Notice that the PMMA
layer on top of the rubber exhibits the same frictional contrast as the PMMA
matriz, being indistinguishable from that in both forward and backward FFM
scans. In contrast, Ph-HFM resolves small differences in viscoelastic and/or
adhesion hysteresis response time of the PMMA on top of the rubber that is
not linked to the PMMA rubber matrix. Relaxation processes of polymeric
materials are strongly dependent on the constraints for molecular movement.
A different molecular density, entanglement density and/or molecular weight
in the PMMA layer on top of the rubber that is detached from the PMMA
matrix may lead to differences in the PMMA viscoelastic and/or adhesion
hysteresis response. In addition differences in interfacial bonding between the
rubber and the PMMA on top depending on whether the PMMA is well ad-
hered to the PMMA matrix or not, may also modify the PMMA dynamic
behavior. According to the obtained experimental results, the contrast pro-
vided by Ph-HFM allows us to distinguish differences in the locally probed
dynamical response of PMMA on top of rubber depending on whether the
PMMA is well adhered to the matrix or not, in spite of the fact that no
difference can be resolved in conventional FFM. Hence, Ph-HFM allows us
to study quick dissipative transitions not resolved by FFM that, however,
may play an important role in MEM/NEMs devices working at much higher
sliding velocities than those typically used in AFM/FFM measurements.

It is also worth noting that, when probed with extreme sensitivity, a lo-
cally measured response might be strongly affected by small dissipative ef-
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fects induced by long-range interactions (via molecular entanglements) at
molecules outside the immediate contact region. The possibility that those
kinds of interactions might be detected in an extremely short time scale can
be of interest in the implementation of dynamic mechanical procedures for
communications in nanodevices.
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5.1 Introduction

This chapter reviews a recent new method, which is a combination of the
scanning probe microscope (SPM) and the transmission electron microscope
(TEM), with important applications in nanotribological investigations of con-
tact properties. In these TEM-SPM instruments, the electron microscope is
used for imaging and analysis of the sample as well as the SPM tip, while the
SPM is used for probing of the electrical and mechanical properties, measure-
ments of force interaction or for manipulation of the sample at the nanometer
scale. One advantage with the TEM-SPM instrument, compared with stan-
dard SPM, is the direct imaging of both tip and sample giving important
information such as tip-sample distance, tip and sample radius and shape,
which is lacking or only available indirectly using standard SPM.

The first TEM-SPM instrument, introduced by Spence [1], was a combi-
nation of the scanning tunnelling microscope (STM) and a TEM. While this
early instrument was used for STM imaging, other groups later used TEM-
STM instruments for probing and manipulations. Examples of their use can
be illustrated by the creation of atomically thin gold nanowires and simul-
taneous conductance measurements by the group of Takayanagi [2], studies
of the mechanical properties of carbon nanotubes by Poncharal et al. [3],
the low friction linear bearing realized by carbon nanotubes by Cumings and
Zettl [4], the investigations of conductance of gold point contacts by Erts et
al. [5], and studies of electromigration of metal inside and outside carbon
nanotubes [6,7]. The family of in situ probe instruments is growing and work
is progressing on the atomic force microscopes (AFM) [8-11] and nanoinden-
ters [12-14]. The body of applications of this young technique is expected to
grow with the appearance of commercially available instruments [15].

5.2 TEM-SPM Instruments

One challenge in the design of a TEM in situ probe instrument is the short dis-
tance between the pole pieces (2 —10 mm) of the objective lens where the sam-
ple is placed. The standard TEM side entry sample holder, roughly a 20 cm
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long cylinder with a diameter of less than 1 cm with the sample placed at one
end, is inserted into the TEM column.

The simplest, single directional TEM-SPM prototype device can be de-
signed on the base of commercially available TEM specimen goniometre type
holder. It is improved by a specimen support disc with slit perpendicular to
main axes [16]. One part of the disc is fixed to the base cartridge and other
to the movable part. The sample, laser-ablated nanoparticle aggregates, were
deposited on the specimen disc. Due to a big plastic deformation of the disc
material the slit can be enlargened without breaking the disc when tension
is applied. The origin of the elastic behaviour of the nanoparticle chain ag-
gregates were studied using this device.

In the TEM-SPM designs the scanning probe part is placed at the sample
position. The most common sample is a tip-formed sample in order not to
shadow the electron beam. The two main parts in a scanning probe micro-
scope are the piezo- scanner with a range of a few micrometers and a rough
positioning system, which is necessary to reduce the probe-sample distance
within the reach of the piezo-scanner. While the standard piezo scanner is
a tube with a diameter of a few mm, the rough positioning system is usually
bulkier.

5.2.1 TEM-STM

TEM-SPM, based on micromechanical techniques [17], has significant advan-
tages in achieving ultra-low noise measurements in comparison to standard
SPM. Due to very small dimensions, only 2.5 by 2.5 by 0.5 mm, the resonance
frequency is high. Such dimensions allow the use of very high resolution pole
pairs in TEM. However due to the difficulties of making such an instrument
in common laboratories and complications arising from manipulation of the
sample under study this device has not found wide use.

One common way for TEM-STM design [1,8,18] is based on an electrical
motor with a long shaft to displace a piezo element into operating range. Such
a design [8] with a piezo tube scanner and a geared stepper motor is shown
in Fig. 5.1a. This design is simple and robust; however, one disadvantage is
the lack of rough motion in lateral directions. The lack of lateral positioning
capability results in frequent misalignments between the tip-shaped sample
and the probing tip during the coarse approach, leading to necessary manual
readjustment outside the TEM.

An elegant design, using a single piezo tube both for fine motion and
for 3-dimensional rough adjustment, is shown in Fig. 5.1b [8,19]. The rough
motion is based on an inertial slider mechanism. A saw-tooth voltage applied
simultaneously on piezotube electrodes enables a shift along a straight line.
For lateral motions only a pair of electrodes will be used resulting in a tilt of
the tip. The approach of the tips can be carried out step by step: by shifting
the movable element- tip holder and by correcting the direction under TEM
observation.
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Fig. 5.1. TEM-SPM designs a Stepper motor based TEM-holder (not to scale):
1 — shifting rod by stepper motor, 2 — graphite rings, 3 — clutch, 4 — piezo tube,
5 — preadjustment ball, 6 — electron beam. b Ball-type of the inertial slider: 1 — tip
holder, 2 — sapphire ball, 3 — sliding rods, 4 — counter weight, 5 — piezo tube

5.2.2 TEM-AFM

In the simplest version of TEM-AFM one tip, opposite to the piezo one
is replaced with the AFM cantilever with a tip on it. If the standard AFM
technique involves a cantilever and optical system for detecting the cantilever
deflection then in TEM instead of the optical system the cantilever image is
used for detecting the displacement of the tip [8,9]. Kizuka [10,11] used also
optical detector for cantilever position control.

We have developed a TEM-AFM for shear force measurements based on
a quartz resonator tuning fork inside the TEM. Friction increases rapidly as
the distance between objects is reduced below 10nm [20]. The instrument
allows simultaneous turning and measurement of several parameters (fre-
quency, amplitude, phase, sample potential, distance between nanoobjects,
shear force damping, contact current, etc) while directly observing the system
behaviour in TEM. An electronic module has been developed and integrated
in the SPM controller. It consists of a frequency synthesizer, with frequen-
cies tunable in 0.02 Hz steps, which can operate up to 10 MHz, and a lock-in
amplifier for measurements of dissipated energy in the resonator.

5.2.3 In Situ Nanoindenter

The nanoindentation technique utilizes an actuator to press a sharp diamond
tip a few nanometers into the sample while measuring the applied force,
typically giving information about the hardness or elastic modulus of the
material in the sub-micron regime. The data obtained by the nanoindentation
method has been limited to load - displacement data and, by the lack of
direct observation of the induced plastic deformation, to ex situ studies of
the analysis of the indentation mark. Recently, however, an extension of the
nanoindentation method has been demonstrated, using a TEM for in situ
imaging of the entire indentation process [12-14]. To take full advantage
of the TEM-nanoindentation method a proper force sensor is needed. Such
a force sensor, fabricated by micromachining methods, is described in [13].
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5.3 Force Interactions

TEM-AFM has a great potential for in situ observations of all force interac-
tion. Nevertheless only few investigations of force interactions have been mea-
sured between Si, Cu and Au surfaces and between semiconductor nanowires
and gold [9-11,21]. Figure 5.2 shows a typical sequence of TEM images where
the Au sample with a protrusion of radius of 7.6 nm is moved towards and
then away from the Au coated AFM tip of radius of 30nm [9]. The corre-
sponding force curve is found in Fig. 5.3.

5.3.1 Van der Waals Forces

Van der Waals forces can be determined by visualisation of the AFM tip posi-
tions before and after the jump to contact (Figs. 5.2 and 5.4) and calculating
the force using the cantilever spring constant (Figs. 5.3 and 5.5).
A simple expression for the jump to contact, using a model with van der
Waals forces between two spheres is [22]:
Lo dF _ AR
~ ds 353’
where A is the Hamaker constant, s is the distance between the spheres, and
R is the reduced radius of the spheres Ry and Ry : R = ((R1+ R2)/R1R2) ™ .

)

Fig. 5.2. A set of TEM images of
a gold tip and gold coated AFM
' tip: a No contact. b Jump-to-
contact. (Inset: neck formed in
. the gap in connection during the
. jump-in-contact event) ¢ Mov-
b . ing further in. d Withdrawal of
- ‘ the sample. e By lateral motion
. " 1 of the sample a small nanowire
- is formed between the sample
' : ! and tip. Just before breaking, the
diameter of the wire is about
’ x3 1 nm, which corresponds to about
10 atoms. (Inset: nanowire area
c f magnified 3 times). f After jump-

off-contact. [9]

(5.1)
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Fig. 5.3. Experimental force-distance curve where the labels a—f corresponds to
the TEM images in Fig. 5.4a—f. [9]

Fig. 5.4. TEM image snapshots
of tip and surface, a before the tip
contacts the surface; b just as the
tip contacts the surface; c after
the tip contacts, showing lateral
displacement on the surface [11]
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Force [1N]

Sample displacement [am]

Fig. 5.5. Force-displacement curves for Cu tip and Cu surface [11]

Jump-to-contact distances shown in Fig. 5.2 are more than 20 times lower
in comparison to those calculated using the cantilever spring constant. Such
difference may be explained by the high mobility of the gold atoms in the
gap between the two tips at room temperature when the static view might
not be relevant.

One of conclusions from measurements of nanowires and nanotubes by
TEM-STM is that both of them can be used as sensitive force sensors. The
force constant of free standing Si and Ge nanowires is compatible to the AFM
cantilever force constants. Measurements of the jump to contact for Si and
Ge nanowires [21] have been used to determine force constant of nanowires.

5.3.2 Pull off Forces

With great success TEM-AFM can be used for the characterization of adhe-
sion forces by visualization of contacts during the retraction process [9-11].
Figures 5.2¢f and 5.3 shows an example of the force measurement and TEM
image of a nanowire with a diameter of less than 1 nm and length of 2 nm
(Fig. 5.2¢ and inset) [9]. The nanowire was created from the larger diameter
contact by shear force by a lateral motion of the sample (Fig. 5.2d,e). The
nanowire broke at a retraction of 22 nm (Fig. 5.2e,f) which corresponds to an
attractive force of about 9nN (Fig. 5.3). The calculated cohesion force was
approximately 1 nN per atom which is in agreement with gold nanowire force
experiments (1.6 nN for the last atom) [23] as well as theoretical calculations
(from 1 to 2.2nN) [24].
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Kizuka [10] measured the tensile strength, strain-stress force and conduc-
tivity at the same time for a gold nanowire breaking. The strain-stress curve
exhibits a swath edge curve, indicating that the deformation proceeds by the
repeated process of elastic elongation and slip. Oscillations were observed in
the strain-stress curve before fracture. The yield stress is determined and is
~ 8 GPa.

One more application is measurement of the strength of a junction
between a carbon nanotube and gold created by Jeoule heating [25].The
strength of contact is estimated from the critical bending of the cantilever
at the fracture and is approximately 0.6 MPa. This strength is similar to the
exfoliation strength of the graphite layers 0.4 MPa.

5.3.3 Shear Forces, Friction

Kizuka [10,11] observed a frictional movement of the AFM tip during ap-
proach and the first contact to the surface between Au, Cu and oxide coated
Si surfaces (Fig. 5.6). A hysteresis loop in the force-distance curves caused by
frictional movement of the tip at the contact region is observed [11] (Fig. 5.5).
Lateral frictional displacement of the tip on the sample surface along the can-
tilever in the contact state (Fig. 5.6) is observed by the TEM (Fig. 5.4). Fric-
tional displacements on the surface just after the contact may achieve 5 nm
and more and no contacts without sliding were observed. The tip slides in
along the opposite direction due to the retraction and the tip position returns
to its initial contact position [10]. It is shown that the lateral displacement
is not constant but changes with normal load, which is very important for
interpretation of friction data, especially on an atomic scale [11]. For oxide
coated Si surfaces the contact boundary of silicon oxide was hardly deformed

Z

b
%
—=<]

W

Lateral displacement .

/ Fig. 5.6. Lateral displacement

tip position where actualtip position  along Y direction, generated by the
raster scan points Z direction force [11]
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when the load force is less than 10nN [10]. At a greater load force viscous—
flow-like deformation was observed [26]. Tip sliding causes torque motion and
this motion contributes to the deflection and torsion of the cantilever in ad-
dition to displacement of the cantilever along the y direction. The ratio of
the deflection component can be estimated from in situ measurements [10].

Shear behaviour in contacts was investigated in [27]. Figure 5.7 shows
a time-sequence series of a shear deformation process in a gold contact. By
shear displacement twinning occurs in the upper part (Fig. 5.7b) with sub-
sequent twinning in the middle (Fig. 5.7) and lower parts (Fig. 5.7) when
the tip is moved left. The twinning gradually recovers by displacement of the
tip to the right and finally tips become a different single crystalline struc-
ture in comparison to Fig. 5.7. This shows that slip is also attributed to the
deformation. A slip process with atomic resolution is visualized in Fig. 5.8

Stick slip motion was also observed when the gold tip is scanned over
a gold surface with zero distance [27] (Fig. 5.9). This means that the dis-
placement is disturbed by a kinetic friction. Several layers at the two surfaces
and the contact boundary are responsible for the contact-type surface scan-
ning process. The strength of the boundary is attributed to a static friction
when two tips bond and fix and is responsible for a kinetic friction during
the displacement.

Fig. 5.7. Images of the
process of shear tests

in nanometer-sized gold.
Bold arrays show the
direction of displacement
of the mobile side. Arrows
show twinning [27]
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s

Fig. 5.8. Images of the process of slip (left side column) and twinning (right side
column) during the shear deformation. An atomic arrangement projected along the
[110] axis is inserted [27]

Fig. 5.9. Images of the scanning of a gold
tip when the distance between the tip and
a gold tip in a fixed side is O nm. The two tips
bond by a boundary of a few atomic columns
width. Frames show the unit cells of gold with
face-centred cubic structure projected along the
[110] direction [18]
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A Fig. 5.10. Schematic representation of
I; the experiments performed inside TEM.
A to C The process of opening the end
B of MWNT (A), exposing the core tubes
l= (B), and attaching the nanomanipulator
c to the core tubes (C). D and E Two
g different classes of subsequent experi-
ments performed. In D, the nanotube
D is repeatedly telescoped while observa-
IE} tions for wear are performed. In E, the
core is relased and pulled into the outer

E I% | shell housing by attractive van der Waals
force [4]

Fig. 5.11. A TEM image of
a telescoped nanotube. This par-
ticular nanotube originally had
nine shells, but upon telescoping
a four shell core has been nearly
completly extracted [4]

In [4] low friction nanoscale linear bearing from multiwall carbon nan-
otubes was realized as shown in schematics in Figs. 5.10 and 5.11. The ma-
nipulator is contacting to the inner shells of nanotube and controlled and
reversible telescoping of inner shells according to outer shells is realized. Af-
ter 20 telescopic processes with different nanotubes no evidence for sliding
induced wear on active surfaces was found. Telescopic nanotube is expected
to act as constant force spring and the telescoped part is moving back by van-
der Waals driven forces. Static and dynamic friction forces are calculated.

5.3.4 Electrostatic forces

Force curves can be changed by applying an electrical field between the sur-
face and the tip. Electrostatic forces have been investigated between Si and
Ge nanowires and a gold electrode in [21] and carbon nanotube bundles [28].
In [29,30] electrostatic forces between the electrode and a carbon nanotube
were used for exiting carbon nanotubes to resonance frequencies and deter-
mination of the Young modulus.

Forces acting on a Ge nanowire — gold tip (Fig. 5.12a) are schematically
shown in Fig. 5.12b. Figure 5.12¢ shows the comparison between the calcu-
lated and measured forces for the interactions between a Si nanowire — gold
electrode at a bias of 1 V. There is good agreement with the experimental
results of the jump-to-contact and jump-off-contact distance at low voltages.
Higher voltages tend to result in longer jump-to-contact and shorten jump-
off-contact distances than calculated. This suggests that the electrostatic at-
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Fig. 5.12. a TEM image of a Ge nanowire utilized for TEM-STM measurements.
b Schematic representation of TEM-STM studies. The electrode is positioned by
movement of the piezotube. The zoom-in picture demonstrates the force interactions
between the nanowire tip and the electrode where z is the distance of separation
between the nanowire tip and the electrode with w being the initial separation dis-
tance. The attractive vdW (Fyaw) and electrostatic (Felec) forces are countered by
the elastic force exerted by the nanowire (Felas). With applied electrostatic voltages,
the total force acting on the nanowire tip is Fr = Fuaw + Felec. ¢ Force-distance
plot calculated for the interactions of a Si nanowire (d = 90 nm) with an applied
voltage of 1 V. The dotted lines represent the spring constant of the nanowire. Mea-
sured jump-to-contact (circle) and jump-off-contact (square) distances are plotted
for comparison [21]

tractive interaction forces are stronger than the sphere-plane interactions
calculated at high potentials which could be due to the breakdown of the
electrostatic potential equation at high voltages or large distances. Move-
ment of the nanowire during withdrawal results in shearing forces at the
contact point and shorter jump-off-contact distances are observed.
Electrostatic force driven jump-to-contact from a distance of 30 nm was
observed between carbon nanotube bundles [28]. Forces acting on the nano-
wire were calculated by a capacitator model but were not directly measured.
Electrostatic forces are applied for the realization of fast nanoelectrome-
chanical devices. The switching behaviour of a bistable nanowire-based nano-
electromechanical erasable programmable read-only memory (NEMPROM)
device is shown in Fig. 5.13. It can be seen by the calculated energy diagrams
in Fig. 5.13a, there are two local minima at low voltages and the circuit is
OFF due to an energy minimum at the device separation distance (w) where
the elastic energy of the nanowire is zero. The other minimum is due to van
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Fig. 5.13. a NEMPROM device calculations at different electrostatic potentials
for Ge nanowire (d = 50 nm; [ = 1.5 um). Inset shows the energy barrier between
two stable (ON/OFF) minima in relation to 10kgT. b—d TEM sequence showing
the jump-to-contact of a Ge nanowire as the voltage is increased. e TEM image
demonstrating the stability of device after removal of the electrostatic potential.
f,g The resetting behaviour of the device. Note that the device is indefinitely stable
but reset with the slight amount of shearing motion. h I(V) of NEMPROM device
showing no conductivity until after contact is made at a potential of 8.4 V [21]

der Waals interactions when the wire and electrode are in contact. To switch
between these two minima, an electrostatic field of 3V is applied which alters
the interaction energy resulting in a new energy minimum at shorter sepa-
ration distances and deflection of the nanowire into contact with the gold
electrode resulting in an ON state. Removal of the electrostatic potential
does not allow the nanowire to switch to the OFF position due to the energy
barrier and is stable when the barrier > 10kgT. An NEWPROM device made
from a Ge nanowire can be seen in the TEM sequence shown in Fig. 5.13b-f.
By applying a voltage, the resulting electrostatic field deflects the nanowire
into contact with the gold electrode. The nanowire does not jump-to-contact
until the attractive electrostatic potential is greater than the elastic poten-
tial energy of the nanowire. Figure 5.13h verifies that there is no conductivity
until the jump-to-contact is made at 8.4 V. The nanowire remains in contact
with the electrode even when the electrostatic field is removed due to the
minimum in the potential energy curve. Although these devices are stable,
these NEWPROM devices can be easily switched OFF by mechanical motion
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or by heating the device above the stability limit (> 10kgT). Figure 5.13e
through 5.13g demonstrates that very little shearing motion is required to
overcome the van der Waals attractive forces.

5.4 Nanocontacts

5.4.1 Contact Formation

Using TEM-SPM as manipulator, contact formation between two tips can be
observed. For example contact formation between gold surfaces [18,31] and Si
surfaces coated with an oxide layer [32] and without an oxide layer [33] have
been investigated with atomic resolution. For an Au tip approach to distance
of 0.3 nm, a few atomic columns emerge (Fig. 5.14) and two tips are contacted
with a boundary of a few atomic columns width [18,31]. Atom diffusion at
nanometer sized contacts occurs due to the decrease in barrier height in addi-
tion to atomic force, and/or atomic emission in an electric field [31]. Material
jump in contact between gold nanoasperities was also observed from larger
distances of 0.9—1nm (Fig. 5.15) [34]. This distance is two times larger than
the value obtained by molecular dynamics simulations by Landman et al. [35].

Fig. 5.14. Images of
the formation of con-
tact boundary and neck
growth in the point con-
tact of gold [31]




86 D. Erts et.al.

Fig. 5.15. Gold bride
organization between two
nanoasperities at distance
around 1nm [34]

vacuum

Fig. 5.16. Images of the process of compressing and tensile deformation in
nanometer-sized gold. Bold arrays show the direction of displacement of the mobile
side. Triangles show {111{/{111} X = 3 twin boundaries. Double triangles show
atomic-scale slip steps [27]

By tip movement further growth of the diameter of the neck occurs due to
the compressive deformation and contribution of gold surface diffusion [31].
By contact compression twin boundaries (the bright bands between the dark
bands are twins) are generated, migrated, and annihilated [27] (Fig. 5.16a—c).

Figure 5.17 shows contact formation by pressing together two Si tips
coated with amorphous oxide coated silicon with a thickness of 2nm [32].
The contact boundary is located in the centre of amorphous interphase layer.
For contact between clean Si surfaces elastic deformation occurs near the con-
tact boundary [33]. Contacts created are shown to be crystalline (Fig. 5.18).
Depending on tip orientations and the mismatch angle, the tip rotation and
defect formation is observed at the contact boundary (Fig. 5.18). The defect
formation shows that atomic diffusion to annihilate defects does not occur at
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Fig. 5.17. Images of contact and
the subsequent retraction process
of two Si tips coated with amor-
phys Si oxide of about 1 nm thick-
ness [32]
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Fig. 5.18. TEM image
of Si surfaces before in
situ contact and after.
White filled circles and
lines show the positions of
the atomic columns along
[110] and Si-Si atomic
bonding, respectively [33]

M0 pyim

room temperature. In the gold contacts, contact boundaries are relaxed due
to atomic diffusion at room temperature; localized defect structures including
dislocations are not stable in the gold contact boundaries [31].

5.4.2 Contact breaking

TEM-SPM has been used to investigate contact behaviour under tensile stress
for gold, silicon, and carbon nanotubes [2,4,27,32]. When large gold contacts
are deformed by tensile force (Fig. 5.16) twin boundaries are generated, mi-
grated, and annihilated [27] (Fig. 5.16¢—f) similar to that seen during contact
compression (Fig. 5.16a—c). Slip steps on an atomic scale form edges (shown
by triangles in Figs. 5.16a—c) even twin boundaries are not observed. This
shows that slip is also attributed to the deformation. Stick slip motion and
stacking fault formation were investigated together with measurements of
tensile stress and strain-stress curves in [10]. It was shown that between slips
the point contact is deformed elastically. Structural relaxation due to atomic
flow is observed after the slip particularly when the width of the point contact
is less than 1nm [31].
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Fig. 5.19. Images of the
formation of an atomistic
pillarlike neck of gold
during retraction. The
width of the pillarlike neck
is shown by the number
of the (002) atomic layers
in upper tip (A); the
numbers is 14 (i), 11 (j),
9 (k), 8 (1), and 5 (m) [31]

The formation of atomistic pillar like necks by the slip deformation and
structural relaxation during retraction was observed by [31] (Fig. 5.19). Dur-
ing the fracture and disappearance of such necks the introduction of a dislo-
cation or dislocation-like localized strain is could not be confirmed. Finally
pillar like neck breaks and disappears. The shape of tips becomes sharp as
compared with that before contact. The top of the tips elongates by a few
atomic layers after contact breaking.

Figure 5.20 demonstrates the breaking gold contact diameter from only
a 6 atom line to 1 atom line [2]. It can be seen that the gold chains break one
by one. The distance between individual atoms in the last gold atom chain
is larger in comparison to gold atomic distances (Fig. 5.21).

The contact between oxidized Si surfaces and the amorphous interphase
layers is viscously elongated during retracting and the crystalline Si regions
are also deformed (Fig. 5.17) [32]. No slip of the lattices or dislocation motion
was observed during the deformation in the crystalline regions and they de-
formed elastically not plastically. The bonding boundary is fractured at the
boundary between the amorphous Si oxide and the crystalline Si (Fig. 5.17¢).
The thickness of the amorphous layer along the retraction direction increases
by about 1 nm due to a viscous flow-like deformation. Such deformations were
observed for surfaces with other orientations.
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Fig. 5.20. Images of

a contact while withdraw-
ing the tip. A gold bridge
thinned from a to e and
ruptured at f. Dark lines
indicated by arrowheads
are rows of gold atoms.
The conductance of the
contact is 0 at f and in
units of quantum conduc-
tance =~ (13kQ) " at V =
—10mV, R =10k [2]

Fig. 5.21. Image of a linear strand of
gold atoms (four colored dots) forming
a bridge between two gold films (col-
ored areas). The spacings of the four gold
atoms are 0.35—0.40 nm. The strand is
oriented along the direction of the gold
(110) film. This image was processed to
highlight the linear strand, where the
lattice fringes of the gold film in the orig-
inal electron microscope image were fil-
tered out by Fourier transform [2]

Stretching and breaking weaker contacts formed by nanoparticle chain
aggregates composed of carbon, titanium, alumina, and iron oxide have been
performed by [16,36] using a breaking device inside a TEM. Figure 5.22 shows
one example of stretching, breaking and recoiling of such chains observed in
situ.

5.4.3 Adhesion

In [9] TEM-AFM was used to compare adhesion theories. The contact area
between two gold electrodes was measured by a zero applied load when the
contact area is determined by adhesion forces only. At zero loads it is not
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(iv)

recoil

Fig. 5.22. TEM photo showing the sequential stretching and breaking of single
nanoparticle chain aggregate (NCA) chains: i NCA deposited between two sepa-
rating surfaces; ii stretching and breaking of one of the chains; iii stretching and
iv breaking of second chain. The lower broken part disappeared, probably because
it recoiled to the specimen support. In both ii and iv, the chain broke somewhere
along its length and did not detach at the support surfaces [36]

necessary to know the cantilever spring constant and uncertainties in the
cantilever force constant are not important.

The limiting cases in contact adhesion are based on Johnson—-Kendall—-
Roberts (JKR) [37], Derjaguin—Miiller—Toporov (DMT) [38] theories, and the
transition between them, can be described by a dimensionless transition pa-
rameters called the Tabor parameter p [39] and the Maugis parameter A [40].
Both parameters are related and for contact between identical materials can
be expressed as:

4 2 %
i ) , (5.2)

A=1.157u = <9K228’
where z is a typical atomic dimension,  is surface energy and the reduced
Young modulus K is given by K = 4/3((1 —v?)/Ey + (1 —v3)/E2)~1, where
v1 and v, are Poissons ratio and F; and FEs are Young modulus for two
contacting spheres.

The DMT theory is valid when p < 0.1 and the JKR theory is valid when
i > 5. Maugis [40] provides a more general theory suitable for the full range,
where ) is a transition parameter. A dimensionless contact radius at zero

applied loads, & is described by:

To(\) = a (WKRQ) , (5.3)

where «q is the real contact radius. Maugis solution is analytical, but here
we use a simplified fitting version given by Carpick et al. [41]:

2.28\13 — 1)

—_— 4
2.28A\13 + 1 (54)

ap(N) = 1.54 +0.279 <
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Fig. 5.23. Dimension-
less contact radius at zero
applied load for three con-
tacts: a corresponds to the
contact in Fig. 5.2, b and
¢ are not shown). The
solid line is the Maugis
theory (Eq. 5.4) and the
JKR and DMT limits
are shown with dotted
lines. [9]

ao(A)

—
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To calculate A (and pu), the following values for gold were used: v =
1.37J/m* [42], E = 117GPa, v = 0.42 [43], z0 = 0.28nm. These values
are dependent on the lattice orientation and the reported values in the liter-
ature have a spread of up to 50%, which could change the picture quite a bit.
The theoretical and experimental values of the contact radius at zero applied
loads are shown in Fig. 5.23. Our experimental results were in the transition
region between the DMT and JKR models.

This TEM-AFM method, if extended to include the critical load, could
mean that this question could be addressed experimentally in an adequate
way. In this way one could measure v independently, and arrive with a safer \.

5.5 Conductivity of Nanocontacts

Analysis of conductivity dependence on contact size by TEM-STM was the
main task in the beginning leading to the invention of the TEM-SPM. [2, 5,
10]. Previously conductivity quantization was observed by different contact
breaking techniques, for example, STM and break junctions where the main
problem was the real observation of contact size. The TEM-SPM technique
gives clear verification that conductivity quantization occurs for contacts with
atomic dimensions. Conductivity for last atom chain as shown in Fig. 5.20 is
equal to 2 x 13k where 13 k(2 corresponds to the quantum resistance R, =
h/2e* [44], where h is Plank constant and e is electron charge. Figure 5.24
shows the same figure in conductivity units (Fig. 5.24a) and schematics of
the atom arrangements just before breaking (Fig. 5.24d)

In [5] conductivity was also measured for larger sized gold nanocontacts
and results were compared with the Sharvin [45] and Wexler [46] theories. It
was shown that ballistic electron transport is observed for gold nanowires
with diameter around 1nm (straight line in Fig. 5.25). At larger diame-
ters experimental points were fitted with the Wexler formulae for the mixed
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Fig. 5.24. Quantized conductance of
a single and double strand of gold atoms.
4L=mgpnnnrannacansnnsnnaansassanenesad a Conductance change of a contact while
wuthdrawing the tip. Conductance is
P, shown in units of quantum conductance
-] IR TR PRR—— Go = 2¢°/h =~ (13kQ)™". V = 13mV,
—= R =100 k. b images of gold bridges ob-
tained simultaneously with the conduc-
tance measurements in (a). Left bridge
at step A; right bridge at step B. ¢ Inten-
sity profiles of the left and right bridges
shown in (b). The shaded area is the
intensity from the bridge after subtrac-
tion of the background noise. d Models
of the left and right bridges. The bridge
at step A has two rows of atoms; the
bridge at step B has only one row of
atoms. The distance from P to @ (see b)
is about 0.89 nm, wide enough to have
two gold atoms in a bridge if the gold
atoms have the nearest-neighbour spac-
ing of the bulk crystal (0.288 nm) [2]
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Sharvin-Maxwell regime. From this data, the electron mean free path was
calculated and it was found to be only 4 nm which is 10 times lower in com-
parison to bulk gold and can be explained by the presence of defects in the
gold nanowires [5].

Recently TEM-SPM was also used to determine conductivity through
individual nanowires and carbon nanotubes. The I(V') characteristics of Si
and Ge nanowires indicated that ohmic contacts could be made with silicon
nanowires whereas germanium nanowires displayed I(V') that were dependent
on the point of contact (Fig. 5.26) [21]. The observed nonconductive gaps
in I(V) characteristics for Ge nanowires were explained by the presence of
different thickness oxide layers on the nanowires.

Although the contact resistances cannot be adequately determined, it
was found that the resistivities of the Si nanowires were approximated in the
order of 1072 Qm which are indicative of a highly doped nanowires with an
impurity (most probably gold).
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Fig. 5.25. Measured point con-
tact conductance (27') vs. ra-
dius squared (o), at bias 10 mV.
The Wexler interpolation for-
mula is plotted using a mean
free path value of 3.8 nm and
I' = 0.7. Sharvin conductance
(straight thick line) is added
for comparison. Reproduced with
permission from Phys. Rev. B
2000, 61, 12725, Copyright 2000
American Physical Society
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Fig. 5.26. I(V) behavior for an individual a Si and b Ge nanowire. I(V) for Ge
nanowires are contact dependent [21]

For precise measurements of conductivity in carbon nanotubes in [47]
contacts with liquid metal surface are created and contact resistances in the
range 0.1 to 1kQum were obtained. Ballistic electron transport in carbon
nanotubes was measured and an electron mean free path longer than 65 pum
was found in the nanotubes.
Resistivity between the ends of multiwall carbon nanotubes during tele-
scopic extension of the nanotube was investigated in [48]. Nonlinear resistance
between the ends of the multiwall nanotubes during telescopic extension of



5 Probing of Nanocontacts Inside a Transmission Electron Microscope 95

nanotube was observed and a one-dimensional localized system with charac-
teristic localization length 1000 - 1500 nm predicted.

Besides conductivity TEM-STM can be applied for the characteriza-
tion of tunnelling and field emission. Field emission properties of boron ni-
tride and carbon nanotubes were measured in situ by Zettl [49] and our
groups. Current-voltage characteristics were measured and work-function de-
termined. In [50] electron holography of carbon nanotubes has been per-
formed in situ. This method gave information about inner electric fields of ma-
terials. Measurements of the phase shift and phase gradient maps (Fig. 5.27)
show that the electric field is concentrated precisely at the end of nanotubes
and not at other nanotube defects such as sidewall imperfections.

One specific topic in conductivity measurements is contact behaviour
under high current densities which can be achieved by relatively low bias
voltages. By applying voltage between the graphite coated tip and graphite
surface occasionally nanotube growth was observed (Fig. 5.28) [51]. It is
shown that the bias voltage plays a key role in triggering the formation of

Phase  Phase Gradient

Fig. 5.27. Phase shift and
phase gradient maps extracted
from holograms of the same nan-
otube at bias voltages 0, 70, and
120 V. The phase gradient indi-
cates where the electric field is the
strongest; note the concentration
. of the electric field at the nan-
0 radian 27T 0 radian/nm0.4 iube tip for 70 and 120 V [50]
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Fig. 5.28. Model of the
growth of a nanobridge.
a Before contact. b The
tip touches edge. ¢ The
tip is retracted. d Nan-
otube growth by further
retraction [51]

a nanobridge at the initial stage. The voltage can drive the formation through
Joule heating which may achieve at least 3700 K at which rearrangements of
graphite layer into hexagons, heptagons, and pentagons can be achieved. The
tubular parts of the carbon bridges grow in length during the retraction of
the tip which may be driven by Joule heating.

Welding of nanotubes to Au and Si surfaces was realized [25]. Thermal
heating at a bias voltage in the range of 2V is sufficient for contact formation
with Au and 5V with Si. Diffusion of Au into the nanotube interlayer is
observed after bonding. Si and Au surface melting was observed in contact
areas, which means that the temperature reaches at least 1687 K. In [28]
welding of two carbon nanotube bundles was observed using bias voltages
2-3V.

High current densities can be used for controlled nanotube cutting as was
realized by contact with amorphous carbon. In each contact the cut part of
the nanotube achieve 5—10nm at a bias of 5V [25].

5.6 Electromigration

Material transport in nanotubes [6] and on nanotube surfaces [7,52] has been
observed. Electromigration forces, created at high electron current densities,
have been shown to enable the transport iron inside carbon nanotubes [6]
(Fig. 5.29).

In [7] carbon nanotubes were used for controllable, reversible atomic scale
mass transport of indium metal along the nanotubes. Surface driven nano-
electromechanical relaxation oscillator has been proposed (Fig. 5.30) [52].

Recently nanocrystal powered nanomotors have been realized by using
a nomanipulator inside a TEM (Fig. 5.31) [53]. Movement is achieved by
applying an electric field.



5 Probing of Nanocontacts Inside a Transmission Electron Microscope 97

Fig. 5.29. Sequential TEM images
showing the induced movement of iron
inside carbon nanotubes at time a — 0,
b — 2, ¢ — 3min. Iron migrates in the
same direction as the electron flow [6]

Fig. 5.30. Four TEM images, spaced by one-
minute increments, left to right indium trans-
port on a single MWNT (7]
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dt‘d :i

Fig. 5.31. Images showing nanocrystal ram extension. a Two multiwall nanotubes
(MWNT) lie in contact with one another. A reservoir of indium atoms rests on the
top nanotube. b Driving 2.1 pA through the circuit creates the nanocrystal ram,
which begins to push the MWNT apart. ¢ The nanocrystal ram has growth to
75nm long. d At full extension the nanocrystal ram is more than 150 nm long [53]

5.7 Conclusions

The new methods of probing inside transmission electron microscopes have
proved to be of use tool for investigation of nanocontacts. However, many
of the examples discussed above only demonstrate the potential of in situ
probing to address problems in nanotribology. There is one single parameter
in friction that is of importance in almost all studies: the contact area, which
is directly visible using the TEM-AFM. If future nanotribology work, using
TEM-AFM, is contact area alone makes it an important new tool. Almost
all AFM tribology studies done, except for the ones in liquid environments,
can be repeated using in situ methods and will provide new information, and
will more than ones be with unexpected results. For example be interesting
to make more experiments along the original slip-stick experiment [18,54],
the force and conductance AFM measurements on atomic-scale metallic con-
tacts [10,23], or studies of lubricated samples, for example the squeezing out
of lubrication fluids between two surfaces [55]. The power of imaging the con-
tacts in nanotribology experiments will, if pursued, give new insight to this
interesting field.
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6 Stick-Slip Motion on the Atomic Scale
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6.1 Introduction

In the mid-eighties the newly developed friction force microscopy (FFM)
opened the feasibility to investigate friction processes in a single asperity
contact. FFM delivered interesting results, which could not be explained by
simply calculating the energy needed to deform the surface asperities. There
are good reasons to assume that during a very slow friction experiment in
a very well described setup, where every atom after scanning remains the
same place where it was in the beginning, no energy would dissipate. Since
all interatomic potentials we know are conservative, and due to the very small
velocities no kinetic energy appears anywhere, the change in the position of
all the atoms defines the change of energy of the whole system.

This chapter is organized as follows. In Sect. 6.2 we introduce the Prandtl-
Tomlinson model, which explains the main features observed in atomic fric-
tion measurements. In Sect. 6.3 we describe some significant experiments in
details, and discuss the effects of unusually small loads, finite temperature,
and atomic-scale abrasion on friction.

6.2 The Tomlinson Model

6.2.1 A Qualitative Description of Tomlinson’s Mechanism

Interatomic forces are conservative and do not give rise to the typical dissipa-
tive character of friction. A wearless scan with infinitely small velocity there-
fore should result in non-dissipative reversible process. In 1929 G.A. Tomlin-
son computed the amount of plastic deformation in a locomotive and con-
cluded that every locomotive has to be completely damaged after a few kilo-
meters of travel if plastic deformation is responsible for the loss of energy [1].
He therefore proposed the existence of irreversible stages in a friction process:

“To explain friction it is necessary to suppose the existence of some
irreversible stage in the passage of one atom past another, in which
heat energy is developped at the expense of external work”

He presented a basic mechanism to explain irreversible jumps observed during
a friction process, nowadays referred to as the Tomlinson mechanism.
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Instabilities and irreversible jumps

When dragging a particle very slowly by an elastic coupling over a surface, the
particle does not always follow the support continuously. For a soft coupling
it might become impossible to place the particle on top of certain “hills”.
Furthermore, it is possible that the particle’s velocity becomes high also when
the support is dragged with an infinitely small velocity. Adapted to a typical
FFM situation, Tomlinson’s mechanism reads as follows: Dragging the tip
of the FFM through the elastic cantilever at an infinitely slow velocity may
result in sudden irreversible jumps of the tip, giving rise to hysteresis and
friction.

