NanoScience and Technology

Enrico Gnecco
Ernst Meyer Editors

Fundamentals
of Friction and
Wear on the
Nanoscale

Second Edition



NanoScience and Technology

Series editors

Phaedon Avouris, Yorktown Heights, USA
Bharat Bhushan, Columbus, USA

Dieter Bimberg, Berlin, Germany

Klaus von Klitzing, Stuttgart, Germany
Hiroyuki Sakaki, Tokyo, Japan

Roland Wiesendanger, Hamburg, Germany



The series NanoScience and Technology is focused on the fascinating nano-world,
mesoscopic physics, analysis with atomic resolution, nano and quantum-effect
devices, nanomechanics and atomic-scale processes. All the basic aspects and
technology-oriented developments in this emerging discipline are covered by
comprehensive and timely books. The series constitutes a survey of the relevant
special topics, which are presented by leading experts in the field. These books will
appeal to researchers, engineers, and advanced students.

More information about this series at http://www.springer.com/series/3705



Enrico Gnecco - Ernst Meyer
Editors

Fundamentals of Friction
and Wear on the Nanoscale

Second Edition

@ Springer



Editors

Enrico Gnecco Ernst Meyer

Instituto Madrilefio de Estudios Avanzados  Department of Physics
en Nanociencia University of Basel

Madrid Basel

Spain Switzerland

This is a second edition. ISBN 1st ed.: 978-3-540-36806-9

ISSN 1434-4904 ISSN 2197-7127 (electronic)
ISBN 978-3-319-10559-8 ISBN 978-3-319-10560-4 (eBook)
DOI 10.1007/978-3-319-10560-4

Library of Congress Control Number: 2014952447
Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must always
be obtained from Springer. Permissions for use may be obtained through RightsLink at the Copyright
Clearance Center. Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

The second edition of “Fundamentals of Friction and Wear on the Nanoscale” has
been motivated by the significant progress made by nano tribology in the last seven
years. New chapters on triboluminescence, friction in liquids, nonlinear mecha-
nisms of friction, fractal surfaces, multiscale modeling of contacts, capillary con-
densation, nano manipulation in SEM, colloidal systems, graphene, nanowear of
polymers, Casimir forces, and cell motility have been added. Other key chapters,
such as those on atomic-scale friction in ultra-high vacuum and nano manipulation
have been completely revised. On the other side, we have omitted some chapters
dealing with side aspects of nano tribology which did not undergo significant
changes in the last few years. We hope that this new edition will attract the interest
of a broad readership of scientists and engineers, and stimulate new experiments
and theoretical models in this exciting multidisciplinary research field.

Madrid Enrico Gnecco
Basel Ernst Meyer
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Chapter 1
Friction Force Microscopy

Roland Bennewitz

Abstract This chapter introduces Friction Force Microscopy, which is possibly the
most important experimental technique in nanotribology. In spite of the apparent
simplicity of this technique, a special care is required in the calibration of the force
sensors, as discussed in the chapter. We will also present a few key results on the load,
material and temperature dependence of friction. The chapter ends with an overview
on dynamic measurements of friction, in which the probing tip is oscillated laterally
while sliding in contact with the sample surface or even while translating at very
close distance from it.

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 interactions 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 process. By reducing one surface to a single asperity, preparing a well-defined
structure of the sample surface, and controlling the normal load on the contact 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.

R. Bennewitz ()
INM-Leibniz Institute for New Materials, Saarbriicken, Germany
e-mail: roland.bennewitz@inm-gmbh.de
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Fig.1.1 Critical issues in experimental friction force microscopy which are discussed in this chapter

The experimental field of FFM has been pioneered by Mate et al. [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 dependence
of the lateral force could be established.

In this chapter we will describe aspects of instrumentation and measurement
procedures. In the course of this description, a series of critical issues in FFM will
bee discussed which are summarized in Fig. 1.1.

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 imple-
mented 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 2,500 N/m,
depending on the wire thickness and length. Etching the wire to form a tip at its end,
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mounting the wire, aligning of the light beam, and determination of the spring con-
stant comprise some experimental difficulties. These difficulties are greatly reduced
by the use of dedicated micro-fabricated force sensors. A very sophisticated instru-
mental 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 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.

Rirs
(@) (b) :
UR
Tungsten
Wire i
Optical
Flat
Y
}' % Sample
z
piczoresistors
(c)

\ bulk silicon
/\ silicon tip  cantilever cut out of
z X Si membrane

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 Fy 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]
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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 rec-
tangular beam or a triangular design based on two beams. The lateral force acting
on the tip is detected as torsional deflection of the cantilever. This scheme has been
implemented in 1990 by Meyer et al. [4] and 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. Realistically, 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
measuring 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 properties, 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 allowing 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 deter-
mined for the force sensor. Note that the beam-deflection scheme actually determines
the angular deflection of the cantilever. Nevertheless it has become custom to quan-
tify the force constant in N/m, where the length scale refers to the lateral displace-
ment 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 to calculate it from the dimensions of the cantilever. While width and
thickness are easily determined by optical or electron microscopy, thickness is better
deduced from the cantilever’s resonance frequency. 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 displacement
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and voltage readout can be established by trapping the tip in 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 deflection sensitivity can be deduced from the normal deflection
sensitivity (See [11] and page 352 of [12]). Since the quantification of the thermal
noise driven torsional resonance can be difficult, a combination of thermal noise and
beam geometry methods can be useful for the calibration of FFM [13].

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 [ 14] or
micro-fabricated spring-suspended stages with spring constants that can be traced to
international standards [15]. Similarly, the lateral stiffness of a magnetically levitated
graphite sheet can be used as [16]. A particularly 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, 17, 18].
Dedicated micro-fabrication design in form of a hammer-shaped cantilever can also
help to calibrate the torsional bending [19].

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 [20]. However, FFM results
including normal and lateral force measurements require the differential reading of
multiple interferometers [3, 21].

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 sensor. 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 [22].
Gotszalk et al. have constructed a U-shaped cantilever with one piezoresistive sensor
in each arm, allowing for the detection of lateral forces at the tip [23]. 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. Furthermore,
the signal-to-noise ratio in static force measurements using piezoresistive 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



8 R. Bennewitz

precision and cleanliness, the atomic constitution of the tip apex is usually less
controlled. Friction signals vary with tip shape, as has been investigated for steps
on graphite [24]. 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 spectrometry analysis of the tip apex [25-27]. The transfer
of atoms may quite often not only quantitatively but also qualitatively change the
lateral forces encountered. Chemical reactions between surface and tip have been
found to significantly increase friction between a Pt(111) surface for silicon but not
for diamond tips [28]. 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 [29, 30]. For atomic stick-slip measurements on
graphite surfaces, the role of small graphite flakes attached to the tip has long been
discussed and recently confirmed experimentally [1, 31].

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
Ton Microscopy (FIM), the tip structure can not only be imaged but also conditioned
on the atomic scale. Cross et al. have characterized the adhesion between a tungsten
tip and a gold surface and proved the conservation of the atomic tip structure by
means of FIM [32]. 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) direction 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 silicon nitride cantilevers are amorphous due to the chemical vapor
deposition process and may exhibit an ever more complex structure and chemistry
at the tip apex.

One way of overcoming the uncertainty of the tip constitution is to use meth-
ods of surface chemistry to functionalize the tip [33]. Specific interactions between
molecules attached to the tip and molecules on the surface can be sensed by means
of FFM [34]. 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 [35]. Numerous studies using this method have been published, mainly con-
centrating on organic monolayers on tip and surface. A review of the field has been
given by Leggett et al. [36]. While most tip functionalization relies on thiol bonding
to gold-coated tips, carbon bonding to nanocrystalline diamond tips has also been
realized [37]. Schwarz et al. have prepared well-defined tips for FFM by deposi-
tion 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
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study [38]. Force measurements explicitly aiming at interactions between colloidal
particles and a surface have been performed by gluing micrometer-sized spheres of
the desired size to the cantilever [39, 40]. 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 [41].

1.3 Measurement Procedures

The standard measurement in FEM is the so-called friction loop: The lateral force
acting on the tip is recorded for a certain distance of scanning in the direction per-
pendicular 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 experimental para-
meter, the influence of that parameter on adhesion should be studied simultaneously.
In order to interpret the experimental results in terms of contact sizes versus dissi-
pation 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
[42]. For experiments carried out in ambient environment, the dominant contribu-
tion to adhesion are usually capillary forces which dependent greatly on the humidity
and on the hydrophobicity of the surface [43]. The humidity dependence of FFM
results itself can depend again on the temperature [44-46]. Consequently, an enclo-
sure 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 between lateral and normal force is
linear for FFM experiments, i.e. whether Amontons’ law extends to the nanometer
scale [47]. 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 collection 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 even maps of
adhesion can be produced from friction versus load experiments [48]. Furthermore,
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Fig. 1.3 Examples for the diversity of friction versus load curves measured by FFM. a Amorphous
carbon measured in an argon atmosphere [38]. The sub-linear characteristic resembles the results
of contact mechanics models. b Phenyltrichlorosilane monolayer studied in ethanol [50]. A linear
dependence is found until the monolayer collapses under the tip pressure. ¢ Atomic friction on
NaCl(100) recorded in ultra-high vacuum [51]. A regime of vanishing friction is found for low
loads. d Friction measurement on a hydrogen-terminated diamond surface with nanometer-scale
roughness [52]. The closed circles represent the erratic load dependence of FFM results when the
lateral displacement of the tip for increasing load is not compensated. The open circles show the
expected sub-linear characteristic after activating the compensation

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 [49].

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 to be compensated [52].
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 [53].
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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 different molecular patches at
the surface and the tip [54]. FFM can thus serve to identify partial coverage of a
surface, for example by graphene patches [55]. As mentioned above, it is crucial to
complement lateral friction contrast with local measurements of adhesion in order to
elucidate whether adhesion and contact size or different channels of dissipation are
dominating the contrast. Care has to be taken regarding topographical artifacts, as
different materials on heterogeneous surfaces are often found at different topographic
heights. Interestingly, friction contrast is also found between domains of identical
molecular layers with anisotropic lateral orientation [56—58]. 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 [31, 59].

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 protrusion 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
measurement [40]. A detailed analysis of the process proves that one can actually
perform a calibrated friction experiment through normal force versus distance curves,
in particular when using extended tips like colloid probes [60]. Even when probing
the surface in a dynamic intermittent contact mode these frictional contributions can
be detected as a phase shift between excitation and cantilever oscillation [57].

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 scanning velocities [61, 62]
which has been linked to thermal fluctuations via its temperature dependence [63].
Cantilever-type force sensors have a distinct resonance structure which dominates
the thermal noise spectrum. A full treatment of thermal noise and mechanical vibra-
tions and their influence on FFM have been provided in [64]. Typically, oscillations
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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 [65, 66]. The statis-
tical distribution of lateral forces in atomic stick-slip experiments can be analyzed to
reveal the role of thermal fluctuations [67]. The limited scanning velocity of FFM nor-
mally separates the frequency regimes of fast fluctuations and of slower occurrence
of topographic or even atomic features. The velocity limitations of FFM have been
addressed by new designs combining the force sensor of an FFM with a dedicated
sample stage [68, 69].

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
recently [42, 44, 63, 70-74]. 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 instruments with thermal-expansion compensated design comparable to
dedicated Scanning Tunneling Microscopes [75] have not been reported so far. One
interesting approach to circumvent drift problems is the local heating of the very tip
[46, 76].

1.3.6 Dynamic Lateral Force Measurements

1.3.6.1 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 enhance-
ment of contrast at step edges [77]. Dynamic Friction Force Microscopy detects the
periodic lateral force signal by means of a lock-in amplifier. This idea was imple-
mented 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 [78]. Simultaneously, 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 [79]. 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
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technique with very small sample displacement amplitudes to avoid any slip of the
tip over the surface [80]. 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 simultane-
ous measurement of all relevant properties of mechanical contacts [81]. 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 [82]. 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 [83, 84]. However, the coupling between
the mechanical properties of the contact and the flexural modes of the cantilever
require a complex analysis, as provided in a recent review which also references
previous work in the field of ultra-sonic force microscopy [85].

1.3.6.2 Dynamic Non-contact Lateral Force Experiments

The success of dynamic non-contact force microscopy in atomic resolution imag-
ing of insulating surfaces and its prospect of measuring dissipation phenomena with
the same resolution [86] 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 [87]. The independent oscillations were achieved by sus-
pending 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 oscilla-
tion 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 [88]. In this study, the cantilever was excited to oscil-
late at its first torsional resonance, making the tip oscillate laterally. The distance
between tip and a copper surface was controlled using the tunneling current as feed-
back 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 lat-
erally over the surface. Again using tunneling as feedback, they were able to study
dissipation in the lateral movement with atomic resolution on a Si(111)7 x 7 surface,
thereby tracing friction to a single atom [89]. 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. [90]. 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 using a heterodyne inter-
ferometer scheme, where the focus of the light beam was positioned on one side of
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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 [20].