The particle’s jumps are not controllable and are, according to G.A. Tom-
linson, the reason for energy dissipation in a wearless friction process. Since
the resulting motion of a particle would look quite similar to the motion of
a piece of rubber dragged over a table, the atomic process is often referred
to as atomic stick-slip or just stick-slip, although the origin of the two phe-
nomenona is not quite the same.

Relation to phenomenological friction laws

Classically, friction is described through a material-dependent friction coeffi-
cient p, which mainly depends on the material of the two bodies in motion,
but also on the environmental conditions. This picture falls down when deal-
ing with single asperity contact. In such a case the dependence of friction on
the applied load is usually not linear, and introducing a friction coefficient
has not a well-defined meaning.

Nevertheless, in Tomlinson’s model a dimensionless parameter 77 can be
introduced, which describes the ratio between elastic and chemical forces
acting on the contact asperity. Depending on the values of 7, two different
friction regimes can be observed, i.e. stick-slip or superlubricated motion.

6.2.2 Quantitative description

The following analysis describes in detail the frictional force experienced by
a single particle sliding on a surface in the framework of the one-dimensional
Tomlinson model. This approach has been used by Mc Clelland et al. [2],
Zhong and Tomanek et al. [3,4], Colchero and Marti et al. [5] and others to
model the FFM.

We consider the tip of a FFM in a one-dimensional periodic potential,
which represents the interaction with an atomically flat surface. We will con-
centrate on the quasistatic limit, of vanishing relative velocity of the two
bodies. In the Tomlinson model, a tip with coordinate = is coupled through
a spring of stiffness k to the support with coordinate X. Neglecting iner-
tia, the total energy of the system, consisting of the potential (V(z)) at the
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Fig. 6.1. Total potential experienced by the FFM tip for given support positions:
a Support on top of the potential hill, b Support at an arbitrary position

position of the tip and the energy which is stored in the spring, is given
by

E:wm+¥@—m? (6.1)

In what follows, we will consider a periodic potential of the form (V(z) =
Vo cos(2mx/a), and introduce a dimensionless parameter

B 472V,
= ka?

(6.2)

The total energy (6.1) is shown in Fig. 6.1 for two different support positions
(X) and a parameter value n = 7.

In a quasistatic motion, the tip position remains in a local energy min-
imum, since there is always enough time for the system to relax. In order
to understand the time evolution of the system, it is therefore sufficient to
follow the evolution of the local minima. The latter are given by the solutions

of the equation (0F/dx = 0),
V'(z) + k(z—X)=0, (6.3)

which also satisfy the stability condition 8’2E/dx? = V" (z) + k > 0.

It is obvious that Eq. (6.3) might have more than one solutions, especially
for small values of (k). In Fig. 6.2 these solutions are indicated graphically
for the potential V (z) = Vj cos(2mz/a) and for n = 7.

A change of the support position (X) may lead to a change of sign of the

second derivative 92 /0x?, which occurs for our sample potential when

nam(z%£>1 (6.4)

At this point, the lateral force is

F*:ZZ%\/271 (6.5)
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Fig. 6.2. Graphical
solution of the equi-
librium equation (6.3)
for a potential (V(z) =
Vo cos(2mx/a).)

It can be easily seen that Eq. (6.4) has no solution in = for n < 1. In
such case the tip may be placed at any position on the surface. If n > 1,
Eq. (6.4) has two solutions a* in each lattice cell, describing the borders of
the unstable positions, later referred to as the critical curve. For n = 1 the
critical positions z7 5 = 0, whereas they diverge towards z7 , = +a/4 when
7 increases towards infinity. For any value of n > 1 there exist certain areas
where the tip position is unstable and where it is impossible to keep the tip in
rest whatever support position is chosen. By making use of the equilibrium
condition (6.3) the corresponding support positions X, where irreversible
jumps occur, can be computed from the solutions of (6.3).

When sliding starts, the lateral force Fy increases with the support and
tip positions, X and z, according to the law

n

Fx = kexp(X - LU) ’ kexp = mk

(6.6)
The relation between the “slope” kex, and k is derived in [6]. Note that,
when 1 >> 1, the quantity kexp is close to the effective spring constant k. The
maximum value of the lateral force, F*#* is obtained when z = a/4, and it
is related to the energy amplitude by the relation

27TVO

Fmax —
* a

(6.7)
At this point, the lateral force F starts to decrease, as the tip apex moves
faster than the support. Finally, when z reaches one of the critical values z7 ,
(depending on the moving direction of the support), the tip jumps.
Experimentally, the frictional parameter n can be estimated from the

relation
|2

kexpa
which is easily obtained from Egs. (6.6) and (6.7).

Other chapters of this book deal with a more detailed description of the
FFM-tip taking into account the fact that several atoms are usually in contact

n 1 (6.8)
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Fig. 6.3. a A typical
Friction Force Micro-
scope Image on KBr
and b a computed im-

age within Tomlinson’s
model. From [10] and [11]
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with the sample. Theoretical investigations on the Frenkel-Kontorova and on
the Frenkel-Kontorova—-Tomlinson model are given in Refs. [7-9].

6.2.3 Two dimensional effects

The Tomlinson model can be extended to the two-dimensional case, where it
reproduces the basic features of the experimental friction maps acquired by
FFM. Furthermore, higher dimensionality considerations may explain addi-
tional interesting phenomena such as the “spike like” character of the atoms
that are imaged through an FFM experiment, as shown in Fig. 6.3.

Critical Curve

The set of support positions where irreversible jumps occur are referred to as
the critical curve. In the one-dimensional case they were computed through
the mapping from the solutions x of equation (9?E/dz% = 0) into the cor-
responding support position by making use of the equilibrium condition. In
two dimensions, due to the complex character of the mapping from support
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Fig. 6.4. Critical curves for a non-separable two-dimensional potential in a the
plane of tip positions and in b the plane of the corresponding support positions
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positions to tip positions, the critical curves look quite complicated. Some
examples are shown in Fig. 6.4.

6.3 Friction experiments on the atomic scale

The FFM technique is described in details in Chapt. 1. As the zero value of
the lateral force Fy is always affected by a certain offset, the so-called friction
loops are usually acquired. Figure 6.5 shows the frictional force detected when
a FFM tip slides forwards and backwards across an alkali halide surface as
a function of the support position X. The average friction is given by half the
difference of the two curves. The total energy dissipated in the sliding process
corresponds to the area delimited by the friction loop. Dissipation does not
occur continuously while scanning, but only when the tip jumps from one
equilibrium position to the next one, releasing phonons into the underlying
sample.

The first FFM measurements were performed in 1987 by Mate et al. with
a tungsten tip sliding on a graphite surface (Fig. 6.6). The average frictional

0.6 r T T T T T
03} -
Z
S oof ]
w
03¢ -
Fig. 6.5. “Friction loop”
0.6 L L - : p L detected on a NaCl sur-

face in ultra-high vacuum.
From [12]

Fig. 6.6. First frictional map on the
atomic scale obtained by a tungsten tip
sliding on graphite. Frame size: 2nm.
From [13]
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force was roughly proportional to the applied load, with a low friction coef-
ficient ;1 = 0.012. The atomic structure of the surface lattice was observed
in the frictional maps with normal forces up to 56 uN, and a simple inter-
pretation of these results, based on the Tomlinson model, was also proposed.
Friction on graphite was later observed by other groups, each of them re-
porting different features [14-19]. Fujisawa et al., for instance, investigated
the load dependence of friction by means of a two-dimensional FFM. Tip
jumps were observed in both x and y directions on the surface lattice, due to
a zig-zag motion predicted by the Tomlinson model in 2D [15]. Miura et al.
compared friction maps recorded with a sharp tip and a graphite flake [16].
In the second case the stacking of graphite layers was maintained while scan-
ning, and anisotropy effects were observed. Friction reached a minimum value
when the flake was moved parallel to well-defined pulling directions. If the di-
rection of motion was not parallel to the pulling direction, the flake could not
move below a certain thresold. A rotation of the flakes around a pivot point,
due to the zig-zag motion, was also recognized. On other layered materials,
like mica and MoSa., atomic stick-slip was also observed [17,20].

The first FFM measurements in ultra-high vacuum (UHV) were reported
by McClelland and coworkers, who investigated friction of a diamond tip, pre-
pared by chemical vapor deposition, against a diamond surface [21]. A few
years later, Flipse and coworkers repeated the experiment with a standard
silicon tip [22]. Atomic stick-slip could be observed only in presence of hy-
drogen.

Several studies of atomic friction on ionic crystals were also performed in
UHV. KBr and NaCl have been investigated by Meyer and coworkers [11,12,
23-25], whereas Carpick et al. studied the KF surface [26]. In most cases, the
periodicity of the frictional maps on these surfaces corresponds to the distance
between equally charged ions. NaF represents an exception, as both positive
and negative species could be distinguished [27]. The load dependence of
friction is easily evaluated with a 2D-histogram technique, in which the load
is increased or decreased stepwise along each scan line when acquiring the
frictional force [23]. On the KBr surface UHV friction depends linearly on the
applied load Fy, when Fy is below a few nanonewtons. In such a case, a low
friction coefficient © < 0.04 was found [11]. With higher loads the friction
coefficient increased, and the corresponding topography images showed the
occurrence of wear on the surface.

Recently, Maier et al. investigated the statistical distribution of the slip
durations on KBr [25]. A wide variation of values up to several milliseconds
was reported, by far longer than expected for a relaxation process on atomic
scale. The experimental results were compared with computer simulations,
based on a two-spring model of the sliding system, and a certain correlation
between the duration of the atomic slip events and the atomic structure of
the contact was found.

Atomic stick-slip is not peculiar of insulating surfaces. Howald et al. ob-
served stick-slip on the reconstructed Si(111)7x7 surface using a tip coated
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by polytetrafluoroethylene [28]. Due to its lubricant properties, this coating
did not react with the dangling bonds of the surface, which made possible the
imaging process. Bennewitz et al. observed reproducible stick-slip also on the
Cu(111) surface, whereas sliding on Cu(100) resulted in irregular patterns
with some atomic features [29,30]. These results are in a certain agreement
with molecular dynamics simulations by Sgrensen et al., who predicted that
wear occurs easier on Cu(100) than on the closed-packed Cu(111) surface [31].
By using passivated tips, atomic stick-slip was also observed on Pt(111) [32].

6.3.1 Contact stiffness and contact area

The slope of the sticking part of the Fy vs. X curve is related to the effective
lateral stiffness of the contact k, according to Eq. (6.6). In FFM experi-
ments, k is given by a combination of three springs in series, each of them
corresponding respectively to the cantilever torsion, kiors, the lateral bend-
ing of the probing tip, ktip, and the lateral deformation of the contact region
kcon [33-35]:

1 1 1 1

k B ktors * ktip * kcon

The values of kiors and kyip are usually in the order of 100 N/m, whereas
the lateral stiffness of the contact, keon, is two order of magnitude less [24].
Thus, when interpreting FFM experiments, we can reasonably assume that
k ~ kcon-

If continuum mechanics would be applicable down to the nanometer scale,
the radius of the contact area, acon could be estimated from the contact
stiffness kcon using the relation [36]

kcon
Gcon = S AL
8G*

In Eq. (6.9) the effective shear modulus G* is related to the shear moduli Gy
and G2 and the Poisson numbers v and vy of sample and tip by

(6.9)

12— 2-uf
G* Gh G1

However, the contact radius estimated from the experimental values of kcoy, is
usually well below the lattice constant a). The breaking of continuum models
on the nanometer scale has been recently discussed by Luan and Robbins by
means of molecular dynamics simulations [37].

6.3.2 Friction at finite temperature

The finite temperature of the sliding systems introduces interesting statisti-
cal effects in the stick-slip process. A detailed theoretical analysis of these
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effects is given in Chap. 7. Here we summarize the basic ideas and discuss
the experiments which proved the occurrence of thermal effects on friction.
The jump of the tip apex from one equilibrium position to the next one on
the surface lattice is prevented by a certain energy barrier AE (Fig. 6.1b).
At zero temperature the tip does not jump until AE = 0, i.e. when the
condition (6.4) is satisfied. At a finite temperature T, the tip can jump even if
AFE # 0. The reason for that is that the tip apex oscillates in the potential well
where it is confined with a characteristic frequency fo. The probability p that
the tip does not jump changes with time according to the master equation [12]

dp AFE
Frin —foexp (_kB_T) p(t)

Here, the energy barrier AF is a function of time ¢ or, equivalently, of
the lateral force Fx(t). Assuming that the energy barrier AE decreases lin-
early with the lateral force Fy (linear creep approximation), and noting that
dFy/dt ~ kv, where k is the effective stiffness of the system and v is the
sliding velocity, a logarithmic dependence of friction on velocity is obtained:

Fx(v) = const. — keT log A (6.10)

A Vo

(A is in the order of the lattice constant a, and the velocity vy is arbitrar-
ily chosen in the range of applicability of the linear creep approximation).
Thus, temperature effects can be experimentally found measuring the veloc-
ity dependence of friction. Experimental data in agreement with Eq. (6.10)
were reported by Gnecco et al. on a NaCl crystal in UHV in a velocity range
between 5nm/s and 3 um/s. However, Eq. (6.10) cannot be applied at high
velocities. The reason for that is that the linear creep approximation is not
valid when the jumps occur close to the critical position x*, which is the case
if the sliding speed is high enough. From a formal analogy with magnetic-
flux fluctuations in superconducting quantum interference devices, Sang et
al. suggested that the ramped creep approzimation AE ~ (const.—FL)3/ 2 has
to be used in such case [41]. The master equation leads then to an implicit
relation between the lateral force Fy and the sliding velocity v, as discussed
in [42]. Two different regimes are observed depending on the critical velocity

o ™2 foksT
c 2 ka
If v < v, the logarithmic relation
kT */* 2/3
Fy(v) = const. — (B—) (1n &) (6.11)
1 v

holds (which, experimentally, cannot be easily distinguished from (6.10). The
constant in Eq. (6.11) corresponds to the critical value of the lateral force F*.
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In the opposite case v > wv., the lateral force tends to F* according to the
law

Fo(v) = F* (1 - %)2

Using these relations, Riedo et al. estimated characteristic frequencies fo ~
50kHZ and tip-surface interaction energies of a few eV for a Si tip sliding on
mica (in air) [42].

Sang et al. found also that the statistical distribution of the jump heights,
due to the finite temperature, has the following shape [41]:

= _f3/2
P(f7) = §\/f_exp (—f*3/2 - i) (6.12)

2 v* v*

In Eq. (6.12) the dimensionless variables v* and f* are directly related to
the sliding velocity v and to the critical force F*. The statistical distribu-
tion (6.12) resembles a Gaussian distribution, slightly distorted towards high
values of the lateral force. The expression (6.12) is used in Fig. 6.7 to fit two
experimental distributions acquired by Schirmeisen et al. on highly-oriented
graphite in UHV [43].

6.3.3 Superlubricity

If the frictional parameter n is less than 1, friction tends to vanish. This
transition was observed by Socoliuc et al. on a NaCl surface in UHV. In
Fig. 6.8 frictional loops detected on this surface are compared with theoretical
curves obtained with the Tomlinson model. The area enclosed by the loops is
reduced when the normal load Fx, or, equivalently, the parameter 1 decreases,
until the backward and forward scan lines overlap at the critical threshold
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Fig. 6.8. a—c Experimental and e—f theoretical friction loops observed when the
frictional parameter 7 is reduced down to n = 1. From [24]
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Fig. 6.9. Corrugation energy Ey = 2V, experimental stiffness kexp, frictional pa-
rameter 7 and effective stiffness k as a function on the normal force Fn. From [24]

n = 1. Figure 6.9 shows how the corrugation energy Ey = 2V}, the slope
kexp, the frictional parameter 7, and the effective spring constant k changes
with the normal force Fn. The parameters Ey, n and k were derived from
the experimental data using the relations (6.6, 6.7, 6.8). The corrugation
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energy Fy between silicon and NaCl was found to increase linearly with Fy.
A similar conclusion was also reported by Riedo et al. in their experiments
on mica. A reasonable explanation is the following [38]. The quantity Fy is
the difference between the maximum and minimum values assumed by the
tip-surface interaction energy on a unit cell of a surface. These values, apart
from the sign, are given by the integral of the normal force vs. distance curves
taken along the normal direction z. In the elastic regime, these curves are
straight lines with constant slope k., which leads to the linear dependence
experimentally observed.

The concept of vanishing friction, or superlubricity, goes well beyond the
experiment discussed here. Dienwiebel et al. observed vanishing friction while
dragging a graphite flake out of registry over a graphite surface [39]. This
is related to the lateral stiffness and to the incommensurability of the two
surfaces. Dry friction decreases also when the sliding speed is reduced down to
a few nm/s or less. This effect is due to thermally activated jumps occurring
in the contact area, and it is called thermolubricity [40]. A detailed discussion
of superlubricity and related issues is given in Chapters 8.4-10.4.

6.3.4 Wear on the atomic scale

If the normal force applied on the FFM tip exceeds a critical value, dependent
on the elastic properties of the materials in contact, wear occurs. E. Gnecco
et al. investigated the initial stage of damage on alkali halide surfaces [44].
Figure 6.10 shows a rupture event in the stick phase, in which the FFM tip
picked up some couples of Kt and Br~ ions. Starting from this moment,
a continuous exchange of ions between tip and surface is established. The
stick-slip mechanism, even if complicated by the exchange of “debris”, was
observed during the whole wear experiment. On long time scales, the mean
friction force extracted from the friction loops increases asymptotically with
the number of scans towards an equilibrium value, where the applied load
is balanced by the normal reaction of the sample without further damage.
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Fig. 6.10. Wear onset on the
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X (nm) a KBr surface
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A comparison between friction loops and topography images acquired before
and after wearing off the surface gives important information, as the energy
dissipated in the wear process. On KBr only a minor part (30%) of the total
energy dissipation went into wear.

When micrometer size areas were scanned, the formation of quasiperi-
odic patterns of mounds and pits was observed on alkali halide surfaces,
as well as on metals [45]. These structures result from a delicate interplay
of friction-induced strain and erosion, material transport operated by the
tip, and diffusion, which presents some similarities with features observed in
beam cutting [46], ion-beam sputtering [47] or even wind-blown sand rear-
rangement [48].

Wear on layered material was studied by the group of Salmeron. Assuming
that wear is initiated by atomically defects, and it occurs only when these
accumulate beyond a critical concentration, the following relationship was
derived [49]:

Flwear = AF2/® exp(BFZ?)

where A and B are constant. Other issues related to tribochemical wear are
discussed in Chapt. 21.6.

6.4 Conclusions

In conclusion, the mechanism of atomic stick-slip revealed in FFM experi-
ments in well described by the Tomlinson-Prandtl model. In the quasi-static
limit of scan velocities v < 10 um/s the nanocontact formed by the micro-
scope tip and a crystal surface is elastically deformed, suddenly broken and
completely reestablished on a different site. The frictional force can be analyt-
ically related to the interaction between the two surfaces and to the effective
stiffness of the contact. The ratio of these two quantities, 7, is an important
parameter, which allows to distinguish between a stick-slip dissipative mo-
tion and a superlubricated regime, where dissipation falls down to negligible
values. When the elasticity limit of the surface is overcome, wear occurs. The
initial stages of wear can also be investigated by FFM down to the atomic
scale. Finally, we have also discussed the important role of temperature in
atomic friction. Tip jumps are favored by thermal activation, and a logarith-
mic dependence of friction on velocity is consequently built up.
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7.1 Introduction

Macroscopic friction between solids is well known to be both of paramount
practical importance and of notorious difficulty regarding its theoretical un-
derstanding [1,2]. Here, we restrict ourselves to the simpler case of a micro-
scopic contact in the form of a single asperity. Such studies of frictional forces
between nanoscale objects are vital both for engineering of micromechanical
devices and advancement of our understanding of the laws of nature acting in
the nanoworld. While macroscopic friction involves interactions between nu-
merous asperities of the two contacting surfaces, employing an atomic force
microscope (AFM) offers a unique opportunity to probe the frictional forces
between a single asperity — the tip of an AFM cantilever — and an atomi-
cally flat surface. Therefore the research direction of friction force microscopy
(FFM) [3] had been initiated only a year after the invention of the AFM in
1986 [4] and became a subject of intensive studies since then (see the re-
views [5-7] and references therein).

The laws of nanofriction differ drastically from those of macroscopic fric-
tion. In particular, it has been known from the time of Coulomb that the
force of friction between two macroscopic bodies in contact is independent
of their relative velocity. In contrast, friction force on the nanoscale exhibits
a non-trivial velocity dependence, which will be the subject of the present
contribution.

Though simpler than macroscopic friction, the adequate interpretation
and modeling of microscopic friction experiments still represents a formidable
challenge. In particular, direct molecular dynamics simulations are still very
far from reaching experimentally realistic conditions [8,9]. The reason is the
enormous time scale separation between molecular vibrations and the very
rare slip-events of the AFM tip which still cannot be bridged by today’s com-
puter facilities. Hence, non-trivial theoretical modeling steps are indispens-
able, in particular the concepts of non-linear stochastic processes [10-14]; the
above-mentioned time-scale separation will greatly facilitate the calculations
within such a model.

The behavior of an atomic force microscope tip in contact with a uniformly
moving atomically clean surface is modeled as one-dimensional Brownian mo-
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tion in a potential of the tip-surface interaction and of the elastic forces re-
sulting from the deformation of the cantilever, the tip, and the surface in the
contact region. A theoretical description of friction force microscopy experi-
ments within such a model is derived on the basis of microscopic considera-
tions. At the focus of this review is the relation between the pulling velocity
and the time-averaged lateral force developed in the cantilever, which equals
in magnitude the force of friction.

An exact analytical force-velocity relation can be found for asymptoti-
cally small cantilever stiffness and high damping. For an arbitrary stiffness,
one needs to resort to an approximate treatment. A particularly successful
approximation is possible in the stick-slip regime of the tip motion, when
the elastic force exhibits a random sawtooth-like time-dependence result-
ing from the thermally activated transitions of the tip from one surface site
to the next. This regime can be treated within the framework of Kramers’
rate theory of thermally activated transitions. The range of validity of such
a rate approach in the context of friction force microscopy is discussed. An
approximate analytic formula relating the pulling velocity and the average
elastic force is derived and its high accuracy is demonstrated numerically.
Within the stick-slip regime, the average lateral force increases approximately
logarithmically with velocity. While the rate description is applicable when
the pulling velocity is not too high, going beyond the stick-slip regime re-
sults in a maximum of the average force as a function of velocity, followed
by a subsequent decrease. This theoretically predicted non-monotonic force-
velocity relation should be observable under realistic experimental condi-
tions.

7.2 Experimental Set-Up

In a typical FFM experiment [3], the tip of an AFM is brought in contact
with an atomically clean surface moving at a constant velocity v by means
of a normal load Fy (see Fig. 7.1a). The interaction between the tip and the
surface leads to a torsional deformation of the cantilever. One can determine
the magnitude of this deformation by optical means and thus deduce the
resulting elastic force f(t), which, by Newton’s third law, equals the instan-
taneous force of friction. As a rule, the temporal evolution of the friction force
proceeds in a sawtooth-like pattern (see Fig. 7.1b showing the results of our
numerical simulations; the experimentally observed force evolution is similar,
see e.g. [15]). This type of motion of the AFM cantilever is called stick-slip
motion. The central quantity of interest is the behavior of the time-averaged
friction force

f:= lim % t dt’ f(t') (7.1)

t—o0 0
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(a)

f(®) [nN]

t [msec]

Fig. 7.1. a Schematic illustration of an FFM experiment. The inset depicts the
instantaneous potential (7.2), in which the AFM tip finds itself at a given instant
of time ¢. b A typical example of the temporal evolution of the elastic force (7.6) in
the stick-slip regime obtained from simulations of the Langevin equation (7.11) in
the overdamped (m — 0) limit with pulling velocity v = 1 nm/msec, viscosity n =
1 pNmsec/nm [26,28], and ns = 0. The thermal energy k7" is 4.04 pNnm (room
temperature), the spring constant & (cf. (7.2), (7.5)) is 0.5 N/m [42], and the lattice
potential is given by Eq. (7.58) with parameters AUy = 250 pN nm, and a = 0.52 nm

as a function of the pulling velocity, v. From this dependence of f on v one
tries to gain insight into the specific molecular properties of the probed sur-
face and into the general microscopic principles of surface friction within an
exceptionally simple “minimal” model. The interpretation of the measure-
ments along these lines is the subject of our present contribution.
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7.3 Modeling

The system from Fig. 7.1 gives rise to a paradigmatic applications of the
general principles of stochastic modeling. Starting from microscopic consid-
erations, basically one relevant (slow) state variable (collective degree of free-
dom) can be identified, while the effect of all the remaining (fast) degrees of
freedom essentially boils down to friction, thermal noise, and a renormaliza-
tion of the relevant potential and inertia within an effective model dynamics
for the slow variable alone. While the general mathematical framework for
eliminating the fast “thermal bath” variables along these lines is described in
detail e.g. in [10-14], here we mainly restrict ourselves to the basic physical
picture behind those calculations. We remark that we are using here the no-
tion “thermal bath” instead of e.g. “electron-phonon subsystem” [16] since
in general the entire microscopic dynamics is not exhausted by electrons and
phonon modes.

7.3.1 Langevin Equation

The system studied — though small — still involves a huge number of mi-
croscopic degrees of freedom, which we denote collectively as ¢(t). The ex-
perimentally observable lateral force f(t) can be deduced from the torsional
deformation of the cantilever and is directly related to the displacement z(t)
of the AFM tip (more precisely: the center of mass of the tip apex) from its
equilibrium position at a moment of time ¢, cf. Eq. (7.6) below. To obtain
the evolution equation for this relevant collective degree of freedom z(t), one
may proceed as follows. First, one writes down the equation of motion for all
coordinates ¢(t) of the system, and then projects the system’s microscopic
state onto the subspace characterized by a given value of z by averaging out
the microscopic degrees of freedom [10]. As a result of this procedure, an
equation of motion for z(¢) is obtained, in which the effect of the molecular
degrees of freedom is accounted for by introduction of the following objects:
(i) a free-energy type potential U(z,t) of mean force, (ii) memory-dependent
friction, and (iii) a random force (noise) of finite correlation time. In view of
the fact that the characteristic frequency associated with the collective vari-
able z(t) is of the order of 10°s™!, i.e. many orders of magnitude lower than
the Debye frequencies describing the time-scale of the molecular degrees of
freedom, both the memory effects in friction and the finite noise correlation
time can be neglected. In other words, the relevant coordinate z(t) can be
regarded as slow compared to all the other molecular degrees of freedom of
the system. The possibility of the presence of other slow collective coordi-
nates (describing, e. g., the elastic deformation of the substrate) is discussed
in [17].

The potential of mean force U(z,t) consists of three contributions. The
first one accounts for the elastic deformations of AFM and substrate, the
second for the tip-substrate interaction, and the third for the entropy of the
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microscopic degrees of freedom. Since the elastic deformations are typically
small [18], we may neglect anharmonic effects in the elastic energy. Further-
more, we can assume that interaction and entropy only depend on the relative
tip-substrate position z + vt. We thus arrive at the approximation

U(z,t) = %22 + Up(z + vt) . (7.2)

The argument in the second term indicates that the surface moves at a con-
stant velocity v to the left with sign convention v > 0 (cf. Fig. 7.1). Further-
more, focusing on an ideally flat atomic surface with lattice constant a in
z-direction, we conclude that Up(z) is invariant under a displacement of the
substrate by one period:

Uo(z +a) = Up(z) . (7.3)

Without loss of generality, we can assume that the tip-surface interaction
potential Up(z) has minima located at integer multiples of the lattice con-
stant, na. The position of the nth minimum of the moving surface potential
Uo(z + vt) is, then,

2O(t) = na — vt . (7.4)

n

The spring constant x describes the combined effect of the elastic deformation
of the cantilever, the tip and the elastically deformed surface in the contact
region [18-23]:

1 1 1 1

—-—=—+ —+

R Rcantilever Rtip Rsurface

(7.5)

The experimentally observable lateral force f(¢) can be identified, according
to Newton’s third law, with the negative of the force caused by the elastic
deformations, i.e.

ft)=—rz(t) . (7.6)

With this in mind, we consider the elastic deformations of the cantilever,
and, in particular, those of the tip apex (see Fig. 7.1). If these deformations,
or equivalently, the state variable z, are changing adiabatically slowly, then
the system is at every instance of time in a thermal equilibrium state, i. e., we
are dealing with a reversible process. Next we consider the case when these
changes are taking place at a finite speed, but still slowly enough that the
thermal bath due to the fast molecular degrees of freedom of cantilever and tip
always remains close to the instantaneous accompanying thermal equilibrium.
The remaining “small amount of disequilibrium” renders the process under
consideration “slightly irreversible” and hence gives rise to a linear-response
type dissipative force

FL(t) = —ne&(t) (7.7)

with an effective coupling strength 7. > 0 between the collective coordinate z
and the close to equilibrium “cantilever and tip bath” (subscript “c”). In fact,
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this is nothing else than Onsager’s theory for close to equilibrium processes,
associating currents, Z(t), with corresponding dissipative forces, Fc(t), via
linear response/Onsager coefficients, .. In particular, since the cantilever and
tip deformations are typically small [18], the implicitly assumed independence
of the Onsager coefficient 7, on the state z of the system is well justified.

In a similar manner, the influence of the microscopic degrees of freedom
of the substrate will result in a dissipative force Fy(t), which is proportional
to the relative velocity of the tip with respect to the substrate with the
proportionality coefficient 7:

Fy(t) = —ns(2(t) — ). (7.8)

Finally, we come to the randomly fluctuating forces acting on the slow
state variable z. They have the same origin as the dissipative forces, namely,
the large number of fast degrees of freedom of the cantilever, tip and substrate
baths. Due to this common origin and the fact that the baths always remain
close to thermal equilibrium, one can show that those randomly fluctuating
forces are completely fixed (in the statistical sense) by the functional form of
the dissipative forces via the fluctuation-dissipation theorem [24,25]. Namely,
the thermal “cantilever-and-tip-noise” acts on z(t) in the usual form [10-14] of
a fluctuating force \/2n.kT&.(t) with temperature T, Boltzmann constant k,
and unbiased d-correlated Gaussian noise &.(t). Similarly, the substrate gives
rise to thermal fluctuations of the form /2nkT&(t) with an unbiased J-
correlated Gaussian noise &(t) independent of £.(¢). Essentially, the unique-
ness of these thermal noises follows from the fact that any deviation from the
above specified statistical properties could be exploited to construct a per-
petuum mobile of the second kind [25]. Their independence is an approxi-
mation which is well justified by the fact that the contact between the two
baths consists of comparatively few atoms.

Collecting all acting forces, we arrive at the following equation of mo-
tion [17,26]:

mz(t) = — Uy(z(t) + vt) — kz(t) — nez(t)
+ V20ekTE(t) — 1s(2(8) — ) + /20K T &(2)

where m is the relevant effective mass associated with inertia effects of can-
tilever, tip, and substrate. To better understand its meaning, we consider an
arbitrary point within any of these three objects. Then a small displacement
Az of the tip apex yields a displacement of our reference point proportional
to Az with some proportionality factor q. Hence, inertia forces against an ac-
celeration Z(t) acquire a local weighting factor ¢, and m follows by integrating
over the local (mass-) density times g.

We further simplify the Langevin equation by introducing the total fric-
tion coefficient

(7.9)

=1+ 1, (7.10)
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allowing us to rewrite it as [17,26)

mz(t) +nz(t) = —Uj(2(t) + vt) — kz(t) — nsv + \/2nkTE(t) (7.11)

Such an equation (or its noise-free version) has been considered in a number of
publications [27-32], the important difference being that it has been assumed
there that n = ns, and thus 7. = 0, while, in general, there is no reason to
expect that any of the coefficients of viscous drag, 75 or 7, is zero.

7.3.2 Noise-Free Prandtl-Tomlinson Model

To understand the effect of noise on the dynamics of the tip apex z(t), it is
instructive to consider the equation of motion (7.11) without the last term,
i.e. at T = 0. Therefore, for now, we will focus only on the first two effects
mentioned in the beginning of the previous section and neglect the thermal
fluctuations. The zero-noise limiting case is essentially equivalent to the early
model of friction due to Prandtl [33] and Tomlinson [34]. The qualitative pic-
ture of the stick-slip process within this model is as follows. In the stick phase,
the cantilever is trapped within one of the minima, z,,(¢), of the total poten-
tial (7.2), and therefore moves together with the surface. This results in the
growth of the elastic force due to the deformation of the cantilever spring, the
tip, and the surface in the contact region. At some moment, this elastic force
becomes sufficient to render the cantilever jump from the current lattice site
into the next lattice site. During this slip phase, the redundant elastic energy
is quickly dissipated into the thermal baths (electron-phonon subsystem [16]).
After the cantilever settles into the new minimum, the process repeats itself.
To simulate this process numerically, a Newtonian equation of motion of
the cantilever tip has been investigated numerically and analytically in the
works [30-32], which had the form of Eq. (7.11), but without the noise term
and with 7y = n, . = 0. The two-dimensional generalization of this model
allowing for the lateral motion of the cantilever in the direction perpendicular
to the pulling velocity is presented in [32,35-37]. The resulting force-velocity
relation was shown by Fusco and Fasolino [32] to obey the power law

f~fo+e®? for v—0, (7.12)

regardless of the dimensionality of the model and the value of damping.

7.3.3 Effect of Noise

Experimental results reveal, however, that the effects of thermal noise play
an important role in the stick-slip motion. The specific indications of the
importance of thermal effects are the randomness of slip events, see Fig. 7.1
and Ref. [38], the temperature dependence of atomic friction [27], and the
approximately logarithmic — as opposed to the power-law (7.12) — dependence
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of the friction force for asymptotically small pulling velocity, which has been
interpreted using a model based on the assumption that the tip transitions
(slips) from one lattice site to the next are due to thermal activation [7,27,
39-42].

To generalize the Prandtl-Tomlinson model by incorporating the effects
of thermal noise, Sang et al. [28] and independently Dudko et al. [29] have
proposed to include the random force due to the thermal vibrations of the
surface into the equation of motion of the tip, and thus arrived at Eq. (7.11),
but, again, with ns = 1 and 7. = 0. This equation was simulated numeri-
cally [28,29] using a random number generator. Recently, the Langevin anal-
ysis has been extended to the two-dimensional case in [32]. The ensuing re-
lation between the friction force (7.1) and pulling velocity was found in all
cases to be logarithmic, namely,

f o< [Inv|® (7.13)

with the exponent a close to one [27].

7.4 Rate Theory

7.4.1 Preliminary Remarks

One of the consequences of Eq. (7.11) is that at high velocities the third term
in the right-hand side, which describes the viscous drag, exceeds all the other
acting forces, and the force of friction behaves as (cf. 7.12)

f—mnw forv— oo, (7.14)

allowing us, at least in principle, to experimentally determine the coeffi-
cient 7y associated with the substrate from the slope of the force-velocity
plot at high v. On the other hand, the term 7sv can be eliminated from the
equation of motion by a change of variables

F=z-—nw/k, t=t+n/r, (7.15)

which allows us to rewrite (7.11) (omitting the tildes) as

mz(t) + nz(t) = —Uj(2(t) + vt) — kz(t) + /2nkTE(t) . (7.16)

The experimentally observed friction force can thus be decomposed into two
contributions:

f_exp = —KZ+ TMNsU (717)

where Z is the time-averaged value of coordinate z from Eq. (7.16). The first
term in Eq. (7.17) describes the effect of interaction with the lattice, and the
second one the effect of the viscous drag due to molecular degrees of freedom.
Since we are interested in the former contribution to the friction force, we
will calculate the friction force f from Egs. (7.1), (7.6) and (7.16). To analyze
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the experimental data, a term linear in the velocity can simply be added to
the final result, yielding Eq. (7.17).

7.4.2 Conditions of Validity of the Rate Approximation

The qualitative difference between the Prandtl-Tomlinson model at a finite
temperature and at zero temperature, which leads to the logarithmic (7.13)
force-velocity relation, as opposed to the power-law behavior (7.12), is, evi-
dently, that the transitions of the tip from one well of the total potential (7.2)
to the other are random thermally activated events at T > 0. In contrast to
the noise-free model, they occur before the potential barrier separating one
well from the other disappears completely due to the action of the elastic
force.

To develop an understanding of the logarithmic relation (7.13), a rate
approximation can be used [13]. This approximation is valid if the typical
heights of the barriers separating the adjacent minima is much greater than
the thermal energy. Then, the system possesses two very different time scales:
the one describing the relaxation of the tip within a given potential well and
the much longer one describing the thermally activated interwell transitions
of the tip.

The condition that the relevant barrier heights be much greater than the
thermal energy kT [13] imposes certain restrictions on the system studied. In
particular, it implies that the combined stiffness s of the cantilever, the tip,
and the surface in the contact region must not exceed some value, at which the
potential (7.2) becomes monostable. This upper value can be estimated [15]
as a second derivative of the surface potential at one of its minima, resulting
in the requirement

k < U (na) . (7.18)

For realistic parameter values (see caption to Fig. 7.1b), this implies that the
rate description is valid when k£ < 20 N/m. Even though the typical stiffness
of the cantilever Keantilever 1S 0f the order of 70 N/m, the combined spring
constant (7.5) is usually about 1 N/m, because the tip and the substrate in
the contact region are usually quite soft. Furthermore, pulling must proceed
sufficiently slowly to allow the transitions to occur before the respective time
scales become comparable. Both conditions are well satisfied for most of the
so far reported experimental studies [7,23,27,41,42], in which the stick-slip
motion is observed, whereas violation of these conditions leads to the onset of
the opposite regime of steady sliding [15,26,31] characterized by low friction
forces.

7.4.3 Effective Spring Constant

The time-scale separation condition allows one to deal not with the coordinate
of the AFM tip, z(¢), but rather with the probability to find the AFM tip in
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a given (say, nth) potential well, and the rates w(f,(t)) of transitions of the
tip from one lattice site to the next. The argument of the rate is the elastic
force

fu(t) = —Kkzp(t) (7.19)

corresponding to the given nth minimum of the total potential U(z,t) from
Eq. (7.2). Approximating the position of the minimum z,,(¢) with that of the
moving interaction potential, Eq. (7.4), we find that the force corresponding
to the nth minimum increases roughly as xvt, allowing one to determine the
spring constant from the rate of force increase during the stick phase [7,21,
23,41].

While experimentally this seems to be the most reasonable procedure to
measure the spring constant, it yields only an approximation to the “true”
spring constant, x. We will denote such an approximation as x. To estimate
the difference between the “bare” or “true” spring constant, x, from Eq. (7.5)
and the experimentally determined, “effective” or “apparent” one, k, we need
to find the position of the nth minimum of the combined potential (7.2) more
precisely. This minimum is found by differentiating the potential U(z,t) and
setting the derivative to zero, leading to

Uj(zn + vt) = —Kzy, . (7.20)

As substantiated by both the experimental findings and numerical results,
the elastic force increases almost linearly during the stick phase. With this
in mind, we expand the function in the left-hand side of Eq. (7.20) around
some point, b,, yielding to the first order

Uy(bn) + Ul (bn) (zn, + vt —by) + ... = —Kzy (7.21)

from which an approximation for z, follows:

Ug (bn) (bn — vt) — Up(bn)
Zn =
K+ Ug (bn)

(7.22)

Then, by combining Eqgs. (7.19) and (7.22), we find the elastic force corre-
sponding to the nth minimum

fn(t) = —F(na —vt) + &/U (bn) , (7.23)
where the effective spring constant is [7,15,43]

KUy (bn)

,:”U:

What is the best choice for the expansion point b,, in this expression? The
average value of the right-hand side of Eq. (7.20) during the stick-slip motion
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is —xZ = f, and thus the optimal choice of the expansion point b, is given
by the equation

Ub(ba) = F - (7.25)

In view of the periodicity (7.3) of the potential Uy(z), the solution of this
equation is defined up to an integer multiple of the lattice constant. This
uncertainty, however, does not affect the numerical value of the effective
spring constant (7.24). Denoting the smallest root of Eq. (7.25) as by, we
adopt the convention that

by, = by + na . (7.26)

The important conclusion of this discussion is that the effective spring
constant (7.24), which is experimentally deduced from the slope of the stick
sections on the f—t curves [7,21,23,41], actually includes not only the effects
of the elastic deformations of the cantilever, the AFM tip, and the surface in
the contact region, but also the effect of the curvature of the tip-substrate
interaction potential. Moreover, since the average force f depends on the
pulling velocity, we conclude that so do the expansion point b,, and thus the
effective spring constant & given by Eq. (7.24). The often used approximation
k ~ K, however, seems to be well justified in view of the condition (7.18).