The dynamic non-contact experiments introduced in this section are very inter-
esting tools to study conservative and dissipative interactions in lateral motion even
before a repulsive contact is established. Their full strength has recently demon-
strated by determination of the lateral force needed to move an atom on a surface
[91] and by relating atomic structure to the anisotropy of lateral forces [92].

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 repro-
ducible studies of frictional properties in single-asperity contacts. The biggest draw-
back 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 environ-
ments, where atomic friction phenomena have been observed with a resolution similar
to vacuum experiments [93].
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Chapter 2
Surface Forces Apparatus in Nanotribology

Carlos Drummond and Philippe Richetti

Abstract The Surface Forces Apparatus (SFA) has proven to be an excellent tool for
research in nanotribology. It allows the study of single or multiple asperity contacts
lubricated or not. The normal load, the contact area and the sliding velocity between
the surfaces can be controlled and unambiguously measured with higher accuracy
than in any conventional tribometer. Furthermore, an image of the surfaces in con-
tact can be obtained as the surfaces are slid, allowing the monitoring of the real size
and shape of the contact area and the distance or film thickness profile between the
surfaces when atomically smooth surfaces are used. It is relatively simple to per-
form a comprehensive exploration of the full space of parameters to determine the
important variables in the frictional behavior of the system. In this chapter the prin-
ciples of operation and some experimental details of the Surface Forces Apparatus
nanotribometer are described.

2.1 Introduction

The measurement of normal interaction forces between solids dates back to the 1920s,
when Tomlinson investigated the interaction between crossed filaments 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 aremarkable 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 prob-
lem of friction between surfaces attracted great thinkers as Da Vinci, Coulomb,
Euler, Amontons and many others. A fascinating historical account of the history of
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tribology was compiled by Dowson [6]. Friction has also been investigated with SFAs
modified for that purpose; the first friction measurements using this technique date
back to the 70’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 80’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 surfaces 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 originally proposed by Bailey
and Courtney-Pratt [9]. The cylindrically-shaped silica disks are placed with their
axes perpendicular to each other, a configuration that presents several advantages.
First, it circumvents the difficult—if not impossible—task of accurately aligning two
parallel plates. Unwanted edge effects are easily avoided by this approach. Second, it
allows the investigation 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 surfaces. 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 /2w R.
This provides a normalization method in order to quantitatively compare data from
different experiments. The question of the normalization of the measured interaction
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 surfaces, the refractive index
of the film confined between them 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 subnano-
metric 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 mirrors depends on the
optical thickness in a nontrivial way: only wavelengths that interfere constructively
after the multiple reflections in the cavity traverse the multilayer system. The emerg-
ing 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
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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. Israclachvili developed simple explicit expressions to calculate
these quantities from the wavelength of the FECO for a film confined between mica
surfaces of identical thickness [12]. Later, the analysis has been extended to asym-
metric, adsorbing, anisotropic or more complicated multilayer systems [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 ITand III [ 18, 19]. Parker
and co-workers developed later a circular steel apparatus (Mk I'V) which is simpler to
clean and assemble than Mk I or II [20]. The stability and reliability of the apparatus,
as well as the simplicity of handling, have been progressively improved on each
design. Recently, Israelachvili et al. have developed the SFA 2000, a device which is
simpler to assemble and operate than earlier models and integrates a number of new
functionalities [21]. 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 piezoelectric 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 changing the distance between the fix end of the
double cantilever spring and the second surface, 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 carried
out and the actual change in the separation between the surfaces, Ax (measured by
MBI) will correspond to a deflection of the spring. It will be used to calculate the
difference in interaction force between the two equilibrium positions (before and after
the motion), A F, by using Hooke’s law, AF = kAx, 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 decaying forces,
with a force-distance gradient larger than the spring constant are inaccessible because
of the mechanical instability of the system under such conditions. Derjaguin et al.
proposed the use of a force feedback technique to overcome this problem [3]. The idea
is to control the force applied 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 [22-24]. Steward and Parker modified a Mark IV by incorporating a
magnetic force transducer and a bimorph displacement sensor. Tonck et al. introduced
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a feedback apparatus with capacitive displacement transducers [25]. An interesting
description of the different techniques used for the measurement of the normal force
between surfaces was presented by Lodge [26].

2.3 Surface Forces Apparatus Nanotribometer

In a nanotribology experiment with the SFA, the mica surfaces are brought to a certain
separation, 7. By using motors or electromechanical transducers a lateral displace-
ment 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 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. Shear-induced elastohydrody-
namic 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.

Fig. 2.1 Functional scheme of the SFA designed by Israelachvili et al. 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 cylindrically curved silica discs which are attached to the friction sensing
device and the piezoelectric bimorph slider, respectively
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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 flatten 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 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
[27]. 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 contri-
bution 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 friction com-
ing 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 possibility 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
arbitrary 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 technique 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 three 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
[21, 28, 29]. The main features of the most recent version are illustrated in Fig. 2.1.
The lower surface is mounted on a bimorph-driven slider [29], which moves later-
ally in a linear fashion when a constant slope voltage ramp is applied between the
two electrodes of sectored piezoelectric bimorphs (electromechanical transducers).
Alternatively, a constant frequency sinusoidal input can be imposed to the slider
to perform nanorheological experiments. The upper surface is itself attached to a
vertical double cantilever spring, whose deflection is monitored using strain gauges
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connected to form the arms of a Wheatstone bridge. If the displacement 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 fric-
tion force between the surfaces F can be calculated, simply by using Hooke’s law
of elasticity [28]. The mechanical properties of the measurement system (e.g., com-
pliance 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.
A slider with a larger displacement range has been designed for the SFA 2000. A
larger displacement can also 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 wN. 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 [30-32], polymer melt and solutions [28, 29, 33-35], self-assembled
surfactant and polymer layers [36—38]. A number of systems in biotribology have
also been extensively investigated [39, 40].

An alternative design conceived for the study of smaller deformations was intro-
duced by Granick et al. [41, 42]. 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 (actuator). Typically, a constant frequency sinusoidal
signal is used, inducing an oscillating force on it. Simultaneously, the deformation-
induced voltage of the second bimorph (sensor) 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 influ-
ence of the confined film on the movement 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 [42]. Although mainly conceived for the study of small deformations
(of the order of the film thickness) typical displacements range from few nm to few
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Fig. 2.2 Schematic illustration of the SFA designed by Granick et al. The shear force is generated
by one bimorph (actuator) and the response of the device induces a voltage across the other bimorph
(receiver)

pm. The reported sensitivity on the friction force is around 5 wN. Many different
systems have been explored with this device, including simple liquids [41, 43-45]
polymer melts [46—48] and solutions [49, 50].

A third experimental setup widely used in the literature has been developed by
Klein et al. [51, 52]. 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 configuration adopted by Israelachvili et al.
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 um. 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 [53-56] where small forces are typically
observed. Research on water and other simple liquids has also been conducted with
this experimental setup [57, 58]. Studies of several biotribological related systems
have been recently reported [59, 60].
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Fig. 2.3 Schematic illustration of the surface force balance (SFB) designed by Klein et al. The
separation between the surfaces is controlled via a three-stage mechanism with a sectored piezo-
electric 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

As the SFA technique involves the displacement of curved surfaces, it is not
a trivial matter to achieve large displacements under a constant applied load. In
addition, achieving velocities greater than 100 pm/s can prove technically difficult
and may involve large accelerations, due to the limited range of displacement. Bureau
[61], and Israclachvili et al. [62] have addressed some of these issues. Qian et al.
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 [63]. This new apparatus should prove to be useful in investigating
shear-induced effects (e.g. shear alignment) on the confined thin films. Efforts in the
same direction have also been pursued by Israelachvili et al. [21, 64].

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 sim-
plicity of the technique. Second, the strategy used to determine the separation between
the surfaces has been extended by using non-interferometric techniques. The auto-
matic detection of the FECO have posed some challenges in the past, but increasingly
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accurate and affordable charge couple devices in the market are currently used in
several laboratories in the world for this purpose. Different strategies for the automa-
tion of the measurement process have been extensively described by Quon et al. [65],
Grunewald and Helm [66], and more recently by Heuberger et al. [67].

As mentioned before, some efforts have also been devoted to determine the sur-
face displacement by noninterferometric techniques. Several groups have proposed
to use piezoelectric bimorphs for this purpose [68—70]. This solution 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 pre-
sented by Parker [71], 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 et al. [72]. 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 contact mechanics.
Tonck et al. [25], and later Stewart [73], proposed to use capacitance dilatometry to
measure the separation between the surfaces: one plate of a parallel-plate capacitor
was attached to the moving surface, and the other to the chamber of the apparatus.
This technique allows for a fast and accurate measurement of the displacement of
the surface and eliminates the constraint of having to use transparent surfaces. A
similar configuration, replacing one of the capacitors for a sensitive interferometric
sensor to measure the deflection of the normal spring, has been used for very pre-
cise nanorheological studies [74]. Nevertheless, when 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. For achieving a better understanding of
its behavior 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 interact 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 experimental 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
confined films will improve our understanding about the friction phenomena in the
years to come.
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The earliest effort in this direction aimed to combine SFA with x-ray diffraction
(XSFA) [75, 76]. The second generation of XSFA combines the force measurement
capabilities of the SFA with in-situ small angle x-ray scattering experiments [77].
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 that X-ray reflectivity can be used to obtain structural information of
ultra confined molecular films of OMCTS only few layers thick [78]. A recent publi-
cation describes an analogous study for water films [79]. Nevertheless, simultaneous
determination of interaction forces and structural information in thin films has not
been reported.

Helm et al. [80] showed that MBI can be used to obtain structural information
of the confined thin films without any modification to the original SFA technique.
Information about orientation and intermolecular interactions 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. Nevertheless, this technique limits the
molecules that can be studied to large dye molecules. In addition, for best determi-
nation 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 et al. suggested to couple second 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 [81]. However,
results with other experimental systems have not been reported.

The combination of the SFA with other optical techniques has been limited 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 lim-
iting the in-situ performance of other optical methods. Granick et al. have overcome
this limitation by replacing the reflective silver layer by multilayer dielectric coat-
ings, which are transparent 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 [82, 83].

By combining the SFA nanotribometer with fluorescence correlation spectroscopy
they measured the molecular diffusion coefficient in thin films within spots of sub-
micron size, obtaining spatially resolved measurements [70]. This method has the
drawback that fluorophore molecules have to be added to the liquid investigated in
order to have a fluorescence signal. However, the authors have shown that the small



2 Surface Forces Apparatus in Nanotribology 27

amount of fluorophores added didn’t modify they behavior under shear and com-
pression of the fluids investigated. Thus, diffusion coefficient of thodamine 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 con-
fined thin films, where the diffusion appears to involve cooperative rearrangements
of many molecules.

They have also reported results on the combination of SFA with Confocal Raman
Spectroscopy [84]. The confocal geometry was used to reduced the bulk contribution
to the measured signal. By using a multilayer reflective coating transparent to the
argon laser and to the scattered Raman signal, they were able to monitor the geometry
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 photolumi-
nescence and absorption dichroism with the SFA [85]. The shear-induced alignment
of pre-adsorbed polymer molecules on mica was quantified both by photolumines-
cence and spectral absorption. They found molecular alignment parallel and per-
pendicular to the shear direction. which seems to be extremely sensitive to small
changes in the initial conditions of the test. 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 et al. recently suggested incorporating a Quartz
Crystal Resonator in the SFA [86]. Because of the high oscillation frequency of the
Quartz Crystal, this configuration allows the study of sliding velocities much higher
than typically investigated in a conventional SFA nanotribology experiment. Never-
theless, in order to obtain meaningful results extremely thin mica surfaces need to be
used, complicating its implementation 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
experiments. It gathers a set of properties seldom observed in other materials. It is
transparent and can be prepared in the form of thin sheets of molecularly smooth
surfaces over large areas by successive cleaving. The combination of these properties
is at the heart of the SFA technique: transparent surfaces are required to determine the
geometry of the contact by MBI. Besides, mica is a fairly incompressible material, so
the forces measured are not flawed by the deformation of the surfaces. In addition it is
inert to chemical reaction, so itis hardly modified during experiments. As a drawback,
the process of producing mica surfaces thin enough to fulfill the requirements of the
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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 easily 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 investigated 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 reasons considerable efforts have been
devoted to integrate different substrates in SFA experiments, 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, modified surfaces may
be more prone to chemical modifications.