7.4.4 Calculation of the Transition Rate

According to the Kramers’ theory of thermally activated escape [13], the
force-dependent transition rate behaves as

w(f) = wo(f) e AVN/KT (7.27)

where AU(f) is the force-dependent height of the energy barrier separating
the current minimum from the next one, and the preexponential factor wo(f)
depends weakly on the force. When the inertia effects are negligibly small,
this prefactor is given by [13]

\/U”(Zmin(f)) U" (zmax(f))
2mn

wo(f) = ; (7.28)

where zpni, and zpax denote the positions of the potential minimum and of
the barrier corresponding to the force value f, see Fig. 7.2. In particular,
according to Eq. (7.19), the position of the minimum is given by

Zmin = —f /K. (7.29)

The condition that one of the minima of the potential (7.2) coincides with
—f/k is met not at arbitrary, but at specific moments of time, ¢, which can
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Fig. 7.2. To the formulae (7.27, 7.28)

Ulz, t)

AU(f)

iy
e

be found from the requirement that the derivative of the total potential (7.2)
at z = —f/k and t = t; be zero, i.e. from the equation

Ug(vty = (f/R) = f, U (vt —(f/K)) >0. (7.30)

In view of the periodicity of the potential Uy(z), Eq. (7.3), this equation
defines ¢; only up to an integer multiple of a/v. This ambiguity, however,
does not affect any of the parameters entering the rate formula (7.27, 7.28).

Next, we determine the position of the maximum by setting the derivative
of the potential (7.2) to zero,

U'(Zmax, tf) =0, (7.31)

and choosing that solution of this equation, which is the closest to zmin.
Once we have solved Egs. (7.30, 7.31) analytically or numerically, we find the
barrier height

AU(f) = U(Zma)c(f)atf) - U(Zmin(f)atf) ) (7-32)

thus completing the definition of all parameters entering the rate formu-
la (7.28).

7.4.5 Asymptotic Cases of Low and High Spring Constants

To find the force-velocity relation in the stick-slip mode, two viewpoints have
been adopted in the literature.
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(i). The average number of interstitial transitions per unit time is approx-
imately w(f). As a result of each such transition, the tip gets displaced by
the distance a, and hence the force-velocity relation is [39, 40,44, 45]

v=aw(f). (7.33)

(ii). Within an alternative approach [28,29,41,42], one deals with the
probability P(t|t1,) of staying within the same lattice site up to the moment
of time t, provided that the tip entered this site at the initial time ¢, i.e.
P(tr|tr,) = 1. The time evolution of P(t|t,) for ¢ > t1, is governed by the rate
equation

TPUIL) (st Pl (7.34)
With the help of the transformation of variables (7.23), we find from the
rate equation the probability that the transition into the next site occurs at
a force value between f and f+ df, provided that the initial lower force value
for a given stick phase was f1,,

1
U _ Loppisin. (7.35)
The most probable force f., at which the transition into the next site occurs,
is evaluated by setting the derivative of this function to zero. This results in
the relation between the pulling velocity and the most probable force at the
moment of slip:
@)

- RW(fi)
This equation in various forms has been presented in Refs. [28,29,41,42], the
difference between these works stemming from different assumptions regard-
ing the functional dependence w(f). A further difference of Eq. (7.36) from
the corresponding equations of [28,29,41,42] is that the “bare” stiffness s
was used in these works, not its effective value.
At low forces, we may assume that

(7.36)

AU(f) ~ AU(0) —af/2, (7.37)

as the distance between the two adjacent extrema of the potential (7.2) is
about a/2. At high forces close to the critical tilt, the potential can be shown
to behave as [28,29]

AU(f) o< =(f = fo)*?, (7.38)

where fj is the critical force, at which the potential barrier disappears. Then
it is easily shown that both approximations (7.33) and (7.36) yield the loga-
rithmic force-velocity relation (7.13) with the exponent o = 1 at low forces
and a = 2/3 at high forces (i.e. f slightly below fp).

Nevertheless, the two force-velocity relations, (7.33) and (7.36), are in an
apparent contradiction with each other. Indeed, the latter predicts that at
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vanishingly small % the velocity v must diverge, while the former is indepen-
dent on %. This contradiction is due to the fact that the two expressions (7.33)
and (7.36) are valid in the opposite ranges of &, respectively.

Indeed, as a result of each slip event, the force drops approximately by the
amount sa (see Eq. (7.23)) which, therefore, can be taken as an estimate of
the magnitude of force fluctuations during the stick-slip motion. Only when it
is much smaller than the average force itself — i.e. & < f/a — is the statement
that the transitions occur at about the same frequency w(f) justified, leading
to Eq. (7.33).

On the other hand, the jump probability distribution (7.35) depends on
the value of the initial lower force fi,, at which a given stick phase begins,
while the equation (7.36) for f. is independent on fi,. Therefore, it may
turn out that the most probable transition force f, defined by Eq. (7.36) is
smaller than the initial force fi,; in this case, the observed jump probability
distribution (7.35) is a monotonically decreasing function peaked at the initial
force fi,, and the actual most probable force of transition is just fi, not f..
In order for this not to be the case — i.e. in order for the relation (7.36)
to hold — the separation between the typical forces at which the stick phase
begins and ends must be sufficiently high. Since this separation is given by ka,
we conclude that the force-velocity relation (7.36) is valid at a relatively high
combined stiffness &. A more precise condition of validity of the relation (7.36)
is obtained in the next section, where we derive the general force-velocity
relation valid both at high and low values of £ which unites the relations
(7.33) and (7.36).

7.4.6 A Unified Force-Velocity Relation from the Rate Theory

Solving Eq. (7.35), we find the no-jump conditional probability for a given
initial force fi,

PUfIfi) = exp (- = /f Lapa). (7.39)

For further convenience, we introduce the long-time probability distribution
W (f1,) that a given stick phase of motion begins with the force value in
a small interval around fr,. It obeys the following integral equation:

fut+ia Fa /
W= [ af ( Wﬁ%ﬂ) W) (140)

The physical meaning of this equation is as follows: the probability W (fr,)
that a given stick phase starts around the force value fi, is nothing else but
the probability —OP(fr,+ Ralf{)/0 f1, that the previous phase ends at a value
fL + Ra averaged over all initial forces f{ < fi, + ka of the previous phase
with the weighting function W (f{).
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If we find the distribution of lower forces by solving Eq. (7.40), the time-
averaged force follows immediately [46,47]:

fszJr% E/ dfr fLW(fL)‘f'% : (7.41)

While the relation (7.41) between the time-averaged force and the first
moment of the distribution W (f1,) is simple, the iterative determination of
the latter distribution according to Eq. (7.40) is only possible by means of
a time-consuming numerical procedure. Therefore, our next goal is to obtain
an approximate analytic relation between the average force f and velocity v
without the knowledge of the distribution W (f1,).

Multiplication of both sides of Eq. (7.40) by fi, and integration yield

o0 fu
:/ de[ dfL PR WS (7.42)

- / afi W(f1) / AL PULIL) -

—o0 fu

where we used integration by parts with subsequent change of the variables
of integration from f1, to fi, + <a to obtain the first equality, and replaced the
order of integration with subsequent interchange of the variables f{ < fi, to
obtain the second one.

It can be shown [46] that the inner integral in the rightmost expression
represents the average force increment AF(f1,) during a given stick phase,
provided that the initial force value was fr,. The double integral, therefore,
is the force increment during the stick phase averaged over all initial forces;
this quantity equals the force drop ka during the slip to the next potential
well.

The behavior of the function AF(fy,) : f I df] P(f{|f) does not devi-

ate strongly from linearity in that force interval around f,, where the distri-
bution W(f1,) is significantly different from zero. To see that this is indeed
S0, let us consider two cases of high and low k.

(i) At high combined stiffness, the probability of staying within the same
well (7.39) is close to one in a rather extended force interval above fi, (because
of a large factor £ in the denominator of the expression in the exponent in
Eq. (7.39)). This means that the statistics of jump events, and hence the
average force at the moment of transition, is practically independent of the
initial force f1,. Correspondingly, the average force increment for a fixed initial
force f1, indeed behaves linearly with f1, i.e., as AF(fL) = fu — fu at high &,
where the average upper force fy is practically independent of fi,.

(ii) At low values of & the magnitude of force fluctuations, Ka, and hence
the width of the distribution W(f1,) is also small. Then, the deviations of the
function AF(f1,) from linearity can be neglected within the relevant force
interval.
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Since the function AF(f1) is approximately linear in the physically im-
portant range of fr, both at low and high &, it can reasonably be expected
that it is also almost linear in this range for intermediate combined stiffness.
This allows us to replace the average value of this function in the inner in-
tegral of the rightmost expression (7.42) with the function evaluated at the
average value of its argument, AF(f), resulting in the following implicit
force-velocity relation [43,46,47]:

S f
[ dfexp (— ;[ df’w(f’)) = ka. (7.43)
f—Fka/2 RU Jf—ka/2

Here, we wrote an explicit expression (7.39) for P(f{|f1) and used the rela-
tion (7.41) between fi, and f.

For an analytic solution of this equation, we need to further approximate
the transition rate so as to be able to evaluate the integral in the left-hand
side. According to Eq. (7.27), the rate depends exponentially strongly on
force, w(f) oc e AUVW/FT On the other hand, the energy barrier AU(f) is
a much weaker function, see Eqgs. (7.37) and (7.38). This observation suggests
to expand the logarithm of the transition rate about some force value fjy, i.e.
to take, to the first order

W(f) = w(fo) eI a(f) i= () Jw(f) - (7.44)

The next question is how to choose the force fy, about which the expansion
is performed. To answer this question, let us examine Eq. (7.43) more closely.
Depending on the value of &, the integrand, exp(...), may exhibit two kinds
of behavior:

(i) At high &, there is a rather wide region of forces between the aver-
age lower force, fr,, and the average upper force, fiy = fi, + ka, where the
integrand has the value 1, followed by an abrupt drop to zero in the imme-
diate vicinity of fyy. The nature of the approximation (7.44) is such that if
we choose fy to lie in the region of the steepest descent of the integrand, we
will correctly reproduce its behavior not only in this region, but also outside
of it, where the integrand is very close to 0 (at higher forces) or 1 (at lower
forces).

(ii) At low &, the integrand drops to zero in a rather narrow interval above
f — Ra/2. Therefore, we expect that the integral will not be very sensitive
to the choice of fy, provided that fy belongs to that narrow region where
the integrand is notably different from zero. This region extends from f, to
a value slightly higher than the average force at the moment of transition,
fu = f+Fa/2.

Thus, the choice of the expansion point in Eq. (7.44), which applies to
both cases equally well, is simply

fo=fu=f+Fka/2. (7.45)



7 Velocity dependence of atomic friction: Rate theory and beyond 133

Making a change of variables according to = = e"‘(ﬁf)(f_ﬁ)7 we have from
Eqgs. (7.43, 7.44, 7.45):

_ - _ w(f)e lf)ka
a(fo)ia = ) By (g(fv)) . g(f) = (ffi)vT

Here F1(g) = [ dze 9%/ is the exponential integral, which can be evalu-
ated numerically using a standard algorithm [48].

It follows from Eq. (7.46) that the sought relation between force and
velocity has the form

(7.46)

v(f) = aw(f + ka/2) Q(%%a) , (7.47)

where the function Q(x) is defined implicitly by the relation

—1

By ((xe®Q(x))71) e’ @@) ™ = 4, (7.48)

From the asymptotic properties of the exponential integral [49] it can be
inferred that Q(z) is a monotonically decreasing function with Q(0) = 1 and
Q(z) ~ €7/ at * — oo, where v = 0.5772156649 . .. is Euler’s constant. We
further approximate this function by

Q(z) ~1/y/1+ (e 7x)2. (7.49)

The high accuracy of this approximation is demonstrated by Fig. 7.3.
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Fig. 7.3. The function Q(z) appearing in the force-velocity relation (7.47), as
calculated numerically from Eq. (7.48) (solid line) and the approximation (7.49)
(dashed line)
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In contrast to the experimental procedure, in which one imposes the
pulling velocity v and measures the friction force f, the practical imple-
mentation of Eq. (7.47) involves (i) setting the value of f, (ii) determining
the effective stiffness according to Eqs. (7.24, 7.25), and (iii) calculating the
pulling velocity v, at which the given value of f is realized.

In the limit # — 0, our force-velocity relation (7.47) simplifies to
Eq. (7.33). In the opposite limit of large & (but not large enough to ren-
der the combined potential (7.2) lose its multistable character, so that the
condition (7.18) still holds) we have from (7.47, 7.49) the relation

- WA (f + Ra/2

o(f) = %ev . large &, (7.50)
which is equivalent to Eq. (7.36), apart from the factor €7 ~ 1.78. By an-
alyzing the problem of escape from a metastable potential well under the
action of a steadily increasing force, it can be shown [50,51] that this factor
stems from the fact that the argument in Eq. (7.50) is the average force at
transition, fiy = f + &a, while in Eq. (7.36) it is the most probable force f.
of transition.

It is possible within the present approach to find the parameter range
in which the high-& approximation (7.50) is applicable. It follows from
Eqgs. (7.47, 7.49) that for this to be the case, the argument of the function
Q(z) must be much greater than one, that is

(] +Ra/2)

o T Fa/) a >1. (7.51)

In the lowest non-vanishing order, the Kramers’ rate (7.27) can be approx-
imated as w(f) ~ w(0) e*//?*T as the distance between the minimum and
maximum is about a/2. The condition of validity of the high-& limit (7.50)
is thus seen to be

ka®/2> kT . (7.52)

Keeping in mind that at room temperature k7"~ 4 pNnm and a ~ 0.5 nm,
we conclude that Eq. (7.50) is a good approximation for £ > 0.03 N/m.

7.5 Zero-Stiffness Asymptotic Limit

An exact asymptotic force-velocity relation can be obtained in the limit of
vanishingly small stiffness x. If the magnitude of force fluctuations, which is
of the order of ka, is much smaller than the average force itself, f = —kZz, we
can replace the elastic force —kz in Eq. (7.16) with its average value, leading
to

mz(t) + ni(t) = —Ul(z(t) +vt) + f+ /20kTE®R) , £ — 0. (7.53)



7 Velocity dependence of atomic friction: Rate theory and beyond 135
By switching to the moving frame of reference of the substrate,
x=z+uvt (7.54)
we rewrite this equation as

mi(t) +ni(t) = —U(x) + f +nv+ /2nkTE(®) (7.55)

This equation describes the diffusion of a Brownian particle in a tilted peri-
odic potential Uyjyseq(r) = Up(x) — (f +nv) 2. In the general case of arbitrary
damping, this system has been extensively investigated by Risken, see [12]
and references therein.

The problem of finding the average velocity of such a particle, (&) = v, in
the overdamped limit m — 0 has been solved ezactly by Stratonovich [52],
who derived the analytic formula

akT(1 — e—a(f+nv)/kT)
v= nfoa dl’l f;l"t‘a dz2e[U(azl)fU(zQ)f(zl712)(f+7771)]/kT ’

(7.56)

The argument of the function in the right-hand side is not the average force f,
but rather the combination f 4+ nv. In order to plot the f-v relation, one
can, first, for each given value of the combined force f + nuv calculate the
corresponding velocity v using the Stratonovich formula (7.56), and then
deduce the average friction force f corresponding to this velocity value by
subtracting the value of nv from the combined force.

7.6 Numerical Results

In order to demonstrate the high accuracy of the analytic force-velocity rela-
tion (7.47), we will focus on the overdamped (m — 0) version of Eq. (7.16).
The overdamped limit is justified by the fact the main contribution to the ef-
fective mass m comes from only a small number of atoms in the tip-substrate
contact region, which take part in the interaction [17,26]. The experimental
justification for the overdamped limit [15] is that if the inertia effects were
to play an important role in the stick-slip motion, one would be able to ob-
serve multiple jumps of the AFM tip over several lattice sites. However, such
multiple jumps are not seen in actual experiments.

The Fokker-Planck equation corresponding to the overdamped version of
the Langevin equation (7.16) reads [12]:

OW (z,t) _ 10 k:TaW(Z’t)
ot n 0z

5t (Ué(z,t) + IiZ)W(Z,t)) : (7.57)
z

where W (z,t) is the probability to find the AFM tip at the position z at the
moment of time ¢. For concreteness, we assume the substrate potential to be
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a trigonometric function

AU 2
Up(z) = — 5 % cos % (7.58)

with parameters AUy = 250 pNnm, a = 0.52nm. Furthermore, the thermal
energy at room temperature is k7 = 4.04 pNnm , and the coefficient of vis-
cous friction is assumed to take the representative value 7 = 1 pN msec/nm.
We have propagated the solution of this equation in time numerically until
it became time-periodic, i.e.

W(z,t+a/v) =W(z,t). (7.59)
Then, we calculated the mean time-dependent force
(f(t)) = 7/43/ dz zW(z,t), (7.60)

and its time-average value

B v a/v
(Fr="2 / at(f (1)) (7.61)

which coincides with the expression (7.1) for ergodicity reasons.

For implementation of the relation (7.47), we first need to determine the
parameters entering the expressions for the rate (7.27), (7.28), (7.32). Solving
Eq. (7.30) with the potential (7.58), we find the moments of time, at which
the elastic force f is realized:

1L/f a . 1 af
tr=-(L+2 ( ) . 7.62
=% (% * o 7AUy Fna (7.62)
The position of the maximum, zyayx, nearest to zmin = —f/k at the moment

of time ¢ty was found from Eq. (7.31) numerically, although a rather accu-
rate analytical approximation is also possible [47]. Finally, to calculate the
effective spring constant & from Eq. (7.24), we need to determine the expan-
sion point b, from Eq. (7.25). For the potential (7.58), the solution of this
equation reads -
by = % sin~! :—[i +na. (7.63)
Presented in Fig. 7.4 is the force-velocity relation obtained from the nu-
merical solution of the Fokker-Planck equation (7.57) and from the analytic
formula (7.47). Within the range of validity of the rate theory (low veloci-
ties), the average friction force indeed increases in proportion to Inv. We note
that the approximate relation (7.47) is in a very good agreement with the
numerically exact results in the increasing part of the graph. On the other
hand, at higher velocities, the average force starts to decrease to zero [17,26].
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Fig. 7.4. The force-velocity relation for the FFM model (7.16, 7.58) with the pa-
rameters specified in caption to Fig. 7.1, but with different spring constants x from
Eq. (7.5), namely £ — 0, 0.3, 0.6, and 1.2N/m (from top to bottom). The results
are obtained from the numerical solution of the Fokker-Planck equation (7.57) cor-
responding to the Langevin equation (7.16) (solid lines), and the rate approxima-
tion (7.47) (dashed lines). The zero-« limit is given by Stratonovich’s formula (7.56)

This occurs because at high v, the AFM tip cannot follow the fast temporal
variations of the underlying surface potential in view of the tip’s finite intrin-
sic relaxation time. Since the rate theory is valid under the condition that
this relaxation time be extremely short, the effect of force non-monotonicity
cannot be captured by Eq. (7.47).

It should be borne in mind that the calculations presented in Fig. 7.4
omit the effect of the substrate viscous drag, while the true force-velocity
relation is given by Eq. (7.17). This means that at still higher velocities, the
experimentally observed friction force should pass through a minimum and
then start increasing again in proportion to v.

A force-velocity relation qualitatively similar to that depicted in Fig. 7.4
has been observed experimentally by Riedo et al. [42], who report a logarith-
mic increase of the lateral force, followed by its leveling-off as a function of
velocity; apparently, this plateau corresponds to the maxima on the curves of
Fig. 7.3. As far as we know, the regime of higher velocities, where the force
decreases, has yet to be explored experimentally.

As mentioned earlier, the effective stiffness & is expected to depend on
velocity, but how strongly? Presented in Fig. 7.5 is the ratio of the effective
to the “bare” stiffness, &/k, vs. v, for different values of k. In agreement
with the discussion above, this ratio tends to one for small values of x, and
decreases monotonically as x increases. We note that even for moderately
high k, the experimentally determined spring constant may be smaller than
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the “bare” value by as much as 10%. However, the overall velocity dependence
of K is rather weak.

7.7 Conclusions and Outlook

A first result of our present review is the approximative analytical rela-
tion (7.47) between the pulling velocity v and the resulting average fric-
tion force f, supplemented by the approximation (7.49) for Q(z), the con-
nection (7.24), (7.25) between bare and effective spring constants x and &,
respectively, and the transition rates w(f) according to (7.27)—(7.32). This
relation (7.47) covers a rather extended range of pulling velocities v and
spring constants x, namely all cases for which the stick-slip motion of the
cantilever tip can be approximately captured by means of a rate theoretical
approach. Previously known, apparently contradicting approximations (7.33)
and (7.36) are recovered as special cases of the general solution (7.47) in the
asymptotic regimes of small and large spring constants x, respectively, sup-
plemented by a previously missed constant factor in (7.50) and a new validity
condition (7.52).

Our second main point is the exact analytical force-velocity relation for
asymptotically small cantilever stiffness and high damping in (7.56), but in
turn without any of the further restrictions as required e.g. in the rate ap-
proach discussed above, especially with respect to the pulling velocity. In
the regime of high pulling velocities, where the rate description is no longer
applicable and the stick-slip motion is significantly smeared out, the ana-
lytic result (7.56) predicts a maximum of the average force as a function
of velocity, followed by a subsequent decrease. This theoretically predicted
non-monotonic force-velocity relation should be observable under realistic ex-
perimental conditions, especially pulling velocities only slightly larger than
those achieved so far.

By comparison with numerically exact solutions we found that the an-
alytical approximation (7.47) is very accurate within the parameter range
typically explored by experiments and hence appears to be an adequate tool
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for interpretation of the experimental data. However, further improvements
and refinements are possible in several directions.

The analytical treatment of the fast pulling regime, i.e. beyond the valid-
ity of a rate description, in combination with an arbitrary cantilever stiffness
remains a challenging open problem. Also unsolved, but probably of less prac-
tical relevance, is the analytical treatment of finite inertia effects beyond the
validity of a rate approach.

One of the most drastic simplifications made in this work is that the
motion of the AFM tip is essentially one-dimensional, whereas in reality the
tip also moves in the direction perpendicular to that of pulling. An extension
of the Tomlinson model to the more general two-dimensional case is treated
numerically in [32,35,36]. The qualitative difference from the one-dimensional
case studied here is that the AFM tip has several choices of the next minima to
jump into from the current minimum of the potential. It follows from Langer’s
generalization of Kramers’ theory to many dimensions [13] that the tip will
follow the path of the “least resistance” with the highest probability, i.e. it
will jump to that minimum which is separated by the smallest barrier. Thus,
the motion of the tip will no longer proceed along a straight line, but rather
follow a zig-zag path. Clearly, the one-dimensional model involving a periodic
substrate potential as treated in the present work is no longer applicable for
arbitrary pulling directions relative to the substrate surface, but only in the
special cases when pulling proceeds along such a crystallographic direction
that the inter-node transition rates remain the same along the path; e. g., for
a square underlying lattice, these are the (01) and (11) directions. Although
the tip then still moves along a one-dimensional manifold, the shape of the zig-
zag path and hence the rate of transitions from one node to the next will vary
upon changing the lateral position of AFM relative to the substrate surface,
i.e. perpendicularly to the pulling direction. While such variations may in
principle still be captured by an effective one-dimensional model, the same is
in general no longer true regarding the variations of the most probable escape
path from one node to the next upon variation of the the longitudinal position
of AFM relative to the substrate surface, i. e. parallel to the pulling direction.
While the one-dimensional model treated in the present work thus strictly
applies only in the special case that the zig-zag path actually degenerates to
a straight line, the approximation in the more general case is expected to be
still very good. For all these reasons, the one-dimensional model studied in
this work is a special case of the more general two-dimensional model, whose
development is an interesting subject for future research.

For technological applications, one naturally looks for conditions charac-
terized by as small friction as possible. From this point of view, the following
improvements of the theory may be of importance.

In the derivation of the relation (7.47), we have taken into account only the
transitions of the AFM tip into the next minimum of the potential (7.2), see
Eq. (7.34), and neglected the exponentially disadvantaged back-transitions.
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Such an approximation is justified when the pulling is sufficiently fast, so
that the corresponding potential barrier becomes very high before any such
back-transition takes place. Therefore, the relation (7.47) does not apply
to the case of extremely slow pulling, when the back-transitions do play
a role [53]. As is evident from Fig. 7.4, this regime is characterized by low
friction forces.

The low-friction regime of high velocities (after the force maximum in
Fig. 7.3) can so far be covered analytically only in the limit of zero stiff-
ness K, see Eq. (7.56). To describe this regime for arbitrary x, one needs to
go beyond the rate description in an attempt to generalize the Stratonovich’s
formula (7.56).

A further promising research direction is related to the control and reduc-
tion of friction by means of lateral or normal vibrations [42]. The possibility
of such a friction reduction is discussed theoretically in the work [54] and
references therein. We expect that the rate description can still be applicable
in this case, but with a suitable modification to account for the temporal
oscillations of the potential [55].
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8 The Basic of Nanoscale Friction
and Ways to Control it

Joseph Klafter and Michael Urbakh

School of Chemistry, Raymond and Beverley Sackler Faculty of Exact Sciences,
Tel-Aviv University, Tel-Aviv 69978, Israel

8.1 Introduction

Friction plays a central role in a large number of systems and phenomena
which are seemingly unrelated, but which on closer scrutiny are found to dis-
play common features shared by tribological processes whether in technolog-
ical, biological or geological areas. These systems encompass a vast spectrum
of length and time scales, ranging from Angstroms to kilometres (i.e. from
atomic scale friction to motion of geological plates) and from picoseconds to
centuries.

Due to its practical importance and the relevance to basic scientific ques-
tions there has been major increase in activity during the last decade in the
study of interfacial friction on the microscopic level [1-9]. The development
of durable and/or low friction surfaces and thin lubricating films has be-
come an important factor in the miniaturization of moving components in
many technological devices. These include micro-electro-mechanical systems
(MEMS), computer recording systems, miniature motors, and more [10, 11].
In particular, there has been a steadily growing interest in the control of
friction in such miniature systems with emphasis on methods other than the
conventional chemical control. When dealing with micro-mechanical compo-
nents and small loads, the simple old empirical laws of friction do not always
hold. This breakdown stems from the high surface-to-volume ratio and from
neglecting the important role of surface chemistry, adhesion and surface struc-
ture or roughness. The conventional tribological and lubrication techniques
used for large objects can be ineffective in the nano-world, where different
criteria and novel methods for control are needed. The difficulties in real-
izing an efficient control of friction are related to the lack of fundamental
understanding of many of the underlying physical processes which take place
within the microscopic separation between two materials, and to the presence
of many degrees of freedom in the problem under a strict size confinement.

In order to understand the behavior of two real surfaces in relative motion
while still in contact, one needs to look first into what goes on at the ‘single as-
perity’ level. With the advent of the atomic force microscope (AFM) [12] and
the surface forces apparatus (SFA) [13] it became possible to study individual
sliding junctions at the molecular level. AFM and SFA are nowadays pow-
erfull tools in nano-, micro- and macroscopic tribological experiments when
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measuring the normal and lateral forces, and wear between a nanometre-
radius tip or micrometre-sized colloidal particle against a substrate surface
(AFM), and between two macroscopic molecularly smooth or rough surfaces
of measurable molecular contact area that confine a lubricant film of measur-
able thickness (SFA). These experiments revealed some new structural and
dynamical phenomena which occur in nanoscale liquids confined between two
atomically smooth solid surfaces, which include: (a) structural transitions in
thin liquid films induced by confining surfaces (both layering and orienta-
tional ordering) [14,15], (b) periodic and chaotic stick-slip motion whose
frequency and amplitude change with the driving velocity [16-19], (c) tran-
sitions between “smooth” sliding and stick-slip behavior at certain critical
velocities and loads [18-20], (d) more than one type of sliding motion [20],
(e) inverted stick-slip motion [20], (f) substantial increase of the effective vis-
cosity in liquid sheared films relative to the bulk [21], (g) dramatic slowing
down of dynamics compared to the bulk [4,21] and (h) a dependence of fric-
tion on the previous history of the system [22]. These and other observations
have motivated various theoretical efforts [1,3,5,8,9], both numerical and
analytical, but many phenomena remain unexplained or still controversial.

8.2 Theoretical Approaches

The theoretical approaches introduced to investigate frictional forces in
sheared systems include large-scale molecular dynamics (MD) simulations [5,
8,23-29], phenomenological rate-and-state models [1,30-34] which attempt
to incorporate the basic physics and are usually convenient to apply, and
“minimalistic” models [35-38], which take into account only a few interac-
tions those that are believed to be most relevant. Each approach has its
advantages and disadvantages and emphasizes different aspects.

Atomistic MD simulations have a wide range of applicability and have
reached a high level of accuracy. They help in the understanding of liquid
layering in nano-confinement [25,29], the relationship between static and
kinetic friction [1,27], the nature of transitions between stick-slip and smooth
sliding [24], slippage at solid-liquid interfaces [24,39], shear thinning [40], and
the friction of rough surfaces [41]. But MD simulations are currently limited
to time-scales not greater than tens of nanoseconds and length scales of tens
of nanometers, which are too short for analysing the much slower relaxation
processes occurring at shearing interfaces or confined liquid films [5].

An important question is how to reduce the large scale and many pa-
rameter MD simulations to a simpler description with only a few equations
of motion that are not sensitive to all the specific details of the simulations,
yet are sufficient for modeling the processes under consideration. Various phe-
nomenological rate-state models [1,30-34] provide such a reduced description
by assuming that the friction depends on the shear rate and a small number
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of ‘state variables’ that describe the properties of the interface. Different in-
terpretations of the microscopic properties that these state variables describe
have been proposed, such as the amount of dilation (molecular volume) at
the interface [34] or the degree of crystallinity of the sheared film [1,31-33].
Most approaches leave the nature of the state variables unspecified and as-
sume that they depend on the most recent velocity. The coefficients of simple
dynamical equations are fitted to experiment and can then be used to de-
scribe a wide range of observed frictional behavior, including the transition
between stick-slip (regular or chaotic) and smooth sliding friction. However,
it remains unclear how to relate the parameters introduced in these state-
and-rate models to measurable molecular or system properties.

An important step towards developing an understanding of friction came
with ‘minimalistic’ models that focus on a small number of the most relevant
degrees of freedom of confined molecules needed to describe a particular level
of complexity [3,35-38,42]. The dynamical response of AFM has been success-
fully modeled when the embedded system is represented by a single particle
which corresponds also to many non-interacting particles (see Fig. 8.1). In
this case the motion of the driven plate and the embedded particles have
been described by the following deterministic equations [35, 36]

MX—i—n(X—i)—K(X—Vt)—Fw:O (8.1)
mi +ni +n(E — X) + agf) + 8U(2; X (8.2)

Here m and M are the masses of the particle and the plate, and x and X
are the coordinates of the particle and the driven plate. The plate is pulled
by a spring with a force constant K connected to a stage that moves with
a velocity V. The interactions between the particle and each of the plates are
described by a periodic potential U(z) with the period b. The second term
in Eq. (8.1) and the second and the third terms in Eq. (8.2) describe the
dissipative forces between the particle and the plates which are proportional
to their relative velocities. These terms account for dissipation which arises
from interaction with phonons and/or other excitations.

Fig. 8.1. Schematic pre-
sentation of the “minimal-
istic model” that reduces
the system to its bare
essentials: representing
an embedded system by
non-interacting particles
embedded between two
surfaces
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This model has been also generalized to include the effects of thermal
fluctuations, coupling between lateral and normal motion of the plates and
the embedded particles and incommensurability of confining plates [37, 38,
43-45]. It has been shown that when the embedded system is represented by
a single particle most of the experimental observations mentioned above are
qualitatively recovered. Moreover, these simple single particle models enabled
predictions to be made that were later verified experimentally. These include:
(a) chaotic behavior of sheared system characterized by intermittent force
fluctuations, (b) new phases of motion (two types of sliding and inverted stick-
slip motion), (¢) dependence of observed frictional properties on mechanical
characteristics of the apparatus, and (d) mechanical control of friction via
external manipulations.

The reason for the success of the “minimalistic” approach is that it natu-
rally leads to two characteristic states of the embedded system when sheared
in the presence of thermal noise: ‘trapped’ and ‘sliding’ states [45]. These are
the ingredients that lead to stick-slip and the transition to sliding and there-
fore are the essential requirements for successful models, including rate-and-
state models and MD simulations. The minimalistic models have emphasized
the non-linear nature of frictional dynamics and opened a way to the appli-
cation of the arsenal of approaches of nonlinear dynamics to characterize and
tune frictional response.

8.3 Control of Friction

The ability to control and manipulate frictional forces is important for a va-
riety of applications. From a practical point of view one wishes to be able to
control frictional forces so that the overall friction is reduced (or enhanced),
the chaotic regime is eliminated, and instead, smooth sliding is achieved. Such
control can be of high technological importance for micromechanical devices
and computer disk drives, where the early stages of motion and stopping of-
ten exhibit undesired stick-slip or damage [10]. In contrast, chaotic stick-slip
behaviour might be desirable, e.g., in string instruments. Controlling fric-
tional forces has been traditionally approached by chemical means, usually
by supplementing base lubricants with friction modifier additives [28,46-48].
However, standard lubrication techniques used for large objects are expected
to be less effective in the micro- and nano-world. Novel methods for control
and manipulation are therefore needed.

8.3.1 Mechanical Control

A new approach to ‘tuning’ frictional response, which has recently attracted
interest, is the mechanical control of a system, via externally imposed vibra-
tions of small amplitude and energy [26,43,49-54]. In this case, the idea is
not to change considerably the physical properties of the interfaces, but to



8 The Basic of Nanoscale Friction and Ways to Control it 147

either reduce the frictional force or to eliminate stick-slip motion through the
stabilization of desirable modes of motion, which are unstable in the absence
of control. The goal of this approach is twofold: (a) to achieve smooth sliding
at low driving velocities, which otherwise correspond to the stick-slip regime;
(b) to decrease the frictional force.

Below we discuss two different methods of mechanical control, via: (i) nor-
mal, and (ii) lateral vibrations, both of which are applied externally to the
system.

Normal vibrations

Two different methods of control via normal vibrations have been discussed:
the first one uses a feedback control [49-51], and the second one relies on
a “brute-force” modification of the system dynamics without a feedback [26,
43,53,54]. We start from the feedback mechanism of control. The analysis
of the mechanism has been done on a one-dimensional model [49], which
includes two rigid plates with embedded non-interacting particles between
them. The effect of normal load is introduced through the dependence of the
amplitude of the particle-substrate interaction Uy on the load P,

UO(Pn) :U0(1+X(Pnfpx?)) (83)

Here Uj is the value of the potential for some nominal value of the normal load
PY.and y is a dimensional constant. The normal load has been used as the
control parameter to modify friction. Eq. 8.3 assumes small load variations
around P which, as shown in Ref. [49], are sufficient to achieve control. The
control method is characterized by two independent steps: (a) reaching the
vicinity of an unstable sliding mode of motion, and (b) stabilizing it. The
control has been realized by small variations of the normal load, which has
been externally adjusted employing a proportional feedback mechanism.

The aim of this approach is to stabilize a smooth sliding state for low
driving velocities, (velocities smaller than a critical value V' < V;), where one
expects chaotic stick-slip motion. Within the model discussed here sliding
states correspond to periodic orbits of the system with two periods: (a) pe-
riod T'= b/V, which corresponds to a motion of the particles being trapped
by one of the plate; and (b) period T" = 2b/V, which corresponds to the
particles moving with the drift velocity V/2. In the chaotic stick-slip region
both orbits still exist, but are unstable. The approach is therefore to drive the
system into a sliding state by stabilizing these unstable periodic orbits. This
makes it possible to extend the smooth sliding to lower velocities. The con-
trol of unstable periodic orbits in dynamical systems was previously proposed
and experimentally applied to a wide variety of physical systems including
mechanical systems, lasers, semiconductor circuits, chemical reactions, bio-
logical systems etc. In Ref. [49] we proposed for the first time such a control
for “cleaning” chaotic stick-slip motion.
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Fig. 8.2. Eliminating the chaotic stick-slip motion under mechanical control [49].
The friction force is given in units of static friction

Figure 8.2 demonstrates the effect of the mechanical control on the time
dependence of the spring force. The results correspond to the control of the
trapped-sliding state [49], in which the particles cling to one of the plates and
move either with velocity V=0 (sticking at the bottom plate) or velocity V
(sticking at the top plate). The control is switched on at time ¢; and is shut
down at time to. We clearly see that as a result the chaotic motion of the top
plate is really replaced by smooth sliding.

In Ref. [49] the possibility to control friction has been discussed in model
systems described by differential equations.In realistic systems, what is usu-
ally available are time series of dynamical variables, rather than governing
equations. In this case the time-delay embedding method [55] can be applied
in order to transform a scalar time series into a trajectory in phase space.
This procedure allows to find the desired unstable periodic orbits and to
calculate variations of the parameters required to control friction.

The “brute-force” method of control based on a harmonic modulation of
the normal load, P,(t), has been studied within various approaches which in-
clude the generalized Tomlinson model [43], one-dimensional rate-state mod-
els [26, 53] and grand-canonical MD simulations [26]. All the calculations
demonstrated that oscillations of the normal load could lead to a transition
from a high-friction stick-slip dynamics to a low-friction sliding state. This
effect can be controlled through the selection of the oscillation frequency. The
mechanism behind this phenomenon in lubricated junctions has been clari-
fied by MD simulations [26] which show that oscillations of the normal load
frustrate ordering in the lubricated film, maintaining it in a nonequilibrium
sliding state with low friction. The theoretical predictions on friction control
have been supported by recent experiments [52-54] which indicate that nor-
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mal vibrations generally stabilize the system against stick-slip oscillations, at
least for a modulation frequency much larger than the stick-slip one.