Several groups have investigated the behavior of mica surfaces modified by self-
assembly [37, 38, 87, 88] or deposition of Langmuir-blodgett films [37, 89, 90]
of different substances. Mica acquires a negative surface charge when immersed
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 25 years [91]. The frictional behavior of the modified surfaces depends strongly
on the characteristic of the adsorbed layers: surface properties like the adhesion
energy and the morphology of the adsorbed layer will ultimately determine their
behavior under shear.

As mentioned before, mica is 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 et al. [92]. 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 [93]. 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 [94].

Several groups have proposed to modify the mica surfaces simply by depositing
on them thin films of different materials, including metals and dielectrics. 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 interpretation of the FECO 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 nonetheless be extracted. Different algorithms which are adequate for the
modified experimental conditions have been described in the literature [95, 96].

Studies of mica modification by deposition of many different materials have been
reported in the past. Silver [95, 97], gold [95, 98], platinum [98, 99], silica [99, 100],
are only a few of a long list of materials investigated. Horn et al. grown single crystals
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of aluminum oxide [101] by vapor phase condensation. The tribological behavior of
these surfaces was later investigated by Berman et al. [102]. Vigil et al. deposited
smooth layers of amorphous silica on mica, and study the behavior under compression
and shear of the resulting surfaces [100]. They found that oscillatory structural forces
were absent of the interaction between the surfaces due to the increased roughness. In
addition, they observed long time-dependent adhesion and friction of the surfaces in
the presence of water. Mc Guiggan et al. deposited amorphous carbon by magnetron
sputtering on mica, and used these surfaces in the SFA-nanotribometer [103]. 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 et al. sputtered thin films of zirconia and alumina on mica, and investigated the
behavior of these surfaces when lubricated with a linear perfluoropolyether [104].
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 preparation by
eliminating the use of mica all together. A method of preparing silica surfaces for use
in the SFA was proposed by Horn et al. although its use has not became widespread
[105]. Golan et al. proposed to deposit a thin layer of silicon nitride on rigid silica
disks previously coated with a reflective layer to replace the mica substrates [106].
They also reported a succinct tribological study of this generic substrate. Chain and
Klein proposed to use mica as a template to produce extremely smooth gold surfaces
[107, 108]. This method has been adapted by other groups to study electrochemical
processes using the SFA [109, 110].

In general, the surface modification processes abovementioned may alter the
smoothness of the surfaces at some degree complicating the geometry of the sys-
tem, 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 [109].

2.4 Case Study: Weakly Adhesive Surfaces Under Shear

To illustrate the potential of the SFA technique for nanotribology studies, some exper-
imental results obtained with self-assembled surfactant layers are described in this
section.

We investigated the following system: the mica surfaces in the SFA are immersed in
bulk aqueous surfactant solutions. Cationic surfactants are chosen, so that self assem-
bled layers are formed on the mica surfaces. For surfactant concentrations above the
critical micelle concentration (cmc) the adsorbed films show different morphology
depending on the surfactant. Some surfactants adsorb as flat bilayers, while others
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form rather modulated layers, suggesting the adsorption of globular or cylindrical
micelles [91]. If two flat bilayers are compressed, eventually the hemifusion of the
layers can be induced. In the hemifused region the mica surfaces end up cover by a
monolayer of surfactant, and the surfaces are held together by an adhesive interac-
tion, 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 [38, 87, 111].

The behavior under shear of these systems is very complex. In general, when
two intact bilayers are sheared, we do not detect any frictional resistance 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 designed by Israelachvili [28, 29].
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, together 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 0 = F/A, appears to
be independent of the normal load L over the range of load investigated, both along the
plateau regime preceding the stick-slip instability, and for the high velocity smooth-
sliding regime. This implies that the friction 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 monitoring the real area of contact with the SFA (from the flat region
on the 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 [112] and that we have extensively discussed in the past
[38]. The general behavior of the friction force can then be interpreted in terms
of a model based on the kinetics of formation and rupture of small adhesive links
(bonds) between the two shearing surfaces. Under this scenario, the observed stick-
slip regime is just a manifestation of the mechanical instability due to the negative
slope of the force versus velocity curve in a certain range of speeds. This adhesive
model is insufficient to account for the steady smooth sliding regime observed at
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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 6.5 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 Fy and a lower kinetic value Fjj. ¢ 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
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Fig. 2.5 Driving-velocity dependence of the shear stress measured while shearing two adsorbed
monolayers of the 12-3-12-3-12 surfactant under a load of L = 4.51mN at 7 = 20C. The smooth
sliding to stick-slip transition occurs at V. & 0.3 pwm/s. Prior to the transition, the kinetic stress oy
levels off at V| 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

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
viscous dissipation in the trapped layer. The linear increase of the force at high sliding
velocity seems to support this idea [38, 111].
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This example illustrates the capabilities of the SFA nanotribometer. It shows how

the measurement of the parameters pertinent to the friction problem, in particular
the capability to monitor the geometry of the rubbing surfaces, greatly improves the
understanding of the phenomena involved, allowing a quantitative comparison of the
behavior of the system with theoretical models.
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Chapter 3
Nanoscale Friction and Ultrasonics

Maria Teresa Cuberes

Abstract The chapter describes different procedures to monitor ultrasonic vibration
at a sample surface using an AFM cantilever tip. Both the excitation of normal
and shear surface ultrasonic vibration are considered. The possibility to reduce and
eliminate friction at nanometer-sized contacts by means of ultrasonic vibration is
discussed. Experiments that provide information about nanoscale adhesion hystere-
sis, and its relationship to friction, are described in detail. The ability of Phase—
Heterodyne Force Microscopy to resolve tiny differences in adhesion hysteresis with
high sensitivity is remarked.

3.1 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 pregermi-
nation of seeds, for imaging of biological tissues, etc. Also, in non-destructive test-
ing (NDT), for measurement of materials properties, in metrology, etc. Ultrasonic
vibrations are commonly employed in mechanical machining of materials [1]. Pro-
cedures such as ultrasonic cutting of metals, ultrasonically-assisted wire-drawing,
ultrasonically-assisted drilling, etc. take advantage of a modification of friction by
ultrasonic vibration. Macroscopically, it is well-known that friction and acoustics are
very much related [2]. The development of nanoscale ultrasonics can be of interest
in nanotechnology. Nevertheless, studies related to the emission of ultrasound 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 Microscopy (FFM),
has been developed to this purpose [4]. FFM monitors the torsion of a microcan-
tilever as a sample is laterally displaced by means of piezoelectric actuators, being
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the cantilever tip in contact with the sample surface. Typically, the deformation of the
cantilever is sensed by optical beam deflection, and both bending in normal direction
and torsion are simultaneously recorded with a four-quadrant photodiode detector
[5]. The measurement 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 topo-
graphical features. The lateral resolution in FFM depends on the tip-sample contact
area, which is typically of 10-100nm in diameter, in ambient conditions.

Ultrasound refers to mechanical vibrations of frequencies ranging from 20 KHz
up to GHz. Typical ultrasound propagation velocities in solid materials are of the
order of 10° 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. Actuation
of ultrasonic vibration at a nanocontact will always be accomplished in the “near-
field” regime. Understanding of 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
frequency 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 resolution on the nanometer scale. To this aim, different
AFM-based techniques such as Ultrasonic Force Microscopy (UEM) [7, 9], Atomic
Force Acoustic Microscopy (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.3.2.

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 cantilever response
to shear ultrasonic vibration excited at the tip-sample interface, being 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. 3.3.

In Sect. 3.4, 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 a nanometer scale is of tremendous significance in
nanotechnology. By now, it has been unambiguously demonstrated that ultrasound
of sufficiently high amplitude can act as a lubricant in nanoscale contacts [37—40].
Nevertheless, only a few experiments that address this topic have been performed up
to date, and hence the opportunities of ultrasonic vibration to modify the mechanisms
of friction at a nanometer scale are still an open question.
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In Sect. 3.5, some attempts to obtain information about adhesion and/or the adhe-
sion hysteresis using ultrasonic AFM techniques will be summarized [21, 41-47].
Procedures for the measurement of adhesion hysteresis from UFM have been inves-
tigated, and a relationship between adhesion hysteresis and friction has been for-
mally established [44]. Phase-HFM provides information 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

3.2 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 vibrations at the tip-
sample interface can be excited using, for instance, an appropriate 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 frequencies
(100MHz 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 vibra-
tions at ultrasonic frequencies, due to its inertia. Nevertheless, the displacement of
the surface atoms will lead to modification of the tip-sample interaction forces. In
the absence of ultrasound, being the tip in contact with the sample surface, in the
repulsive interaction force regime, the cantilever is bent to compensate for the sam-
ple surface repulsive interactions, 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 nor-
mal ultrasonic vibration the tip-sample distance is varied at ultrasonic frequencies
between minimum and maximum values, which depend upon the amplitude of ultra-
sound excitation and the initial set-point force (see Fig.3.1a). If the amplitude of
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 force, which can be easily detected with the optical
lever technique [7]. This additional force constitutes the so-calledultrasonic force
and it is the physical parameter evaluated in Ultrasonic Force Microscopy (UFM)
[7, 9]. The ultrasonic force induces a “static” cantilever displacement (UFM signal)
as long as vertical ultrasonic vibration of sufficiently high amplitude is present at the
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Fig.3.1 a, b The physical principle of UFM measurements (see text). The ultrasonic excitation may
be introduced through the sample (S-UFM), ¢ or through the tip using the cantilever as a waveguide
(W-UFM) (d). The piezo excitation is give a triangular modulation, with maximum amplitude Am.
The effect of varying the static force Fo (set-point force) is similar for S-UFM and W-UFM (from
[22])

tip-sample contact. In this sense, the cantilever behaves a “mechanical diode”, and
UFM has also received the name of mechanical diode mode.

The ultrasonic force is hence understood as the averaged force experienced 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 ultrasonic amplitude. The ultrasonic response will be
dependent on the details of the tip-sample interaction force, and hence on sample
materials properties such as local elasticity and adhesion. Figure3.1a, b illustrate
the 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.3.1b). In Fig. 3.1c, d, UFM responses of a sample of poly (methylmethacrylate)
about 3 mm thick are shown ([see [22] for more details about these measurements].
As shown in the Fig., the piezo excitation is given a triangular modulation, with
maximum amplitude Am. In (c), 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 (d) will be discussed below). The set-point force is kept constant



3 Nanoscale Friction and Ultrasonics 39

at 7nN. 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 accordingly, 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 elasticity 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 ampli-
tude 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 elas-
tic 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 an 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 fre-
quencies of a rectangular 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 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 3.2 shows
the resonance frequencies of the clamped spring-coupled cantilever as a function of

357

fuffy
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Fig. 3.2 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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the stiffness of the tip-sample contact normalized to the cantilever stiffness for the
first three modes. The experimental determination of the shift of the resonance fre-
quencies 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 URM, it is assumed that the cantilever is dynamically frozen, and does not
vibrate at ultrasonic frequencies [7]. Even though cantilever resonant modes can
certainly be excited at a microcantilever, the point-mass picture for the AFM can-
tilever tip allows us to understand certain peculiarities of its high-frequency dynamic
behaviour. Thus, the inertia of the cantilever “explains” that in ultrasonic-AFM tech-
niques 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 expected 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
off 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 (SAW5s) at slightly
different frequencies, and using a cantilever tip in contact 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) is
particularly implemented for the characterization of SAWs field amplitudes [11] and
phase velocities [18]. The procedure in SAFM is actually equivalent to this in UFM:
the superposition of two SAWSs of slightly different frequencies leads to surface high
frequency vibration that is modulated in amplitude at the lower difference frequency.
When the surface vibration amplitude is sufficiently high, a cantilever tip detects the
rectified 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 “con-
tact mode”, the “mechanical diode” mode and the “subharmonic” mode. In “contact
mode” SLAM, the sample is vibrated at high frequency, being the tip in contact
with the sample surface, and the tip displacement, which yields the contact stiff-
ness, is monitored at the excitation frequency; the high-frequency surface vibra-
tion amplitude is kept sufficiently low that the tip-sample interaction remains in
the linear regime. The “mechanical diode” SLAM mode is equivalent to UFM. The
“subharmonic” SLAM mode proposes that the sample surface is excited at very
high ultrasonic vibration amplitudes; according to interesting reported data [12], the
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analysis of the generation of subharmonics and chaos may provide information about
the local coefficient of restitution of a tip bouncing on a sample surface.