Lateral vibrations

In order to demonstrate an effect of lateral vibrations on friction we consider
below [56] an AFM configuration in which a nanoscale tip is driven along
a substrate, which oscillates in the lateral direction (see Fig. 8.3). The motion
of the tip in the lateral and normal directions is governed by the coupled
Langevin equations:

Mi(t) = —nz(2)(2(t) = d0(t)) — OU (¢ — 20,2)/0x + Fp + [, (8:4)

and
MZ(t) = —n.(2)2(t) — OU (x — x9,2)/0z+ F. + [, (8.5)
where
Uz, z) = Uy [1 + osin (2% (x — xo))] exp (1l —z/\) (8.6)
nw,Z(z) = ng,z exp (1 —z/A) . (8.7)

Here M and x, z are the mass and the lateral and normal coordinates of the
tip, U(x, z) is the potential experienced by the tip due to the interaction with
the substrate, b is its periodicity in the lateral direction, and o characterizes
the amplitude of corrugation in the lateral (z) direction. The parameters 7,
and 7). are responsible for the dissipation of the tip kinetic energy due to
the motion in the x and z directions, respectively. Here we take into account
the dependence of U and 7, , on the tip-substrate separation [56]. As an
example, we assume an exponential decrease of U and 1), . with a rate A™! as
z increases. The tip is held at the surface by a normal load F, = K, (20— z(t))
applied by a linear spring of spring constant K., and it is laterally pulled,
F, = K,(Vt—x(t)), by a spring of spring constant K, connected to a stage
which moves with a constant velocity V. The effect of lateral vibrations of

Kz

Kx

M v

W Fig. 8.3. Schematic
/) /) /) ) /] J J [/ J [ sketchofasystem un-

der an externally applied

< > lateral vibrations in order
w to control friction
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the substrate is included through a time dependence of its position, zo =
Ap sin(2nwt), where Ag and w are the amplitude and the frequency of the
oscillations. The random forces, f, ., represent thermal noise satisfying the
fluctuation-dissipation relation, < f;(t)f;(0) >= 2n;knT0(t)d; ;, where 4, j =
T, z.

It is convenient to introduce the dimensionless coordinates and time X =
x/b, Z = z/b, T = twy, where wy = (1/b)y/Upc/M is the frequency of the
small oscillations of the tip in the periodic potential. The dynamical behavior
of the system is determined by the following dimensionless parameters: A =
Ao /b, 2 = w/wo, ksT/Uo, Ne../Mwo, \/b, K b*/ (47r2U00), K.\?/Uy and
0 =V/ (wob).

Equation (8.4) shows that the substrate vibrations cause a time-periodic
(ac) force acting on the tip, Fn. = M (27w)?Ag sin(2rwt). This force presents
the effect of inertia. Its amplitude depends on both the amplitude and
frequency of vibrations. Recent studies of surface diffusion under ac forc-
ing [57,58] demonstrated that the diffusivity D may be strongly enhanced
and even exceed the free (Brownian) diffusivity, Dee = kT /1., for an op-
timal matching of the driving frequency, w, and the amplitude Ay. Similar
effect has been found in our calculations. The mechanism of this phenomenon
can be understood analyzing the tip trajectories. At resonance frequencies,
(2 = (2, which correspond to the maximum of the diffusion coefficient, the
tip approaches the top of the surface potential at the end of half cycle of the
plate vibrations, where the driving force, F,. = 0. Then, even a weak thermal
noise splits the ensemble of tips into two parts that relax to the neighboring
minima of the surface potential, and the resonance enhancement of diffusion
is observed.

Our calculations suggest an AFM configuration for the observation of the
vibration-induced enhancement of the diffusion. In this configuration the tip
experiences the influence of two potentials: the periodic surface potential and
the harmonic potential, K, (x — xsup)2/2, due to the elastic coupling to the
support of the microscope of coordinate x4, which remains fixed. Our simu-
lations in Fig. 8.4 demonstrate that the experimentally measurable root mean
square displacement (rmsd) of the tip, AL ({2), exhibits a resonance enhance-
ment for the frequency {2, corresponding to the maximum of the diffusion
coefficient. The results for AL (£2) can be fitted by the Ornstein—Uhlenbeck
equation for the rmsd due to diffusion in the harmonic potential [59]

ALOU =V Dfree”]m/Kx ) (88)

when the free diffusion coefficient, Dg.ce, is substituted by the {2-dependent
diffusion coefficient D (£2), which corresponds to the enhanced diffusion in-
duced by the lateral vibrations.

Under the conditions which are typical for AFM measurements [60],
M=8.7-10"12kg, Uy = 0.25¢V and b = 0.4nm, we arrive at the resonance
frequency w, = wof2, = 7-10* Hz. This value lies within the frequency inter-
val exploited by the shear modulation technique [61] and agrees qualitatively
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Fig. 8.4. The effect of lateral vibrations on the frequency dependence of the
root mean squared displacement (rmsd) of the tip [56]. Solid curve — numeri-
cal simulations, dashed curve - calculation according to the equation AL (2) =

VD (2)n./K,. Parameter values: A = 1, A\/b = 1, 0 = 1, 1y ./Mwo = 3.2,
ksT/Us = 0.01, K,b*/ ((27)* Upo) = 3.2- 1074, K. >> K,

with the value of the frequency for which the resonance reduction of friction
under the oscillatory drive has been observed [60]. The experiment suggested
here can be considered as a diffusion “spectroscopy” of surfaces. Measuring
the “spectrum” of diffusion, D (£2), one can determine the parameters of the
surface potential.

We have found that the substrate vibrations can cause also a significant
reduction of friction in the stick-slip regime of motion. Figures 8.5 and 8.6
show the (2-dependence of the time-averaged friction force, (F,), and the

Fig. 8.5. The relative
frictional force versus
frequency of the in-plane
vibrations of the substrate
calculated for an AFM
configuration [56]. The
friction force is given in
units of static friction,
Fy . Parameter values:
V/Vo = 0.16, where Vo =
01 0.3 0.5 0.7 wob, and other parameters
{2 as in Fig. 8.4
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instantaneous friction force, F, = K, (Vt— z), tip displacement and tip-
surface separation, respectively. One can see that for low frequencies the
lateral vibrations do not affect the frictional response. Both the spring force
and displacement traces show the patterns which are typical of the stick-
slip behavior, and the average force is independent of (2. In the vicinity
of the threshold frequency (%, for which the enhanced diffusion begins to
emerge, we find a drastic decrease of the kinetic friction. Figures 8.5 and 8.6
demonstrate that the lateral vibrations not only reduce the friction force but
they also transform the stick-slip motion to a “smooth” sliding. However,
the application of lateral vibrations does not allow to eliminate completely
the force fluctuations. Even under the optimal conditions the variance of the
friction force remains of the order of KA. The main feature in Fig. 8.5 is
a reduction of friction for all frequencies above the threshold one (2,. In
contrast to the enhancement of diffusion, the reduction of friction does not
exhibit pronounced resonance features.

In AFM experiments the tip is held near the surface by a normal load
applied through the spring with the spring constant K .. As a result the tip
driven in a lateral direction performs oscillations also in the normal direc-
tion [43]. The tip-surface separation, which is initially zp, at equilibrium,
starts growing before a slippage occurs and stabilizes at a larger distance, zp,
as long as the tip motion continues (see Fig. 8.6). The amplitude of the normal
oscillations depends on the surface potential and the stiffness of the normal
spring. Including the normal motion of the tip does not change qualitatively
the effect of lateral vibrations on friction. As in the one-dimensional case,
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the main feature of the frequency dependence of frictional force is a sharp
decrease of (F) and a transition from the stick-slip motion to sliding at the
threshold frequency, 2%,. The threshold frequency decreases with a decrease
of the stiffness of the normal spring, K. In the majority of cases, a decrease
of K, leads also to a reduction of the time-averaged frictional force, (F). This
can be easily understood, because the decrease of the stiffness, K, results in
the reduction of the actual amplitude of the surface potential experienced by
the tip. It should be noted (see Fig. 8.6) that the vibration induced reduction
of friction is accompanied by a dilatancy transition; namely the disappear-
ance of the state with a small tip-substrate separation, zg. Both the reduction
of friction and dilatancy transition originate from the excitation of the large
scale tip oscillations by the substrate vibrations. As a result both effects arise
at the same threshold frequency (2.

8.4 Chemical Control

As we mentioned earlier, controlling frictional forces has been traditionally
approached by chemical means, usually supplementing base lubricants by fric-
tion modifier additives. Each additive in such molecular mixtures has a differ-
ent role: some decrease the static friction and eliminate undesirable stick-slip
motion, some influence the temperature dependence of viscosity, others in-
hibit corrosion [28,46,48]. While the behavior of single component lubricants
in nanoscale confinements has been extensively studied both experimentally
and theoretically [1,2,4,8,9], investigations of the behavior of molecular mix-
tures under similar conditions are at their first stages [28,47,48]. Questions
on frictional forces of mixtures, regimes of motion, stability, microscopic be-
haviors of the additives and their interactions with the base lubricants and
substrates are still open.

Recently we have suggested a new approach which might help decide
how to tailor molecular mixtures so that they provide desirable frictional
properties [62,63]. The idea has been to modify frictional behaviors through
doping a base solvent by molecules that induce dynamic phase transitions (or
phase transitions under shear) in the embedded system. We have considered
a mixed monolayer embedded between the plates of the SFA which consists
of two types of molecules A and B, a “base solvent” and an “additive”,
respectively. Molecules A and B are chosen in such a way that they tend to
occupy different sites on the surfaces of the plates, for instance at the top
of a substrate atom and at the center of the substrate lattices. The A-B
intermolecule interaction has been described by a potential which provides
an attraction between different types of molecules and a repulsion between
identical molecules.

In Fig. 8.7 we present an example of the dependence of the time-averaged
spring force on the number fraction of additives. The total number of embed-
ded molecules was kept constant. The calculations have been done for three
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values of driving velocities which correspond to periodic and chaotic stick-slip
behaviors typical for low driving velocities, and to steady sliding typical to
higher velocities. Figure 8.7 demonstrates a dramatic decrease of friction with
the concentration of additives. Indeed there is more than fourfold lowering
in friction when fraction of additives was changed from 0 to 0.5. We observe
the decrease of friction for all regimes of motion, however the strongest effect
is found at low driving velocities where the stick-slip motion occurs.

In order to clarify the mechanism of modifying friction by adding an ad-
ditive we have performed a detailed study of the geometrical structure of the
mixed embedded molecular layer under shear [62,63], and have established
the relationship between geometry and frictional response. Figure 8.8 shows
the time series of the spring force and of the ensemble-averaged distance
between molecules A and B, calculated for an equal number of A and B
molecules. In addition, Fig. 8.9 presents the snapshots of the embedded sys-
tem observed during stick (a) and sliding (b) states of motion. The instants
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Fig. 8.8. Time dependence of the spring force for a weak, b intermediate, and ¢
strong attractions between A and B molecules. Bottom panels show the correspond-

ing time dependence of the ensemble averaged distances between neighboring A
and B molecules [62]

corresponding to the snapshots are marked on the time series of the force by
arrows: see Fig. 8.8. The snapshots are complemented by the two-dimensional
Fourier transforms of the instantaneous correlation function for the sheared
monolayer, which are also shown in the insets to Fig. 8.9.

Our results clearly demonstrate that the embedded monolayer has mostly
tetragonal symmetry in the stick state, while a new hexagonal symmetry
arises during sliding. Here the different molecules group into A-B pairs and
form a lattice with well-defined hexagonal symmetry, ignoring essentially the
symmetry of underlying potential (see Fig. 8.9). The effect of pair formation
is seen in Fig. 8.8, which shows a significant decrease of the A-B distances
during sliding compared to the value, which is typical of the tetragonal lat-
tice. Thus, due to the attraction between the base and additive, the molecules
“pull” each other out of the minima of the corresponding potentials, thereby
effectively decreasing the potential barriers to sliding. This leads to a signif-
icant reduction of the friction force in the sliding state and to an increase of
the time intervals during which the system spends in motion.

Mixing the embedded layer with additives does not only reduce friction,
but it also makes it possible to control the regimes of motion. Namely, tuning



156 J. Klafter, M. Urbakh

S50~
R kd
*HBON

Stick state

Fig. 8.9. Snapshots of the sheared monolayer showing a tetragonal lattice a for
the locked states and a hexagonal one b for the sliding states. Insets present the
corresponding correlation functions [62]

the concentration of additives and/or the attraction between the additive and
the base solvent allows to eliminate stick-slip motion and to achieve sliding
at low driving velocities.
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9.1 Introduction

In this chapter we discuss manifestations of two effects, which we shall refer
to as superlubricity and thermolubricity. Superlubricity is the phenomenon in
which two surfaces slide over each other in dry contact without the atomic-
scale instabilities that are thought to be the main source for energy dis-
sipation. Superlubricity can reduce friction forces by orders of magnitude.
Thermolubricity is the effect that thermal excitations significantly assist the
contact between two bodies in overcoming the energy barriers against slid-
ing, resulting in a reduction of the friction forces of contacts that are not
superlubric. We shall argue that together, the two effects may lead to near-
frictionless sliding over a wide range of conditions. Although we demonstrate
these special effects for nanoscale contacts, we propose that they play a key
role in the well-known lubricating properties of some layered materials, such
as graphite and molybdenum disulfide, and speculate they may hold a promise
for further, low-friction applications.

9.1.1 The Transition to Frictionless Sliding
in the One-Dimensional Case

In friction force microscopy (FFM) experiments at the atomic scale the lat-
eral force signals often show a sawtooth-like modulation with the periodicity
of the lattice of the substrate over which the tip is being moved. Observations
of this type have been made on many different materials, such as graphite [1],
mica [2], MoSs [3], copper [4], diamond [5, 6], and alkali-halides (NaF, NaCl,
KF, KCl, KBr) [7-9]. The general characteristics of these observations are de-
scribed well by a simple model that has been formulated first by Prandtl [10]
and by Tomlinson [11]. Applied to the nanoscale geometry of a friction force
microscope the model describes the motion of a point-like tip which is cou-
pled by a spring to a moving support. The tip is in contact with a rigid solid,
which is treated as a periodic potential energy surface. If this potential energy
landscape has only a single Fourier component, with period a and amplitude
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Vo, we can write the lateral force on the tip as
2 2
—7TV0 sin (—ﬂxt) = k(zm — Tt) (9.1)
a a

where k is the stiffness of the spring and x; and x,, denote the positions of
the tip and the support.

The relative strength of the interaction potential with respect to the stiff-
ness of the spring is often expressed in the form of a dimensionless parameter
v = 472Vy/ka®. When v exceeds unity, multiple solutions exist to Eq. (9.1).
The tip remains stuck in a metastable equilibrium position until the spring
force is large enough to force the tip to rapidly slip to the next equilibrium
position, which may again be merely metastable. These two elements, the
sticking and the slipping, represent the stick-slip motion, commonly observed
in FFM experiments. A tacit assumption in this description is that the excess
potential energy that is released during the slip event is irretrievably lost to
other degrees of freedom of the system, such as phonons in the substrate
and the tip. As a consequence, stick-slip motion implies energy dissipation.
By contrast with this scenario for energy dissipation, Eq. (9.1) predicts con-
tinuous sliding of the tip over the counter surface for v < 1, i.e. when the
surface potential is sufficiently weak and the spring is sufficiently stiff. In
this case, the lateral force oscillates between negative (against the direction
of attempted motion) and positive (forward) values and the average lateral
force, i.e. the friction force, is zero. The transition from zero dissipation to
non-zero friction at v = 1, due to the breaking of analyticity, is known as an
Aubry transition [12]. The Aubry transition has been investigated primarily
in the context of the one-dimensional Frenkel-Kontorova model [12,13], in
which two one-dimensional lattices are sheared over each other. In this model,
static friction and the Aubry transition depend strongly on the ratio p/q of
the lattice constants of the top and bottom solid.

9.1.2 Superlubricity

The term superlubricity has been introduced by Hirano and Shinjo [14].
Originally, it was defined as the extension of the Aubry transition to a two-
dimensional geometry and describes the effect that friction can vanish almost
completely when two crystalline surfaces slide over each other in dry contact
without wear and plastic deformation. This phenomenon was first demon-
strated in a quasistatic calculation for rigid crystals with fcc, bee and hep
symmetry and for various surface orientations [15]. In the two-dimensional
case it was found that the frictionless or superlubric regime can be reached
for a much wider range of values of v and they noted that superlubricity
should appear for any combination of flat and clean metals when the inter-
action potential is weak. Hirano and Shinjo concluded that a way to tune
the interaction potential experimentally, is to change the commensurability
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between two surfaces. Of the theoretical work that has been performed after
these first calculations we mention that by Sgrensen et al. [16], who used
molecular dynamics simulations to investigate friction at 7' = 0 K between
flat copper asperities, e.g. 19 x 19 atoms large, and a copper surface. When
the asperity and the surface were both (111) oriented, the sliding did not
involve wear. For an aligned contact, regular stick-slip motion was observed
with high friction, whereas the friction force vanished when the contact was
twisted 16.1° out of registry.

In this chapter, we will use the word “superlubricity”, even though it sug-
gests an analogy between the structural lubricity at an incommensurate inter-
face and the phenomena of superconductivity and superfluidity [17]. Lately,
the term superlubricity has been used by several authors to also indicate
other situations with extraordinarily low friction forces, not involving a lat-
tice mismatch effect. Here, we will stick to the original meaning of the word
and concentrate on experiments that probe the effect of commensurability on
friction.

9.1.3 In Search for Superlubricity

In an early experiment, Hirano et al. [18] have employed a tribometer to
measure the orientation dependence of friction between mica sheets. They
found a friction force of (8 - 107* N) when the orientations of the mica sheets
matched. The friction force was reduced by as much as a factor 4 when
the crystallographica directions of the mica sheets were misoriented relative
to each other. Since in the incommensurate case friction was still relatively
strong, either the superlubricity effect was incomplete or other mechanisms
were responsible for additional channels of energy dissipation.

As was shown by Ko and Gellman [19], one such additional type of dis-
sipation can be the internal friction that arises when the contact pressure is
high enough to cause plastic deformation. These authors measured the fric-
tion force as function of the misfit angle between two Ni(100) crystal surfaces
using an ultrahigh vacuum (UHV) tribometer and found a lower friction co-
efficient for 45° and 135° misfit angles than for 0° and other orientations.
Although at first sight, this observation seems consistent with superlubricity,
the orientational variations were still observed after adsorption of as much
as 20 monolayers of ethanol or sulfur on the nickel surfaces prior to contact
formation, which made Ko and Gellman conclude that the low friction in cer-
tain directions was caused by easy shearing along the preferred slip planes in
the bulk. This explanation is consistent with the computer-simulation result
obtained by Sgrensen et al. [16] for shearing contacts between clean copper
surfaces, which revealed that the shear occurred predominantly along the
(111) planes, even for (001) oriented surfaces.

In another macroscopic experiment Martin et al. found a remarkably low
friction coefficient between clean MoS, surfaces after a short sliding distance
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using a UHV tribometer [20]. After the experiment MoSs flakes were col-
lected and examined with a transmission electron microscope (TEM). The
TEM images showed that the flakes were rotated with respect to each other.
The authors concluded that the low friction coefficient was due to the incom-
mensurability between the flakes, thus due to superlubricity.

In 1997 Hirano et al. [21] have performed a scanning tunnelling microscope
(STM) experiment and claimed the observation of superlubricity in UHV
between a tungsten tip and a Si(001) surface. The tungsten tip was first
imaged using field electron microscopy, after which it was advanced towards
the Si surface until a tunnelling current could be measured. Since an STM is
usually not capable of detecting forces, the bending of the tip was monitored
optically and translated into a lateral force. When the major crystallographic
axes of the two surfaces were aligned, a bending of the tungsten wire over an
estimated 100 nm was measured, which was absent when the orientation was
rotated over 45°.

9.2 Atomic-Scale Observation of Superlubricity

9.2.1 Commensurability-Dependent Superlubricity
between Finite Graphite Surfaces

In this chapter we concentrate on nanotribological experiments, conducted
with a dedicated friction force sensor, the Tribolever [22]. This sensor is part
of an unconventional friction force microscope [23] that allows quantitative
tracking of the forces on the scanning tip in three directions, with a high
resolution in the lateral forces, down to 15 pN. The instrument can rotate
the sample to change the relative orientation between the tip and sample
lattices. Initial measurements with this instrument have been performed on
low-grade, highly oriented pyrolytic graphite (HOPG) [24,25].

Although in some cases, these measurements showed traditional friction
loops, with stick-slip character and measurable energy dissipation, in many
friction loops the average friction force was very low and the tip was sliding
over the graphite surface without stick-slip motion. Also it was found that
the variation of the friction force with the normal force was rather weak.
These observations strongly suggested that the sliding had been taking place
between two graphite surfaces, one being the HOPG substrate, and the other
being a small piece of graphite, i. e. a graphite flake, that was attached to the
tungsten tip. The difference between the high- and low-friction force loops
could then be attributed to the difference in commensurability between the
flake and the substrate, high friction corresponding to a fully commensurate
contact and low friction to an incommensurate contact.

In order to obtain further support for our interpretation of these initial
observations, we have repeated the experiment much more carefully with
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a high-quality HOPG sample that had an average grain size of several mil-
limeters. In the experiment we rotated this sample in small steps with respect
to the tip. For each orientation, we performed a complete set of friction force
spectroscopy measurements for a range of normal forces between +25nN and
pull-off (—=22nN) and a range of sliding directions. We recorded the lateral
forces in the X- and the Y-direction of the sensor, from which we recon-
structed the average friction force in the sliding direction (for details see [25]).

Figure 9.1 shows lateral force maps and force loops measured in the X-
direction for different rotational orientations. A typical force loop is shown
in Fig. 9.1d, which was measured at a normal force of 18 nN. The lateral
force in Fig. 9.1d displays clearly resolved atomic-scale stick-slip sliding and
the average friction force parallel to the sliding direction is 203.3 £ 20 pN.
Figure 9.1b,e and c,f show FFM measurements obtained with the graphite
substrate rotated +12° and —22° with respect to Fig. 9.1a,d around an axis
normal to the surface and parallel to the tip. The rotation by 12° has caused
the average friction force to reduce by more than one order of magnitude, to
15 £ 15pN. Rotating 22° away from the first measurement in the opposite
direction also has caused a reduction, to 81'5156 pN, which is equal to zero
friction within the detection limit of our instrument. This variation of the
friction force with the rotation angle ¢ was completely reversible. Notice
that the ultra-low lateral forces in Fig. 9.1e~f still exhibit regular variations
with the periodicity of the graphite substrate.

7500
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Fig. 9.1. Lateral force images (forward direction) and friction loops measured
between a tungsten tip and a graphite substrate. The displayed signals correspond
to the X-direction of the Tribolever sensor and rotation angles @ of the graphite
sample of 60° (a,d), 72° (b,e) and 38° (c,f). The normal force between the tip and
the substrate amounted to Fxv = 18 nN in (a,d and ¢,f) and Fx = 30.1 nN in b,e.
The grey scales in the force images cover force ranges of a 590 pN, b 270 pN, and
¢ 265 pN. The image size is 3nm x 3nm. After [25]
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Fig. 9.2. Average friction force between a tungsten tip and a graphite substrate,
plotted versus rotation angle @ of the graphite sample with respect to an axis
normal to the sample surface. Two narrow peaks of high friction are observed at
0° and 61°, respectively. Between these peaks a wide angular range with ultra-low
friction, close to the detection limit of the instrument, is found. The first peak has
a maximum friction force of 306 + 40 pN, and the second peak has a maximum of
203 + 20 pN. The curve through the data points shows results from a calculation
according to the Tomlinson model for a symmetric 96-atom graphite flake sliding
over the graphite surface (see text). After [25]

Figure 9.2 displays the average friction forces measured over a 100° range
of substrate rotation angles. We recognize two narrow angular regions with
high friction, separated by a wide angular interval with nearly zero friction.
The distance between the two friction peaks is 61 & 2°, which corresponds
well with the 60° symmetry of individual atomic layers in the graphite lat-
tice. After every 60° rotation, the lattices of the substrate and the graphite
flake align and the friction is high. For intermediate angles, the lattices are
incommensurate and the friction force is close to zero.

The peak width in Fig. 9.2 can be used to estimate the flake diameter.
For finite-size contacts, the cancellation of lateral forces, which causes su-
perlubricity, can be considered complete when the mismatch between the
two lattices adds up to one lattice spacing over the diameter of the contact.
The mismatch condition provides us with the estimate that tan(A®) = 1/D,
where A@ is the full width at half maximum of the friction peak, and D is
the flake diameter, expressed in lattice spacings. From the widths of the two
peaks in Fig. 9.2, of 5.4+ 1.0° for the first peak and 6.5+ 0.8° for the second,
we estimate that the flake diameter is between 7 and 12 lattice spacings.
The contact size was determined more precisely by Verhoeven et al. [26]. He
modelled the flake as a rigid, finite lattice, with the hexagonal symmetry of
a single layer of graphite. Because the relative positions of the atoms in the
N-atom flake (z;,y;,0) with respect to the position (x4, ys, 2¢) of the center
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of mass (CM) of the flake were fixed, the flake-surface interaction potential
could simply be obtained by the summation over N atomic contributions:

Vint (T¢ + T4, yo + yi, 20) = — Vo (24)[2 cos(br (w¢ + ;) cos(ba(yr + ¥i))

+ cos(2ba(ye + )] + Va (=) 62)

with b; = 27/(0.246 nm) and by = 27/(0.426 nm). The height-dependent cor-
rugation amplitude per flake atom is given by V;(2), while V1 (z) indicates the
overall, i.e. N-atom position-averaged z-dependence of the interaction, ex-
pressed per atom. The amplitude of the summed potential depended strongly
on the orientation angle @ of the flake lattice with respect to the substrate lat-
tice. The flake was coupled to a support by springs in the x- and y-directions
(see Fig. 9.3), with which it was dragged through this N-atom interaction
potential.

Symmetric flakes of various sizes were considered in the calculation. Each
flake was a piece of graphene sheet and had a shape with 60° rotational
symmetry. As expected, the friction force was maximal if the misfit angle @
was zero (or a multiple of 60°). For these orientations, the friction force
increased linearly with the number of atoms N in the flake. In order to
compare all different flake sizes for the same fixed total interaction between
the flake and the surface, the potential amplitude per atom Vy was lowered
with increasing flake size such that the calculated friction force with the
flake and substrate in registry was the same for all flakes, namely 265 pN at

graphite-
substrate
Fig. 9.3. Illustration of the modified Tomlinson model used in our calculations.
A rigid graphite flake consisting of N carbon atoms (here N = 24) is connected
by an z-spring and a y-spring to the support of the microscope. The support is
moved in the z-direction. The substrate is modelled as a rigid, infinite, single layer
of graphite. From [26]
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0° pulling direction, between the values measured experimentally at misfit
angles of 0° and 60°.

The effective interaction potential energy surface (PES) for the flake as
a whole V;12k¢ is shown in Fig. 9.4 a for matching lattices (¢ = 0°) for a flake
size of N = 96. The small grey areas overlayed on the PES are the flake
positions recorded in the ‘forward’ scan direction, during the 3nm x 3nm
scan, parallel to the z-axis (© = 0°). In Fig. 9.4a, the flake is only found
in limited regions, slightly displaced to the upper right with respect to the
minima of the PES. Also shown are flake pathways for three separate scan
lines. During the scanning process the flake moves continuously through the
grey ‘sticking’ regions, while force is built up in the spring. From the end of
such a region it jumps (slips) to the beginning of the next sticking region.
When the 96-atom flake is misaligned by 7°, the calculated lateral forces
become small and for most trajectories the average lateral force, i.e. the
friction force, vanishes completely within the precision of the calculation.

POTENTIAL ENERGY LATERAL FORCE

¥, [nm]

[wu] “£

o

¥, [nm]
[wu] “£

]

¥, [nm]
[wu] “A

oo 0z 04 (1] o8 10 00 02 04 0B 08 1.0
X, [nm] X, [nm]

Fig. 9.4. Total potential energy surfaces and lateral force images (1.0nm X
0.426 nm), calculated in the forward z-direction for a symmetric, 96-atom graphite
flake sliding over a graphite substrate, for misfit angles ® = 0° (a,b), ® = 7° (c,d)
and @ = 30° (e,f). The grey scale in the lateral force images corresponds to the
range [—1.04,0.63] nN. For this range, b has maximal contrast. The grey areas in
the potential energy contour plots denote positions that were visited by the flake.
The black lines denote pathways of the flake during single scan lines of the support.
From [26]
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The corrugation of the PES has decreased with respect to the situation at
@ = (0° and the regions addressed by the flake have merged, indicating that
the flake moves continuously through most of the PES.

If the misalignment between the 96-atom flake and the substrate is further
increased to 30°, the corrugation of the PES becomes so low that the pathway
of the flake through the PES is identical to that of the support, within the
precision of the calculation. The flake-graphite contact is now completely
superlubric.

Figure 9.5 displays the computed friction force as a function of the misfit
angle @, for five symmetric flakes with different sizes. We find an angular
region with high friction around 0°, repeating every 60° due to the rota-
tional symmetry of the flakes. At intermediate angles, near-zero friction is
calculated, except for the 6-atom flake, for which the friction drops to 52 pN.
These numerical calculations confirm the simple geometrical estimate, men-
tioned above, the best fit being produced by a flake with a size of N = 96
atoms. Further calculations showed that the shapes of the peaks in Fig. 9.5
also depended on the shapes of the flakes, the best fit to the experimental
data being obtained for a symmetric flake, as shown by the curve in Fig. 9.2.

9.2.2 The Role of the Normal Force

As is clear from the description in Sect. 9.1.1, sliding without instabilities is
possible also in the case of a single-atom contact or a contact between two
commensurate lattices, provided that ~ is smaller than 1. The required re-
duction of Vj can be achieved by making the normal force sufficiently small,
with which the tip is pressed against the substrate. In case of an attractive
tip-substrate interaction, this may even require a negative external force,
i.e. pulling the tip. This approach has been demonstrated first by Takano
and Fujihira [27] and more recently by Socoliuc et al. [28]. In the latter
FFM experiment, a silicon tip was scanned over a NaCl surface along the
(100) direction in UHV. The observed force loops showed excellent agree-



168 M. Dienwiebel, J.W.M. Frenken

(13
04 04 - P 04 [
oz 02 0z -
w oz u’ g2 u s iy ) o B
04 04 - 4
06 06 Y- - L L L L L L
60 05 10 15 20 25 30 %8 05 16 15 28 25 40 “7ed D5 18 15 20 25 30
x (nmj x (nm) x{nm)
8, 06, 06
- e f
DAL <L e d 04 -— 04
T ™ S S w2 _
£ £l (N N B SN
u g2 \[\N uw’ gz wozl -
04 1 o4 - 24
25 05 05
0 05 16 15 280 25 30 00 05 10 15 20 25 1D P00 05 10 15 20 25 30
x {nmy} x (nm} x (nm)

Fig. 9.6. Friction force loops of a Si tip sliding along the (100) direction of NaCl
at a Fv = 4.7nN, b Fx = 3.3nN, and ¢ Fy = —0,47nN. Prandtl-Tomlinson
calculation with d v = 5, e v = 3, and f 7 = 1. Reprinted from [28] with permission
by A. Socoliuc and E. Gnecco

ment with the transition to frictionless sliding that is predicted by the one-
dimensional Prandtl-Tomlinson model. As + approached unity at a normal
force of Fy = —0.47nN, the area enclosed in the friction loop and, thus, the
energy dissipated in a cycle reduced to zero and the tip was observed to slide
over the NaCl surface without stick-slip motion. At that point the lateral
force still showed slightly distorted sinusoidal variations with the periodicity
of the surface lattice, but the average force was zero (Fig. 9.6¢).

Following the original definition by Hirano and Shinjo [14], we should not
refer to this form of near-frictionless sliding at low (or even negative) normal
forces as “superlubricity”, since it does not involve the cancellation between
lateral forces on individual atoms in the contact resulting from a mismatch
between the two contacting surface lattices. By contrast, in the case of su-
perlubricity, the normal force can be made surprisingly high [25]. We expect
that the natural limit in the normal force, or rather contact pressure, will be
that a new energy dissipation channel is introduced when the contact pres-
sure is made high enough to induce noticeable lateral elastic deformations
in the two contacting surfaces. In the case of such deformations, we can no
longer describe the situation as that of two translating, rigid bodies [17]. In
addition, the contact will then carry a rapidly shifting deformation pattern
that one may view as a lattice of dislocation lines. Moving this pattern in-
volves the combination of “breaking” atoms out of registry on one side of
these lines and the “popping” of atoms back into registry on the other side.
As these changes in atomic positions are no longer rigidly connected, much
of the energy released on one side will not be re-invested on the other side
and will be lost in the form of heat (phonons).
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9.3 The Role of Temperature

Our discussion in the previous sections has been presented in terms of the
classical mechanics of the sliding system, combined with the assumption of
instantaneous loss of the excess energy during each slip event. These elements
form the basis of the Tomlinson model that was used to fit the data in Fig. 9.2.
One of the obvious simplifications in the Tomlinson model is the complete
absence of effects due to the spontaneous thermal excitations that are present
at finite temperatures. Such effects have been anticipated already by Prandtl
in 1928 [10]. Here, we summarize how they lower the average friction force
and may lead to a strongly modified type of sliding motion.

9.3.1 Weak Thermal Effects

It is easy to see that thermal excitations will assist the tip in overcoming the
energy barrier for sliding from one well in the potential energy surface to the
next. One might expect this phenomenon to become noticeable only when
the amplitude of the potential Vj (see Egs. (9.1) and (9.2)) and, thus, the
energy barriers would be limited to only a few times the thermal energy kgT.
However, one should realize that the tip moves in the combined potential of its
interaction with the surface and its interaction with the spring that connects
it to the moving support. Within the Tomlinson model the tip remains stuck
in one well of this combined potential until the spring is sufficiently extended
that the energy barrier to the next well vanishes, at which point the system
is unstable and the tip necessarily slips into the next well. This means that
even when the barrier to the next well starts out at a high value, it decreases
continuously to zero while the spring is being stretched. This implies that
thermal excitations will always play a role, since the “stick” part of the stick-
slip cycle always contains a portion during which the barrier is sufficiently
low with respect to kg7 that it can be overcome by a thermally activated
jump. This so-called pre-critical jump somewhat lowers the maximum lateral
force that is exerted by the spring and thus reduces the friction force. The
effect depends weakly on the sliding velocity because at lower velocities there
is time for more attempts of the system to thermally overcome each barrier,
which should make friction reduce more. It is easy to provide an estimate
of this reduction in the friction force. Due to the exponential nature of the
thermal excitations there is a range of sliding velocities over which the friction
force is expected to increase proportionally with the logarithm of the sliding
velocity v [29-31] or with (logw)?/? [32]. Such a weak dependence of friction
on sliding velocity has indeed been observed experimentally [31,33,34].

9.3.2 Strong Thermal Effects: Thermolubricity

As the measurements in Fig. 9.2 show, the rotation angle @ of the graphite
flake with respect to the graphite substrate determines the amplitude of the
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potential Vy and can tune it anywhere between a high value of 7, at which
there is strong friction, and low values v < 1 that result in superlubricity. If
the spring coefficient of the sensor k is low, as was the case in the measure-
ments of Fig. 9.2, the transition to superlubricity takes place at a compara-
tively low value of the potential amplitude Vp. For example, at a typical (low)
spring coefficient of k = 1 N/m and a typical lattice constant of a = 0.25 nm
the transition to superlubricity is at a potential amplitude of only 10 meV,
which is lower than the thermal energy at room temperature of 25 meV. This
implies that for a contact that is close to superlubricity the role of thermal
excitations will be much more dramatic than that described in the previous
section. Rather than to merely facilitate the jumps that were bound to hap-
pen anyway (pre-critical jumps), thermal excitations are now sufficient to
efficiently promote the system over all barriers, both to the next well(s) and
to the previous one(s) [29]. As a result, the tip will conduct a random walk
over the surface, its average position following the slow translation of the sup-
port. The stochastic nature of this driven diffusion of the tip is characterized
by rapid force variations that replace the periodic stick-slip character, typical
for higher ~ values. The average lateral force, i.e. the observed friction force,
is strongly reduced by these thermal jumps. It is this behavior for which we
have proposed the term thermolubricity [35].

Figure 9.7 shows two selected force loops measured between a graphite
substrate and a tungsten tip (dressed with a graphite flake) for two rela-
tive orientations, corresponding to two different values of «v. While the force
loop for the higher « still displays recognizable stick-slip behavior, the force
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Fig. 9.7. Characteristic lateral force loops measured with a tungsten tip (with
a graphite flake) on a graphite substrate at two different relative orientations, cor-
responding to a v = 5.0 and b v = 2.5. After [35]
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variations at the lower v value are almost completely stochastic. Note that
the average friction force of the lower loop is close to zero, although ~ is
still well above unity, i.e. the system is not yet superlubric. These qualita-
tive features agree well with the thermolubricity scenario. A stronger test is
a quantitative confrontation of these observations with numerical calculations
of thermolubricity. In these calculations we describe the surface potential as
a one-dimensional sine function (Eq. (9.1)) to which we add the potential
due to the interaction with the spring, %k:(xt —xy,)2. If v < 1 this combined
potential shows only a single minimum for every position z,, of the support
and the sliding is frictionless (superlubricity). When 4 > 1 the combined po-
tential shows several wells. Rather than to calculate individual trajectories
or concentrate on average behavior, we describe the process in terms of the
probabilities p; for the tip to reside in each well i at every point in time.
These probabilities evolve according to a simple set of continuity equations
of the type:

(ic—p; = —(rf + )i+ riapic 1P (93)
where the role of time is played by the coordinate of the support =, = vt.
The rates rj and r; of jumps from well ¢ to the right and to the left are
calculated according to the Arrhenius law:

AE*

) (9.4)

rii = rgexp(—

Here, AEZ-i are the energy barriers from well ¢ to the next well and to
the preceding one. The locations and heights of these barriers depend on
the support position x,,. The prefactor rg is the frequency of attempted
jumps, which is treated as a fitting parameter (see below). Equation (9.3)
can be solved analytically in the limit of very strong thermolubricity, i. e. low
velocities v, low amplitudes of the potential V and/or high temperatures T
For other conditions the probabilities need to be evaluated numerically.

Figure 9.8 demonstrates that for v > 1 the experiments presented before,
probing the lateral forces between a graphite-decorated tungsten tip and
a graphite substrate, clearly exhibit thermolubricity. For each value of the
relative strength of the potential « the experimental data fall significantly
below the dashed curve, which is the friction force expected according to the
Tomlinson model. The full curves show the results obtained from Eq. (9.3) for
the values of T', v, a, and k taken from the experiment and for four different
values of the attempt frequency ry. Like the experiment, the theoretical curves
fall below the curve for the Tomlinson model. The second curve, for rg =
1.6 kHz, provides an excellent fit to the experiment. This frequency is in the
order of the eigenfrequency of the employed Tribolever sensor. Although this
may not seem very surprising, further work will be necessary to resolve why
the much higher vibration frequencies of the apex of the tip seem not to
dominate the value of rg.
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Fig. 9.8. Friction force as a function of relative surface corrugation . Experiments
for a graphite substrate and a tungsten tip with a graphite flake are compared with
numerical solutions of Eq. (9.3) for v = 30nm/s,a = 0.25nm, k = 1.8 N/m and
T = 290K and for v/areg = 7.53 x 107" with (from left to right) n = 1,2,3,4.
Experiment and calculations all fall well below the dashed curve, which shows the
corresponding result from the Tomlinson model, i. e. the friction force in absence of
thermal excitations. After [35]

9.4 Other Manifestations of Superlubricity
and Thermolubricity

9.4.1 Lubrication by Graphite and other Lamellar Solids

Graphite is a popular solid lubricant that is usually applied in the form of
flaky powder. Several other layered materials also show excellent lubricating
properties, for example MoS,; and TigSiCsy. Traditionally, the good lubrica-
tion by these materials is ascribed to the weak interaction between adjacent
layers [36]. However, the intuitive idea that this would lead to “easy shear”
cannot be correct, since it would still require the simultaneous rupture of all
bonds in a plane, which involves a tremendously high energy, even for the
weakly interacting layers in graphite [37]. Based on the lateral force measure-
ments discussed in this chapter it seems natural to add the extra element of
superlubricity and possibly also that of thermolubricity to the low-friction
scenario of graphite. As argued above, the “easy shear” cannot take place
within individual pieces of graphite, but it can occur between flakes of graphite
since in a lubrication film flakes will be oriented randomly with respect to
each other, which introduces the mismatch required for superlubricity and
thermolubricity for almost all graphite-graphite contacts. It is known that
when metals are lubricated by graphite under ambient conditions, the oxide



9 Experimental Observations of Superlubricity and Thermolubricity 173

layers on the metals tend to fix some of the graphite to the metal, leading to
a smooth transfer film [38], which would indeed concentrate most of the shear
motion within the film of graphite flakes, rather than between the graphite
and the metal surfaces. In a practical sliding geometry, the normal and shear
forces will not be carried by a single, macroscopic flake-flake contact but it will
be distributed over a large ensemble of simultaneous microcontacts between
flakes, most of which will be slippery due to superlubricity or thermolubricity,
while only a small fraction will be in temporary registry.