Scanning Microdeformation Microscopy (SMM) [8] uses a piezoelectric element
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 elastic constants, inhomogeneities and/or
subsurface features is obtained with a lateral resolution essentially related to the tip
diameter.

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

The development of AFAM has proved that in the presence of ultrasound, being
the tip 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 sample surface from a piezoelement located at the cantilever base. In this
case, the cantilever acts as an acoustic waveguide that propagates the ultrasonic signal
tothe 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 piezoelement located at the cantilever base
which is used for both the excitation and the detection of ultrasound [17]. And even
though the propagation of ultrasound from the cantilever base to the sample surface
necessarily requires that the cantilever tip vibrates at the excitation frequency, it has
been experimentally demonstrated that UFM works in this configuration, renamed as
Waveguide-UFM (W-UFM) for distinction. similarly as in the case that 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 on PMMA
can be compared in Fig.3.1c, d. In Fig.3.1d, a piezo located at the cantilever base
is excited at 5.120MHz. As it is apparent from the Fig., 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 many 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
mechanical data.
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Fig. 3.3 A schematic diagram illustrating HFM. Small phase-delays between tip and sample vibra-
tion (at w; and w; respectively) will cause a phase variation of the cantilever vibration at the
difference frequency w; — w,. This is detected as the HFM response

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.3.3). The physical principle of HFM is described in Fig.3.3. As the sample
vibrates at a frequency w; and the tip at a frequency wj, the maximum tip-sample
distance, is modulated at w; — w, (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 dis-
place it from its initial position. Owing to the varying ultrasonic force, the cantilever
vibrates at the difference mixed frequency. In HFM, this vibration is monitored
in amplitude and phase with a lock-in amplifier, using the (externally) electroni-
cally 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 varia-
tions 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 period. 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 nanometre volumes with a time-sensitivity
of nanoseconds.
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Recently, Scanning Near-Field Ultrasound Holography (SNFUH) [23] has been
proposed as a non-destructive imaging method. The technique is implemented in a
similar way as 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 sensitivity. Interestingly, in Phase-HFM
most of the contrast apparently stems from surface effects, as will be discussed in
Sect. 3.5 of this chapter.

3.3 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 mechanical 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 sample surface are
excited. Lateral-Acoustic Friction Force Microscopy (L-AFAM)(or Resonant Fric-
tion Force Microscopy (R-FFM)) [24—27] monitors the vibration 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 vibra-
tion amplitudes provide information about the lateral forces between tip and sample.
Apparently, L-AFAM images are independent of the scanning direction, i.e. not influ-
enced 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 mm s~ !, much larger than those in conventional FFM (about
100-250 wm s~ "), and nearer to the sliding operating velocities in MEMs and NEMs
(in the range of tens of mm s~ to few ms™!) [48].

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]. Atlow shear excitation voltages, the resonance curve
torsional cantilever vibration amplitude versus excitation frequency is a Lorentzian
with a well-defined maximum; the cantilever 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 0.2nm 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 [26] for further details).
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The local vibration amplitudes and phases of the torsional resonances of clamped-
free AFM cantilevers have been studied using optical interferometry [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 experimentally 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 (TRmode) [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 ultra-
high vacuum (UHYV), torsional cantilever resonances can be excited via vertical
vibrations, due to their high quality factors. Lateral forces between a cantilever tip
and objects on surfaces 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 tor-
sional resonances will be excited at the cantilever. Nevertheless, in Lateral Scanning
Acoustic Force Microscopy (LFM-SAFM) [35, 36] SAWs with in plane oscillations
components such as Love waves have been detected by modulating the rf signal’s
amplitude at some KHz. When the tip is in contact with the sample surface, in the
presence of shear ultrasonic vibration at the tip-sample contact, the cantilever experi-
ences an additional amplitude-dependent torsion or lateral-mechanical diode effect.
From the ultrasound-induced additional 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 perpendicular 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 provides information about the sample
shear elastic properties with subsurface sensitivity.

3.4 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. [37] studied the influence of out-of-plane ultrasonic vibration on
the frictional response of a Si sample in ambient conditions, using FFM and UFM.
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Fig. 3.4 Experimental measurements of dynamic friction (thick line) and cantilever deflection
(thin line) dependencies on the ultrasonic amplitude, for two different applied loads F; = 0 N and
F> = 2nN on a Si sample (from [37])

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.3.4). Figure 3.4 shows the friction force and the cantilever deflection
measured at different surface ultrasonic vibration excitation amplitudes. The friction
force in Fig. 3.4 was independently determined 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 [37]
for further details). The cantilever deflection signal in Fig.3.4 corresponds to the
cantilever response to the ultrasonic force, i.e. the UFM signal, which depends on
the ultrasonic amplitude (see Fig.3.1). 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 reduc-
tion or elimination of friction, because of a reduction of slippage during sliding.
Interestingly, it is apparent in Fig. 3.4 that, for a given applied load, the friction force
considerably reduces 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 Fpin Fig. 3.4, the reduction of friction already amounts to about
60 % when the UFM cantilever response sets off.

A study of influence of out-of-plane ultrasonic vibration on the static friction
force, keeping the amplitude of the lateral displacement small enough that the tip
sticks to a surface point without sliding, (see [37] for details) demonstrated that this
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
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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 [37]. 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 re-arrangement,
thereby reducing the probability of tip stick-slip processes, and hence friction.

Using molecular dynamics (MD) simulations, Gao et al. [49] demonstrated that
small amplitude (of the order of 0.1 nm) oscillatory motion of two confining inter-
faces in the normal direction to the shear plane can lead to transitions 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 be larger than the time
constant of the out-of-plane mechanical oscillations.

Heuberger etal. [50] 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 inducing normal (out-
of-plane) vibrations between two boundary-lubricated sliding surfaces. In particular,
they found regimes of vanishingly small friction at interfacial oscillation amplitudes
below 0.1 nm, and demonstrated that they originate due to the dynamics of the relax-
ation processes of the lubricant at the molecular level.

Recently, Socoliuc et al. [51] have demonstrated that mechanical vibrations nor-
mal to the plane of sliding at cantilever resonance frequencies in a range of hundreds
of KHz in ultra-high-vacuum (UHV) conditions lead to an ultra-low friction regime
in atomic scale friction even in the case that the amplitude is not sufficiently high
that the tip detaches from the sample during the vibration cycle. Previously [52], the
authors had reported on the observation of an ultralow dissipation state in atomic fric-
tion related to the absence of mechanical 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 vibrations 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
remains as high as on a non-vibrating surface at other frequencies. However, they
verified that the near-zero friction bands coincided with frequencies at which a lift-off
(vertical displacement) of the AFM cantilever occurred. As discussed by the authors
[25] such “lift-off” is likely attributable to the set off 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 build up of an elastohydrodynamic lubrication film
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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 vertical
cantilever displacement in the absence or in the case of low-amplitude out-of-plane
surface vibrations.

Behme et al. [38—40] studied the influence of Surface Acoustic Waves (SAWs) on
nanoscale friction. SAWs constitute a precise source of acoustic vibration, with well-
defined surface oscillations in a perfectly determined polarization, whereas when
working with bulk shear wave transducers parasitic surface displacements due to the
existence of boundaries, etc. can hardly be avoided. LFM and multimode SAFM were
used to measure and distinguish the influence of in-plane and vertical surface oscil-
lations components on the cantilever torsion and bending. To this aim, the authors
[38—40] excited a standing Rayleigh wave field, and considered the dependence of
friction on the acoustic excitation amplitude. In Rayleigh waves, the atoms oscillate
on elliptical trajectories with a large vertical and a smaller lateral oscillation compo-
nent. The experiments showed that by increasing the rf. amplitude, friction is locally
reduced an eventually suppressed. In addition, it was clearly demonstrated that at the
point in 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 in-
plane oscillations do not play a significant role. This hypothesis is further reinforced
by the fact that apparently in-plain polarized Love-type SAWs do not significantly
alter the frictional behaviour. In these experiments, no cantilever lift-off induced by
a lateral-oscillation of the sample [25] was observed. At very high Rayleigh wave
amplitudes a lateral force rectification of the longitudinal component of the standing
wave field is apparent, which results in a scan-direction independent appearance of
the LFM 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. Kessermakers et al. [53] 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, presumed to be around torsional and/or lateral can-
tilever resonances. In these experiments a Au-coated cantilever was used, and the
oscillating lateral cantilever vibration was applied by means of an electrostatic field.
At a particular 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 non-zero-friction state was apparent.

Riedo et al. [54] 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 potential led to increased
energy dissipation when increasing the sliding velocity. By superimposing a lateral
oscillation on the cantilever and sweeping its frequency between 15-100 KHz, and
a clear peak of friction reduction was observed around 19.5 KHz, independently of
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the applied load. This friction reduction peak was attributed to the excitation of a
cantilever torsional contact resonance, which increased the attempt frequency for
thermally activated jumps during sliding. The effect did not occur above a certain
critical value of the sliding velocity.

In recent experiments performed by Gnecco et al. [51] 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 up to 200 KHz, 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.

Other works that have considered the possibility to control nanoscale friction
by mechanical action at high frequencies on the system motion are described in
[55, 56] and therein.

3.5 Adhesion Hysteresis at Ultrasonic Frequencies

On the nanoscale, adhesion phenomena become decisive to the performance of nan-
odevices, 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 [57]. 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 attributed 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 adhesion and the
adhesion hysteresis at the tip-sample contact using UFM have been proposed [41-45].
Essentially, they take advantage of the fact that the ultrasonic excitation 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. 3.5 [41],
in which both experimental and simulated UFM signal versus ultrasonic excitation
amplitude curves have been drawn. In UFM, being the tip in contact with the sample,
when increasing the out-of plane ultrasonic amplitude at the tip-sample contact, at
certain amplitude the tip detaches from the surface at part of the ultrasonic period,
and the ultrasonic force (see Sect. 3.2 of this chapter) experiences a sudden increase
that give rise to a “jump out” of the cantilever (see Fig.3.5). When decreasing the
ultrasonic amplitude, at certain amplitude the tip cannot separate anymore from the
surface, and the ultrasonic force experiences a sudden decrease, that gives rise to a
“jump in” of the cantilever (see Fig. 3.5). For the evaluation of the ultrasonic force, it
is considered that mechanical hystereses i.e. snap-in and -out of the cantilever when
approaching or separating from the sample surface do not occur. In the absence of
ultrasound, compliant cantilevers are subjected to large mechanical hysteresis when
approaching or separating from a sample surface due to the force gradient being
larger than the cantilever spring constant. However, at ultrasonic frequencies, the
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Fig. 3.5 UFM signals recorded when increasing and decreasing the ultrasonic excitation amplitude
(see arrows to distinguish each case) on an aluminium thin film. The continuous lines correspond
to a numerical evaluation of the UFM responses according to the model detailed in [41] (from [41])

inertia of the cantilever leads to an effective much larger cantilever stiffness, which
can hence probe the hysteretic cycle of tip-sample in and out interactions, without a
decrease of its sensitivity for force field detection.

In [41] amethod for quantitative analysis of the UFM signal is proposed in order to
determine both the sample elastic modulus and the work of adhesion by monitoring
the cantilever jumps such as those in Fig. 3.5. In UFM, both elasticity and adhesion
contribute to the ultrasonic force. Dinelli et al. [46] 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 [41] evaluate
both the stiffness and the work of adhesion as defined in JKRS by calculating the
jump-in and jump-out cantilever shifts. According to their modelling, the normalized
cantilever jump-in shift turns out to be constant and effectively independent on 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 [41] for further
details).

In [42] the area between experimental curves such as those in Fig.3.5 is mea-
sured and defined as the UFM hysteresis area (UH), and it is assumed that UH scales
with the local adhesion hysteresis. A detail procedure to obtain quantitative infor-
mation about the adhesion hysteresis from UFM signal versus ultrasonic excitation
amplitude curves is discussed in [45]. The correlations between adhesion hystere-
sis and local friction have been theoretically and experimentally investigated [44].
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 assumes an adhesive, elastic and weariless tip-sample contact, a relationship
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between adhesion hysteresis and friction has been derived, which depends on the
varying ratio of the tip-sample work of adhesion over the reduced Young modulus
(see [44] for further details). In the model, the adhesion hysteresis is estimated as the
pull-off force times the critical separation 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 [42, 44]. The aforemen-
tioned 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 lineal. In addition, it is found that capillary hysteresis offsets the mea-
sured 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 [43].