Strong support for the suspicion that it is the slipperiness of misoriented
flakes that makes the friction low when macroscopic contacts are lubricated by
layered solids comes from transmission electron microscopy observations by
Martin et al. on MoS; [20]. TEM inspection of wear particles harvested from
a MoSs lubrication film that had been exposed to sliding friction revealed
Moiré patterns characteristic for superimposed flakes that were rotated with
respect to each other around their c-axis.

9.4.2 Lubrication by Diamond-like Carbon and related Coatings

We also briefly speculate about the extremely good lubricating properties of
diamond-like carbon (DLC) coatings and related, carbon containing mate-
rials and propose that it is again the superlubricity and thermolubricity of
graphite that might be responsible. During the running-in phase, some of the
DLC coating may be transformed into graphite and remain loosely bound to
the DLC film. A relatively small amount of graphitized material should be
sufficient to decorate all asperities and thus dominate the shear response. The
main role of the DLC film would thus be to provide the material (carbon)
and the conditions (e.g. through its hardness) necessary to produce small
amounts of graphite. An essential element of this scenario is that it is self-
terminating. The high friction forces at the beginning of run-in provide local
pressures and temperatures that should be high enough to shear off carbon
from the DLC film and graphitize it. Once it has been formed, the graphite
dramatically reduces friction, so that the local shear stresses on the DLC film
are too low to continue wearing off the film and graphitizing it. It has indeed
been demonstrated that under sliding conditions, a graphitized tribolayer is
formed on top of diamond-like carbon (DLC) coatings, which goes hand in
hand with the decrease of the friction coefficient during run-in [39].

9.4.3 Lubrication by Fullerenes and Carbon Nanotubes

Fullerenes show very low friction when they are oriented in an incommen-
surate fashion. Miura et al. [40] have constructed a molecular ball bearing
by placing a monolayer of Cgyp molecules between two graphite sheets of
1mm?2. When they moved the upper graphite flake with an FFM tip, they
observed that the forward and backward traces were identical and no energy
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dissipation was measurable up to normal loads of more than 100 nN. Surpris-
ingly the lateral force traces still showed sawtooth-like force variations which
are typical for instabilities and thus significant friction should be expected.
Therefore the Prandtl-Tomlinson model apparently is not able to describe
the low friction behavior of this system. Falvo et al. [41,42] manipulated car-
bon nanotubes (CNTs) on a graphite surface using the tip of an FFM. They
observed that the CNTs changed from sliding to rolling motion, depending
on the orientation of the tubes on the substrate. The rolling motion of the
CNTs in the case of a commensurate contact was found to require a higher
lateral force than the sliding motion of the CNTs in the case of an incom-
mensurate contact. Cumings and Zettl [43] have used a TEM to estimate the
friction force between two tubes of a multiwall carbon nanotube (MWNT)
in the direction of the long axis. They pulled the core tube out of the outer
tube and calculated the friction force from the retraction time, which was
below 1.5 - 107° nN/atom.

Nanoparticles form another interesting model system to study the fric-
tion between two finite surfaces. By deposition of Sb particles on graphite
and MoS, Ritter et al. [44] have created incommensurate contacts of various
sizes. At a certain size the particles undergo a transition from amorphous to
crystalline and at that point an increase in friction was observed. Although
their friction was low, the amorphous particles were found not to be com-
pletely superlubric in air [45]. For future applications in superlubric meso- or
macroscopic mechanical systems it is very important to learn why superlu-
bricity is not seen in this case.

9.5 Concluding Remarks

In this chapter we have reviewed friction force microscopy experiments on
extremely low friction and their interpretation in terms of lattice mismatch
effects (superlubricity) and effects due to thermal excitations (thermolubric-
ity). The prospect of exploiting these effects in practical applications, for ex-
ample in nano- and micro-electro-mechanical systems (NEMS and MEMS) is
exciting. The examples of excellent lubrication by graphite and other layered
materials and by modern, carbon containing coatings such as DLC strongly
suggest that these effects can indeed manifest themselves on macroscopic
length scales and under realistic loading conditions.

It is evident that many questions have not been addressed in the studies
reviewed here on nanoscale contacts. Similarly, many aspects remain to be
explored on the way from a single, nano-contact under modest loading pres-
sures to a large ensemble of larger contacts with possibly higher loading. An
example is the effect of the load-dependent elastic deformations that may be
expected to undermine the slipperiness, as mentioned in Sect. 9.2.2.

Another important issue is whether we can evoke superlubricity- and
thermolubricity-based slipperiness also on other materials than layered solids
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such as graphite and related materials. Simulations for copper sliding over
copper [16] suggest that there is no fundamental reason against this possibil-
ity, which is therefore demanding to be examined.
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10.1 Introduction

Everyday experience tells us that a finite threshold force, namely the static
friction force, Fy, has to be overcome whenever we want to initiate lateral mo-
tion of one solid body relative to another. In order to maintain the motion,
a force equal to or larger than the kinetic friction, Fy, has to be applied, how-
ever small the relative velocity. Conversely, when attempting to drag a solid
through a fluid medium, there is no threshold to initiate or another one to
maintain the sliding motion. Instead, one only needs to counteract friction
forces linear in the (final) sliding velocity vg. It came as a surprise when
Hirano and Shinjo suggested that static friction between solids in ultra-high
vacuum may essentially disappear as well [1,2]. While their suggestion of
super-low static friction, or superlubricity, contradicts our intuition based on
everyday experience, it does not necessarily contradict classical mechanics.
If the slider and substrate have homogeneous surfaces and wear and plastic
deformation are negligible, then one may expect the same (free) energy at the
beginning of the sliding process as at its end, because of translational invari-
ance. Consequently, no work would have to be done on the system implying
the possibility of very low friction. Not only the fundamental or theoretical
considerations evolving around superlubricity are intriguing, but even more
so the possibilities to exploit it technologically. For instance, in small me-
chanical devices, friction-induced wear and heat often cause the main limits
to further miniaturization. These limits could be overcome if superlubric sur-
faces could be designed. Achieving technological exploitation of superlubricity
will certainly benefit from a thorough theoretical understanding.

One of the key ingredient of superlubricity is that all atoms within each
solid must move in one correlated Larkin domain. Ideally, the solids move
like rigid plates and have no energy-dissipating boundary lubricant immersed
between them. Heat could not be produced in this scenario, because there
would be no random motion of atoms, and unless the surface corrugation of
both solids matched by design or by chance, there could be no interlocking
and hence no macroscopic static friction. Of course, solids do not behave like
rigid plates but can be deformed. This makes it possible for two solids to
interlock at the microscopic scale. It is interesting to note that Coulomb dis-
cussed elastic deformation as a potential scenario to lead to solid friction: [3]



178 M.H. Miiser

“ .. ou bien il faut supposer que les molécules des surfaces des deux plans en
contact contracte, par leur proximeté, une cohérence qu’il faut vaincre pour
produire le movement.”t Today’s pursuit for superlubricity still very much
evolves around the question of how one can avoid the “coherence” of atoms
or asperities in contacts between two surfaces. During the beginning of the
last century, works by Prandtl [4] and Tomlinson [5] showed on a fundamen-
tal level how the “contraction” of surfaces may not only induce interlocking
and hence static friction but also kinetic friction: Whenever individual atoms
become mechanically unstable during sliding, they will “pop” into the next
available potential energy minimum. In this process, lattice vibrations will be
excited, whose energy will be irreversibly lost as heat. The argument applies
to collective degrees of freedom as well [6]. The intriguing conclusion from
Hirano and Shinjo’s work is that the energy-dissipating “pops” do not have
to be expected when two atomically smooth surfaces are in contact.

Since Hirano and Shinjo’s pioneering works in the early 1990s, a lot of
progress has been made on superlubricity by both theoreticians and experi-
mentalists. The chapter by Dienwiebel and Joost in this book will focus on the
experimental aspects. This chapter will be concerned with an overview of the
theoretical concepts related to superlubricity. We will try to describe these
without any mathematical formalism first and then sketch the quantitative
analysis. We will also review some key computational studies of superlubric
interfaces. One of the important messages resulting from many realistic com-
puter simulations is that quite a few materials, or pairs of materials, may be
good candidates to show superlow friction. The main limitation in real life
appears to be to produce surfaces that are as flat and as flawless as those in
the virtual computer experiments.

The remainder of this chapter is organized as follows: In Sect. 10.2, we
will first present some purely analytical concepts of superlubricity. This sec-
tion will open with an attempt to define superlubricity, because there is no
generally accepted definition as yet. The definition is based on measurable
quantities and will thus hopefully serve theoreticians and experimentalists
alike. The theory section, however, will mainly be concerned with the analy-
sis of two rigid solid bodies in contact and how elastic instabilities (as best
described in the Prandtl-Tomlinson model) and long-range elastic deforma-
tions (as most easily introduced in the Frenkel-Kontorova model) alter the
rigid-body picture, including a short treatment of drag forces in the superlu-
bric regime. Section 10.3 gives an overview of computer simulations relevant
to the topic. The section is subdivided according to the type of materials
studied by computer experiments. The analyzed systems range from “generic
materials” such as Lennard Jonesium and “finite-element materials” with ex-
cluded volume interaction to “realistic materials”, including bare metals and

L ...or one has to assume that the surface molecules of the two opposing planes

contract due to their proximity into a coherence, which needs to be overcome to
produce motion.
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hydrogen-terminated surfaces. One of the advantages of computer simulations
is that geometries can be designed at will, allowing one to study effects of sur-
face alignment, roughness at the nanometer scale, contamination, etc. with
more rigor than with analytical or even experimental methods. Conclusions
will be drawn in Sect. 10.4.

10.2 Theory

The microscopic justification for the possibility of the virtual absence of lat-
eral forces between solids can be supported by the following argument: There
are as many bumps (or atoms) in the substrate pushing the slider to the right
as there are surface irregularities in the substrate pushing the slider to the
left. Hence, statistically speaking, there is the possibility of an almost perfect
annihilation of lateral forces. In this section, we will investigate the nature
of this process in more detail and explore how elasticity affects this picture.
First, elasticity will lead to dissipative forces which behave similarly to the
drag forces that a solid experiences when moving through a fluid. Thus, the
interface may remain superlubric despite the abilities of the solids to deform.
However, once the solids become sufficiently compliant, elasticity will destroy
superlubricity and induce finite pinning forces. The concept of drag forces due
to elasticity in the solids will be discussed within the framework of linear-
response theory. As for the breaking of superlubricity, particular attention
will be given to the Prandtl-Tomlinson model and the Frenkel-Kontorova
model. We will also be concerned with the role of thermal fluctuations and
mechanisms other than elastic instabilities that can lead to instabilities and
thus to Coulomb-type friction.

10.2.1 Definition of Superlubricity

Defining superlubricity is not an easy task. There is no formation of a Bose
Einstein condensate or of Cooper pairs as is the case in superfluids or super-
conductors. The mobility of solids does not diverge to infinity when they are
superlubric, unlike the mobility of helium atoms in a superfluid or that of
electrons in a superconductor. Also, the friction forces between two solids in
sliding motion remain finite at finite velocities vg. As a side comment, one can
note that the friction between two incommensurate supercrystals would prob-
ably disappear completely. Because, in general, there is no true divergence of
the mobility of the solids, it will be necessary to use an ad-hoc definition of
superlubricity such as the kinetic friction coefficient py = Fi/L must be less
than, say, 1073.

Although p may appear almost constant in many cases for a large range
of loads L and sliding velocities vy, puy will ultimately be a function of both L
and vg, e.g., px may vanish at astronomically small values of vy due to
thermal activation. Therefore, it will be necessary to make a second ad-hoc
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assumption on how to choose L and vg. The (local) load should be high, but
not as high as to plastically deform the system, e.g., in the order of 10%
of the indentation hardness of the softer material in contact. vy should also
be sufficiently high so that the system cannot relax stress through creep or
thermal relaxation. However, vy should certainly be small compared to the
velocity of sound c, e. g., less than in the order of 10~ 3c.

It is important to keep in mind that the kinetic friction coefficient py
and the static friction coefficient ug are not necessarily correlated. Kinetic
friction is due to hysteresis while static friction is due to energy barriers. In
this chapter we will encounter some model systems that have finite energy
barriers and hence exhibit finite static friction, although hysteresis effects are
negligible leading to an absence of kinetic friction. Given these dissipation-free
systems, one may as well define superlubricity as the absence of (mechanical)
hysteresis. For example, significant static friction was observed with an atomic
force microscope in a recent experiment by Socoliuc et al., [7], yet, kinetic
friction was very small. More details of that study and other experiments will
be given in the chapter by Dienwiebel and Joost.

10.2.2 Cancellation of Lateral Forces. Symmetry Considerations

When studying lateral forces exerted between two surfaces, symmetry is cru-
cial. For instance, as will be shown in more formal detail further below, two
flat, rigid, commensurate solids, i. e., solids that systematically share a com-
mon periodicity, have a friction coefficient that is independent of the area
of contact, or, more generally speaking, independent of the number N of
atoms in direct contact with the substrate. The reason is that the forces ex-
erted on the individual atoms in the slider add up in a systematic fashion in
commensurate interfaces. Conversely, for flat, rigid, incommensurate solids
there is a systematic annihilation of lateral forces similar to the destructive
interference in optics. This leads to friction coefficients that vanish linearly
with the area of contact. For disordered surfaces, lateral forces have random
direction or random sign. Consequently they add up stochastically so that
the absolute lateral force only grows with v/N resulting in s o< 1/ VN, as we
assume that the load L increases linearly with system size N. The geometric
arguments presented here are generally known among theoreticians, though
it is not clear who presented them first and no original literature is known
to the author. It may yet be beneficial to outline the concepts in more detail
than in previous reviews [8,9].

Let us start by making a minimalist model of two flat, crystalline solids
in contact. It consists of a rigid substrate with lattice constant b and a slider
with lattice constant a. A sketch is shown in Fig. 10.1. The surface atoms in
the slider are connected to their lattice sites by springs of stiffness k1 and to
their neighbors by springs of stiffness ko. To explore the effects of symmetry
to a zero degree order, we will assume that both types of springs are infinitely
stiff. In later sections, we will allow the springs to be flexible.
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Fig. 10.1. Schematic representation of
—a— two solid bodies in contact. The sub-

x strate is considered rigid. In the slider,

% % % % % % 1 each atom is coupled with a spring of

k stiffness ki1 to its ideal lattice site and

2 with a spring of stiffness k2 to its neigh-

WN bor. Both springs act in lateral direction
b |

To model the effect of corrugation on the motion in lateral direction, it is
often assumed that the potential energy in a system such as the one shown
in Fig. 10.1 only depends on the lateral direction x and that the normal
deflection of the atoms can be neglected. For purely periodic systems, in
which the normal position of the atoms is assumed to be fixed, the potential
energy of the slider V' in the substrate potential can be expressed as a Fourier
sum of the form [10]

. N
Z V(Gm) Z eiGm(zoJrna) , (101&)

which can be simplified to yield

aG
oo N if 2—m is an integer
~ Gm ﬂ'
Do VG X G
M==00 — — otherwise

1— esza
(10.1b)

Here, G,, are the reciprocal lattice vectors of the substrate with G,, =
21m /b, V(G,,) are the Fourier expansion coefficients of the substrate po-
tential, and zo + na is the position of atom n in the chain. One must ensure
V to be a real function by requiring that V(—G,,) = V*(G,,). In the most
simple case, where the ground harmonic dominates, Eq. (10.1) reduces to

N
2
V=NV,+W Zcos{%(mo—i-na)—i—(pl} ; (10.2)

n=1

where V; is real valued and 2V (G1) = Vi exp(ip1). At a given position of the
rigid slider, as denoted for example by the value of z, the (lateral) force F
exerted from the substrate on the slider will be F' = —dV/dxo and thus

= —V1 Z sm{ (xo + na) + @1} +..., (10.3)

where the periods indicate that the full Fourier series may have more terms
than only the first harmonic. We will now explore the effects of symmetry on
the way in which F' grows with system size.
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Surfaces with Identical Lattice Constants

If @ = b, the sum in Eq. (10.3) is easy to evaluate because all summands are
identical, thus

b b

where we have neglected the effect of higher harmonics for reasons of sim-
plicity. If we want to initiate sliding, the maximum lateral force has to be
overcome, thus the static friction force reads

2 2
F = N—ﬂ-Vl sin <—7Tx0 + gpl) , (10.4)

2
F, = N%Vl . (10.5)

Therefore, Fy is proportional to the number of atoms in contact. As the
argument extends to higher dimensions as long as the identical surfaces are
perfectly oriented, one may say that the friction force is proportional to the
area of contact. This is not a contradiction to Amontons’ laws, which state
that static friction is proportional to the load irrespective of the (apparent)
area of contact, because in our example, we would (implicitly) double the
whole system and thus double the load L when we double N. In other words,
the static friction coefficient would be independent of the area of contact
for two ideally-oriented, rigid surfaces with identical lattice constants. Note
that the kinetic friction force remains zero in this purely mechanical model
without internal degrees of freedom, which would justify an ad-hoc damping
term.

Commensurate Surfaces with a # b

Two surfaces are called commensurate when the ratio a/b is a rational num-
ber, i.e., if there are two natural numbers p and ¢ such that

L=pa=qb, (10.6)

where L is the smallest common period of the two surfaces. We have con-
sidered p = ¢ = 1 above. Now we will be concerned with the case in which
L is greater than both a and b. Consider again Eq. (10.1). Terms related to
Fourier components GG,, that cannot be represented as an integer multiple of
27 /L will not add up systematically as can be learned from Eq. (10.1b). Thus
for sufficiently large interfaces, the terms that grow proportionally with N
will dominate. These terms require that a - m be equal to an integer multiple
of b, e.g., a-m is equal to £, in which case m = p. Thus we can write the
“corrugation potential” Vo as

Veorr = N Z V(G,y)elGmeo (10.7a)
m, d2m 2erm €z

= No(zp), (10.7b)
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where v(xg) can be interpreted as an average atomic potential. Typically,
the expansion coeflicients in surface potentials decay exponentially fast with
increasing index [10]. Therefore, one has to expect static friction that is expo-
nentially small in the smallest common period of the two surfaces in contact,
although it does grow linearly with system size.

The exponential decay of the V,,,’s with increasing index m usually justifies
to only keep the first term in the expansion, which is related to the smallest
common period. Therefore, the first non-constant and non-vanishing term to
contribute to Veorr is related to the lattice vector G, = 2nL/ab and hence
one often may approximate

2
Veorr & NV, cos (%xo + cpp> . (10.8)

V, and ¢, can be constructed from f/p in a similar way as the equivalent
terms related to the first harmonic introduced in Eq. (10.2).

As a side comment, I wish to note that two non-adhesive two Lennard
Jones solids with £ = 4a = 5b are sufficiently “out of tune” to produce friction
coefficients of less than 1072 when pressed against each other (unpublished
data by the author). Mathematically speaking, one would not refer to such
surfaces as superlubric, however, by means of practical applications it would
be justified to classify such friction coefficients as extremely low.

Incommensurate Surfaces

When the ratio a/b cannot be expressed by a rational number, the surfaces
are said to be incommensurate. One may argue that the two surfaces have
a common period £ that is infinite and given the argument that the cor-
rugation potential vanishes exponentially with £, one would conclude that
the corrugation potential per surface atom v/N tends to zero for large N.
Alternatively, consider again Eq. (10.1). There is no term in the corrugation
potential that would increase with system size. Therefore, Eq. (10.7b) would
have to be replaced with

‘/;orr = UinC(N; 370) P (109)

where vy can be calculated from Eq. (10.1). While v, (N, 29) does not van-
ish exactly, one can argue that it does not grow systematically with system
size N, because the fractions on the r.h.s. of Eq. (10.1b) are oscillating func-
tions of IV and only the first few terms contribute in a significant way. Keeping
only the first term related to m = +£1, one can easily see that the maximum
lateral force per atom and hence ps vanishes with 1/N for increasing system
sizes or alternatively, the net friction force

Fy x N°. (10.10)



184 M.H. Miiser
Flat, Disordered Surfaces

For incommensurate surfaces, the annihilation of lateral forces is rather sys-
tematic, similar to the deconstructive interference in optics. In order to in-
clude the effect of disorder into our model, several avenues can be pursued.
One is to introduce randomness into the substrate potential, another one is
to allow for stochastic variations of the interatomic spacing within the slider.
Both procedures yield similar results for rigid planes, but the latter approach
is more easily discussed in the present context. Let us assume that two adja-
cent neighbors in the slider have a spacing of a +day, .11, where da,, 41 is an
(independent) random number of mean zero, (da, n+1) = 0, and well defined
second moment of (da; ,.,) = oa. The position of particle n can then be
given by

Tp =20+ na+ ap (10.11)

. ~ —1 .
with a,, = Zz,zl 0@y nr+1. Thus, the positions of two atoms m and n become
more and more uncorrelated as the distance between m and n decreases.

Specifically, the expectation values of (z,,, — x,,) and (x,, — x,,)? satisfy

(T, —xn)) =(m—n)a (10.12a)
{(Tm — 20)?) = (m —n)*a® + |m —n|o2. (10.12b)

a

We can rewrite Eq. (10.3) as

N-1
2m | 2w -
F= ?Vl% ( E exp{z [?(xo—i—na—l—an)—i—(pl} }) , (10.13)

n=0

where (o) denotes the imaginary part its argument. Higher harmonics were
suppressed for simplicity. Due to the randomness in the configuration, we
can only be concerned with statistical averages. For a given value of g, the
expectation value of the force reads:

N-1

3 exp {z {2%(10 +na) + <,01] } <e””n/b>> . (10.14)

(F) = Zvig (
b n=0

As we are interested in large systems, it will be sufficient to discuss the

properties of d,, for the many terms with m > 1 . The standard deviation of

am i v/mo,, which will exceed b for sufficiently large indices m. Therefore,

the expectation value of exp(i27ay, /b) on the right-hand-side of Eq. (10.14)

will be zero, leading to

lim —(F) = 0. (10.15)

As for the second moment of the lateral force F', one can start from Eq. (10.13)
and make use of the fact that the statistical properties of the expression would
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remain unaltered, if we took the real part instead of the imaginary part on
the right hand side of the equation. Thus,

) <27rV1> Zexp{ nn)a} <ei2“<&n*5n'>/b> . (10.16)

Note that the expressions on the r.h.s. of Eq. (10.16) are translationally
invariant, so that we can replace the sum over n’ with a sum over An. Except
for “surface” terms, one can therefore write

P2y = L1y <27TV1> Zexp {’L—An}< 22“&An/b> (10.17a)

27V1 a o,
5N< : > f(gv?)’ (10.17b)

where we can approximate the function f (%, ﬂbk) with

F(E2) - ZGXP {Z_An} o~} (2rana, /b (10.18)

which is exact for a Gaussian distribution of the random numbers day, 541
(as can be seen by seen by terms of a cumulant expansion).

An interesting aspect of Eq. (10.17b) is that the disorder introduced in
Eq. (10.11) leads to an expectation value (F?) < N irrespective of the posi-
tion xo and independent of the precise value of a/b. The function f ( T Abl)
is merely a prefactor, which is maximal for a = b. However, the “average
commensurability,” a = b with o, > 0, does not induce the F' o« N behavior
found for truly commensurate surfaces. Since Eq. (10.17b) is valid for any
position zg, it is also valid at the position where F' is maximum, and hence
we may conclude that

F,x VN, (10.19)
or in other words, s o 1/\/N

Higher Dimensions

The calculations done above generalize to higher dimension if we associate
N with the number of atoms in the bottom most layer of the slider. Thus for
two three-dimensional solids with a two-dimensional interface, the model of
rigid surfaces would predict that

A0 commensurate
ps o< & A=Y incommensurate . (10.20)
A=1/2 amorphous
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It is important to reemphasize that the results strictly depend on the as-
sumption that the planes are ideally rigid and atomically smooth. For com-
mensurate surfaces in dimensions larger than one, it is not sufficient for the
two surfaces to have identical periods, but the orientation of the two sur-
faces need to be aligned. In numerical simulations of atomically smooth but
disordered surfaces, the js o< 1/v/A hypothesis could be confirmed [11].

10.2.3 Role of Instabilities in Simple Models

The way in which elastic deformations can induce finite friction and thus
break superlubricity has been casted in a semi-quantitative fashion within
the Prandtl-Tomlinson (PT) [4,5] model and within the Frenkel-Kontorova
(FK) [6] model. The PT model describes the effects of elasticity within the
Einstein model of solids, i. e., each (surface) atom in the slider is coupled to its
ideal lattice site via a harmonic spring of strength k. Moreover surface atoms
experience a sinusoidal interaction Vi (x) = Vp cos(2mx/a) with the effectively
rigid substrate plus a drag force linear in the atom’s velocity, which will be
motivated later. The equation of motion for the particle reads

mi + v = Vo sin(2rx/a) — k[x — xzq(t)] , (10.21)
where xq(t) is the position of the atom’s ideal lattice site. Above a critical
value k* for the spring constant k, the PT model predicts zero kinetic fric-
tion even in the absence of thermal noise. To be specific, if k exceeds the
maximum curvature £ = (27/a)?V; of the substrate potential, then no insta-
bilities (hysteresis loops) are found and kinetic friction vanishes in the PT
model. Thus, if the slider is sufficiently stiff, F may disappear and hence the
interface can be superlubric. For k& < k*, zero-temperature F} remains finite
no matter how slowly we pull the spring, which is akin of Coulomb’s law of
friction, [3] which states that kinetic friction is (rather) independent of the
sliding velocity vg. The mechanism is described in more detail in Fig. 10.2.
The FK model is similar to the PT model, except that surface atoms are
not coupled elastically to their lattice site but instead to their neighbors in
a one-dimensional chain. The advantage of the FK model over the PT model
that tribologists have seen is that the FK model incorporates the effect of
long-range elastic deformation. However, one needs to keep in mind that the
FK model, being a one-dimensional model, tremendously overestimates elas-
tic deformations, artificially suppressing superlubricity.?2 The FK model and
its generalizations to higher dimensions are yet useful to describe various tri-
bological phenomena conceptually and sometimes even quantitatively. In fact,
in one of their first studies, Hirano and Shinjo parametrized a generalization

2 The PT model is the mean-field variant of the one-dimensional FK model and
therefore more realistic in higher dimensions, in particular above the upper crit-
ical dimension for elastic manifolds sliding through external potentials.
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Fig. 10.2. Schematic representation of an instability in the PT model. The time-
dependent potential V(x) (dashed lines) is the superposition of a sinusoidal sub-
strate potential, which is fixed in space, and a moving parabolic potential, which
represents the elastic interaction between a degree of freedom (DOF), e. g., an atom
or an AFM tip, and the moving driving device. The DOF, whose position at var-
ious instances of time is indicated by the full circles, becomes unstable when its
mechanical equilibrium position is z &~ —1.7, from where it jumps to x ~ 2.6. In
this process, an energy AFE & 16.6 is dissipated, provided the stage moves slowly
and that thermal fluctuations can be neglected. The jumps occurs every time the
driving device moves by one lattice constant, which is 27 in this example. Slid-
ing over a long distance will therefore result in an average kinetic friction force of
Fy ~ 16.6/2m ~ 2.65

of the FK model with realistic interatomic potentials for copper and found
that incommensurate copper surfaces should often remain superlubric [2].

Of course, there can be other ways than local, elastic instabilities that
induce finite friction and break superlubricity. Adhesive jump-to-contact in-
stabilities, plastic deformation, instabilities in confined boundary lubricants,
chemical reactions, cold welding, and related processes are all characterized
by sudden pops of microscopic degrees of freedom, which lead to energy dis-
sipation [9].

10.2.4 Effect of Temperature

Temperature-induced relaxation can both increase or decrease friction [9].
It can increase friction because the real contact area can increase due to
thermally-assisted plastic flow, which increases the effective load and con-
sequently the friction. Moreover, thermally assisted aging can increase the
strength of the junctions formed between two solids at rest. In superlubric
systems, one should generally hope that plastic flow is negligible. Tempera-
ture then helps the instability (such as the one shown in Fig. 10.2) to occur
prematurely and therefore temperature can reduce kinetic friction. When
pulled sufficiently slowly, the system will be able to be close to thermal equi-
librium, e. g., the coordinate x in the PT model will occur approximately with
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a probability exp(—V (z)/kpT) at a given position of the driving stage and
not only close to the (previous) mechanically stable position as indicated in
Fig. 10.2. In this case, linear-response theory is applicable and friction must
be proportional to velocity.? In fact, any finite system at finite temperature
will eventually approach the linear-response regime [12]. Even finite, com-
mensurate surfaces, which according to any reasonable definition should not
be classified as superlubric, will ultimately enter a regime in which Fj x v,
as demonstrated in numerical simulations of dry contacts [13].

10.2.5 Damping in the Superlubric Regime

When friction is extremely small, it is tempting to assume that instabilities do
not play a significant role and that the system is close to thermal equilibrium
at all times. As argued in the previous section, friction would then have to be
considered to be linear in velocity vy at small vg. The response of the slider
to a time-dependent external force can be calculated by using linear-response
theory and the fluctuation-dissipation theorem, [12] i.e., the fluctuations of
the lateral force at any fixed position of the driving device can be related
to the the damping that the slider would exert on a slowly moving driving
device. An excellent overview on the topic and tips how to make use of the
concepts in computer simulations is given in the book Molecular Simulation
by Frenkel and Smit [14]. Note that the damping coefficient of a degree of
freedom (be it an atom or be it a collective degree of freedom such as an
AFM tip) can be position dependent in principle.

The linear-response formalism has so far been employed in the so-called
non-contact mode of atomic force microscope (AFM) tips [15,16] (see also the
chapter by Kantorovich and Trevethan in this book), however, the formalism
is the same for intimate contacts [13]. It appears that the theoretically pre-
dicted values for non-contact damping are smaller than the ones measured
experimentally. The reason for the discrepancy may be that most calculations
assume sliding of ideal crystals. Surface defects, dislocations, and contamina-
tion are usually neglected. They will all lead to additional force fluctuations
and hence to increased friction between substrate and slider. In essentially
every real-life contact, there will be isolated points of contact where instabil-
ities cannot be prevented. These will lead to dissipation that dominates the
damping-induced interactions. Single-asperity contacts in sufficiently well-
defined microcontacts may be an exception to this rule [7].

Lastly, it is worth mentioning that linear response does not always imply
very low friction, for example, when internal deformation in solids is highly
viscous — as is the case for rubber. Formalism to describe dissipation for slid-
ing rubber contacts, [17] or generalizations thereof, should form a promising
starting point for formal theories of damping forces in superlubric contacts.

3 For a discussion of the velocity-dependence of Fi at more elevated velocities, see
the chapter by Evstigneev and Reimann in this book.
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10.2.6 Long-Range Elastic Deformations

In real solids, atoms are not coupled elastically to their lattice sites but they
interact with the other atoms in the solid. For many purposes, it is sufficient
to treat this interaction within one solid as harmonic interactions between
adjacent atoms. When one solid is placed on top of another one as shown
schematically in Fig. 10.1, instabilities of surface atoms do not necessarily in-
volve the sudden motion of single atoms but they may involve the collective
motion of many atoms. In order to ascertain whether such collective insta-
bilities occur, it is then necessary to analyze whether the intrabulk, elastic
interactions dominate the interfacial interactions on length scales larger than
atomic scales. If the answer is positive, the system can be superlubric.

The equations of motion for an elastic solid that is sliding with respect
to a (rigid) substrate have the same structure as those that describe charge
density waves (CDWs) [18]. These latter systems have been studied thor-
oughly [19]. One result is that the CDWs or, to be more precise, the vortices
in type-1I superconductors can be treated as essentially rigid domains within
a characteristic length called the Larkin length. Adjacent Larkin domains are
coupled only weakly so that (roughly speaking) its center of mass can have
more than one (meta)stable position. This multistability would automatically
break superlubricity in a way similar to that shown in Fig. 10.2.

In order to apply the concept of Larkin domains to tribological phenom-
ena, one can proceed as follows: [20] Assume that a block of linear dimen-
sion L is rigid. Then assess how such a rigid block would couple elastically
to its neighboring block (so that the solid’s elastic constants remain indepen-
dent of the coarse-grain length £) and how the block manages to interlock
with the substrate, see also Fig. 10.3. To get an order of magnitude estimate
for the relevant variables at the atomic scale, £ = L.iomic, it is reasonable to
assume that the elastic coupling k between adjacent atoms is in the order of
the bulk modulus B, say 40 GPa for a soft solid, times a lattice spacing, say
2 A. Thus, k(Latomic) =~ 8 N/m would be a reasonable value for relatively soft
solids. For hydrogen-terminated diamond, the estimate for k(Latomic) would
be more than a factor 10 larger. A similar estimate can be done for the max-
imum local curvature of the substrate potential x, which was introduced in
the PT model following Eq. (10.21): The atoms of opposed surfaces inter-
act via weak physical bonds, provided the surfaces are chemically passivated.
Solids that are tied together by physical bonds have bulk moduli in the order
of 4 GPa and nearest neighbor separation are in the order of 3 A, resulting
in an estimate of k &~ 1.2N/m. Thus, at the atomic scale, k& > k, so that
instabilities cannot be expected to occur. This is a necessary conditions for
superlubricity.

Once the values for k£ and x are estimated at the atomic scale, Latomic, it
is possible to also estimate those values at any length scale £. For instance, if
we replace a linear chain of N beads with separation a by N/2 beads that are
separated by 2a, then we need to reduce the stiffness of the coarse-grained
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Fig. 10.3. Schematic view of the interaction between chemically passivated solids.
Part a shows a snapshot of a simulation. Part b represents the coupling of a sur-
face atom to its neighbors (reflected by the harmonic springs) and to the substrate
(reflected by the sinusoidal line). The parabola indicates the maximum curvature
of the atom-substrate potential, which corresponds to the curvature x of the sub-
strate potential in the PT model. Part ¢ describes the scaling procedure for a one-
dimensional elastic chain. From Ref. [20]

springs by a factor of 2, as illustrated in Fig. 10.3. Thus, the springs become
softer upon coarse-graining in one-dimensional systems, just like the effective
capacitance of capacitors connected in series is reduced. In two dimensions,
we would not only connect springs (capacitors) in series but also in parallel.
The net effect is that the coarse-grained spring (capacitor) has the same
stiffness (capacitance) as the original one. Each dimension added in parallel
makes the stiffness of the springs harder. If D is the dimensionality of the
solid, one finds

k(£)=( £ )D_2k(£atomic)~ (10.22)

Eatomic

It is a bit more difficult to find a similar scaling law for the curvature of the
slider-substrate potential. However, it is reasonable to assume that (apart
from a prefactor) k scales similarly as the static friction force Fx(L£) of a rigid
domain of linear scale L. In scaling studies, it is necessary to keep the intrinsic
thermodynamic such as the (average) normal pressure p, constant so that
we can say k(L) o< Fi(L) = ps(L) - (LPIpy), where Dy is the dimension
of the interface and thus (£P/p, ) the load carried by an “area” A of linear
dimension L. The scaling of the friction coefficient, however, strongly depends
on the order at the interface. Using Eq. (10.20) and the s o pL relationship
for rigid or correlated domains, one finds that

LPr commensurate
k(L) < L0 incommensurate . (10.23)
LPr/? amorphous

Whenever the ratio of k(L) /(L) increases systematically with £, one should
expect the intra-bulk elasticity to dominate and thus to have the possibility of
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superlubricity. In the technically relevant case of disordered, two-dimensional
interfaces and three-dimensional solids, both k(L) and (L) increase linearly
with £. Allowing for some elastic deformation within the Larkin domains ef-
fectively yield logarithmic correction to the scaling laws, which would result
in finite friction [21,22]. However, as the Larkin domains would be rela-
tively large and no local instabilities should be expected, these corrections
can probably be seen as irrelevant, in particular for systems such as hydrogen-
terminated diamond with large values of k/k at the atomic scale.

So far we have neglected the highly non-uniform distribution of normal
loads, which are the consequence of realistic surface topologies. Real con-
tacts have roughness on many different length scales and the distribution
of normal pressures sometimes allows for large normal values, which would
increase the values for x at the intimate point of contacts. It is plausible to
expect elastic instabilities in such point of high pressure. However, elastic
instabilities in bulk systems require pressures that are typically higher than
the yield strength of the material, e.g., incommensurate interfaces between
two atomically smooth gold surfaces only show friction in molecular dynam-
ics simulations when p, is raised above 4 GPa [23]. (The periodic boundary
conditions in lateral direction allow the gold solids to sustain these unusually
large pressures.)

10.3 Simulations

Analytical calculations, such as the ones presented in the last section, can
generally not be used to make quantitative predictions for specific systems.
Even the most simple models without any chemical detail elude analyti-
cal tractability. For example, there are no closed-form solutions for the dy-
namical properties of the Frenkel-Kontorova (FK) model, which consists of
a one-dimensional, elastic chain embedded into a simple, sinusoidal potential.
Only some aspects of the continuum variant of the FK model, namely the
sine-Gordon (SG) model, can be solved analytically. Due to its continuum
character, there is no finite kinetic friction in incommensurate SG models.
Discreteness corrections can be applied, however, the calculations are te-
dious [24]. Given the fact that most analytical models are one-dimensional
and the paramount importance of dimensionality emphasized in the last sec-
tion, it appears to be a sensitive choice to resort to computer simulations of
sliding solids.

The main stream technique for these simulations is molecular dynamics
(MD) [8]. Atomic configurations are set up in a computer experiment, interac-
tions between atoms are assumed (or calculated with quantum chemical first-
principle techniques) and Newton’s equations of motion are solved for each
individual atom. The boundary walls are typically coupled to a driving device
and boundary conditions are chosen such that a tribological experiment is
mimicked in the best possible way. Sliding produces heat, which then requires
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the use of (artificial) thermostats that remove the heat from a sliding con-
tact. Refs [8,9] give an overview of the results of atomistic simulations, a more
technical review on how to set up simulations will soon be available too [25].

10.3.1 Generic Models

A large part of the literature is concerned with so-called generic models, where
the interaction between atoms are only simple two-body potentials. Results of
these simulations can generally not be applied to specific systems. However,
they allow one to study the effect of dimensionality, commensurability, con-
tamination, surface geometry, etc. on tribological properties. Simulations of
generic models can capture many tribological effects qualitatively or in some
cases even semi-quantitatively. One popular approach of generic models is the
study of “Lennard Jonesium”, which is a (virtual) material in which atoms in-
teract through the Lennard Jones (LJ) potential V (r) = 4¢[(o/r)*2 — (o /r)%],
where o and € are the LJ length and LJ energy, respectively. o can be roughly
associated with the sum of the radii of the two interacting atoms and e with
the cohesive energy of a dimer or nearest neighbors in a solid.

In the context of superlubricity, one important question to address is
whether solids generically have the tendency to show finite static and kinetic
friction when brought into contact or whether one should expect superlubric-
ity only for very specific materials. In order to evaluate at what interfacial
strength perfect [111] surfaces of face-centered-cubic (fcc) solids would be-
come unstable instantaneously if the models are more realistic than simple
bead spring models, Miiser placed two LJ solids on top of each other (see
also Fig. 10.3a) [26]. All interactions between identical atoms, i.e., those
atoms that originate from the same solid, were chosen such that ¢ = o = 1.
The LJ parameters for pairs of atoms originating from opposed solids were
chosen 01 = ¢ and ¢; was varied. In order to obtain instantaneous instabil-
ities and thus pinning, the value e; had to exceed that of € by a factor of
eight. These instabilities, however, were not elastic in nature, but they in-
volved large rearrangement of the atoms which could be interpreted as cold
welding. If the simulations could be run for much longer times, the mixing
instabilities could of course be observed for any value of ¢; > €. Other sim-
ulations also support the idea that instabilities in solids without directed
bonds are typically not elastic in nature, e. g., the elastic instabilities found
by Lancon at normal pressures of 4 GPa in simulations of incommensurate
solids of gold, [23] would imply plastic flow in laboratory experiments, see
for instance Fig. 10.4(b) where the periodic boundary conditions in lateral
direction prevent significant (further) plastic flow.