Procedures to obtain information about the work of adhesion using AFAM are
also being considered [44]. In AFAM, monitoring of the resonance frequency of
an AFM cantilever with the tip in contact with the sample surface allows us to
determine the tip-sample contact stiffness (see Sect. 3.2 of this chapter). Strictly, the
contact stiffness is influenced by both 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, but 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 which minimizes the difference
between the theoretical and empirical relationship of cantilever resonance frequency
versus ultrasonic excitation amplitude (see [46] 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 feature of the technique
being its ability to probe a local response in extremely short times, i.e. 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 iden-
tical thin polymer layers with different boundary constraints on the nanometer scale.
Those layers however exhibited a same FFM contrast, which confirms the ability of
Phase-HFM to resolve dynamic dissipative processes in a much shorter time 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
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Fig.3.6 (a—c) AFM contact-mode topography (a), Phase-AFM (b) and LFM 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
viceversa (see arrows) respectively, recorded over a same surface region of the sample, different
from this in (a—c). Below, schematic drawings illustrate the apparent structure at the PMMA/rubber
sample surface

opportunities of phase-HFM to provide information about adhesion hysteresis with
extremely high time resolution, in the nanosecond time scale.

In metals, anelastic or viscoelastic contributions are expected to be small. On
the contrary, in polymeric materials intra- or inter-molecular perturbations upon tip
actuation and/or dissipative effects of the molecules due to adhesion to the tip or to
other neighbouring 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.3.6).

Figure 3.6a—c shows contact-mode AFM (a), Phase-AFM (b) and LFM images
recorded over a same surface region of a PMMA/rubber sample. The topographic
protrusions in Fig.3.6a indicate the presence of core-shell PMMA particles in the
surface and/or near surface region. Two different kinds of topographic protrusions
may be distinguish 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 different protrusions are apparent from the comparison of Fig.3.6a, b.
The drawings in Fig. 3.6 illustrate a model for the two different protrusions: at some
of particles, the PMMA particle shell is well-bonded and indistinguishable 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. 3.6¢) as well as UFM and A-HFM images
(not shown here, see [21]) recorded in the same surface region. Both UFM and
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A-HFM reveal the presence of the toughening particles by a clear 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 measurements [21]. However, they are clearly differentiated in Ph-HFM,
and discernible by the presence or absence of kind of halo-contrast in FFM.

At the top right-hand side of Fig.3.6, contact-mode AFM and FFM images
recorded over a particular PMMA/rubber particle scanning from left to right (forward
scan), and viceversa (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 bit better than this in Fig. 3.6c. From those images it is apparent that the
particle is characterized 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 than the PMMA matrix, being
indistinguishable from that in both forwards and backwards FFM scans. In con-
trast, 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 rub-
ber 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 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 adhered to
the PMMA matrix or not, may also modify the PMMA dynamic behaviour. Accord-
ing to the obtained experimental results, the contrast provided 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 between can be resolved in conventional
FFM. Hence, Ph-HFM allows us to study quick dissipative transitions not resolved
by FFM which will however surely 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 to point out that, when probed with extreme sensitivity, a locally
measured response might be strongly affected by small dissipative effects 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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Chapter 4
Triboluminescence

Roman Nevshupa and Kenichi Hiratsuka

Abstract This works seeks to summarize recent advances in experimental studying
of triboluminescence—defined here as the light emission when a material is sub-
jected to rubbing, scratching, rolling, impacting or other mechanical agitation—and
elucidate the basic mechanisms whereby triboluminescence is excited.

4.1 Introduction and Brief Historical Survey

Triboluminescence (TL) is defined by the Oxford English Dictionary as the emission
of light from a substance caused by rubbing, scratching, or similar frictional contact
[1] or, more generally, as the quality of emitting light at interacting surfaces in relative
motion. It should be noted that the substance referred to in this definition may include
both the materials of the contacting bodies and the surrounding gas or liquid, e.g.,
atmospheric air and lubricating oil.

The art of making fire by rubbing two wooden sticks together is a prehistoric
example of how light emission can be produced by friction first due to incandescent
radiation and then due to chemical reaction of wood oxidation [2]. Also tribolumines-
cence can naturally occur when frictional contact is composed of dielectric materials
susceptible of intensive frictional electrification. In this case triboluminescence is
usually manifested by a shine or lightning around the frictional contact and is related
to electrical discharge with gas or liquid. This phenomenon can be observed during
precise turning of glassy polymers by a diamond tool in dry air [3], in which process
weak glowing occurs around the cutting tool near the cutting edge as well as at the
rake surface of the tool (see Fig.4.1).
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Luminous signals in the atmosphere such as glowing, light flashes and lightning,
which result from fracture and slippage of rocks in earthquake-prone regions, are
also attributed by many researchers to triboelectricity and triboluminescence [4—7].
These signals, which occur prior to, concurrently or after severe earthquakes, are a
supreme manifestation of triboluminescence which can be observed on the Earth.
Even more tremendous are the lightnings and sprites in volcanic plumes and dust
devils in planets of our solar system and in the atmospheres of brown dwarfs and gas
giant planets outside of our solar system [8]. Triboelectric charging of dust particles
is frequently invoked as a mechanism for spectacular lightning discharges in dust
clouds of silicate planetary regolith analogues [9].

Though the oldest records on systematic studies of triboluminescence comes from
the beginning of the seventeenth century, the TL must surely be observed before [10].
Bearing in mind that the triboluminescence frequently accompanies triboelectrifica-
tion, this phenomenon could probably be noticed since the remote antiquity, from the
works on electrostatics of Thales of Miletus dated back to the sixth century BC. The
knowledge on the triboluminescence developed in the period from the 17th century
to the third quarter of the 20th century was reviewed from various perspectives by A.
Walton. A comprehensive literature survey on mechanically induced luminescence
for the period 1968—1998 can be found in [11].

The word triboluminescence was coined by Wiedeman in 1888 to denote the light
emission resulting on fracturing materials [10]. In its long history triboluminescence
was applied to various luminescent processes, some of which, at first sight, have
little in common, e.g., emission during breaking of adhesive bonds [12, 13]; shaking
of mercury in a glass vessel [14]; rapid crystallization of certain substances [15];
collapse of small gas bubbles in a liquid [16]; excitation of a laser-induced shock
wave in solids [17]; elastic and plastic deformation of solids, scratching, milling and
fracture [10, 18]. Though the forms of mechanical action significantly differ between
these processes, many of them rely on quite similar physico-chemical reactions
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(see Sect.4.2). As a natural consequence of the diversity of the forms of mechanical
action, in literature, the name triboluminescence is concurrently used as a synonym
of fractoluminescence, crystalloluminescence, sonoluminescence and piezolumines-
cence, all of which are different forms of mechanoluminescence [19]. In this work
we endeavour to adhere to the original signification of triboluminescence as defined
by the Oxford Dictionary, therefore, this chapter is focused principally on those tri-
boluminescence phenomena which are directly related with tribological interaction
between solids.

Even though the triboluminescence has been studied for centuries, this phenom-
enon still remains something of an enigma at the conceptual and theoretical levels.
Triboluminescence is intimately related to both friction and wear and all three require
an understanding of highly nonequilibrium processes occurring at the molecular level
[20]. These processes significantly differ depending on the tribological conditions,
environment and materials. Furthermore, it is important to understand how all these
elements come together producing synergetic coupling on different length and time
scales.

Triboluminescence has great potential for the development of advanced materials,
for example, the materials capable of sensing and imaging the stress intensity and
distribution under applied load [21, 22]. The TL can be used, as well, for remote
diagnosing of failures of space and vacuum mechanisms [23]. In medicine, the TL
and triboemission from biological tissues have been applied for early diagnosing of
cancer and other diseases [24, 25].

4.2 Basic Processes and Activation Mechanisms

During long time it was believed that frictional heating is the dominant mechanism
for many tribophysical and tribochemical phenomena including triboluminescence.
This belief was induced by the empirical evidence coming from the observation
of heat generation in heavily loaded joints and brakes. Nevertheless, as early as
1792 Saussure demonstrated that in certain cases light could be obtained under such
conditions that a pure temperature radiation was altogether unlikely [15].

The obvious contradiction related to the fact that frictional heating is weak or
negligible under mild and light frictional conditions, and that the net temperature
increase under these conditions is not sufficient to initiate TL was overcame by
introducing the flash temperature [2] and magma—plasma concepts [26]. The main
idea behind these concepts is that heat generation occurs on sub-micrometric zones
of real contact, called hot spots, under almost adiabatic conditions. It was suggested
that, while the total generated heat is quite low, the instant temperature increase on
the minute hot spots can be sufficiently high to produce melting, thermionic electron
emission, triboplasma and triboluminescence [27]. Though these hypothesis have
been proven for high speed and relatively heavy-loaded contacts, there is still a lot
of debates about the existence of hot spots and the extent of the temperature increase
on them in lightly loaded and microscopic tribocontacts as well as under low sliding
velocities [28].
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In the studies of energy dissipation at sliding of various amorphous carbon coatings
using molecular dynamic simulation it was found that the temperature increase on the
hot spots was less than 300 °C even under severe sliding conditions: contact pressure
in the range 7.6-56 GPa and sliding velocity 90.2ms™! [29, 30]. The temperature
flashes were extremely short-time, in picosecond range, and subnanometer size.
These findings corroborated that the mechanism which can confidently be ruled out
is that the average mechanical energy fed in per atom of a material under such sliding
conditions is sufficient to excite an atom directly into emitting visible or UV light
[10, 15]. Different excitation mechanisms of triboluminescence must exist.

Various authors suggested that at a tribocontact mechanical energy is not con-
verted instantaneously and fully into Joule heat. Though the major part of mechanical
energy is converted into heat, there exist de-excitation pathways in which energy is
transferred to different forms [31]. Deformation, bonds breaking and stress-induced
chemical transformations resulting from quasi-adiabatic energy release excite vari-
ous energy-rich states [ 18, 32—-36], whereas subsequent de-excitation of these excited
states promotes cascade of multiple emission processes. Radiation and radiationless
de-excitation can lead to luminescence, emission of electrons and ions, chemical
transformations, generation of electric and magnetic fields and so on. Collision of
the emitted particles and photons with atoms and molecules can lead to the secondary
excitation and decay processes and so on [37]. Thus, energy dissipation at the slid-
ing contact is an extremely complex process involving a large variety of elementary
physical processes and chemical reactions. These processes include incandescent
radiation [36, 38], molecular deformation and direct mechanical excitation of elec-
tronic levels in mechanically affected zones [18, 36]; space charge generation due
to cleavage, contact electrification [12, 36, 39, 40]; piezoelectric effect [21]; recom-
bination of charged particles, holes and radicals [18, 21]; electric discharge through
surrounding gas or liquid [10, 15, 39]; electroluminescence [10, 26]; photolumines-
cence [41]; cathode- and ionoluminescence [42]; resonance radiation from excited
particles [10]; phase transformation [36]; gas adsorption and chemical reactions
[26, 36]; unpinning and annihilation of dislocations, defect stripping, motion of
charged dislocations [39]; and others.

In an exhaustive study involving 23 different materials and aimed at distinguishing
the major possibilities for excitation of mechanoluminescence obtained by grinding
the crystals in a glass tube, Sweeting [43] found two clearly distinct mechanisms
of mechanoluminescence: (i) luminescence that requires a discharge through air or
other surrounding gas and (ii) luminescence which comes from the processes within
the crystal, possibly the release of energy from recombination of energetic defects.
Some of the materials presented parallel action of both mechanisms. In addition,
three separate modes were observed for the first excitation mechanism: excitation of
the surrounding gas by electron bombardment; excitation of the photoluminescence
of the material by electron bombardment; and excitation of the photoluminescence
of the material by absorption of the ultraviolet (UV) emission of the excited gas.

Recently, rare-earth complexes have drawn the attention of many researchers since
mechanoluminescence of these materials can be induced by mechanical deforma-
tion without fracture and without electric discharge. During deformation the strain
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energy excites the filled traps to release holes to the valence band. The holes then
excite rare-earth ions and return to the ground state by emitting light [44]. Another
material that can repeatedly emit light without destruction is zinc sulphide doped
with transition metal ions. Non-destructive mechanoluminescence materials are very
promising candidates for the development of smart damage sensors capable of real-
time detection of the magnitude and location of deformation within the material.