As long as the pressure conditions are not extreme and plastic deforma-
tion is absent or relatively small, all-atoms simulations of curved tips show
that many of the analytical arguments advanced in Sect. 10.2.2 for flat con-
tacts also apply to curved tips, [27], for instance that friction is largest for
commensurate and smallest for incommensurate contacts and intermediate
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Fig. 10.4. a Low-load configuration of chemically-passivated solids with terraces.
Both solids are fcc Lennard Jonesium with [111] surfaces. The surfaces are mis-
oriented by 90°. Static and kinetic friction are too small to be defined, because
thermal fluctuations at ambient conditions are strong enough to depin the contact.
b Snapshot of a configuration that results from configuration a as a consequence of
high normal pressure. Despite the onset of plastic deformation, the static friction
coefficient for this contact remains smaller than 0.01. From Ref. [26]

for disordered surfaces. One of the conclusions to be drawn from those sim-
ulations is that large radii of curvature lead to a smaller ratio of lateral and
normal pressure. This means that layered materials may be one possibility
to achieve ultra-small friction.

Recent approaches have incorporated roughness on more length scales
and allowed to include the long-range elastic deformation in the solids by
means of multi-scale methods [28]. While superlubricity is broken in these
systems (the load is carried at isolated locations only, which induces local
pinning), it needs to be emphasized that (a) exceedingly small “terraces”
were allowed in that study, sometimes as small as one atom, and (b) despite
of the existence of these small terraces friction coefficients were typically still
well below 0.1. When the solids were allowed to deform plastically as well,
the small terraces were rubbed away resulting in smaller friction coefficients.
This is a typical observation in MD simulations of unlubricated (non-metallic)
surfaces that are driven at moderate or small loads. See also Fig. 10.4, which
shows a contact with moderate plastic flow.

Many tribological aspects cannot be modeled by Lennard Jonesium, for
instance whenever directed bonds are important. These play an obviously cru-
cial role in molecular solids, layered materials and other chemically complex
solids such as the low-friction material Teflon. Also metals are poorly de-
scribed by LJ potentials, for instance the well-known necking during contact
formation between bare metals is a consequence of the particular many-body
form of metals. Generally, metals have a larger propensity to annihilate free
surface than Lennard Jonesium, which favors cold welding. Lennard Jonesium
cannot reproduce these effects and thus more realistic studies are required to
understand friction (or the absence thereof) in these materials.

10.3.2 Layered Materials

Given the analysis in the previous sections, one would expect that layered
solids are natural candidates for superlubric materials. First, the elastic cou-



194 M.H. Miiser

pling within a sheet, i.e., k in the PT model, is very large, while the inter-
action with the opposed surface, i.e., k in the PT model, is small. Moreover,
long terraces are formed and as argued in the last section, large local radii
of curvature lead to small friction in unlubricated and non-yielding contacts.
Thus, almost all simulations of one layered material placed on another layered
material show small friction.

An interesting aspect of many layered materials, in particular graphite,
is that they have the ability to form nanotubes. These nanotubes allow one
to study friction in a single-asperity contact for well-defined geometries as
opposed to AFM tips, whose detailed atomic structure has remained elusive.
Experimentally [29] and in simulations, [30,31] registry or commensurability
is found to play the role that one would expect from classical mechanics
and the concept of geometric interlocking. The static friction is large if the
nanotubes orient with the graphite substrate, while misaligned nanotubes
show much reduced friction.

In many cases nanotubes are multiwalled. The friction between an inner
tube and an outer tube could be measured experimentally [32]. Many times,
inner tube and outer tube are incommensurate due to the different ways in
which graphite sheets can fold to form a tube. When the tubes are incom-
mensurate, non-extensive shear stresses are found suggestive of the dominant
roles of surface effects in those systems.

Theoretical simulations of double-walled nanotubes often show extremely
small friction indeed, which lead to the suggestion to use them as mechanical
nano-oscillators [33]. The main force inducing lateral motion between inner
and outer tube is related to surface energy. The tubes try to minimize free
surface, which can act in sliding direction or against sliding direction. In the
absence of instabilities, only little energy is dissipated as heat within one
oscillation cycle. It may be surprising that this last statement even holds
for commensurate nanotubes, which have large instantaneous/static friction
forces [34]. However, commensurate nanotubes also show large instantaneous
“anti-friction.” The net damping calculated for commensurate and incom-
mensurate nanotubes turns out to be of similar magnitude — at least for the
idealized geometries utilized in the simulations [34]. Thus, commensurability
does not automatically lead to instabilities and significant kinetic friction.
It may be worth pointing out that kinetic friction between slightly contam-
inated commensurate surfaces has been predicted to be even smaller than
that between incommensurate forces [35].

Most simulations idealize the nanotubes initial geometry and underes-
timate the friction force. However, if chemical details of the fractured end
are incorporated into the simulations, experimentally measured and calcu-
lated values for kinetic friction agree reasonably well [36]. It is probably safe
to assume that the friction between nanotubes is dominated by defects, in
particular those that involve chemical bonds between inner tube and outer
tube. As the covalent bonds between carbon atoms are orders of magnitude
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stronger than the van der Vaals interactions, these chemical bonds (and their
rupture) between atoms in the inner and atoms in the outer tube will most
significantly contribute to the dissipation in real nanotubes.

In practice, one disadvantage of layered materials certainly is that the
sheets are easily rubbed off. This process leads to the generation of debris
and consequently friction increases. This effect may become particularly se-
vere when chemical point defects are present. Indeed, some of the first ex-
perimental evidence for superlubricity between layered molybdenum disulfide
(MoS2) was seen to be transient until wear particles probably increased the
friction to coefficient to a value above 1073 [37].

10.3.3 Metal on Metal Contacts

While the first realistic calculations suggestive of superlubricity [1,2] were
based on incommensurate contacts, it is probably safe to assume that bare
metals are not good candidates for superlubric materials. One of the reason
is the “vulnerability” of metal contacts in particular at their boundaries [38].
Upon sliding, dislocations and ultimately wear is easily generated from the
contact boundaries, as discussed for ideally blunt copper tips sliding on ideal
copper (111) surfaces. Thermal aging of the tips and hence producing more
realistic contact geometries results in even more wear [38].

One can yet ask the question, how much friction one should expect in
idealized situations, i.e., if it was possible to suppress the boundary effects.
A particularly interesting study addressed the role of roughness in the very
last layer. Qi et al. [39] studied atomically smooth Ni(100)/Ni(100) inter-
faces. Their idealized geometries display the same superlubric behavior as
the idealized copper interfaces studied by Hirano and Shinjo [1] However,
roughening the top layer with a mere 0.8 A rms variation, changes the be-
havior completely, with friction coefficients increasing by several orders of
magnitude. The calculated values for the surfaces with the 0.8 A additional
roughness matches the available experimental data extremely well [40].

In another study, the friction between chemically passivated aluminum
surfaces (Al;Og termination) was calculated [41]. An interesting result of
that study is that incommensurate surfaces show small but yet non-negligible
friction at moderate normal loads, although no wear occurred. As opposed
to the commensurate case, the friction force evolved relatively smoothly as
a function of time for incommensurate AloO3 contacts, which would only be
consistent with a picture in which the instabilities are localized. The “wear-
less” instabilities must thus be a consequence of the directed bonds, which
are usually not incorporated in a purely theoretical description of contacts.
More studies would be needed to identify better candidates for superlubric
terminated metals than aluminum, however, it may well be that this quest
will not be successful.
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10.3.4 Hydrogen-Terminated Surfaces

One of the most promising candidates for superlubric materials is hydrogen-
terminated diamond-like carbon (DLC) [42]. Unfortunately, there have not
yet been many simulations on hydrogen-terminated DLC, although results
will soon be published [43]. Interesting new results are expected in the near
future, partly due to the availability of force fields that allow one to model
chemical reactions. An example for such a force field is the reactive empirical
bond order potentials, [44] which was used to study the compression and
sliding induced polymerization reactions within alkyne chains [45]. Chemical
reactions may impede superlubricity, as the formation of bonds corresponds
to instabilities, which can lead to Coulomb type friction if the reactions are
reversible [46,47].

A large fraction of computational studies of chemically-passivated, “re-
alistic” surfaces has been concerned with self-assembled monolayers (SAM),
which are much softer than chemically bonded solids, and thus inappropriate
candidates for superlubricity. It has yet to be noted that SAMs have typically
low friction and probably good resistance to wear, which make them interest-
ing materials for tribological applications. Many of the results obtained in the
literature can be interpreted with the concept of geometric interlocking. For
instance, when n-alkane monolayers are grafted to a diamond surface with
a period of two lattice constants (2a) to form a SAM, and this SAM is slid
against a perfectly oriented diamond surface, then the friction force has a pe-
riod of 2a, with positive and negative contributions [48]. In these simulations,
the maximum instantaneous lateral force, which can be associated with the
static friction force Fy reaches 4 nN at normal loads of approximately 80 nN.
The average, kinetic friction force Fj; was not stated explicitly, but can be es-
timated from the graphs as being at least a factor of 10 smaller than Fj, thus
the system is almost superlubric. It would be interesting to know the friction
between SAMs attached to diamond and hydrogen-terminated diamond for
incommensurate interfaces. In simulations of generic models of two surfaces
separated by one monolayer, it was found that static friction is much larger
for commensurate than for incommensurate systems, while the opposite is
true for kinetic friction [11].

The crucial role of orientation was also found in another study of friction
involving monolayers. Commensurate fluorine-terminated alkanethiol SAMs
exhibited a tremendous sensitivity of the (differential) kinetic friction coeffi-
cient fiy = dFx/dL on line defects in one of the two SAMs [49]. When the
layers were truly commensurate, fix turned out much larger than in those
cases where line defects significantly reduced commensurability and thus jiy.
Also the packing density in SAMs has the effect on friction that one would
expect from the theoretical analysis, i.e, less densely packed and hence softer
systems will become more easily unstable than dense, hard systems. For in-
stance, friction between an amorphous carbon tip and a SAM decreased with
increasing packing. Two systems had been compared [50]. When the poly-
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mers in the SAM were identical so that all of them contained N = 14 carbon
atoms, the structures were dense, while they were less dense when N was
either 12 or 16 (with equal probability). Kinetic friction in the latter system
was twice as large than in the dense system.

10.4 Conclusions

Theoretical considerations and atomistic simulations clearly indicate that
there should be the possibility of identifying many materials showing su-
perlubricity. The ingredients favoring superlubricity are smoothness of the
surfaces, in particular, smoothness of the last layer, and chemical passivation
of the last layer. Studies investigating the relevance of roughness on larger
length scales are still in their infancy, however, first results indicate that
the local roughness is paramount. Thus, layered solids such as graphite and
molybdenum disulfide appear as natural candidates for superlubric materials.
However, the sheets in layered solids are easily rubbed off, which results in
debris and ultimately increased friction.

The currently best candidate for superlubricity remain systems similar to
diamond-like carbon, in which the dangling bonds are saturated. Currently,
the surfaces seem to be predominantly passivated with hydrogen. From a the-
oretical point of view, it might be possible to make the surfaces smoother by
terminating the dangling bonds of carbon with atoms that are larger than
hydrogen. Thus, if feasible, theory would suggest a termination of the dan-
gling bonds in diamond-like carbon with fluorine rather than with hydrogen.
Potential alternatives are silicon saturated with either fluorine or perhaps
chlorine.

Lastly, it is important to stress that superlubricity is not necessarily a well-
defined term. For instance, commensurate systems typically have high static
friction, but they do not necessarily show high kinetic friction, as was dis-
cussed in this chapter in the context of (idealized) commensurate carbon
nanotubes. One may well classify these structures as superlubric, because
they dissipate little energy upon sliding. However, other systems have small
kinetic friction and small static friction. The smallness in static friction is
typically due to the incompatibility of geometries of the two opposed sur-
faces. For this scenario, the term structural lubricity was suggested. The
terms structural lubricity and superlubricity can best be illustrated in the
context of the experiments by Socoliuc et al. [7] and Dienwiebel et al. [51]
In Socoliuc’s experiment, the instantaneous lateral forces between the AFM
tip and the substrate remained (relatively) large. This clearly indicates that
the contact was not structurally lubric. However, due to the stiff cantilever,
no instabilities occurred, and thus the contact can be identified as superlu-
bric. In Dienwiebel’s experiment, a graphite flake was brought out of registry.
This resulted not only in a small kinetic friction but even in a small instan-
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taneous force. Therefore, the contact was not only superlubric (absence of
instabilities) but even structurally lubric (absence of geometric interlocking).
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11.1 Introduction

Friction is the resistance to the relative motion of two sliding or rolling objects
imposed by nonconservative forces [1-3] and, in general, it occurs along with
dissipation of mechanical energy and wear. These forces are generated from
short- and long-range interactions between the sliding surfaces [4, 5]. The
interaction potential can be either attractive or repulsive depending on the
distance between surfaces and also on their relative lateral positions. The
moving objects are either in direct contact through asperities, or gaseous,
liquid or solid lubricants may be introduced between them to reduce the
friction.

The dry sliding friction of two surfaces that are in direct contact through
their asperities involves many interesting and complex phenomena, such as
adhesion, wetting, atom exchange, the breaking and formation of bonds,
as well as elastic and plastic deformation. During the relative motion,
phonons are generated and electron—hole pairs are created at the expense of
damped mechanical energy. Photons may even be emitted. The nonequilib-
rium phonon distribution generated locally is dissipated by phonon-phonon
and electron—phonon coupling. Simulations of dry sliding friction between
a metal asperity and an incommensurate metal surface have revealed unusual
atomic processes [6]. For example, the lateral force exhibits a quasiperiodic
variation with the displacement of an asperity; each period consists of two
different stick—slip processes involving structural transitions. It has also been
found that the perpendicular elastic deformation of the substrate that is in-
duced by the sliding object is crucial to the energy damping associated with
friction [7]. In certain conditions, due to the elastic deformation of the sub-
strate, the corrugation of the surface potential energy can be inverted under
high loading forces. This situation gives rise to the occurrence of a second
state (bistability) in the stick—slip motion and anisotropy in the hysteresis
curve [7]. It is also very well-known that the stiffer the sliding surfaces, the
smaller the friction coefficient [7].



202 S. Ciraci et al.

The dry sliding friction between atomically flat, commensurate or incom-
mensurate sliding surfaces is perhaps the simplest but most fundamental
type of friction in tribology. The relative motion of two commensurate sur-
faces can take place through repeating stick—slip stages, which can help us
to visualize the energy damping under weak elastic deformation. However,
the situation is rather complex if the sliding surfaces are incommensurate
and undergo an elastic or plastic deformation involving atom exchange and
wear. An atomic-scale analysis of the interaction between sliding surfaces is
required to understand the nature of nonconservative lateral forces and the
various mechanisms of energy damping. In fact, studies based on the Tomlin-
son’s model [8] or calculations made using the Frenkel-Kontorova model [9]
have revealed valuable information about the atomic processes involved with
friction. Furthermore, the inventions of the atomic force microscope [10] and
the friction force microscope [11,12] have had a significant impact on the
science of friction and opened up a new field called nanotribology. Nowa-
days, various atomic processes can be easily observed, and lateral forces in
the range of a fraction of nanoNewton (InN = 107N = 0.62415¢V/A)
can be measured with precision using these microscopes. As the precision
of friction force measurement have increased and various atomic-scale pro-
cesses have been resolved, atomic-scale simulations involving several atoms
have also been performed using realistic empirical potentials [13—-18]. More-
over, first-principles studies treating relatively small systems based on density
functional theory (DFT) [19] have appeared [20]. First-principles studies have
also led to the development of empirical potentials. Theoretical studies, on
the other hand, have started to investigate microscopic aspects of energy
transfer and energy damping processes [21-24].

Because of the heat generated by the dissipation of mechanical energy
and material losses resulting from wear, the objects in relative motion be-
come flawed after some operational time and are eventually destroyed. Since
friction results in much resource loss, lowering the friction coefficient has been
the principal goal in various fields of science and technology. Lubricants have
been used to lower friction coefficients and to eliminate the wear in the ma-
chining and transportation industries. Over the last decade, progress made
in materials science and surface coating technologies has led to a steady drop
in the friction coefficient.

11.2 Superlow Friction

11.2.1 General Theoretical Arguments

Whether superlubricity — which is somewhat analogous to superconductiv-
ity (i.e., a state of matter leading to zero electrical resistivity) or superflu-
idity (i.e., a liquid state with zero viscosity) — can be achieved has been
questioned. The absence of energy damping in mesoscopic objects has been
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pointed out previously [25]. This question can be clarified by examining the
energy damping agents involved in friction. These are long- and short-range
interactions between two surfaces and various elementary excitations, such
as phonons, electron—hole creation, charge density waves, and photon emis-
sion. High-energy excitations such as surface plasmons do not contribute to
the energy damping process. Bond-breaking or rebonding, atom exchange be-
tween surfaces and local surface reconstruction can damp mechanical energy
and or mediate excitations. Normally acoustic phonons with small excitation
energies can easily be excited and hence contribute to the energy damping
process. Experiments performed using a noncontact AFM [26] have shown
that the vibration of the tip over the sample gives rise to energy dissipation
even if its minimum spacing from the surface is greater than the range of the
short-range forces involved [27-30]. This argument eliminates the possibility
that an absolutely zero kinetic friction coefficient (ux = 0) can ever occur.
Apparently, superfluidity with p, = 0 cannot be achieved, but a superlow
friction coefficient is a target one can reach.

The interaction energy, E;(p, z) between two flat surfaces is a function of
their spacing z and their relative lateral positions p = zt+yj. Usually, the in-
teraction energy is small and attractive (i.e., F; < 0) for large z(z < 0), but
decreases (becomes more attractive) as z decreases. After passing through
a minimum, it then starts to increase and eventually becomes repulsive (i. e.,
E; > 0). The attractive interaction energy is specified as an adhesion between
the two surfaces and involves the formation of bonds between the surfaces,
which may give rise to a high friction coefficient during the sliding motion.
Under loading forces, F; can increase and become repulsive, in which case
elastic and or at least local plastic deformations may occur. Substances (solid
lubricants, inert gas atoms, etc.) may be placed between the surfaces in order
to weaken Ej;. Under ultrahigh vacuum conditions, friction coefficients as low
as ¢t = 0.01 have been observed for MoS; and diamond-like carbon (DLC)
coatings [31-33]. Even if the lubrication of surfaces coated with such low
friction coefficient materials appears to be desirable, the low friction coeffi-
cient can increase under different ambient and operational conditions. The
coating of surfaces with special materials that result in repulsive interactions
for a wide range of the loading force Fy is desirable. The loading force will
then be balanced by the repulsive force derived from the interaction energy,
F.(p,z) = —0FEi(p,z)/0z, and the atoms on one surface will be prevented
from merging into the other surface because a large gap is maintained between
the surfaces. In this way, bond-breaking, rebonding and severe deformations
can be eliminated. The flights of trains over superconductive rails is reminis-
cent of the sliding of one coated surface over another when there is a repulsive
interaction between them.

In order to reduce the energy damping during the relative motion and
hence to lower puy, one must also take the force constants (which determine
the vibrational frequencies of the atoms) into account. It is well-known that
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the stiffer the sliding surface, the smaller the friction constant. The principal
energy-damping agents are phonons, and phonons can be excited by any
elastic deformation. Therefore, such elastic deformations are not favored. In
this respect, coating materials comprising short and stiff surface bonds are
desirable for superlow friction.

11.2.2 Recent Experimental Progress

In an effort to lower the friction coefficient, Erdemir et al. [34-36] reported
superlow friction and wear between diamond-like carbon (DLC)-coated sur-
faces using a hydrogen-rich plasma. They achieved kinetic friction coefficients
px as low as 0.001 and wear rates of 1079 to 1071 mm?®/Nm in an inert gas
environment under 10N load and sliding velocities of 0.2—-0.5m/s. It has
been shown that the magnitude and time-variation of py are close correlated
with the hydrogen content of the source gas. This work by Erdemir and his
coworkers was a breakthrough in research into superlow friction and pro-
longed durability of moving parts in various mechanical applications ranging
from the automotive industry to nanotechnology.

11.3 Theoretical Method

The structures of sliding surfaces contain several types of defects (such as
asperities of different shapes and sizes, vacancies, impurities, domains, etc.).
A realistic simulation of dry sliding friction must include all of these defects.
Hence, atomistic models of sample surfaces require a large number of atoms.
In this respect, the classical molecular dynamics (CMD) method that uses
empirical potentials to represent atomic-scale interactions is convenient for
simulating friction processes. Recently, various processes have been simulated
and new structures have been predicted by using empirical potentials devel-
oped for certain systems. Since numerical calculations using these empirical
potentials are not time-consuming, large systems comprising several thou-
sands of atoms have been treated. However, the main drawback of CMD sim-
ulations appears when a completely new system is treated, particularly when
the characteristics of the surface atoms (such as their effective charges and
bonds) deviate dramatically from those of the bulk structure. Under these
circumstances, whether the empirical potential can be parameterized using
the bulk properties becomes questionable. On the other hand, first-principles
calculations can provide reliable results for the optimized atomic structure,
mechanical, electronic and magnetic properties and phonon density of states
of a given system, if it involves a small number (200-300) of atoms. Vari-
ous mechanisms behind the energy dissipation and estimations of the friction
coefficient with upper and lower limits can be elucidated. In this respect,
first-principles calculations are superior to classical methods if the system
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can be represented by 200-300 atoms. Besides, first-principles methods are
complementary to CDM in that they reveal the correct charge and bond
structure and hence aid the development of reliable empirical potentials.

11.3.1 Details of First-Principles Calculations

In this study, the atomic processes and forces involved in sliding friction were
investigated by carrying out calculations from first principles within DFT.
These calculations were proven to yield accurate predictions for many metal
and insulator surfaces. Here we present the crucial parameters for the first-
principles calculations.

The sliding friction is treated either via a supercell method using periodic
boundary conditions or by finite-size surfaces using a local basis set. In the
supercell method, where the wavefunctions are expressed in momentum space,

U so(r) =Y an i expl—i(k+ G)r]. (11.1)
G

The magnitude of the largest wave vector sets the cutoff energy, h%|k +
G|?/2m, and hence the number of plane waves used in the expansion. The
ionic potentials are represented by ultrasoft pseudopotentials ([37]; numeri-
cal calculations were performed by using the VASP package [38]) and so the
cutoff energy is taken to be 300 eV. The exchange correlation potential is rep-
resented via the generalized gradient approximation [39]. The Brillouin zone
corresponding to the supercell is sampled within the Monkhorst-Pack special
k-point scheme [40].

The sliding surfaces are represented by two infinite slabs made from
atomic layers of the coating materials. The atoms in the slabs fall into two
different categories, which are treated differently. The first category of atoms,
those at the back surfaces of both slabs, are kept fixed in their ideal config-
urations, xj, i, 2;. The layers of fixed atoms represent the sample or coating
layers far away from the sliding surface. They are not affected from the fric-
tion process. By displacing all of the fixed atoms of one slab relative to the
fixed atoms of the other slab, one can achieve a lateral displacement of two
slabs and induce a loading force. The atoms at the surface region of the
slabs facing each other form the second category, and are relaxed, unlike the
atoms from the first category which are fixed at given zj, v;, z; positions. In
this way, the processes involved in the relative sliding of the two slabs, in-
cluding atomic displacements, elastic and plastic deformations, etc., can be
modeled from first principles. The atomic positions are optimized by a conju-
gate gradient method. The lateral components F),, Fi, and the perpendicular
component F, of the net force induced between the two slabs are calculated.
We did not include long-range van der Waals forces since they are negligible
compared to the perpendicular force F, induced under high loading force Fy.
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11.4 Atomic-Scale Study of Superlow Friction
Between Hydrogenated Diamond Surfaces

11.4.1 Atomistic Model

In this section we will present our study of superlow friction between two
hydrogenated diamond(001)-(2x1) surfaces performed using a first-principles
plane wave method [41]. Hydrogenated DLC (H:DLC) coatings have complex,
amorphous structures showing various irregularities. The sliding surfaces can-
not be commensurate and they contain irregularly distributed asperities and
perhaps voids. We believe that determining the structure of the DLC is itself
an important goal, and this issue was addressed previously [42]. However, even
if the structure of the H:DLC realized in superlow friction [34-36] as well as
the physical and chemical processes associated with friction are stochastic in
nature, the local bond orders and the C—H bond topology are expected to be
similar to various hydrogenated diamond surfaces. Therefore, the interaction
between the H:DLC surfaces and the nature of the interaction between these
surfaces can be understood by the present model. Clearly, our study does not
promise to provide a realistic simulation of the experiment yielding superlow
friction [34]. Our objective in this atomic-scale study is to better understand
the physical mechanisms involved in the superlow friction observed between
hydrogenated DLC-coated surfaces [34]. We hope that the components of the
superlow friction revealed in our study will be useful in the development of
new coating materials that are stable under the operating conditions desired.
In particular, our objective is to develop coating materials that are stable
under ambient conditions and to oxidation.

When assessing how simple we can make our model, two features are
of particular importance. These are the full relaxation of surface atoms at
any instant of the sliding process, and the accurate calculation of the vari-
ations in the lateral force components under the constant loading force Fi.
Diamond(001)-(2x1) surfaces are represented by two slabs facing each other
at a specific distance. Each slab consists of six layers of carbon atoms. Car-
bon atoms at the back surface of each slab are saturated with hydrogen
atoms. The atomic structure of each individual slab is first optimized and
then the carbon atoms at the sixth layer (at the back surface of the slab)
and saturating H atoms (i.e., those atoms from the first category) are kept
at their equilibrium positions. We believe that such a configuration mimics
the semi-infinite slab (or a thick coating).

Figure 11.1a illustrates two diamond (001)-(2x1) slabs with H-saturated,
fixed back surfaces. The other surfaces of the slabs face each other and are
free when the distance d between them is large. The structural parameters
of the bare surface, which reconstructs to form dimer bonds, are successfully
reproduced. Contour plots calculated for the self-consistent surface charge
density are presented in Fig. 11.1b. The dimer and back bonds are clearly
seen to have covalent character.
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Fig. 11.1. a Two diamond(001)-(2x1) slabs used to model the sliding of two
diamond(001) surfaces over each other. Carbon atoms at the back surfaces of the
slabs are saturated with H atoms. The positions of these carbon atoms and those
of the saturating H atoms are fixed at the configuration corresponding to that
obtained from the optimization of individual (free) slabs. The distance between the
back surfaces of the slabs is D, and that between the two sliding surfaces facing
each other is d. The crystal directions are identified by Cartesian axes shown in the
inset. C and H atoms are shown by filled and empty spheres, respectively. b Charge
density contour plots for the bare diamond(001)-(2x1) slab for a vertical plane
passing through the dimer bond. (Reproduced from [41])

We first calculated the normal force F, which originates from the short-
range interaction between the surfaces of the slabs. To this end, we kept the
distance D between the back surfaces of the slabs at each preset value and
calculated the total energy of whole system, Ev(D,p), and the total force
on one of the slabs. Here the total energy and total force are obtained after
optimizing the positions of atoms in the second category. We note that, since
the two slabs are pressed against each other by fixing D, the calculated forces
on the atoms at the back surface balance the external (loading) forces which
maintain D at a preset value. Therefore, the total calculated vertical force
on one of the slabs is equal to the vertical interaction force F,. By definition,
the loading force Fy = —F,. The variation of F, is plotted in Fig. 11.2
with respect to the separation between slab surfaces before relaxation, d,,
as well as the actual separation, d, after the relaxation. The interaction is
weak and repulsive for d > 2.75 A, but F, becomes attractive as D decreases
and then jumps to contact, attaining a value of approximately —6 eV/A.
Strong bonds form between the sliding surfaces of two diamond(001)-(2x1)
slabs near equilibrium separation corresponding to F. ~ 0. Once a normal
force is applied in order to press the slabs against each other, atoms from
different surfaces become close to each other at d ~ 1.5 A and subsequently
F. becomes repulsive. Under these circumstances, since the sliding motion
can involve local deformations, bond-breaking and rebonding, the dynamical
friction coefficient py as well as the wear rate are expected to be high. In
fact, the dynamical friction coefficient has been measured to be equal to 0.65
for sliding DLC-coated surfaces which are free of hydrogen.
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Fig. 11.2. Calculated normal force
F. generated when two diamond(001)
slabs are pressed towards each other
by decreasing D and hence d. d, and
d correspond to the distance between
two sliding diamond(001)-(2x1) sur-
faces before and after relaxation, respec-
tively.(Reproduced from [41])

o
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11.4.2 Force Variations in the Sliding Friction
of Two Hydrogenated Diamond Surfaces

First, we will examine the variation in the normal force when the sliding
diamond surfaces are hydrogenated. Dangling bonds of carbon atoms on
the two slab surfaces facing each other are saturated with H atoms to form
a monohydride phase, i.e., H:diamond(001)-(2 x 1). Upon the saturation of
the surface dangling bonds, the dangling bond surface states disappear and
a wide energy gap opens between the valence and conduction bands of the
slab. The surface charge density differs dramatically from that of the clean
diamond(001)-(2 x 1). In Fig. 11.3 we show the atomic configurations of the
H:diamond(001)-(2x1) surfaces and a contour plot of the surface charge den-
sity.

H: diamond(001)-(2x1)

Fig. 11.3. a Atomic configurations of two diamond(001)-(2x1) slabs where the
dangling bonds on the surfaces facing each other are saturated with hydrogen atoms
to form a monohydride phase H:diamond(001)-(2x 1). d is the spacing between these
surfaces, F, the normal force, Fx the loading force. b Contour plot of total charge
density of H:diamond(001)-(2x1) surface for a vertical plane containing the surface
dimer bond. (Reproduced from [41])
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Fig. 11.4. Left: Directions of the loading force Fi, F, lateral force components
Fy,y, and lateral displacements, Az and Ay. The lateral force component, which
acts in the opposite direction to the displacement, is indicated by the superscript
“<” symbol. Right: Variation in the calculated normal force F, between the two
surfaces of H:diamond(001)-(2x1) as a function of their actual, relaxed separation d.
F. is generated when two diamond(001) slabs are pressed towards each other by
decreasing D. The inset shows the variation in the same force between hydrogenated
Si(001)-(2x1) surfaces. (Reproduced from [41])

Moreover, Mulliken analysis indicates that 0.25 electrons are transferred
from the H atom to the C atom that is bound to it. This situation corre-
lates with the fact that the C atom is more electronegative than the H atom.
As a result, the H atom is positively charged. The depletion of electrons on
H atoms induces a repulsive interaction and hence a repulsive F., even for
d < 2.5 A, between the H:diamond(001)-(2x 1) surfaces. This is the most es-
sential feature for obtaining superlow friction coefficients from H:DLC-coated
sliding surfaces. The variation of I, with spacing d is shown in Fig. 11.4. This
repulsive force F, keeps the sliding surfaces wide apart at a distance d and
balances the loading force Fy. As a result, the sliding surfaces are prevented
from approaching each other too closely. In this way, C—H bond deformation
is suppressed to a large extent. It is interesting to note that, like carbon,
silicon is also a Group IV element and has a diamond structure. A strong
attractive interaction is generated between clean Si(001) slabs. However, sim-
ilar to diamond(001) slabs, the attractive interaction turns repulsive upon the
hydrogenation of the Si(001) surfaces, which generates a strong repulsive nor-
mal force. It appears that H:Si(001)-(2x1) displays features similar to those
of H:diamond(001)-(2x1). We next examine whether this feature, namely
the repulsive normal force between surfaces, can lead to a superlow friction
coefficient.

11.4.3 Sliding Friction of Hydrogenated Diamond(001) Slabs

Having examined the perpendicular variation of F,, we now address the fol-
lowing questions. (i) Does the repulsive interaction continue to keep the sur-
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faces wide apart if one of the diamond slabs is laterally displaced relative
to the other one? (ii) What is the range of Fx where the repulsive inter-
action between the surfaces persists without any serious deformation? (iii)
Can one obtain an upper limit for the friction coefficient? To answer all of
these questions, we carried out a series of first-principles calculations for the
interaction energy Fj;, normal force F,, and lateral force F1, corresponding
to different loading forces (and hence D) and displacements (Az, Ay) of the
upper slab. In these calculations, all of the atoms were relaxed except for the
C and H atoms at the back surfaces of both slabs. The latter atoms are kept
fixed in their ideal configurations after their planes are displaced to different
perpendicular and lateral positions by varying D and (Az, Ay) in sequential
increments. We note that keeping the two back ends of slabs at a specific dis-
tance D but relaxing the other atoms induces a loading force Fx (D), which
in turn is balanced by F.. F, itself is obtained from the sum of the perpen-
dicular components of the forces calculated for the fixed atoms on one of the
slabs, namely F, = ). F. ;, where 7 is the index of a fixed atom from one
slab. Performing the same sum on the other slab yields F, with the same
magnitude but in the opposite direction. Similarly, the lateral forces along
the z-axis (or the y-axis) are obtained from the sum F, () = >, Fj 5(,). Per-
forming ab initio calculations of E;, F., F, , as a function of d (or D) at
different relative lateral positions yields a database of Az and Ay values. In
these calculations, the values of D were varied in small steps to yield normal
forces over an appropriate range of interest.

Figure 11.5 presents the calculated variations in E; and F, as a function
of d for different lateral displacements, Ax and Ay, of the top slab. Here
we note that the interaction energy E; = Bt — Et1 d—oo, Where Ep g—o i
the total energy corresponding to very large d (or twice the total energy of
one slab in the absence of the other one). We note that the variations in
E; and F, are not smooth functions due to the discrete changes in D and
to the relaxation of the C—H bonds. Note that since F, is always repulsive
and strong, even at significantly large spacings, so the sliding surfaces are
kept apart, even for large loading forces. As a result, the C—H bonds from
different surfaces neither merge nor interfere with each other. During the
course of sliding, the C—H bonds experience neither significant deformation
(i. e., bending, stretching or shrinking) nor wear through bonding-rebonding.

If the sliding motion were adiabatic, no energy would be damped during
the sliding motion of two commensurate surfaces such as those we treat here.
However, this is not the case; various rapid processes generate excitations
and give rise to energy damping. However, we will delay a discussion of the
microscopic theory of energy damping and dissipation to the next section and
instead we now present a global approach to estimating an upper limit for
i using the variation in the lateral force obtained from the present calcula-
tions. To this end, we consider displacements along the z— and y—axes and we
derive the variation in lateral force under the given constant loading force us-
ing our database, namely Fi,—,(Az, Ay = 0, Fx) and Fi,—,(Az = 0, Ay, Fx).
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Fig. 11.5. a and b Variation in the calculated interaction energy E; as a function
of the perpendicular distance d calculated at different lateral displacements Az and
Ay. ¢ and d The same variation but for the normal force F,. Energy and force units
correspond to per (2x1) unit cell. (Reproduced from [41])

Keeping the loading force Fy constant is the most difficult part of our study
and requires a large number of numerical calculations corresponding to dif-
ferent Az, Ay and D values. We considered that the loading force Fy =1
and 1.2 eV/A per cell, which are actually values that are higher than the
loading forces used in the experiment [34] and in practical applications. In
this respect, our estimation of uy is a stringent test. The variations in F,
and F), are illustrated in Fig. 11.6. For the reasons pointed out earlier, the
variation in lateral force is not smooth. Since the lateral force is calculated
using coarse displacement steps of D, the elastic deformations of the slabs
and the C-H bonds induced by sliding are released suddenly. This gives rise
to the stick-slip process described by Tomlinson’s model [8]. Of course, there
are error bars involved in the calculation of forces. In particular, achieving
the constraint of a constant loading force via the limited number of data
points in the database generated through ab initio calculations can lead to
hysteric variations in the lateral force. Now, as an ad hoc approach to es-
timating py in an energy-damping medium, we assume that the work done
by the lateral force F1, (i.e., when it is parallel to the direction of motion as
denoted by Fy) is totally lost. Then the average friction force is calculated
by F¢ = [ Fdx/R, where R is the period of the motion.

Using the data in Fig. 11.6, we can extract the average friction force,
Fr ~ 0.05¢V/A for Fy = 1eV/A and Fy ~ 0.07¢V/A for Fy = 1.2¢V/A.
Then the kinetic friction coefficient is calculated from puy = Fy /Fx to be ap-
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Fig. 11.6. a Variation in the lateral force, Fi—, [in eV /A per (2x1)cell] as a func-
tion of the displacement Ax of the top slab relative to the bottom one. b Same as
a but for the displacement Ay. During the course of sliding, the loading force Fi
is taken to be approximately constant. (Reproduced from [41])

proximately 0.05 in both cases. A more realistic estimation could be obtained
from F¢ = [(FS+ F;)dx/R if the lateral force variation was calculated pre-
cisely. Although the force variations shown in Fig. 11.6 are too crude to obtain
precise values, ux has been calculated for the sake of comparison to be ~ 0.01.

It should be noted that during the sliding of commensurate surfaces the
lateral forces acting on each atom or cell are added constructively to yield
a high total lateral force. These lateral forces are, however, conservative, and
do not give rise to energy damping if the sliding motion is adiabatic. In the
case of incommensurate surfaces, the total lateral force is lower due to the
cancellations. H:DLC-coated surfaces can be viewed to be incommensurate
except that the disorder gives rise to higher energy damping. Consequently,
the above estimation of puy, obtained from hydrogenated diamond surfaces
with the assumption that all mechanical energy stored into elastic energy is
damped, is an upper limit for H:DLC-coated surfaces; however, it is still too
low.

11.4.4 Microscopic Theory of Energy Damping

The mechanisms of energy damping and energy transfer from sliding objects
or lubricants have been studied theoretically and experimentally [14,20-22,
43-45]. In the sliding friction of commensurate surfaces, the elastic energy
(which is related to the interaction energy E;) Vi exhibits a periodical vari-
ation with the displacement; the period is determined by the lateral lattice
parameters of the sliding surfaces. In the present case, V1 attains its max-
imum value when the dimer bonds of the two surfaces face each other, but
it becomes minimum when the upper slab is displaced by half of the unit
cell. During sliding, Vr varies between maximum and minimum values. If



11 First-Principles Atomic-Scale Study of Superlow Friction 213

the variation is adiabatic there will be no energy damping; mechanical en-
ergy is stored into elastic energy mainly through the deformation of C-H
bonds, and the first half of the period will be released as kinetic energy dur-
ing the second half of the period. As for the lateral force with components
F,, = —0Vp(r)/0z,y it will have also the same period as V. Moreover, it
is conservative for fully adiabatic sliding motion. First, it is parallel to the
direction of sliding, then it becomes antiparallel so that [ Fy,dn = 0 for full-
period displacement along the direction of the vector n = xi + yj. However,
the sliding motion is not adiabatic but instead involves sudden changes which
can create various types of excitations, in particular nonequilibrium phonons,
at the expense of the mechanical energy of the sliding objects.

In the sliding friction of hydrogen-saturated diamond(001)-(2x) surfaces
and also H:DLC, the characteristics of the C—H bonds are crucial to the
damping of mechanical energy. The C—H bonds are associated with a salient
surface phonon [46] stretch mode of 7f2, ~ 360meV and a bending mode of
150 meV. The C-H bonds are short and stiff and cannot be easily excited to
large amplitude vibrations in order to dissipate mechanical energy.