A number of experiments coupled to theoretical modelling have made great
advances in unifying apparently diverse phenomena relative to mechanical activation
of physical and chemical reactions and provided a crucial benchmark for mechanisms
and behaviour of mechanoluminescence under elemental mechanical actions such as
fracture, grinding or cohesive detachment [10, 15, 18, 21, 36, 40, 43]. Varentsov and
Khrustalev [45] summarized these findings in a generalized scheme of the emission
phenomena and chemical reactions occurring when solids are subjected to an exter-
nal mechanical influence, mainly in form of deformation or fracture. This scheme is
shown in Fig. 4.2 by black boxes and lines. The boxes highlighted in yellow designate
various luminescence phenomena. This scheme was further developed by introduc-
ing other non-intuitive processes involved in the mechanical energy dissipation at
frictional contact (blue boxes and lines). Excitation of metastable states just by con-
tacting without deformation and fracture, e.g., due to contact electrification, is one of
these processes. These new processes are specifically relative to frictional mechanical
interaction and have not been considered within the framework of mechanoemission
and mechanochemistry.

For tribo- and mechanoluminescence, a common basis underpins the behaviour
on atomic and nanometer scale (Fig.4.3b). However, as a natural consequence of a
complex tribological behaviour characterized by synergism of processes and self-
organization of structures across time and length-scales of several orders of mag-
nitude, TL is a much more complex phenomenon than elementary mechanolumi-
nescence. In the mechanoluminescence studies, in which the materials are usually
milled, ground, strained or fractured, the geometry of interfaces is highly irregular,
while the contact interactions and interface processes have a random character. In
contrast, when the wear rate is low, the macroscopic geometry of tribological con-
tacts in machines and in the nature is usually well-defined and stable or quasi-stable
in time (see Fig.4.3a). The overall geometry of a tribocontact keeps stable despite the
fact that in each instant new surfaces come into contact [37]. Quasi-stable distribu-
tion of physical parameters (pressure, electric field, temperature, and so on) around a
frictional contact associated to its temporal and geometric stability creates favourable
conditions for spontaneous formation of complex, self-organized and thermodynam-
ically steady dissipative structures, which can occur at significant distances from the
real contact zone. This explains why the triboluminescence phenomena can span the
length scales from the quantum to the astronomical one, while the mechanolumi-
nescence related to fracture or milling usually does not occur beyond microscopic
scale.
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4.3 Experimental Techniques for Studying Triboluminescence

Triboluminescence occurs as aresponse of a system to the introduction of mechanical
energy at a frictional contact. Thus, an experimental set-up for measuring the TL
should necessarily have two main subsystems: (i) the tribological device for produc-
ing relative motion of two solids under controlled velocity and loading conditions
and (ii) the optical system for measuring the intensity and spectral characteristics of
the emitted light in different spectral ranges and on various time scales.
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Fig. 4.3 a Classifications of contact configurations of four types of sliding-motion tribometers
(reprinted from [46] © 2011, with permission from Elsevier). b Length scales of traditional
mechanoluminescence and triboluminescence processes

Though in the past several experimental techniques for measuring the TL have
been developed, only few of them can be considered as true tribological systems,
i.e., the systems where two surfaces slide and/or roll past each other [39, 44, 47, 48],
while most of other devices are aimed at grinding, milling, fracturing or straining
the material being studied [18, 49, 50]. The reason for that relies on the misleading
use of the term triboluminescence instead of deformational luminescence or fracto-
luminescence.

Simultaneous scanning of both the friction force being a measure of the rate of
mechanical energy dissipation and the TL is essential to reveal common mechanisms
lying behind these processes. However, it is not an easy task because in the laboratory
tests the TL occurs directly in the buried interface or in the close proximity to the
contact zone, typically at the distance below 1 mm from it. If both solids being in
frictional contact are non-transparent in the spectral range of interest for the TL study,
the emitted photons can only be collected from the sides of the contact zone. In case
one or both solids are transparent in this spectral range, the TL can be recorded either
from the side or through the transparent solid.

The necessity to focus the optical system on a tiny luminescent zone buried in
the interface rules out the tribometer configurations in which the contact zone is not
stationary. This is why a pin-on-disk configuration with a stationary pin and rotating
disk has been normally used in most of the TL studies. Schematic drawing of a typical
experimental system with a pin-on-disk configuration aimed at the TL measurement
through a transparent disk is shown in Fig. 4.4a. Light from the luminescent zone at
the frictional contact passes through the quartz disk (Fig. 4.4b), a sapphire viewport
and is condensed by lenses of an optical microscope. The light beam can be directed
to a high-sensitive camera (in this case CCD) or to a spectrometer for the analysis
of the spectral characteristics. Quartz and sapphire have been chosen because of the
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Fig. 4.4 a Schematic drawing of a pin-on-disk set-up in which spatial distributions and spectro-
scopic characteristics of the TL can be studied. Light passing through the quartz disk is measured
from the opposite side of the contact by an optical microscope combined with a CCD camera and
a spectrometer. b Photograph of the quartz pin and quartz disk. ¢ Schematic drawing of the exper-
imental vacuum tribometer with a pin-on-disk configuration in which the TL is measured from the
side using a photomultiplier tube (PMT). Electric impulses at the anode of a PMT were acquired by
a multichannel scaler (MCS). Surface potential was measured by an electrostatic voltmeter using
an electromechanical (EM) sensor. d The twin-ring tribometer with a chemiluminescence analyzer.
Photons passing through a filter are detected by a photomultiplier. Charges induced on the surfaces
by rubbing are measured by an electrometer through an air probe electrodes which were set at the
farthest end of the specimens without contacting them. (a) and (b) reprinted from [47] © 2006,
with permission from Elsevier; (¢) reprinted from [51] © 2003, with permission from American
Institute of Physics; (d) reprinted from [52] (©) 2012, with permission from Elsevier

transmission in the ultraviolet (UV) and visible (vis) ranges. The disk and the pin
are placed inside a vacuum chamber, so both the gas pressure and the composition
can be controlled. By introducing specific optical filters in the optical path of the
microscope the TL can be studied in different spectral ranges.

Another example of a TL pin-on-disk system in which the emitted photons are
measured from the side is shown in Fig.4.4c. In this system light is condensed by a
lens which is used also as a viewport of a vacuum chamber and guided to a photo-
multiplier tube (PMT). The output signal of the PMT is acquired by a multichannel
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scaler (MCS). The PMT can operate in either current mode or pulse count mode. In
the pulse count mode, nanosecond resolution of the TL signal can be achieved.

The disadvantages of the pin-on-disk configuration are related to asymmetric slid-
ing conditions: different wear rate of the disk and the pin, extremely large difference
in the area of the contact zone on the pin and on the disk, dissimilar adsorption
conditions and so on [52]. These shortcomings have been removed in the twin-ring
tribometer (Fig. 4.4d) [46]. In addition to the sliding motion this tribometer allows to
do pure rolling or rolling/sliding with controlled slip ratio. Due to symmetrical con-
figuration the surface charge can be measured on both surfaces and simultaneously
with the TL.

4.4 Characteristics of the TL

4.4.1 Spatial Distribution of the TL at a Tribological Contact

K. Nakayama and his research group were probably the first who succeeded to
measure two-dimensional spatial distribution of the TL at a sliding contact. They
used a pin-on-disk tribometer situated in the ambient air [39, 53, 54] or in a vacuum
chamber [54-56] and intensified CCD camera equipped with CaF; lenses transparent
in UV, vis and IR ranges.

Figure 4.5a shows the unfiltered pseudo-colour image of in plane spatial intensity
distribution of the TL taken through the disk. The images represent integrated TL
intensity in approx. 12 disk revolutions. TL completely surrounded the contact zone
and spread out to the distances up to 200 wm from the centre of the contact in the
direction of the relative disk motion (shown by the arrow). The total TL was the
most intensive in the zone situated behind the contact at a distance of approx. 50 pm
from its centre. Figure4.5b shows the intensity distribution of the TL intensity in
UV range. For the total TL and UV TL the shape of the intensity distributions were

Observed
contact

[, 200 pm > Observed contact 100 pm 100 pm

Fig. 4.5 Two-dimensional spatial distribution of the TL at the sliding contact of a diamond pin
(radius of curvature 300 um) and a sapphire disk in ambient air. a unfiltered pseudo-colour image;
b band-filtered pseudo-colour image of the TL in the range 290-420nm; ¢ band-filtered pseudo-
colour image of the TL in the range 720-2800nm; d enhanced image from (c). A circle in each
figure denotes the size and position of the nominal contact area determined visually using optical
microscopy (reprinted from [54] © 2003, with permission from ASME)
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quite similar, although small variation in shape can be ascribed to the fluctuations of
the TL in time [39] since the images in Fig. 4.5 were acquired sequentially. The total
luminescent power was also quite similar in both cases. That was taken as indicating
that the TL arose mainly from the excitation of nitrogen from the surrounding air.
Spectroscopic measurements generally corroborated this hypothesis (see Sect. 4.4.2).

The TL intensity in IR range was low (Fig.4.5¢) and exhibited unexpected distri-
bution. Figure4.5d presents the enhanced image of the IR TL from Fig.4.5c. Apart
from IR radiation at the contact area that can be ascribed to the frictional heating there
were two lateral branches aside from the friction track protruding from the contact
zone in the direction of disk rotation. The shape of the IR TL intensity distribution
was defined as an open circle or a horseshoe. The most surprising was the fact that
IR Iuminescence on the zones of the branches was much more intense than on the
friction track behind the contact although these branch zones had not been in contact
with the pin. These findings suggested that the gas discharge at a friction contact can
be an important channel of energy dissipation and a source of the surface/gas heating
inside and outside the friction track.

Miura et al. [53] found that the TL can also occur in front of the sliding contact.
This luminescent zone, designated Y in Fig. 4.6, situated at a distance from the centre
of the contact almost twice larger than the luminescent zone f behind the contact.
Nitrogen excitation in electrical gas discharge was identified as the main mechanisms
of the TL in the zones p and Y since most of the light was emitted in the UV range.
Other regular and irregular patterns of the TL intensity distribution were described
by various authors, e.g., four strong emission points connected each other and sur-
rounding a dark zone just behind the contact to form a ring, elongated tails, irregular
strips aside the friction track which spanned for more than hundred micrometres
behind the contact and so on [55, 57, 58]. The characteristics of some of these TL
features and the reasons of their occurrence are discussed in the following sections.

The size and the shape of the luminescent zone strongly depended upon the sur-
rounding gas pressure. Figure 4.7 shows a series of pseudo-colour images of the TL
under various pressures of dry air [55]. While the gas pressure decreased from the
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Fig. 4.6 a unfiltered pseudo-colour image of the TL during sliding in air; b band-filtered pseudo-
colour image of the TL in the range 610-780nm; ¢ band-filtered pseudo-colour image of the TL
in the range 300-420nm. The size of all images is 250 x 300 jwm?. Red colour corresponds to the
maximum intensity indicated in each figure. A circle shows the position and the size of the contact
area (reprinted from [53] © 2001, with permission from American Institute of Physics)
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Fig. 4.7 Unfiltered pseudo-colour images of the TL obtained during sliding of a diamond pin on
a sapphire disk under various pressures of dry air (reprinted from [55] © 2004, with permission
from Elsevier)

atmospheric to 600 Pa the size of the luminescent zone expanded more than six-fold.
It deserves special attention the fact that when the gas pressure decreased below
10kPa the zone of the maximum TL intensity shifted from the position behind the
contact (B) to lateral positions aside the contact zone designated hereinafter §. When
the gas pressure further decreased below 600Pa the TL zone rapidly shrank. The
luminescent zones B, Y and § disappeared below 20Pa, whereas weak light emis-
sion could be observed solely at the contact zone (zone o in Fig.4.6). Though the
expansion of the luminescent zone with the decreasing gas pressure followed by its
collapse resembles typical behaviour of gas discharge, e.g., glowing discharge in a
tube [59] or corona [60], the behaviour of the TL is much more complex because of
the complex geometry and the configuration of the electric field.

4.4.2 Effect of the Ambient Gas and the Material of the
Counterbodies on Spectral Characteristics and Intensity
Distribution of the TL

When the TL of insulating materials occurs in air, important part of light emission
comes from lightning as indicated by the characteristics lines of N, discharge in the
TL spectrum [54, 57, 61]. Nakayama and Nevshupa [54] studied the TL spectra for
diamond pin—sapphire disk configuration in various gas and compared the obtained
TL spectra with the glowing discharge spectra of the same gases. They found that the
TL emission spectra in air, Np, Oy, He and CHy were very similar to the spectra of
the glowing discharge, although the proportion between various peaks was slightly
different (compare, for example, Figs.4.8a and b, 4.9a and d). In H; the glowing
discharge spectrum had one strong line Hy, = 656.279 nm, which, however, was not
found in the TL emission spectrum. In ethane and propane neither the TL nor the
glowing discharge spectra had any noticeable feature.
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Apart from the emission corresponding to the gas discharge a line at approximately
696 nm was observed in all TL spectra with exception for ethane and propane, but
not in the glowing discharge spectra of the same gases (Figs.4.8 and 4.9a). This line
was only found when sapphire disk was used in the test (Fig.4.9a—c). In accurate
study Nakayama [57] confidently demonstrated that this line should be attributed to
the 2E metastable state luminescence of Cr impurities in sapphire (694.5nm). Also
he showed that the irregular stripes on the sides of the friction track in the images
of the TL spatial distribution corresponded to this luminescence component. These
stripes began at the lateral branches of the TL and spanned more than 100 um behind
the contact zone [55, 57]. While the intensity of the gas discharge luminescence
stabilized after 2-3 min, the intensity of the induced luminescence from sapphire
slowly increased in time and reached a steady value after 7 min that corresponded
to approximately 1,100 disk revolutions [54]. Though the excitation mechanism for
the secondary luminescence from sapphire is not clear yet, both the gas discharge
luminescence and mechanical activation should be ruled out since the luminescence
occurred outside the friction track and the origin of the luminescent zones did not
coincide with the zone of the maximal discharge luminescence. This luminescence
can probably be excited by electron [43, 57] or ion [42, 62] bombardment.