Excitation of phonons over the thermal equilibrium distribution with am-
bient temperature 7T, is the prime mechanism in energy damping. It involves
two stages. (i) Excitation of nonequilibrium phonon distribution. (ii) Dissipa-
tion of excess phonons from the sample. Both processes are sample specific;
in other words they depend on the sample materials, the atomic structures
of the sliding surfaces and operational conditions. In particular, one needs
to know the phonon frequency spectrum (or the density of states D(£2)). In
principle, the density of phonon frequencies can be calculated if the atomic
structures and force constants of the sliding objects are known. If the sliding
takes places over a number of asperities, the situation becomes even more
complex. In what follows we present a concise theory of a phononic energy
damping process through a single asperity.

Let us consider a mode frequency (2, and denote the occupation numbers
of the corresponding phonon for the ambient temperature 7, and for high
temperature 7" as ng and ng, respectively. Here, n, denotes Planck’s distri-
bution for a given {2, and T'. We take T > T,,. Therefore, the excess phonons
for this particular mode are expressed as

Ang = n(24,T) — n°(£24,T,) . (11.2)

Here q is the mode index, including the polarization. The equilibrium state of
the sample (or asperity) can be expressed by the occupation number repre-
sentation as ¥(n?,ns,...ng,...ngy), with 3N being the degrees of freedom
in the motion of N atoms of the system. Subsequent to a deformation, the
occupation number state becomes ¥(n1,no, ...ny,...n3n). Here, the crucial
problem is to relate the excess phonon density, Ang, to the deformation. In
principle, a given deformation state in terms of the displacements of indi-
vidual atoms, 1,4, u;y and u; ., can be expressed in normal coordinates by
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using the appropriate transformation. In other words, this problem reduces
to finding the vibrational states of a system (consisting of N atoms connected
by springs) when its preset deformation is suddenly released. In order to pro-
vide a fundamental understanding of the phononic dissipation, one can follow
a simpler approach and relate the deformation v, to the number of excited
phonons by using a semiclassical equation,

V=Y MQuZ/2. (11.3)
q

Here, 6V, is the mechanical energy used to excite An, excess phonons with
frequency {2,, namely 0V, = hf2,An,. We note that the amount of energy
damped by phonons upon the release of one of the deformed states is the
sum of the phonon excitation energies over the mode index ¢, Vp = > q ovy.
Knowing ng = Ang + ng, and using Planck’s distribution, one can estimate
the local temperature T corresponding to the excited phonons.

Having calculated the excited phonons subsequent to the release of one
deformed state, we now discuss the dissipation of excess phonons. The process
is closely related to the transfer of energy through molecules and has been
treated in several theoretical and experimental studies. The decay of ng to

ng is usually expressed by a rate equation,

ng(t) = n& + ng(t = 0) exp[—~R(2,)] . (11.4)

Here R(f2,) is sample-specific and obtained from scaling arguments. Model
calculations on a Cu asperity consisting of 14 atoms by Buldum et al. [22]
showed that low-energy modes experience the highest excitation probabili-
ties but the lowest decay rates. Therefore, low-energy modes determine the
phononic energy damping. Moreover, calculations based on nonequilibrium
statistical mechanics and Keldysh Green’s function formalism [24] show that
the excess phonon distribution dissipates within a picosecond if the couplings
to the substrate are strong.

11.4.5 Effect of Oxidation

The most serious issue is that the superlow friction coefficient obtained from
H:DLC-coated surfaces cannot be sustained under ambient conditions [34,35].
The oxygen atom could potentially destroy the superlow friction when the
H:DLC coating is exposed to the air. In what follows, we clarify the effect
of oxygen on the hydrogenated DLC coating leading to superlow friction.
To test the effect of oxygen, we placed O atoms at different sites on the
H:diamond(001)-(2x 1) surface. Upon relaxation, the system attains the min-
imum energy configuration, whereby O atoms break surface bonds to form
new C-O-C or C-O-H and C-O bonds, and hence they become attached to
the surface. Fortunately, they attack the C—H bonds to form C-O-H radi-
cals. Charge transferred to O from H and C makes the O atom negatively
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Fig. 11.7. Calculated atomic
configurations showing the ef-
fect of an oxygen atom on
the H:diamond(001)-(2x1) sur-
face. a-d The oxygen atom is
placed at different sites in the sur-
face unit cell before the relax-
ation of the surface. a’>~d’ Atomic
structure and bonding after re-
laxation of the system. The ad-
sorbed oxygen atom is negatively
charged. (Reproduced from [41])

charged, as shown in Fig. 11.7. In this way, the interaction between two atoms
on different surfaces can be attractive when they carry charges of different
polarities. As a result, the steady and strong repulsive interaction between
the H:diamond(001)-(2x1) surfaces gradually becomes weaker or turns at-
tractive. Eventually, the superlow friction ends.

11.5 Conclusions

This work reports on an extensive study of the interaction between two
bare and hydrogenated diamond(001)-(2x1) surfaces. The interaction be-
tween bare surfaces is strongly attractive up to a small distance between
surfaces d ~ 1.5 A, at which point it becomes repulsive. Hydrogen atoms do-
nate charge to the carbon atom and become positively charged. This appears
to be the most important ingredient of the superlow friction. The repulsive
interaction persists at any relative position of the sliding surfaces, and is
strong even at large distances from each other, preventing C—H bonds from
merging. Strong and stiff C—H bonds and the stiff diamond crystal prevent
large amounts of energy from being dissipated. It was found that oxygena-
tion of surfaces under atmospheric conditions destroys the steady repulsive
interaction.
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12 NanoMechanics: Elasticity in Nano-Objects
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12.1 Introduction

Nanotubes [1], oxide nanobelts and rods [2], and semiconductor nanowires [3]
are structures with dimensions of the order of a nanometer. These have ex-
citing technological potential in applications that include integrated nano-
electronic and photonic circuits, nano-sensors, interconnects and electro-
mechanical nanodevices. All of these applications require knowledge of, and
the ability to control the mechanical behavior of the relevant nano-materials.
For example, the assembly of nanowires and nanotubes between electrodes
requires a balance of rigidity and strength. In addition, the electronic prop-
erties of nanotubes and nanowires are strongly affected by mechanical defor-
mation [4,5].

The study of the elastic properties of nano-objects (N-O) is very chal-
lenging both from an experimental and theoretical point of view. From the
experimental side, investigating the mechanical properties of nano-objects is
critical because of the lack of reliable methods to quantitatively measure the
elasticity and sometimes the friction at the nanoscale. The problems are re-
lated to spatial and force resolution, instrument calibration as well as not well
defined surface shape and chemistry (and at this scale each atom makes a dif-
ference). From the theoretical side, developing a theory of elasticity at the
nanoscale is an intriguing theoretical challenge, which lies at the cross-over
between the atomic level and the continuum.

Nowadays, new powerful methods have been developed to study the elas-
tic properties of nano-objects, such as atomic force microscopy methods and
optical tweezers. The development of these experimental methods has opened
a new world of possibilities by allowing us to measure elastic properties at
the nanoscale. In particular, biology has seen its horizons broaden with ap-
plications ranging from studying the DNA to understanding diseases such as
cancer and heart disease.

This chapter is organized in three sections. In the first section we describe
the theoretical background necessary to study the elastic properties of nano-
objects and to interpret the experimental results. In the second section, we
report the state of the art experimental methods to investigate the elastic
properties at the nanoscale. Finally in the last section we discuss the most
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recent findings related to the elastic properties of inorganic nano-objects and
biological samples.

12.2 Theories of Contact

We are going to present a brief summary of some analytical approaches de-
scribing the contact between two bodies. There are two extreme cases, the
ideally elastic and the ideally plastic, and most surfaces are a combination
of both. An ideally elastic surface regains its original shape after being sub-
jected to a deformation, while an ideally plastic surface cannot recover from
the deformation.

From now on, we will neglect the plastic behavior of the two bodies and
assume that one or both bodies in contact are elastic. In order to relate
the indenter and sample deformations to the applied force we have to learn
about several analytical approaches to contact theory. We will present a brief
compilation of classical continuum mechanics taken in part from a review
article [6].

12.2.1 Hertz and Sneddon

Hertz theory dates back to 1882 [7]. This approach assumes that surfaces
forces and adhesion can be neglected. When one body is exerting pressure on
another one, as in an atomic force microscope (AFM), there are various com-
binations of behaviors depending on the relative stiffness of the two bodies.
We can look at some common cases:

Tip as an Elastic Sphere Versus a Rigid Flat Surface

This theory is commonly used for indentations of a few angstroms or nanome-
ters. In this case the sphere suffers a deformation § as it is pressed against
the surface with a force F' and pressure P(y*). The contact area is a circle
of radius a, and the distance between this circle and the center of the sphere
is y. Expressions relating the contact radius and the applied load are the

following:
P\ 13
a= (3R ) , (12.1)

4B

F = %E*Rﬁ/z)(s% (12.2)
%2

P(y*) = sEVI =y~ (12.3)

2ma?

where y* = y/a, and the reduced Young modulus E* is given by

1 1—v2  1-12
= : 12.4
E* ( E | E ) (124)
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FE and F; are the Young modulus, and v and v; are the Poisson ratios for sur-
face and indenter respectively. From Eq. (12.1), we can see that the relation
between I’ and § is a simple analytical formula.

If we want to assume the indenter to be a rigid body and the surface to
be a soft elastic medium, we should employ the Sneddon analysis which gives
the next case.

Tip as a Rigid Sphere Versus a Soft Elastic Surface

The force and the elastic surface deformation are given by a transcendental
equation that can be computed numerically

F= b; {(a2 + R (?La) - 2aR] , (12.5)

1 R+a
§= §aln(Ra) . (12.6)

Tip with an Axis-Symmetric Shape Versus a Soft Elastic Surface

For a more general geometry, with symmetry along an axis perpendicular to
the surface,

3w [ 2 (@)
1 /
5= I'@ 4, (12.8)

0o V1—2a2

where f(x) describes the indenter’s profile. This is very useful if the true
geometry of the tip is known.

Tip as a Rigid Cone Versus a Soft Elastic Surface

For deep indentations, where the tip can no longer be modelled as a sphere,
pyramidal tips have been modelled as cones [8,9]. This approach is appropri-
ate when studying biological samples much softer than the cantilever tip and
when the indentation on the surface is more than 10 nm [10]. The relations
between the indentation J, the loading force F', the diameter of the contact
area d are

o B
F=9 ) tan(a) , (12.9)
B 2r (1 —1v?)
d=2F @ B (12.10)
5= +¢E, (12.11)
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where E is the sample Young modulus, v is the sample Poisson ratio and « is
the opening of the cone. In reality, the tip is somewhat blunted, so a blunted
cone model has been developed for a wide range of indentations [11,12]. Since
the actual geometry of pyramidal tips is not a blunted cone but a blunted
pyramidal, Rico et al. [13] developed a contact model for a blunted pyrami-
dal tip. The blunted pyramidal model agrees with the spherical model with
a radius equal to the spherical cap, for indentations where the sample only
contacts the spherical cap, and at deeper indentations the blunted pyramidal
model approaches the ideal pyramidal model. Rico and coworkers found that
for soft agarose gels probed with an AFM tip the Young modulus varied with
indentation until it reached a constant value at depths larger than ~ 300 nm.
At deep indentations, the Young modulus and the shear modulus measured
with the sphere was two times smaller than with the pyramid.

When surface forces, such as friction and adhesion, are negligible Hertz
and Sneddon, mentioned previously, can be used. The (DMT) Derjaguin—
Miiller-Toporov theory expands Hertz by including only long range (van der
Waals) forces between the bodies in the contact region [14]. DMT is applica-
ble to AFM experiments where the cantilever tip is small and the adhesion
between the surfaces is small. JKR theory, named after Johnson, Kendall and
Roberts, takes into account only short range forces inside the contact region
and neglects long range forces outside of it [15]. For AFM experiments, this
theory can be employed for highly adhesive systems when the tip has a low
stiffness and large radius. A very complete contact mechanics theory was
developed by Maugis and Pollock and it deals with a wide range of behav-
iors [16]. By varying a single parameter this theory can go continuously from
DMT to JKR and can be applied to compliant, large and adhesive bodies as
well as small rigid materials with low adhesion. There is an enormous bibli-
ography on analytical and numerical studies about contact between different
geometries ([17,18]).

All these theories assume no plastic deformation and no viscoelastic phe-
nomena. To treat this range of behaviors there are finite element studies for
bodies of different geometries in contact ([18-20]). All surfaces are assumed
to be ideally flat as well as frictionless. In reality, surfaces are rough at the
nanoscale and friction is inherent to all surface contacts. There is a lingering
question as to whether Hertz theory and its derivatives should be used at the
nanoscale. At what point does the discreteness of matter start to play an im-
portant role such that continuum mechanics can no longer be used? At some
length scale, the real surface topography cannot and should not be assumed
as ideally smooth. The existence of roughness complicates tremendously the
calculations of the real area of contact because the contact occurs at several
points where the asperities of the surfaces meet. How to incorporate friction
to contact mechanics has been studied for a long time. One of the first multi-
asperity models was done by Kragelsky [21]. He modelled a rough surface
as an assembly of rods of different lengths fixed on one extreme to a rigid
base. Later, Greenwood and Williamson, assumed the surface to be covered
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by hemispherical asperities all with the same radius [22]. Whitehouse and
Archard extended that model by allowing random radii of curvature. Oth-
ers improved on this model, incorporating the notion of volume conserva-
tion when asperities are deformed upon contact. Nayak introduced random
process theory to the study of rough surfaces by characterizing them with
parameters such as the distribution of asperities heights, the density of as-
perities, the mean surface gradient and the mean curvature of asperities [23].
Ogilvy predicted the friction force between rough surfaces numerically avoid-
ing the need to define the exact geometry of the asperities by generating
a surface with a Gaussian distribution [24]. There is an extensive research on
stochastic methods to treat contact among rough surfaces ([25,26]). A review
on the historical and modern understanding of friction was written by Gao
et al. [27].

This approach has limited applicability to real life because it simplifies the
geometry of the asperities, assumes a Gaussian distribution for the height of
the asperities and neglects the interactions between adjacent asperities. Since
it assumes all asperities to be of the same length scale it oversimplifies the
problem of real surface roughness. The statistical parameters have the added
problem of depending strongly on resolution and sampling length of the in-
strument used to measure the roughness so they do not uniquely characterize
a surface. If plasticity is considered, several asperities can deform and give
rise to larger contact spots and smaller asperities can also come into contact.

Some microscopic measurements of roughness have shown fractal struc-
ture in different surfaces from the nanometer to the millimeter scale. Ma-
jumdar and Bhushan developed a model of contact between isotropic rough
surfaces based on the scale-independent fractal roughness parameters [28].
Using a power-law relation for the size-distribution of the contact spots, they
related the real contact area of an elastic deformation to the load for a frac-
tal dimension between one and two. Their study predicted that contact spots
under certain size were in plastic contact and these plastically behaved spots
would merge into elastic spots under larger loads. Zahouani extended the 2D
methods to 3D rough surfaces [29]. Yan and Komvopoulos introduced a two-
variable fractal surface description in a 3D elastic-plastic contact mechanics
analysis [30]. Instead of using the power law relation to predict the number of
contacts, Chung and Lin developed expressions for size distribution functions
for the elastic, elastoplastic, and fully plastic deformations [31].

Another approach to include fractals into contact mechanics is that of
Persson. He developed a theory of contact mechanics between randomly rough
surfaces valid also for self-affine fractal surfaces [32]. A self affine fractal
surface has the property that its morphology does not change under different
scale changes along different directions. He assumed the bodies to deform
elastically under a certain yield stress, and plastically above it. When an
elastic medium is pressing on a substrate with roughness at different length
scales, it will tend to fill out the small cavities at the top of the large asperities,
but will not do the same at the bottom of a large cavity where the load
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is smaller. This will happen successively as the magnification increases. He
showed that the area of real contact is proportional to the load.

This theory does not include adhesion, but it is quite important in elas-
tically soft objects where it may pull the two surfaces in contact over a large
region of the nominal contact area. There seems to be a very interesting
relationship between adhesion and roughness, as Tabor and Fuller found in
1975 [33]. For a simple model with roughness at one length scale, they found
that a small roughness can completely remove adhesion. Persson and Tosatti
studied the adhesion among surfaces with roughness on many length scales
and fractal self-affinity [34]. They found that for surfaces with fractal dimen-
sion greater than 2.5, the adhesion force may vanish or be largely reduced.
They studied the pull-off force when partial and complete contact occurred
in the nominal surface area. For a more in depth treatment refer to chapter
“A multiscale approach to adhesion and friction: from continuum mechanics
to molecular dynamics”.

Buzio et al. [35] have approached this topic from the experimental side
by studying the roughness of self-affine fractal surfaces with the AFM. They
found that by varying the applied load the average frictional force followed
a power law behavior in the single asperity regime and a linear behavior in
the multi-asperity regime. Another interesting feature they found was that
the average indentation depth depended strongly on the fractal parameters
of the surface. A detailed overview can be read in chapter “The role of nanor-
oughness in contact mechanics and friction”.

Even considering the roughness at all length scales, surfaces are still being
treated as continuous down to atomic dimensions. There are some molecu-
lar dynamics simulations studying when continuum mechanics break down.
Recently, Luan and Robbins [36] did molecular dynamics simulations to test
whether Hertzian theory is still valid at the nanoscale. They found that the
atomic discreteness at the bulk does not seem to affect as much as the atomic
discreteness at the surface, which gives rise to the roughness. They conclude
that continuum mechanics may underestimate the area of AFM contacts by
up to 100% at small loads, though the error decreases with increasing load;
and radius and the yield stresses may also be underestimated by a factor
of 2 or more. On the other hand, the friction and contact stiffness may be
overestimated.

Miesbauer et al. [37] did molecular dynamics simulations of the contact
between two NaCl nanocrystals. They studied the adhesion and deformations
between two cuboids, and the forces and deformations between a hemisphere
and a cuboid. After comparing with the Hertzian theory, they concluded that
this theory could be employed to describe systems with sizes down to 5nm.

For more details refer to chapters “A multiscale approach to adhesion and
friction: from continuum mechanics to molecular dynamics” and “The Role
of nanoroughness in contact Mechanics”.
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12.3 Experimental Methods

So far, measurements of local elastic properties have been addressed by
both static and dynamic methods. The static methods include force-distance
curves provided by an atomic force microscope, nanoindentation tests, opti-
cal and magnetic tweezers (and wrench), as well as various local realizations
of the classic triple point contact tests. The dynamic techniques utilize AFM
tips vibrating either at low (a few kHz) or ultrasonic frequencies. Elastic
properties of some nanoscopic objects (i.e. nanotubes, nanorods) were also
reported based on in situ observations of their vibrational frequencies. De-
pending on the shape of the investigated objects and type of elastic property
studied (tensile, shear or radial) these techniques are reported to work ei-
ther in compression, bending or tension. Depending on the compliance of
the investigated samples a wide choice AFM cantilevers is used, along with
nano-indentation systems and recently optical and magnetic tweezers (and
wrench). Below we describe these techniques in some detail.

12.3.1 Static Experimental Methods
Force-Distance Curves Provided by an AFM

As already described, a sum of interaction forces F' between atomic-size con-
tacts in an elastic limit is approximated by the continuum contact mechan-
ics, which assumes frictionless contact, and works best in the case of small
roughness. The outcome is a power law relating F' with indentations 0. In
proximity of a given indentation point the forces do not change too much,
and in an analogy to the Hook’s law of elastic deformation, it has become
very convenient to introduce the normal contact stiffness k, defined as:

_OF

k:n—%.

(12.12)
In the case of the Hertz contact mechanics [38] the value of k, is a measure
of local elasticity because:

ky = 2aE* = (6FRE**)Y/3 (12.13)

Here, a is the contact radius, E* is the reduced Young modulus of the tip and
the sample, F' is the load force (equalling as well the sum of all the interaction
forces) and R is the reduced tip-sample curvature radius (see Sect. 12.2.1).
The force-distance curves are routinely measured by an AFM (see Fig. 12.1),
and an extensive review was provided by Cappella and Dietler [6]. The major
trouble with these curves is, however, in their calibration. The forces must by
calibrated from volts into newtons via a two step procedure. First, the raw
force in volts is multiplied by a vertical sensitivity factor (nm/V) representing
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Fig. 12.1. Typical force-distance curve
between an AFM tip and a sample sur-
face
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the amount of cantilever bending (in nanometers) per volt of a raw force
signal. Next, the force is multiplied by a cantilever spring constant. The
values of d are obtained by subtracting the cantilever position change from
the initially measured scanner displacement. The errors in calibrations come
from many sources: detection of the cantilever’s position and exerted upon it
forces, coupling between torsion and vertical cantilever’s bending, hysteresis
and resonances of a piezoscanner, interference between light beams reflected
from the lever and the surface, etc. Furthermore, Heim et al. [39] as well
as Hutter [40] reported recently on some systematic errors in force-distance
curves due to usual cantilever tilt with respect to the surface.

Many instrumental developments have been pursuit in order to improve
the force-distance sensitivity, which include: (A) use of segmented scanners
with lower hysteresis (i. e. Molecular Imaging), (B) separation and minimiza-
tion of X, Y, Z scanners to obtain better S/N ratio (i.e. Asylum Research,
PSIA), (C) use of low-coherence lasers to minimize any interference patterns
on the force-distance curves (many commercial systems). Still however, the
comparative force-distance measurements with the same AFM configuration
are the most meaningful and trusted.

Despite the calibration issues, state-of-the art force-distance curves were
obtained with proper scanner’s creep calibration, as i.e. reported by Li
et al. [41] in unambiguous detection of confined water layers on glass, mica
and HOPG. From the onset on a plastic deformation on the force-distance
curves between diamond tips and a Si surface, the local hardness was ob-
tained by Manyes et al. [42] with indentations smaller than one nm. By
pushing the electronics to the limits and building scanners with much higher
than usual resonance frequencies, Rost et al. [43] shown that force-distance
imaging can be obtained with video rates. In order to minimize the errors in
force-distance curves due to poorly defined contact there are also attempts to
use carbon nanotubes, micrometer-size spheres, and focused electron beam
(FEB) or focused ion beam (FIB) in order to create custom cantilever’s ge-
ometries [44,45].
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AFM-Based Methods for Measuring the Axial Elasticity
of Wire-Like Nano-Objects

There are several techniques that have been developed for measuring the
axial elasticity of single wire-like nano-objects. The technique demonstrated
by Lieber et al. [46] was based on quantifying the deflection of a carbon NT
that was affixed at one end and the other end was free to be deflected by an
AFM tip. The NT was laid in parallel to a solid substrate, and the elastic
modulus of a carbon NT was calculated from the force-deflection curve.

The technique by Wang et al. [47], relied on the electromechanically reso-
nance of a NT/NW by in situ transmission electron microscopy (TEM). The
resonance was stimulated by applying an AC voltage across two electrodes,
one of which was a carbon NT that was glued to a metal tip affixed on
a specimen holder. The resonance frequency together with the geometrical
parameters of the NT provided by TEM yielded the elastic modulus.

The technique of Yu et al. used two AFM tips to stretch a carbon NT
that was glued at both ends to the two tips, respectively; the stretching
force-displacement curve gave the tensile strength and elastic modulus.

Another interesting method was developed by Salvetat et al. in Ref. [48].
The N-Os was deposited on a porous substrate. On such a substrate, the N-Os
occasionally lie over the pores. Attractive interactions between the tubes and
the substrate clamped the tubes to the substrate. An AFM tip was then used
to apply a force and to measure the resulting deflection of the tube/belt.

For all of these techniques, the NT/NWs have to be removed from the
substrate used in the growth and are manipulated for the measurements.

Another method to study the axial elasticity of NT/NW vertically aligned
on a substrate without destroying and/or removing the NT/NW has been
recently demonstrated [49]. The elasticity of vertically aligned ZnO nanowires
has been measured by simultaneously acquiring the topography and lateral
force image of the aligned nanowires in AFM contact-mode. The measurement
is based on quantifying the lateral force required to induce the maximal
deflection of the nanowire where the AFM tip was scanning over the surface
in contact mode (see Fig. 12.2). For the [0001] ZnO nanowires grown on
a sapphire surface with an average diameter of 45 nm, the elastic modulus is
measured to be 29 £ 8 GPa. This technique can be applied to any as-grown
one-dimensional nanomaterials that are aligned on a solid substrate.

Nanoindentation

Indentation tests are perhaps the most commonly applied means of testing
the mechanical properties of materials. In such a test, a hard tip, typically
a diamond, is pressed into the sample with a known load. After some time,
the load is removed. The area of the residual indentation in the sample is
measured and the hardness, H, is defined as the maximum load, Fi,ax, divided
by the residual indentation area, A;, or H = Fiax/As.
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Fig. 12.2. By measuring simultaneously the topography and the lateral force when
an AFM tip scans over a forest of vertically aligned nanorods, it is possible to derive
the axial modulus of each individual nanorod

The idea of nanoindentation arose from the realization that an indenta-
tion test is an excellent way to measure very small volumes of materials. In
principle, if a very sharp tip is used, the contact area between the sample
and the tip, and thus the volume of material that is tested, can be made
arbitrarily small. The only problem is determining the indentation area. It is
easy to make an indentation that is so small that it is difficult to see without
a powerful microscope.

To solve this problem depth sensing indentation methods were developed.
In this method, the load and displacement of the indenter are recorded dur-
ing the indentation process and these data are analyzed to obtain the contact
area, and thereby mechanical properties, without having to see the indenta-
tions [50,51].

By far the most successful and widespread model for nanoindentation
data analysis is one in which the unloading data are assumed to arise from
a purely elastic contact (Hertzian contact). This approach was developed over
40 years with contributions from a number of groups around the world. The
form most often used is that presented by Oliver and Pharr, and is known as
the Oliver and Pharr method.

The basic assumptions of this approach are: a) Deformation upon unload-
ing is purely elastic, b) the compliance of the sample and of the indenter tip
can be combined as springs in series, and ¢) the contact can be modelled us-
ing an analytical model for contact between a rigid indenter of defined shape
with a homogeneous isotropic elastic half space. Following this model the
reduced elastic modulus E*, as defined in Eq. (12.1) can be estimated using
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the relationship:
B =g YT (12.14)
2VA
where S is the slope of the unloading data at maximum load Fy,.x and A is
the contact area (see Fig. 12.3). If the shape of the indenter is known, it is
possible to calculate the contact area as a function of the indentation, h, and
then calculate the elastic modulus using Eq. (12.14).

Nanoindentation refers to depth-sensing indentation testing in the sub-
micrometer range and has been made possible by the development of 1)
machines that can make such tiny indentations while recording load and dis-
placement with very high accuracy and precision, and 2) analysis models
by which the load displacement data can be interpreted to obtain hardness,
elastic modulus, and other mechanical properties.

All commonly used nanoindenters are “soft” load controlled machines.
This means that the load is applied in such a way that small changes in
displacement do not change the force significantly. A number of methods
for high-resolution force actuation have been developed. One of the earliest
and most common means of applying force is the electromagnetic actuation,
introduced by Pethica in 1981 [52]. Other kind of force actuation methods
are: electrostatic actuation [53,54] (also used in Hysitron Picoindenter) and
actuation through springs [55,56]. Recently, it has been shown that also AFM
can be used for nanoindentation measurements [57].

Magnetic and Optical Tweezers

The AFM generated force-distance curves lack the sensitivity for measur-
ing local elastic properties through forces of the order of piconewtons (pN),
which are often found in biological systems [58]. Here, magnetic (MT) or op-
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tical (OT) tweezers are used, which can currently provide calibrated forces
measurements down to the hundreds of femtonewtons [59-71].

Magnetic Tweezers

In typical MT setup magnetic fields manipulate the position of a superpara-
magnetic bead. MT manipulations consist on stretching and/or twisting the
molecules attached to the bead. The bead is usually composed of highly
crosslinked polystyrene with some magnetic materials (i. e. FeaO3 and Fe3Oy4)
evenly distributed inside of the bead. In a magnetic field flux B the net mag-
netic dipole moment p,, is generated in the bead, and dipole moments of
magnetic impurities align along the field direction in order to minimize the
potential U = —p,, B. For large magnetic fields the magnetization M of the
bead (magnetic moment per bead’s volume) saturates and becomes indepen-
dent of B. Then, the magnetic force Fy,, which acts on p, is given by:

F=-VU =V(puB) ~puV(B) (12.15)

Therefore, quantitative force measurements with MT rely on well-defined
magnetic-field gradients as well as uniform and large B so that the bead
magnetization is constant. Various MT setups are encountered in the lit-
erature. In one of the first designs, Fig. 12.4, Smith et al. [59] utilized two
movable permanent magnets in conjunction with a flow field. By approaching
the magnets towards the measurements’ cell, the amount of vertical stretch-
ing force was varied, while by turning the magnets twists were imposed on
a superparamagnetic beads. Similar setup was used by Strick et al. [60].
Massive manipulation of many objects and thus expanded manipulation field
was achieved by Assi et al. [61] using stacked permanent magnets. Bausch
and co-workers [62] as well as Wang et al. [63] substituted the permanent
magnets for magnetic coils containing cylindrical soft-iron cores. Haber and
Wirtz [64] used two sets of magnetic coils to achieve better control of MT over

&

external
magnets

Fig. 12.4. Typical Magnetic Tweezers setup as
surface used by Smith et al. [59)]
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larger volumes. Magnetic coils offer an advantage over permanent magnets,
because the generated fields can be easily controlled. Furthermore, literature
pertaining to nuclear magnetic resonance instrumentation provides a wealth
of information on how to design magnetic field gradient coils [72]. With re-
spect to the optical tweezers, the MT setup potentially minimize any sample
damage due to local heating [73].

Since Eq. (12.15) assumes no edge effects and field dispersion, calibrated
measurements via magnetic tweezers are done as follows. The magnetic force
is calibrated by measuring the Stokes drag on a magnetic bead in a viscous
medium (i.e. glycerol). For a given configuration of magnetic tweezers (i.e.
distances of the magnets from the measurements’ cell or voltage applied to
electromagnets), the unloaded bead velocity v is measured by observing the
bead’s trajectory through i.e. a CCD camera. Then the magnetic force Fyy
is obtained as F\i = 67nru. Here, n is the liquid’s viscosity and r is the
bead’s diameter. Once the forces are calibrated, the mean position (z) of
a loaded bead (i.e. with a molecule of interest attached) is obtained from
images provided by the CCD camera. As a result, equivalents of AFM force-
distance curves are obtained, but due to sometimes complicated nature of
investigated molecules (i.e. DNA) any elasticity information is not straight-
forward. For calibrating torques, a similar method is applied. Unloaded bead
are twisted in a viscous medium due to a torque 7', which relates the twisting
force Fiy and the dipole moment p,, with the liquid’s rotational viscosity ¢
calculated from the Stokes law ¢ = 8mnr3. We have: T' = py, Fyps5in = —C%,
where 6 is the twist angle.

Optical Tweezers

OT (called as well an optical gradient trap) were pioneered by works of Ashkin
et al. [74]. In OT a polymeric beam (to which the molecule of interest is at-
tached) is initially trapped in the center of a focused light beam as shown
in Fig. 12.5. While the detailed theory behind OT is complicated the opti-
cal force, F,, exerted on a sphere of radius a and dielectric constant € by
monochromatic light with wavenumber k& in the Rayleigh limit (a < 27k)
is [75,76]:

Fop = FV + Fs
1/2 _ 1/2 _ 2
_opg3 ) <€—6> V]S +(8/3)7rk4a6(€% < S > S.

c €+ 2¢, €+ 2¢,

(12.16)
Fv is the gradient force due to gradients in the lights intensity as the bead
develops an electric dipole moment in response to the light’s electric field.
F; is the scattering force due to scattering of light by the particle; ¢, is the
dielectric constant of a medium, S is the Poyting vector (indicating direc-
tion of an optical power transfer). From Eq. (12.16) we can clearly see that
when € > ¢, the gradient force attracts the particle to a focal point of the
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beam, while the scattering force, drives the particle along the direction of
light’s propagation. In order to form a full three dimensional trap, the ax-
ial intensity gradient must be large enough to overcome the scattering force.
Therefore the light beam must be tightly focused to a diffraction limited spot
with a high numerical aperture lens. Such configuration is different than in
magnetic tweezers, which can work either with a trapped bead, or with beads
on which the magnetic force (Eq. (12.15)) is constantly applied.

Light can also induce torques on the OT’s beads. These include use of
azimuthally phase modulated beams (Laguerre-Gaussian beams) or combi-
nations of beams to introduce an orbital angular momentum component in
the light beam [71,77,78]. In particular, the holographic optical tweezers ap-
ply these concepts in a very elegant way [79]. Here, a phase of an incident
light beam is modulated (like in holograms) by initial diffraction on a grating
prepared by liquid crystals domains, which could be oriented in a predefined
way (like in LCDs). As a result various superpositions of beams can be created
and in particular vortexes of in-plane polarized light with a given radius [80].
Such vortexes can then encompass and rotate the trapped bead. Another ex-
amples of optical wrench include use of magnetic fields to apply torque to free
or optically trapped magnetic particles [81], or use of linearly or circularly
polarized light to orient and apply torque to birefringent particles (i. e. made
of calcite or quartz) [82,83].

There are a few methods of calibrating forces exerted by optical tweezers
on attached to them particles [84]. The easiest method, however, relies on
the equipartition theorem. The Brownian motion of the unloaded bead is
observed for a few seconds and then related with the thermal energy to yield:
kot = ksT/((z?)). Here, kot is the optical tweezers stiffness, which roughly
varies linearly with light intensity [84], kg is the Boltzmann’s constant, T is
temperature, and (z?) is the mean value of the square displacement of the
bead. Once kot is calculated, the forces are a product of kot and a mean
displacement of a particle with respect to the beam focus (analogy to the
Hook’s law). For torque measurements, either similar ways as in the magnetic
tweezers setup can be applied (ref. Sect. 12.3.1), or polarizations of incident
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and transferred light beams can be compared, and the amount of momentum
transferred calculated [83].

Finally, any heating effects are minimized in optical tweezers when pho-
tons are not absorbed either by the polymeric bead or the molecules being
manipulated, which should be carefully looked after in particular for biolog-
ical samples.

12.3.2 Dynamic Experimental Methods
Modulated Nanoindentation

The modulated nanoindentation method is a development of the force modu-
lation method [85,86]. Normal modulated nanoindentation consists in indent-
ing an AFM tip in a sample up to a fixed distance while small oscillations
are applied to the sample (see Fig. 12.6). Oscillations and indentation are
co-linear, normal to the substrate and to the N-O long axis. The amplitude
of the oscillations has to be very small, (about IA), in order to remain in
the elastic regime. In this amplitude range and experimental geometry, the
normal force Fy required to vertically move the substrate by a distance D
with respect to the cantilever support coincides with the force needed to
elastically stretch two springs in series [87,88]: the cantilever, with normal
stiffness klliv, and the tip-sample contact, with normal stiffness kY .. If D is
the total normal displacement of the substrate, i.e. D is equal to cantilever
bending plus tip and N-O normal deformation, and Fy is the total normal
force, this configuration allows the measurement of the total stiffness kN, at
each load, defined by the relation:
dFx/dD = kiy, = (1/kfy, + 1/k5 )7 (12.17)
Since k. is known, a measurement of dFy/dD at different normal loads
leads to the value of kY . as a function of Fy [89]. We underline that the

Fig. 12.6. Modulated nano-
indentation
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stiffness of the substrate usually does not play any role, however each in-
dividual case needs to be examined and in the case a three spring model
has to be considered. By integrating the equation dFy = kL, - dz, where z
is the indentation of the tip in the NT [90], it is possible to obtain Fy vs.
indentation z from the experimental curves kY . (F).

It is the possible to extract the transversal N-O Young modulus from
kN . vs. Fx measurements by modelling the contact between the AFM tip
and the N-O with the Hertz model [5,91,92]. This model might be questioned
due to the nanometer dimensions of the contact and the anisotropic geometry
and mechanical properties of the N-O.

Under the assumptions of standard elasticity theory, the Hertz model
gives the dependence of the indentation distance z versus the normal force
Fx between two elastic solids in contact [93]. This dependence is an analytical
function of the normal load, the tip and sample Young modulus and some
geometrical parameters, e.g. the tip radius. By fitting the experimental z
vs. Fx curves with the appropriate Hertz function we obtain the transversal
Young modulus of the N-O.

In order to measure the shear elasticity of an individual N-O it is possible
to use a method very similar to that one described in the previous paragraph.
The position of the sample is modulated laterally in respect to the cantilever
holder while the torsional bending of the cantilever, dFy,, is recorded. In this
way we measure the lateral contact stiffness k% . as a function of the normal
load:

dFy,/dD = kb, = (1/kL, +1/k2 07 . (12.18)

By using the Hertz model to compute the contact area between the AFM
tip and the N-O form the kL . vs. Fiy curves we can extract the shear modu-
lus of our N-O. If the material is isotropic the shear modulus is proportional
to the Young modulus. This can be of great relevance because in shear mod-
ulated experiments the lateral stiffness of the cantilever, no more the normal
stiffness, is involved during the measurements. Since the lateral stiffness of
a cantilever can be two orders of magnitude larger than normal cantilever
and sample stiffness, the lateral compression will be now mostly taken by the
sample, without limiting the sensitivity of normal force acquisition.

Finally, this method permits to acquire at the same time a map of the
topography (with nanoscopic resolution) and a map of the transversal Young
and shear modulus of the nano-object. This gives in principle access to the
elastic properties of each point of the sample. In Fig. 12.7 we show the mea-
surement of kI  while the topography of the sample is acquired simultane-
ously.

Ultrasonic Methods

Classic acoustic microscopy [94] is a very well developed non-destructive test-
ing method. Its resolution is nevertheless limited almost like in the case of an
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optical microscopy, meaning up to about a micron. The near field combina-
tions of ultrasound with AFM produced a whole bunch of other techniques
sensible to elastic (and/or adhesive) properties of nanocontacts. These in-
clude scanning microdeformation microscopy (SMM), acoustic force atomic
microscopy (AFAM), scanning local acceleration microscopy (SLAM), het-
erodyne force microscopy (HFM), and ultrasonic force microscopy (UFM).

SMM

The SMM method was developed by Cretin at al. [95] and is based on the
micro-indentations done by an actuated sapphire tip fixed at the cantilever
extremity. Another transducer placed underneath the sample measures the
resulting deformation field, out of which the quantitative sample’s elasticity is
calculated. The original resolution was limited by curvature radii of sapphire
tips of a few microns, but these can nowadays by crafted with much better
precision i.e. through the FEB or FIB techniques.

AFAM

AFAM (Fig. 12.8) was developed by Rabe and Arnold [96]. Here, a small
amplitude (angstroms) vibrations are applied to the cantilever in contact with

: Photodiode
"~..}(Separator
.\ Laser Diode

Knife I ...........

L

Photodiode

Transducer Generator

Scanner | (x,y,x)

Fig. 12.8. Principles of the AFAM tech-
nique

Computer




236 L. Merchan et al.

the sample, and at a one of its high frequency (MHz) flexural or torsional
contact resonances. The corresponding cantilever vibrations at the excitation
frequency are detected (i.e. via a knife-edge detector), while the quastistatic
cantilever’s position changes provide topography of a sample.

It has been proven by many authors that higher frequency flexural modes
of cantilever response are controlled by normal contact stiffness ([97] and
references in the chapter VI). Therefore, the AFAM ultrasonic response pro-
vides a way to calculate the values of ky, out of which the Young moduli are
obtained through Eq. (12.13).

SLAM

The SLAM technique was developed by Burnham et al. [98]. Here, the sam-
ple is excited in the kHz range by an amplitude ds via transducer placed
underneath. The cantilever’s response, z. at excitation frequency is detected
by a standard beam-bounce technique. It has been shown [99,100] that at
frequencies higher than the tip-sample contact resonance the ratio of ds/zc
is a sensitive measure of the contact stiffness [101]. Therefore, subsequent
SLAM imaging at different frequencies reveals the changes of contrast be-
tween areas of different elasticity and allows local comparisons of the Young
moduli.