The ease of gas discharge increases as the pressure decreases, but it decreased
again when the density becomes too low and the mean free path of electrons becomes
too large for sustaining the discharge. In high vacuum the gas discharge is sup-
pressed and the light emission occurred mainly from the contact zone. This explains
the observed behaviour of the spatial distribution of the TL (Fig.4.7). Miura et al.
[62] studied spectral characteristics of light emitted from the contact zone in high
vacuum for different pin materials. For diamond pin and quartz disk configura-
tion they observed three broad bands at 400, 630 and 900 nm. The measured bands
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Fig. 4.9 Effect of material of the disk (a)—(c) and the pin (e)—(h) on the spectral characteristics of
the TL. a A natural diamond pin and a synthetic sapphire disk; b a natural diamond pin and a MgO
disk; ¢ a natural diamond pin and a crystal SiO; disk; d spectrum of the luminescence of glowing
discharge in air; e a synthetic fused silica pin and a synthetic sapphire disk; f a MgO single crystal
pin and a synthetic sapphire disk; g a NaCl pin and a synthetic sapphire disk; h a natural diamond
pin and a synthetic sapphire disk. a—c measured in ambient air; e~h measured in vacuum (103 Pa).
(a)—(d) reprinted from [57] © 2010, with permission from Springer Science and Business Media.
(e)—(h) reprinted from [62] © 2009, with permission from Elsevier

significantly differed from the theoretical Planck’s distribution and did not depend on
the sliding conditions. These findings led the authors to the conclusion that thermal
radiation was not the dominant mechanism of the luminescence excitation. The band
at 900 nm (Fig.4.9h) was caused by fractoluminescence of diamond. In addition to
the broad band at 900 nm another weak band between 350 and 650 nm was observed
during diamond abrasion (Fig.4.9h). For the ionic crystals studied in [62] the TL
emission spectra were very similar to the corresponding fractoluminescence spectra
and were related to electronic excitation of vacancies or impurities during abrasion.
For quartz, the band at 630nm (Fig.4.9¢e) was ascribed to fractoluminescence of
non-bridging oxygen hole centres. Broad band in the TL emission spectrum of MgO
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(Fig. 4.9f) was attributed to the emission of Mn and Cr>T impurities and was similar
to thermoluminescence and photoluminescence spectra of MgO.

4.4.3 Effect of Friction Type and Humidity on the TL
and Triboelectrification of Polymers

Despite a number of works on triboluminescence of ceramics, only limited researches
have been carried out in the field of polymers. Nowadays, polymers are used for
numerous machine parts and the TL phenomena can have undesired effect on their
operation life, safety and reliability. As polymers can be easily charged during fric-
tion, triboluminescence is likely to occur wherever polymers are in rubbing contact.
However, not much attention has been paid on the TL of polymers since the TL usu-
ally occurs in the UV range, while if the TL is visible, its effect is often neglected.
The gas discharge associated with the TL from polymers releases charged particles
and photons of extremely high specific energy.

The mechanism of Triboelectrification (TE) is essential for the process of the
TL. However, it is difficult to measure how much charge has been generated. This
is because the measured charge on each surface reflects the resultant charge after
the recombination of charges as a result of the discharge between them as well as
charge leakage through the bulk or on the surface. However, charge can be measured
when the gas discharge is suppressed and the materials of high electrical resistance
are used. The twin-ring tribometer (Figs.4.3a and 4.4d) is the most appropriate for
this purpose, because it enables the sequential measurements of both the TE and the
TL. Additionally, this test rig has the advantage of realizing the rolling and sliding
contacts by just reversing the rotation direction of one specimen. The following
results are obtained from this apparatus.

Figure4.10 compares the charging processes of polyamide (PA66) and polyte-
trafluoroethylene (PTFE) in sliding and rolling contacts together with the associated
photon emission. Sliding or rolling occurred in the period between 25 and 75 s of the
data records. During sliding the TL intensity was two orders of magnitude higher
than during rolling, whereas the saturation charge in both experiments was almost
the same. It should be mentioned that during the first revolution of the cylinders in
the sliding test the discharge did not occur, therefore the measured surface charge
reached the maximum. In rolling friction, the surface charges gradually increased
with time. These clearly indicated that the charge accumulation rate during slid-
ing was higher than during rolling. This fact can be attributed to the multiple real
contacting of the same surface zones during sliding. The decrease in the TL inten-
sity during sliding which is seen in Fig.4.10a can be related to the gradual transfer
of PTFE onto PA66, which would transform the rubbing pair from PA66/PTFE to
PTFE/PTFE. Therefore, the charging rate per contact/separation on similar material
decreased leading to the corresponding decrease in the TL intensity.
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Fig. 4.10 TE and TL processes during sliding (a) and rolling (b) between PA66 and PTFE.
(reprinted from [52] © 2012, with permission from Elsevier)

The fact that the TL from the sliding contact of polymers reached its maximum
soon after the onset of rubbing indicated that the luminescence could not be attributed
to the frictional heating. Rather, photon emission was triggered by the electron emis-
sion which could be caused by the following two mechanisms: fracto-emission and
field emission. In contrast to rolling friction, sliding friction produces continuous
fracture of the material in the contact zone. Therefore, electrons can be emitted from
the fractured surface. Frictional electrification contributes to the build-up of a strong
electric field which can induce field electron emission.

Environmental humidity is one of the most influential factors in triboelectrification
[63], which would then give rise to the change in TL. Figure 4.11 shows a typical result
of the effect of humidity on the TE and TL from the rubbing between acrylonitrile
butadiene styrene (ABS) and PTFE. When relative humidity (RH) increased from 0
to 58 % the TL intensity also increased. This process was associated with the increase
in the surface charge that was especially intensive between 10 and 58 %. However, the
saturation charge on both polymers at 10 % RH was higher than at both 0 and 58 %.
The relationship between the charging rate/saturation charge and photon amount led
to the conclusion that TL rate is determined by the charging rate per one frictional
contact and not by the saturation charge on the surface. It is worth mentioning that
almost no TL could be observed at 0 % RH, although the leakage rate is expected to
be the lowest. This finding can be due to the limited number of charge carrier which
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Fig. 4.11 Effects of humidity on the triboelectrification and triboluminescence in the rubbing
between ABS and PTFE at various relative humidity: a 0 %, b 10 % and ¢ 58 % (reprinted from [52]
© 2012, with permission from Elsevier)
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Fig. 4.12 a The effect of the Ar pressure on the total TL intensity and behaviour patterns (reprinted
from [42] © 2013, with permission from IOP Publishing Ltd); b fragment of the TL time series
measured with aresolution of 20.48 s (reprinted from [51] (©) 2003, with permission from American
Institute of Physics); ¢ histograms of the TL time series distributions on intensity at various pressures
of Ar atmosphere; d a histogram of the TL time series distributions at gas pressure 770 Pa showing
two components: the bell-shape and the exponential-like

inhibits a subsequent discharge between surfaces. This means that charges have to
be carried by ions (H30" and OH™) generated from the adsorbed water [64]. On
the other hand, when the relative humidity increased to a certain value, the surface
charge decreased due to discharge and recombination.

4.4.4 Behaviour of the TL on Different Time Scales

Gas pressure is an important external parameter not only for the intensity and spatial
distribution of the TL related to the gas discharge, but also for its behaviour on
various time scales [42, 51]. In the experiments with a diamond pin—sapphire disk
configuration four behaviour patterns of the TL time series depending on the Ar gas
pressure were distinguished (Fig. 4.12a) [42]: at p < 20 Pa the TL was of low intensity
with sparse irregular bursts. In the range 20Pa < p < 300Pa the TL had a regular
pattern consisting of a series of groups of almost equally spaced bursts (Fig.4.12b).
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The period between the bursts varied from 20 to 40 ms, whereas the groups of the
bursts appeared synchronously with the disk rotation. In the range 300Pa < p <
10kPa, uniform emission with irregular bursts occurred. At the pressure higher than
10kPa only weak uniform emission was observed. The appearance of burst with the
frequency of 33 Hz is puzzling since the typical frequencies of the gas discharge
oscillation is three to four orders of magnitude higher.

Density distribution functions of the PMT output time series on the number of
photon counts per time bin are shown in Fig.4.12c. The distributions have either
exponential-like or the bell-shaped distributions, or the combination of both (see, for
example, Fig.4.11d). The exponential-like distribution component was ascribed to
the burst TL mode, while the bell-shaped one was attributed to the uniform mode.
From the analysis of the density distribution function it was found that the uniform
mode increased in intensity when the gas pressure decreased from 100 kPa to 300 Pa
and vanished below 300Pa. The burst mode also increased with decreasing gas
pressure and reached maximum at 170 Pa. Then it decreased, but not totally vanished.

4.5 Modelling Approach

Electric gas discharge being an important excitation mechanism for the TL still
remains poorly understood. From the point of view of electrostatics, pin-on-disc
configuration can be considered as an extreme case of a point-to-plane gap with
a point being in contact with a plane. In the case of insulating electrodes the gas
discharge, referred to as barrier or silent discharge, is likely to be a very complex
process because of the displacement field and very low mobility of charges in the
electrodes [65]. Furthermore, in contrast to traditional barrier discharge being driven
by alternating feeding potential, the polarities of the pin and the disk are rather
stable [42, 51].

When embarking on a study of electric gas discharge at a sliding contact the first
question which should be addressed is related to the configuration and the strength of
electric field. Bearing in mind the constrain geometry and possible alteration of the
electric field by introducing conductive measuring electrodes, direct measuring of
the electric field in a gap around the contact zone is not a trivial task. The electric field
can be roughly estimated if the rate of the charge generation is known. The latter was
determined from the surface potential on the disk measured in high vacuum when
the gas discharge is hindered (Fig.4.13a) [66]. For the sliding contact composed of
a diamond pin (r 1000 wm) and a sapphire disk under the normal load 0.96 N and
sliding velocity 4.4cms™! (1rps) the rate of the charge generation was 3.39 x 107!
A. Then, taking into account the geometry of the friction zones on the pin and the
disk and assuming that, in this rough and ready approach, the charge leakage through
the solid and on the surfaces can be neglected, the configuration of the electric field
was modelled using finite elements method (Fig.4.13b).

The negative charge on the disk had no effect on the radial component of the
electric field, which was dominant, and only minor effect on the axial component.
It was concluded that concentrated positive charge on the pin controlled the overall
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Fig. 4.13 a Mean electrostatic potential measured 2 mm above the friction zone on the disk as
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configuration of the electric field. This can explain the experimental finding that
the gas discharge occurred even from the disk which had a 5nm thick conductive
Al coating [67]. The electric field was highly non-uniform that contrasted with the
common believe and other models based on the assumption of near symmetric bipolar
configuration of the electric field in the gap [57, 68]. Such configuration of the electric
field with a highly stressed anode and a low-field cathode is typical for positive corona
discharges.

The strong and negative axial component of the electric field near the contact zone
provided necessary conditions for the emission of triggering electrons through a field
emission mechanism. An analysis of impact ionization and secondary processes at
various gas pressures [42] showed that the corona model provided plausible explana-
tions for the experimentally observed TL behaviour (Sect. 4.4.4) consisting of various
combinations of two main modes. It was shown that when the region of electron col-
lision ionization coincides with both the regions of the secondary processes and
triggering electron emission, the TL emission is uniform. At lower pressures the first
two regions decouple leading to the instability of the gas discharge and appearance
of bursts.
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Chapter 5
The Quartz Crystal Microbalance
as a Nanotribology Technique

Lorenzo Bruschi and Giampaolo Mistura

Abstract The quartz crystal microbalance (QCM) technique 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.
After a description of the quartz acoustics, the chapter presents the more common
circuits used to drive the QCM and discusses the main problems in the application of
such a technique to the study of nanotribolgoy; the quality of the surface electrodes
and surface contamination.