UFM

The UFM method was invented by Kolosov et Yamanaka [102]. Here (Fig.
12.9), an ultrasonic excitation of a few MHz, which does not coinciding with
any of the cantilever’s resonance, is applied to a tip-sample contact via an
actuator placed underneath the sample. The fast ultrasonic excitation is mod-
ulated by a slow frequency (between 100 Hz to a few kHz) at which the can-
tilever can readily respond, and which does not interfere with an AFM feed-
back (set to be low). As developed recently by Szoszkiewicz et al. [103-105],
the cantilever response at the low frequency is a quantitative measure of local
elasticity and adhesion. In the absence of capillary forces between an AFM
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tip and a sample (either in dry environment or in liquids) the force jump-up
value (Fig. 12.9) is correlated with E* through the following relation:

4(Fsp(as — a1) + AFsay — AF1a1) ~ 1.372°3 R 3w(w/E*)*?  (12.19)

Here Fgp is the static load force (setpoint), ay, ag are the ultrasonic ampli-
tudes before and after the force jump-up, F, Fs are changes of the mean
ultrasonic force before and after the jump-up, w is the tip-sample adhesion
energy, and R is the tip-sample reduced curvature radius. With the knowledge
of w and R the tip-sample reduced Young modulus can be easily obtained.

HEM

Cuberes et al. developed the HFM technique [106]. The HFM works by si-
multaneous application of two ultrasonic excitation to the tip-sample contact.
The sample is excited at the transducer placed underneath and the cantilever
is subjected to another excitation at its base. Both frequencies are in a range
of MHz and differ only by a few kHz to produce beats. The cantilever’s
response in the beat frequency is detected by a conventional beam-bounce
technique. The resulting HFM response (or image) depends on elasticity, but
quantitative interpretation remains still unclear.

12.4 Mechanical Properties of Inorganic
and Biological Nano-Objects

12.4.1 Thin Films and Embedded Structures

Mapping elastic properties of the thin films with lateral resolution of less than
hundreds of nanometers presents a challenge to classical nanoindentation
methods. Here, the near field combinations of ultrasound with AFM come
handy. These methods (SLAM, AFAM, UFM) can achieve lateral resolution
of the order of 20—-100nm limited only by an AFM tip blunting as a result
of its high frequency tapping. In the case of soft samples (polymers) usually
only qualitative information is provided by these techniques, owing to the
relatively complex relationship between the contact stiffness and the dynamic
Youngs modulus [98,99]. Moreover, in the presence of sharp variations in
sample topography, the variations in the tip-sample contact area may lead to
some artifacts [107].

SLAM measurements have been performed on a wide range of engineer-
ing materials, from AlyO3/Al metal-matrix composites to PVC/PB polymer
blends [99,108], and 100 thin silicon oxide coatings on polyamide [100].

The UFM method was applied to probe relative elasticity of defects in
highly oriented pyrolitic graphite (HOPG) [109], Ge dots on silicon sub-
strate [110], as well as heterogeneous nanostructures [111]. Also polymeric
materials embedded into stiff [112] or more compliant matrices have been
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measured. The UFM depth sensitivity for elastic imaging was also discussed
to be several hundreds of nanometers [113].

AFAM has measured reduced Young moduli for 50 nm thin films Ni de-
posited on Si, glass-fiber/polymer composites [114], and thin diamond-like-
carbon coatings [115].

12.4.2 Carbon Nanotubes

The exceptional mechanical, electrical and thermal properties [4,48,116-121]
of carbon nanotubes (CNTs) have attracted great scientific and technological
interest. CNTs have cylindrical symmetry with axial mechanical properties
characterized by the strong in plane covalent C-C bond. The strength of
this bond gives rise to an extraordinary axial stiffness, as pointed out by
several experimental [46-48] and theoretical studies [120-122] finding values
for the axial Young modulus of about 1TPa. In graphite, the C; in plane
elastic constant is 1.06 TPa, while the perpendicular elastic constant Css is
only 36 GPa [120]. Similarly the radial Young modulus of CNTs is expected
to be much smaller than the axial one. Evidence for the softness of CNTs
in the radial direction has been reported in experiments under hydrostatic
pressure [123], and in measuring NTs deformation due to Van der Waals
forces between the tubes and the substrate [124,125]. Achieving a funda-
mental understanding of the radial deformability of CNT is important for
applying them in nano-electro-mechanical and nano-electronic systems. For
example, the radial deformation of CNTs may strongly affect their electrical
properties [4,5,126-128|.

The axial elasticity of multi-walled nanotubes and ropes of nanotubes
has been investigated with several methods, as described in Sect. 12.3.1.
The quantitative understanding of the radial elasticity of CNTs is less well
known [91,92,129-131]. To measure the radial elasticity of CNTs one can
indent an AFM tip into a NT and measure force vs indentation curves. How-
ever, such measurements are very challenging, since in order to stay in the
linear elastic regime, one has to measure forces of a few nN vs displacements
of a few A. Examples of plastic deformation in CNTs using this method have
been shown in Ref. [92]. One proposed possibility is to vertically vibrate the
cantilever in non-contact mode with amplitudes in the range of several hun-
dreds of A and with the turning point situated a few A above the sample [91].
But in this way, a considerable fraction of the signal arises from the van der
Waals forces, and only a small part comes from the NT elastic properties.

Very recently, by means of the modulated nanoindentation method (see
Sect. 12.3.2), Palaci et al. have measured the radial stiffness of multiwalled
CNT with external radii ranging from 0.2 to 12nm and having a constant
ratio of external to internal radii of Rext/Rint = 2.2 £ 0.2 [131]. They have
shown that the radial stiffness strongly increases with decreasing external
diameter. The radial effective Young modulus Fy.q is extracted from the
experimental results applying the Hertz model. E,,q is found to decrease
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to an asymptotic value of 30 GPa for larger tube sizes. This last value is,
within the experimental error, equal to the Young modulus of graphite along
its C-axis, Egraphite = 36 GPa [132]. For the NTs studied in this work Rey
is proportional to Rj,; and both are proportional to the number of layers
since the distance between layers is approximately constant [120]. Thinking
to the elastic energy necessary to enroll a plane one could deduce that the
radial rigidity and hence FE,,q of a NT should increase by increasing the
number of layers and by decreasing the internal radius. This is confirmed
by measurements of radial deformations of NTs due to van der Waals forces
between the tube and the substrate [124,125]. In both these studies the radial
deformation increases with the radius for single-walled NT and decreases with
the number of layers. The experiments of Palaci et al. show that for small
Rint, Eraq increases sharply by decreasing Rint, thus in this size range the
radial rigidity is controlled by the magnitude of R;,;, whereas the number
of layers plays a minor role. This result is in agreement with a previous
theoretical study [120] that shows that the elastic properties of a NT with
Rine = 0.34nm do not change by increasing the number of layers as long as
the interlayer distance is fixed to 0.34nm, i.e. the distance between planes
in graphite. A similar finding is also obtained in the simulations of Ref. [125]
where the radial deformation of a single-walled NT is the same of a multi-
walled NT when the radius of the first one is equal to Rj, of the second one.
For large Rint, Fraq is almost constant. This could mean that the effect due
to the increase of Rjyt is counter balanced by the increase of the number of
layers, up to the point at which N'T’s properties reach asymptotically those
of graphite.

The radial stiffness of multiwalled carbon NTs has been investigated ex-
perimentally by M. F. Yu et al. [91]. In their experiments, one NT with
an unknown number of layers is compressed, the maximum indentation dis-
tance being larger than 40% of the initial diameter. The force vs indentation
distance curves are obtained through a model of the tip-NT van der Waals
forces. By interpreting these curves with the Hertz model they find, for a NT
with a diameter of 8 nm, a radial Young modulus between 0.3 and 4 GPa,
which is roughly one order of magnitude lower than the results obtained by
Palaci et al. for NTs of similar diameters. This discrepancy can be ascribed
to a difference in the number of graphene layers forming the NT, which is
plausible since the NT preparation techniques are different.

Buckling has been shown to strongly influence the elastic properties of
CNT in the axial direction. Few calculations and experiments have investi-
gated the role of buckling in the radial deformability of nanotubes [133]. It
remains unclear the role of tube radius and number of layers in multiwalled
C and BN NTs buckling.

The elastic properties of C and BN NTs are influenced by the presence
of structural defects [134-136]. Some experimental investigations have shown
that the axial Young modulus of C-NT can drop from 810 GPa for defect-free
NT down to 30 GPa for NT with structural defects [48,137,138]. No exper-
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imental data are present for the effect of defects on the radial deformability
of NT. In general it is not clear the role of the defects on the mechanical
properties of NT. The reason for this lack of knowledge is the experimental
difficulty in studying experimentally the mechanical properties of the NT and
at the same time their local structure.

Experimental investigation on the role of temperature, adsorbates and
environment, such as water, on the elastic properties of NT are also lacking.

Finally, technical difficulties make the experimental determination of the
Poisson’s ratio and shear moduli a challenging task. For a theoretical study
see [139]. So far, there are no quantitative measurements of shear moduli of
single or multi-walled NT.

12.4.3 Oxide Nanowires, Nanobelts and Nanorods

Interest in nano-wires, belts and rods continues to grow, in part, because of
their potential in nanoelectronics and optoelectronics [133]. To date, a wide
variety of nano-wires, belts and rods based devices has been demonstrated
(see Fig. 12.10), including photodetectors, photodiodes, and sensors [140].
These materials offer also certain advantages over planar devices.

Recently, Dr. Wang and co-workers have synthesized belt-like ZnO and
SnO3, so-called nanobelts (rectangular cross section) [2]. The belt-like mor-
phology is distinct from that one of semiconductor nanowires. With well-
defined geometry and perfect crystallinity, semiconducting oxide belts are
likely to be a model material family for understanding mechanical behav-
ior at the nanoscale in the absence of dislocations and defects, excluding
point defects. The most common growth direction of the nanobelt is along
the c-axis showing no piezoelectric property across the thickness. However,
by controlling growth kinetics, Dr. Wang and co-workers have shown the
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Fig. 12.10. AFM image of a WO3 wire (left). TEM images of a ZnO spring, loop,
rod, forest (right)
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success of growing nanobelts whose surfaces are dominated by the polarized
(0001) facets. Owing to the positive and negative ionic charges on the zinc-
and oxygen-terminated (0001) surfaces, respectively, a spontaneous polar-
ization is induced across the nanobelt thickness. As a result, right-handed
helical nanostructures and nanorings are formed by rolling up single-crystal
nanobelts; this phenomenon is attributed to a consequence of minimizing the
total energy contributed by spontaneous polarization and elasticity. In an
AFM-TEM experiment Gao et al. show that these ZnO nanohelix can be
manipulated, and their elastic properties are measured, in particular they
find that a nanohelix has a spring constant of about 4 N/m [141]. This sug-
gests possible uses in electromechanically coupled sensors, transducers, and
resonators.

The hardness of ZnO nanobelts have been investigated by means of
a AFM-based nanoindentation technique [142]. It was found that ZnO
nanobelts have a hardness of about 5GPa, very close to the bulk value.
Furthermore, AFM-based methods have been developed to study the piezo-
electric effect in ZnO nanobelts [143]. It was found that the piezoelectric
coefficient of ZnO nanobelts is frequency dependent and it can reach the
value of 25 pm/V, as compared with 10 pm/V for bulk ZnO.

12.4.4 Cancer Cells and Blood Cells

The knowledge of the mechanical properties of tumor cells can give important
insights into their motility and their metastasis process. To understand more
about the locomotion of cancer cells is important to study the structure and
properties of their pseudopodia as well as their role in cell invasion. The
elastic properties of cancer cells determine whether they can pass through
the microvasculature to form metastases and whether they can withstand
the shear-induced deformation due to the blood flow if they do metastasize
through the blood vasculature. Just to have an idea, the fluid flow along an
artery wall exerts a shear stress on an adherent leukocyte of around 10 to
100 Pa [144]. Even larger forces, of the order of 100Pa, are exerted by the
cortex of locomoting keratocytes [145].

Zhang et al. [135], studied the mechanical properties of hepatocelular
carcinoma cells with a micropipette aspiration technique and were able to
measure the elastic coefficient. But this technique doesn’t permit the char-
acterization of individual molecules but an ensemble average. On the other
hand, Lekka et al. [146] using an atomic force microscopy measured the elas-
ticity of normal and cancerous bladder cells. They found that the normal
cells have a Young modulus one order of magnitude higher than cancerous
ones. Oncogenically transformed cells are different form healthy ones in their
cell growth, morphology, cell membrane and organization of the cytoskeleton.
In this case, the difference in stiffness seems depend on the structure of the
cytoskeleton because a deep indentation is needed to observe this difference.
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If the indentation were smaller the difference could be due to the cell mem-
brane. They observe that the lower stiffness of cancer cells may be caused by
a partial loss of actin filaments and/or microtubules, and therefore a lower
density of the cellular scaffold. Goldmann et al. [147-149] also studied the
elasticity of cancer cells, in particular wild-type F9 mouse embryonic carci-
noma and vinculin-deficient F9 cell lines. Through indentation with AFM,
they produced viscoelastic maps of the two types of cells. For a review on
atomic force microscopy on cell biology refer to references [150] and [151].
Red blood cells have been studied extensively by varied methods such
as suction with pipettes, flicker spectroscopy, and optical tweezers. This has
shown the cytoskeleton of red blood cells to be very different to the cy-
toskeleton of other cells and much information is now known about its visco-
elasticity. Another blood component that has gathered attention are human
platelets. They are small cells that play an important role in wound healing
and blood clotting. When they are activated with an injury, they go through
a shape transformation thanks to reorganization of its cytoskeleton.
Radmacher et al. in 1995 measured the Young modulus of human platelets
over large sections of the cell by doing force mapping [10]. They took force
displacement curves continuously while scanning over the surface. With this
information they were able to construct a force reliefs of the surface by doing
a 3D plot of sample position, sample height cantilever deflection. This way by
plotting one scanned line at a time you can see how the slope of the contact
region of cantilever deflection versus sample height changes and likewise the
stiffness of the different regions within the cell. Another interesting feature
of this method is that by plotting sample position versus height for a spe-
cific value of force over all the area, we obtain an isoforce topograph. This
topography is similar to the obtained by the usual scanning where the force
is held constant but can show more information about the elasticity of the
sample. By plotting isoforce topographs for increasing values of the force,
we can see in this case how the cell is deformed under the compression. For
the human platelet some areas are completely compressed and some features
don’t appear when the force is too high. On the other hand, with this method,
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imaging can be done with smaller forces than with the usual scanning. One
interesting point is that the cell is able to recover from the deformation at
each point probably due to a fast relaxation.

One big problem encountered when imaging with the fast scan is that
the lateral forces might displace the sample or even detach it from the sub-
strate, as mentioned earlier. In this case, since there are no lateral forces,
this doesn’t present a problem. With this method they were able to see the
relative behavior under compression of the different components of the cell,
and measured the elastic modula of the pseudonucleus and the filopodia. Al-
though gels of actin and microtubules, components of the cytoskeleton of the
cell, had been already measured in different ways, this was one of the first
attempts to study the rigidity of the cytoskeleton in-vivo.

In the late 1980’s, researchers managed to trap optically living cells and
since then there have been several efforts to use optical tweezers in biological
research. For a review on single-molecule biomechanics with optical meth-
ods refer to Ref. [152]. Viruses, bacteria and eukaryotic cells have been ma-
nipulated non-invasively. It also allows for the measurement of forces with
a precision of pN. To minimize photo damage, the laser wavelength should
be chosen in the infrared. In this way, cells can be directly trapped by the
focused laser. Another approach is to indirectly manipulate the cells by us-
ing silica or latex micro-beads, which can be done in 2D or 3D. This can be
done in two ways, by fast deflection of the laser with acusto-optics deflectors
(AOD’s) or by splitting the laser into more beams using diffractive optical
elements.

Recently, Ferrari et al. [153] used both methods to manipulate Escherichia
coli cells by designing two and three dimensional beads configurations to sur-
round the cell. This indirect manipulation could be used, as they say, to
stretch and shrink cells to investigate cell reactions to mechanical stimuli.
Another variation to this tool are holographic optical tweezers (HOT), which
allow for varied three-dimensional traps such as optical vortices which can be
moved around at ease. This tool has recently been used to study the pericel-
lular matrix, a cross-linked polymer network attached to the outer membrane
of cells. By understanding its mechanical properties, such as elasticity, some
light might be shed on the adhesion of cancer cells when undergoing metas-
tasis, for instance.

12.4.5 Arteries

Heart disease is one of the leading causes of deaths worldwide. To treat
blocked arteries, the most common procedure uses a catheter-based balloon
angioplasty to dilate the arteries. It has a very immediate success rate, but 40
percent of the cases renarrow within 6 months. This has led to great interest
in the elasticity of heart arteries. In particular how does the artery wall go
from being able to stretch to accommodate the changing flux of blood, to
stiffening due to fatty plaque deposits called cardiac calcifications. Lopez
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et al., using a modified AFM incorporating the features of a nanoindenter,
measured the mechanical properties of femoral artery tissue in- vitro and
of diseased calcified arteries [154]. They concluded that calcified deposits
where many orders of magnitude stiffer that the healthy tissue and much
more stiff than previously known. Knowing that the fatty plaque deposits
are less elastic than anticipated, might help devise an improved method to
treat cardiac calcifications disease. This same type of modified AFM was
used to study extensively the mechanical properties of bones and teeth at
the nanoscale [155-157].

12.4.6 DNA

The elastic behavior of DNA has been studied with several experimental
methods, such as hydrodynamic drag, micropipettes, and optical and mag-
netic traps [158-162]. The elastic behavior is different for different force
regimes [159,163-167]. There have been several models to study DNA elas-
ticity, such as the free jointed chain model (FJC) [59] and the worm-like
chain (WLC) [168]. The FJC model treats the polymer as a chain of sta-
tistically independent segments whose orientations are uncorrelated in the
absence of external forces. The WLC model characterizes a polymer with
a single parameter, the flexural persistence length A, and assumes the poly-
mer as a line that bends smoothly under the influence of random thermal
fluctuations [168]. The value A defines the distance over which the direction
of this line persists. The correlation between the orientations of two polymer
segments falls off exponentially with decay length A according to the con-
tour length that separates them. For double stranded DNA in buffer, A is
approximately 50 nm.

Optical tweezers have been used to study the behavior of DNA upon
stretching and twisting. To stretch a single molecule of DNA, a force is ex-
erted on the tether molecule and its extension is measured. A very important
result has been the “overstretching transition” at approximately 65 pN, over
which the molecule stretches to almost twice its contour length ([159,160]).
What happens with the DNA molecule when it overstretches has been highly
debated.

Magnetic tweezers have also been used to study single molecules of DNA
([59,169,170]). Manipulation of the external magnetic field can be used to
exert forces or torques on the tether molecule to induce stretching or twist-
ing. It can induce superhelicity by applying some torque on the beads and
rotating in a certain direction. Zlatanova and Leuba used magnetic tweezers
to measure the superhelicity density of a single DNA molecule, by counting
the number of rotations of the tether molecules while measuring the force and
extension of the molecule at the same time [170]. Research on the area has
shown a marked difference between the elastic properties between single and
double stranded DNA. This allows the study of enzymes acting on DNA. For
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example, the replication of DNA can be monitored by following the changes
in molecule extension or the rigidity of the tether.

The capabilities of the AFM have also been used to try to elucidate more
about the mechanical properties of DNA. There is a very interesting review
by Hansma on applications of the AFM to the surface biology of DNA [150].
Lee et al. [171] measured the forces between two strands of double stranded
DNA for the first time by attaching complementary DNA oligonucleotides on
the tip and the substrate. They needed 0.13 nN to separate the two strands. In
similar experiments done at the Guntherdot laboratory the unbinding forces
scaled with the number of base pairs ruptured [172].

The overstretching phenomenon has been observed with the AFM, as with
the optical tweezers. By pulling on a single double stranded DNA molecule,
force-distance curves can be generated as shown in Fig. 12.12. The B-DNA is
stretched through the B-S transition at ~65 to an overstretched form almost
1.7 times its B-DNA contour length ([159], [160]). For larger forces, the DNA
base pairs melt. For the AFM experiment, the unstretching and stretching
curves overlap which means that the process can be reversible [173]. The
force needed for melting DNA depends on several parameters such as tem-
perature, ionic strength of the medium, and the DNA sequence. For this last
reason, it has been said that it could be use to discriminate between different
sequences. Sequence-dependent differences in rupture forces were measured
directly on guanine-cytosine (GC) versus adenine-thymine (AT) sequences
by AFM pulling on poly(dG-dC) and poly(dA-dT) [174].

12.4.7 The Challenge: Control of Nano-Object Chemistry,
Size, Structure, etc.

A major challenge in nano-mechanics is the possibility to to perform nanome-
chanical measurements on nano-object of well defined structure, chemical
composition, geometrical shape and etc.. For example, the geometrical shape
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can be imaged by AFM during the mechanical measurements, however in or-
der to know the structure of the individual nano-objects new strategies need
to be developed. One approach is to grow N-Os on a patterned substrate
which will permit to move from an instrument to another one and recog-
nize the same nano-object. A second approach could be to perform AFM
tip-enhanced Raman spectroscopy measurements coupled with AFM force
measurements [175].
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13.1 Introduction

The mechanical properties macroscopic metals cannot be scaled down to
nanocontacts between metals as discreetness of matter, detailed atomic con-
figuration and quantum effects become relevant when the size of the contact
between two macroscopic bodies is of atomic dimensions. Investigation of
elastic properties, wear and fracture of single nanometer scale structures has
in the last decades become experimentally accessible through the use of local
probe devices, such as the scanning tunneling microscope (STM) and related
techniques. Theoretically, molecular dynamics (MD) simulations and Density
Functional Theory (DFT) calculations have provided deeper insight into the
behavior of matter at the nanoscale. In the case of nanocontacts between
metals the study of electron transport has proved to be a very convenient
tool for their characterization, providing deeper knowledge of the mechan-
ical properties. At the very smallest scale of one-atom contacts quantum
effects become dominant, and the interplay between mechanical and electron
transport properties is revealed. The term nanojunctions is used to embrace
metallic nanocontacts and atomic-size tunneling junctions. The study of the
mechanical properties of tunneling junctions between single asperities or tips,
a configuration which takes place both before and after the formation or rup-
ture of nanocontacts, provides deeper insight into the imaging mechanisms
and tribological processes in local probe imaging of surfaces at the nanometer
scale.

13.2 Electron Transport through Metallic Nanocontacts

Measurement of electric transport in atomic-sized contacts between metals
provides rich information related to the size, shape, state of strain, elastic
deformation, wear and fracture of metallic nanocontacts [1]. The information
which is extracted from electrical conductance measurements complements
direct experiments on the mechanical properties of metallic contacts. In par-
ticular, the minimal cross-section of a nanocontact can be estimated, under
some circumstances, from electrical transport properties.
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L L

Fig. 13.1. Schematic illustration of electron transport in a diffusive (left) and
ballistic (right) conductor

Electron transport in metallic macroscopic conductors is characterized by
Ohm'’s law, which states that the conductance G of a sample is proportional
to the cross-section area S and inversely proportional to its length L: G =
S/(Lp), where p is the resistivity of the material.

However, in metallic point-contacts one can identify different electron
transport regimes depending on the relative size of various length scales re-
lated to the electron scattering mechanisms. An important length scale is the
elastic mean free path ¢, which is roughly the distance between elastic colli-
sions with static impurities in the metal. Depending on the relative values of
the mean free path ¢ and the size of the point-contact L, electron transport
is said to be in the diffusive regime if L > ¢ or in the ballistic regime if L < ¢
(see Fig. 13.1).

Electron motion in the diffusive regime can be viewed as a random walk
of step size £. The conductance in the diffusive regime was already addressed
by Maxwell [2]. An analytical solution can be obtained if the point-contact
is modelled as a constriction of hyperbolic geometry. The conductance is
calculated using Ohm’s law for the solution of the potential distribution in
such geometry. The resulting conductance Gy has a very simple form if the
opening angle of the hyperboloid is large: Gy & 2a/p, where a is the point-
contact minimal cross-section radius and p is the resistivity of the metal.

Metallic nanocontacts, whose typical size L can be below 1 nm, usually
fall in the ballistic conductance regime L < ¢ because for pure metallic ma-
terials the mean free path can be of the order of tens on nanometers (espe-
cially at low temperatures). In this regime electrons pass through the contact
ballistically. There is a large potential gradient across the contact and the
electrons accelerate within a short distance. A semiclassical analysis of the
conductance of conductance of point-contacts in the ballistic regime was con-
sidered by Sharvin [3,4], who remarked the similarity with the effusion of gas
molecules through a small orifice in the Knudsen regime. The simplest model
of a point contact is an orifice of radius a between two electron reservoirs and
the so-called Sharvin’s conductance Gg is given by:

2¢? [ kpa 2
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where h is Planck’s constant, e is the electron charge and kr is the Fermi wave
vector. This formula can also be expressed in terms of the conductance quan-
tum Go = 2¢?/h. Note that the Sharvin’s conductance is material dependent
only through kg, that is, independent of the resistivity and therefore purity
and temperature, contrary to the conductance in the diffusive regime. Thus,
the conductance of a metallic nanocontact in the ballistic regime provides
a reliable estimate of its minimal cross-section area using Sharvin’s formula.
Note that for gold the Sharvin’s formula predicts a conductance close to Gy
per atom in the minimal cross-section of the constriction. In terms of the
inverse of the conductance, the resistance is close to 13 k{2 per atom.

13.3 Experimental Tools

A variety of experimental tools have been used to investigate mechanical
properties at the nanoscale. We fill focus in this section on devices which are
especially well suited for the study of metallic nanocontacts.

13.3.1 The Scanning Tunneling Microscope Supplemented
with a Force Sensor

The scanning tunneling microscope (STM) is a versatile tool that allows
studying the topography and electronic properties of metallic surfaces with
atomic resolution, and is also ideal to study metallic nanocontacts. In order to
simultaneously measure mechanical and electrical properties the microscope
has to be supplemented with a force sensor. Conventional Atomic Force Mi-
croscopes (AFM) with conductive tips are usually not well suited for these
experiments because the cantilever elastic constant is too low (< 1N/m) to
be able to fabricate and manipulate metallic nanocontacts, whose effective
elastic constant is above 10 N/m. Therefore, modified versions of combined
AFM/STM techniques are required [5], using bending beams with elastic con-
stants above 100 N/m. One of such devices is shown in the inset of Fig. 13.7.

13.3.2 The Mechanically Controllable Break-Junction Technique

The principle of the mechanically controllable break-junction technique
(MCBJ) is shown in Fig. 13.2 [7,8]. The metal to be studied is in the form
of a thin wire (diameter 0.01-0.25 mm), which is fixed at two closely spaced
spots on a flexible insulated substrate. A notch is cut in the wire between the
two fixing points, producing a weakened region in the wire. The substrate is
mounted in a three-point bending configuration, where either the central or
the counter supports can be displaced resulting in controlled bending of the
substrate. This bending causes the top surface of the substrate to expand,
which results in the elongation of the weakest part of the wire at the notch
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Fig. 13.2. Schematic top and side view of the mounting of a MCBJ (left) and
a MCBJ supplemented with a tuning fork resonator which acts a a force gradient
detector (right)

until rupture. In this way two clean fracture surfaces are exposed. These
fractured surfaces can be brought again into contact by relaxing the bending
force on the substrate. A combination of micrometric screws and piezoelec-
tric transducers are commonly used for fine control of the opening at the
notch.

One main advantage of the MCBJ technique is that the freshly exposed
surfaces are free of contamination, and can be kept clean if the device is kept
in UHV or cryogenic vacuum. A second advantage is the mechanical stability
of the two electrodes with respect to each other, which results from the short
mechanical loop between electrodes, that is, the distance between the two
fixed points of the wire at both sides of the notch, which can be as small as
0.1 mm.

The MCBJ technique has been widely used during the last decade to study
electron transport through metallic nanocontacts, and has been recently sup-
plemented with a tuning fork force sensor in order to simultaneously study
their mechanical properties [8,9]. The notched wire is not directly glued onto
the flexible substrate but instead one of its ends is glued to one prong of
a miniature quartz tuning fork (TF) whose base is attached to the flexible
substrate, so that the prongs of the fork are freely standing parallel to the
substrate (see Fig. 13.2). The other end of the wire is attached to support
levelled with the prongs of the TF.

The force gradient or stiffness k of the interaction between the electrodes
is proportional, with a factor @« = Af/k which depends on the mechani-
cal properties of the TF, to the shift of the resonance frequency Af of the
TF excited with vanishing amplitude. This resonant frequency is tracked by
implementing a phase locked loop oscillator [8,10-12].
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13.4 Mechanical Properties of Metallic Nanocontacts

This section is devoted to the fabrication procedure, mechanical processes and
shape characterization of nanocontacts between gold electrodes. The mini-
mum cross-section of these constrictions ranges from tens of atoms down to
single-atom contacts.

13.4.1 Fabrication of Metallic Nanocontacts

Single atomic-sized contacts between metals can be produced by a modi-
fied use of a scanning tunneling microscope (STM). In its normal operation
mode the tip is scanned over the sample surface without making contact. The
tip-sample separation is kept constant by controlling the current that flows
between tip and sample, due to the tunneling effect, when a fixed bias voltage
is applied between them. Typical currents are of the order of nanoamperes,
corresponding to a tunneling junction resistance in the G (2 range, and the
tip-sample distance is a few Angstrom.

However, the STM was soon used to modify the sample surface on
a nanometer scale. In the experiment by Gimzewski and Méller [13] the sur-
face was gently touched with the tip and the transition from the tunneling
regime to metallic contact was observed as an abrupt jump in the current.
This jump in current was due to a change in resistance of about 13 k2. Ac-
cording to Sharvin’s formula a conductance of 1Gg corresponds to a contact
diameter of 0.25 nm, suggesting that a contact as small as one-atom can be
formed.

In an STM experiment on metallic nanocontacts the bias voltage be-
tween tip and sample is kept fixed and the current through the junction is
recorded as the tip-sample distance is varied, performing an indentation cy-
cle of approach and subsequent retraction (Fig. 13.3). As the tip is initially
approached to the sample, the electronic current depends exponentially on
the tip displacement due to the tunneling effect. Further approach results
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in metallic contact, which is signaled by and abrupt increase of the current
(the conductance G for this first contact is close to 2¢%/h). As indentation
continues the contact cross-section increases. For ductile metals subsequent
retraction of the tip usually results in the formation of a connective neck
which gradually gets thinner until it finally breaks.

The whole indentation cycle (without breaking the contact) can be fol-
lowed measuring the electrical conductance (Fig. 13.3). As the contact size
increases its conductance also increases but the curve is not smooth and shows
a step like behavior. In this experiment the tensile force was simultaneously
recorded using an STM supplemented with a force sensor (see Sect. 13.3). The
force curve shows a sequence of linear stages separated by sudden relaxations.
The linear stages, which show as nearly constant conductance values (con-
ductance plateaus) are related to the elastic deformation of the nanocontact.
At a given tensile force the nanocontact abruptly yields, the atomic con-
figuration changes irreversibly, and there is a sudden force relaxation. This
behavior was predicted in early MD simulations by Landman et al. [15]. This
yielding reflects as a sharp jump in the contact conductance, related to the
sudden change in the minimal cross-section due to the atomic rearrangement.
The relaxation in the tensile force is the result of a change in the length of
the constriction. This length can be determined from the distance between
successive relaxed configurations in the nanocontact separated by a yielding
event (black dots in Fig. 13.3). In gold nanocontacts this plastic relaxation
length ranges from 0.2 to 1 nm, which implies that only a few atomic layers
participate in the plastic deformation process.

13.4.2 Elasticity and Fracture of Metallic Nanocontacts

The simultaneous measurement of conductance and tensile force during the
indentation cycle described above provides information about the mechanical
behavior differences between macroscopic specimens and metallic nanocon-
tacts. When a macroscopic solid is subjected to a load it undergoes a change
in shape. For small loads this deformation is elastic and the specimen re-
covers its original shape as the load is removed. On an atomic scale, elastic
strain consists in small changes of the inter-atomic spacing, that is, in the
stretching of inter-atomic bonds. Hence the modulus of elasticity F is a mea-
sure of the resistance of inter-atomic bonds to deform. The compliance of
metallic nanocontacts cam be obtained from the slope of the elastic stages of
the force curve during an indentation cycle. The effective elastic constant for
gold nanocontacts is consistent with continuum mechanics models.

For most metallic materials elastic deformation is only possible for strains
smaller than 0.005 (0.5%). As the material is deformed beyond this point, per-
manent, nonrecoverable, or plastic deformation takes place. In macroscopic
metal specimens this transition from elastic to plastic behavior, or yielding,
occurs gradually, and it is difficult to fix the lower limiting stress below which
there is no plastic deformation. Commonly the yield strength o, is defined as
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the stress necessary to produce a plastic strain of 0.002 under uniaxial stress.
The yield strength of a metal is very sensitive to prior deformation, to the
presence of impurities and to heat treatment, in contrast to the modulus of
elasticity which is insensitive to these factors.

On an atomic scale, plastic deformation corresponds to the breaking of
bonds between neighboring atoms and subsequent reforming bonds with the
new neighbors. Atoms change positions and upon removal of stress they do
no return to their original positions resulting in a permanent change of the
shape of the specimen. The simplest model of plastic deformation of a perfect
crystal considers the sliding of two compact planes with respect to each other.
The maximum shear stress Tax required for this process was calculated by
Frenkel [14] to be Tmax ~ G/30. Where G is the shear modulus of the ma-
terial. This value of the shear modulus is much larger than those observed
in macroscopic metal specimens. This is due to the presence of dislocations,
which can glide at low stress values. High values of the shear stress are only
observed in dislocation-free specimens like whiskers. In addition, also high
values of the shear stress are expected in metallic nanocontacts, where dislo-
cations are unstable and are quickly expelled from nm-volume regions. The
maximum pressure that the nanocontact can sustain before relaxation can be
computed from the measured force and the contact area. This are is obtained
from the measured conductance using Sharvin (see Eq. (13.1)). The apparent
pressure ranges from 3 to 6 GPa in gold nanocontacts both for the compres-
sive and tensile branches of the indentation cycle. This apparent pressure is
more than 20 times larger than the maximum pressure a macroscopic contact
can sustain and is of the same order of magnitude as the theoretical value in
the absence of dislocations and is consistent with the theoretical maximum
shear stress value for gold.

The energy dissipated in each force relaxation, that is, the energy neces-
sary to produce a configurational change, can be directly obtained from the
force cycle. In Fig. 13.3, the energy to pass from one configuration to the
next is given by the grayed area. The value of this energy is of the order of
0.1eV per atom in the minimal cross-section of the contact. If we compare
with the heat of fusion (0.13 eV /atom) we find that configurational changes
take place only at the zone around the narrowest part of the nanocontact.

13.4.3 The Shape of Metallic Nanocontacts

The STM has been used to estimate nanocontact geometry studied the local
modifications produced by touching a Pt-Ir tip a Ag substrate in UHV, by
imaging the surface after tip indentation [13]. They showed that for clean
metal-metal contacts, after a gentle indentation cycle of the tip into the
substrate, the topography image showed a protrusion of nanometer size on
the sample surface, indicating that during the indentation a small neck was
formed and subsequently stretched and broken.
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Fig. 13.5. Left: slab model of plastic deformation of a constriction. Right: Cal-
culated conductance curves, using the slab model, for constriction shapes shown
in Fig. 13.4. Reprinted figures with permision from [16]. Copyright (1997) by the
American Physical Society

The shape of constrictions formed by such plastic deformation can be
estimated from the conductance vs displacement curves G(z) during an in-
dentation cycle (Fig. 13.4) [16]. A slab model (see left panel in Fig. 13.5) of
the point contact is considered where the minimal cross-section slab deter-
mines the conductance through Sharvin’s formula. When the constriction is
submitted to a tensile force, stresses are highest in the narrowest part, with
cross-sectional area A;, and we may assume that plastic deformation takes
place in that narrowest slab, in a zone of depth A, leaving the rest of the neck
unmodified. The cross-sectional area of the new slab A;,1 is given by volume
conservation

A
i + Al

where A; + Al is the length of the new slab. Only the narrowest slab is mod-
ified, and the shape of the constriction after a number of plastic deformation
processes results in a sequence of values of A; and \;. The plastic deformation
length \; can be obtained from the experimental G(z) curve noting that for
the limit Al — 0, A = —(dIlnA/dl)~!, where A is the cross-section of the
narrowest portion of the constriction.

Aigq = (13.2)
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Figure 13.4 shows four different sets of indentation cycles for gold. The
markedly different slopes of the conductance curves can be used to obtain the
constriction shape (Fig. 13.5, right panel) using the described slab model.
Steeper G(z) curves correspond to constrictions with larger opening angle
and involve shorter plastic deformation lengths. For constrictions with this
shape only one atomic layer is involved in plastic deformation at yielding
events.

13.5 Suspended Chains of Single Gold Atoms

It was recently discovered that suspended chains up to 7 atoms in length could
be, under some circumstances, extracted from gold nanocontacts. The fabri-
cation procedure and some of their mechanical properties will be described
in this section.

13.5.1 Fabrication of Chains

The breaking process of metallic nanocontacts by controlled separation of
the electrodes takes place in a discrete sequence of elastic deformation and
abrupt yield stages resulting in a non continuous reduction of the minimal
cross-section of the contact. It has been shown that for some metals this
process takes place down to the smallest nanocontact, a single atom con-
tact between the electrodes [5]. Further separation of the electrodes usually
results in breakage of the metallic contact and an abrupt jump into the tun-
neling regime. The experiments show that a one-atom contact accommodate
a maximum elastic deformation below 0.25nm. It was discovered, however,
that under certain circumstances, gold nanocontacts exhibit a different be-
havior. Figure 13.6 shows a trace of the conductance during the breaking
sequence of a gold nanocontact. The conductance decreases step-like until
a one-atom contact is formed, which can be identified by a conductance close
to Gg. Strikingly, this one atom-contact can be further stretched by a dis-
tance larger than 1 nm, without the conductance deviating appreciably from

: Fig. 13.6. Evolution of conductance
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Gy, showing up in Fig. 13.6 as a conductance plateau. This behavior is due to
the formation of a suspended chain formed by several gold atoms as the elec-
trodes are further separated by a distance of up to 1.5nm [17,18]. Once the
chain starts being pulled the conductance never exceeds Gy, confirming that
the chain acts as one-dimensional quantized nanowire. When the chain finally
breaks, the electrodes have to travel back a return distance to re-establish
metallic contact. This return distance is almost equal to the length of the last
plateau itself, suggesting that after the chain breaks, its constituent atoms
collapse onto the electrodes on either side.

The conductance traces for successive nanocontact ruptures do not repro-
duce in detail, as they depend on the exact atomic positions in the contact
and not every contact rupture results in the formation of a chain of atoms [17].
The probability of formation of such a structure can be quantified by con-
structing a histogram of last plateau length, that is, the elongation distance
of one-atom contacts, characterized by a conductance close to Gy. Instead of
a smooth distribution, a series of equidistant peaks is found. The probabil-
ity of pulling a chain of length L decreases rapidly for large L. The peaked
structure of the histogram shows that atomic chains tend to be elongated by
integer multiples of 0.25nm, which is close to the nearest neighbor spacing
of gold atoms in the crystal.

Despite the low probability of formation of chains, once an atomic chain is
pulled, the retraction of the electrode can be stopped and the chain remains
very stable at liquid helium temperatures (4.2 K): some of the longest chains
obtained in the experiments have been held stable for as long as 1 hour. This
makes atomic chains suitable for investigation of one-dimensional electron
transport and for studies of wear and fracture on low-coordinated metallic
nanostructures.