5.1 Introduction

The quartz crystal microbalance (QCM) technique 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 mechanical 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.
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Thanks to the pioneer 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 F 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 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.

5.2 The Acoustics of 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 depen-
dence 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 mechanical resonance
when the plate thickness h is half of the transverse mode wavelength A, or an odd
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multiple of 1/2, e.g. h=n% , where n is called the overtone number (n=1 is the
fundamental mode, n = 3 is the third overtone...). Atroom temperature, the resonance
frequency of such a plate oscillating in vacuum is related to its thickness h by the
simple relation:

1.75n

h

fon = C (5.1)

where f(, is measured in MHz, h in mm and C is a small correction factor which
increases with electrode thickness [10] . (Typical values of fj ; 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=Rop—jXy=Ro—jrnAZ, o
n

5.2)

where A is the area of one electrode, Zq = 8.862 x 103g/cm? sec 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 2Ry
— = (5.3)
Qy mnAZg

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 Rgry — jXtv, in series with Zg. If both faces of the
quartz plate are exposed to the fluid, the total dissipative and inertial terms become,
respectively, Ro+2ARgs, and Xo+2AXty. The quality factor will then decrease by
an amount Aé equal to:

A1 _ 1 1 . 4Ry (5.4)
Q Q Q mnZ '

and the resonance frequency f will also be diminished by:

f
Af=f—fon = —2Xgpg—2-
T N7y

(5.5)

The exact shifts will obviously depend on the explicit forms of Rgp, and Xgpy.
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 pr and 7y its bulk mass density and viscosity,
respectively, while 1y and py 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
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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 condi-
tions 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); (c) 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 1y (%) = —nf (%) . ; (d) we assume, in general, that there
=

may be slippage at the solid-film interface. Because of this, there will be a frictional

force Fgr at this boundary. As the last condition, we then impose that the force Fgt

must be equal and opposite to that due to the film, that is: Fgp=+n¢ (%) o Finally,
.

we make the plausible assumption that Fg; depend linearly on the relative velocity
between the quartz plate and the film:

Fst = —n2 [vo — v (0)] (5.6)

where 77 is called coefficient of sliding friction or interfacial viscosity, vq is the
velocity of the electrode and vy (0) that of the film at the electrode surface. This
condition is consistent with recent QCM studies of the velocity dependence of the
interfacial friction [12]. If there is no slippage at the solid-fluid interface, n, = oo.
The opposite limit, 7, = 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 Zg, can be
easily rewritten as:

1 _ 1 n 1
Zstv Zy+Zta m

(5.7)

which says that the total acoustic impedance Zgp, of the combined system substrate-
film-vapor can be considered as the parallel between the series of the vapor i
mpedance, Zy, and that of the film Z¢4, and the impedance 1, due to the slippage of
the film at the solid boundary.

The formula 5.7 means that it is possible, at least in principle, to measure 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

Zg ~ —jow prd (5.8)
where w=2mx f.
If we solve the 5.7 in terms of Rgpy and Xsp, we get:
Xty N wprd + Xy
R%, + X%,  RZ+ (wprd + Xy)?

sfv

(5.9)
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and

Rsfv Rv 1
=3 3 + — (5.10)
+ XSfV RV + (wprd + Xy) n2

sfv

The first equation yields the film thickness d as

! X
2 32 v
d= 2wp |: ifV sfv + \/ SfV va - 4R Xvai| wpr (511)

which can be substituted in the second one in order to calculate the interfacial vis-
cosity 1,.

Finally, the slip time 7g, which represents the time required for the adsorbed 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 calculated from the ratio [3]:

=P (5.12)

n2

In the limit of very low vapor density, this approach yields identical results with
the formulas introduced heuristically by other authors [13], according to which the
vapor impedance is in series with the parallel of the 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.

5.3 QCM Driving Circuits

As we have already mentioned, in order to use the quartz crystal as a nanotribology
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.5.1. The capacitor Cy (of
the order of a few pF) represents the static capacitance of the crystal between the two
electrodes. The values of Ly and Cg are related to the kinetic and potential energies
of the plate. The resistor Rq (of the order of a few tens of €2) accounts for all the
losses of the crystal and thus determines the intrinsic Qq of the crystal. A quartz
plate exhibits a series resonance at fg=1/27,/LyCqy and a parallel resonance at f,
where fy—fs ~£;Cq/2Co. The detailed values of these characteristic parameters are
provided by the manufacturer.

Various techniques have been devised to measure fis. 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
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=
Lot

Fig. 5.1 Schematic circuit of a quartz oscillator used in our laboratory

configurations of oscillators exist in the literature. For example, Fig.5.1 shows a
very schematic diagram of an oscillator we have built in which the quartz crystal is
connected to the inverting channel of a wide-band operational amplifier. By adjusting
the resistance of the trimmer close to Ry, the circuit will auto-oscillate to the series
resonance frequency of the quartz.

In practice, because of the unavoidable phase shifts introduced by the elec-
tronic components employed, fos is shifted with respect to f s 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

~2 x 107% with a quality factor of 40,000. If Q decreases during the mea-

tOSC _tl'CS
Tes

surements by 30 %, (a value observed in our studies 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 6x 1077 parts, e.g. an error of about 3Hz for a crystal of 5MHz. 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 dissipation taking
place in a QCM experiment is the ring-down QCM, ring-down technique method
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digital

oscilloscope

J_L —> trigger [—

Fig. 5.2 Block diagram of the ring-down technique

shown in Fig.5.2. 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 oscilloscope. 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 oscilloscope. The data can then be analyzed and fit according to the
function Aexp(—t/t)cos (2nft+ ¢), 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 = wfr.

In our view, the technique best suited to drive the QCM in nanotribology appli-
cations is certainly that of the QCM, frequency modulation technique frequency
modulation. In such a technique, f,s; corresponds to the maximum (or to the mini-
mum) of the amplitude of the quartz electrical impedance while the quality factor is
deduced 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 ways; (ii) the excitation
power can be easily varied from a few nW to several wW and, more important for
nanotribology studies, its precise value can be accurately determined from the analy-
sis 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 5.3 shows the block diagram of the electronics used in the FM technique.
The output of an high stability radio-frequency generator equipped with the external
frequency-modulation option (FM) drives the quartz crystal (XTAL) with a frequency
f = fear + Af sin (2 f0qt), Where feqr is the so-called frequency carrier, set by the
operator sufficiently close, but not necessarily equal, to the resonance frequency of
the quartz mode one wants to lock-on. This f¢,r is modulated at a low-frequency fioq
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Fig. 5.3 Block diagram of the frequency modulation technique. See text for further details

between the extremes feor — Af and fe,r + 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,
depending on the experimental set-up. As a matter of course, the actual configuration
affects the choice of the amplifier A. If Af < f,,, the amplified voltage can be
well approximated by A(f) ~A(fcar) + % Afsin (2 fipogt). The high-frequency
component of this signal can then be rectified by a diode 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 fi,04 is instead
detected by a lock-in amplifier (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 integral 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 gen-
erator 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].

5.4 Quality of the Surface Electrodes

For a he quantitative use of the QCM in nanotribology, it is of paramount importance
to have very homogeneous and well characterized surfaces. In fact, surface roughness
not only complicates the comparison with theoretical models but can also prevent
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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 thermally deposited metal electrodes usually exhibit
a roughness of a few nm rms. Unfortunately, this roughness cannot be significantly
reduced. To anneal 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
UHYV 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 500 x 500 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 0.5 nm/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 conditions up to 140 °C in order to
remove condensed surface impurities. When 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 150K was chosen to hinder adatom mobility and a connected film
is formed. In Fig.5.4 we can see a large scale STM image (2 x 2 wm) showing the
morphology of a 150 nm thick Pb film deposited at 150 K, followed by annealing at

Fig. 5.4 STM topography of
22,000 x 2,000 nm 2 area
representative of a 150 nm
thick Pb film deposited at
150K on the surface of an
AT-cut quartz. The film is
formed by the assembly of
0.5 pm sized domains which
are formed by a stacking of
platelets. (Photo courtesy of
F. Buatier de Mongeot)

*
400nm
P kL
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room temperature. The image shows a distribution of domains with lateral dimensions
around 0.5 pm . 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 3 K [23].

5.5 UHV 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 molecularly thin films carried out with
the QCM technique in ultra-high-vacuum 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 temperature 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 Omicron 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 stainless 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
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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 SMHz
quartz plate characterized by a quality factor of 380,000 at low temperatures. The two
top graphs in Fig. 5.5 show the variations in the measured QCM resonance parameters
during Ne evaporation. 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
coverages, 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.5.5 have been normalized with coverage
according to the formulas reported in [8].
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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 substrate.

A systematic study of the dependence of the slip time on film coverage, driving
amplitude and temperature is currently under way in order to establish 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 85K 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 theoret-
ical 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 Bor-
agno 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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Atomic-Scale Friction



Chapter 6
Atomic-Scale Friction Measurements
in Ultra-High Vacuum

Sabine Maier, Enrico Gnecco and Ernst Meyer

Abstract This chapter reviews friction force microscopy experiments that reveal
atomic-scale processes in single asperity contacts during sliding. Different regimes
of atomic friction will be discussed including smooth sliding with low dissipation
and the dissipative atomic stick—slip motion, where the tip jumps from one lattice site
to the next. Furthermore, effects owing to finite temperatures, varying scan velocity
and the influence of surface structures on the atomic friction are presented. Finally,
the empirical Prandtl-Tomlinson model is introduced, which explains well the main
observations in atomic-scale friction force microscopy experiments.

6.1 Introduction

Apart from playing a vital role in everyday life, friction between two sliding sur-
faces is a phenomenon of key importance to a variety of advanced technological
applications and fundamental scientific studies. Understanding friction at the atomic
scale is essential in order to find ways to minimize wear and energy losses in micro-
and nano-scale devices involving sliding contacts. Sliding friction without wear, as
it is discussed in this chapter, corresponds to the energy transfer from macroscopic
degrees of freedom arising from the relative motion of the bodies in contact to micro-
scopic degrees of freedom such as phonons or electronic excitations. The adaptation
of the atomic force microscope to study the friction in single asperity contacts led to a
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profound knowledge of the underlying microscopic mechanisms on various surfaces
and conditions.

The first atomic-scale friction measurements were performed by Mate et al. using
a tungsten wire tip sliding on the basal plane of a graphite surface [1]. The frictional
force on the tip, that was measured by optical interferometry, showed a saw-tooth-
like modulation as a function of support position (or time). This modulation with
the periodicity of the graphite lattice is due to elastic instabilities accompanying the
sliding motion of the tip, causing it to hop between neighboring lattice sites. This
characteristic motion is referred to as atomic-scale stick-slip and has been observed
on a wide variety of materials. If the lateral force signal is measured in forward
and backward directions a hysteresis loop occurs (so-called friction loop). The area
embraced by the two curves gives a direct measure of the amount of energy dissipated
while scanning over the surface. The friction force is defined as the average value of
the lateral force signal. An example of a friction map and the corresponding friction
loop obtained on a KBr(100) surface in ultra-high vacuum (UHV) is shown in Fig. 6.1.
The lateral force in this measurement varies in the nano-newton range. In contrast,
the first measurement on graphite revealed lateral forces in the micro-newton range
[1]. These comparatively large forces for an atomic-scale process possibly occurred
owing to a graphite flake which might have detached from the surface at high loads
thus providing a multi-atom contact.

In this chapter we will describe different aspects of the atomic stick-slip motion
on flat surfaces and on long-range ordered superstructures induced by surface recon-
structions. In Sect. 6.2 we introduce the Prandtl-Tomlinson model, which explains
the main features observed in atomic-scale friction experiments. In the rest of the
chapter some significant experiments are described in detail to discuss effects arising
at different loads and finite temperature.

€ -

L A1
05 10 15 20 25 3.0
distance (nm)

Fig. 6.1 a Friction force map and b the corresponding friction loop along the (001)-direction on a
KBr(100) surface. The periodic instabilities represent the atomic-scale stick-slip motion of the tip,
where it hops from one atomic site to the next. Adapted from [2]
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6.2 The Prandtl-Tomlinson Model

Friction experiments on atomically flat terraces are well interpreted by the Prandtl-
Tomlinson (PT) model [3, 4], proposed in the early 1920s. In spite of its simplicity,
the PT model explains the main features in atomic friction experiments such as the
periodic modulation of the lateral force. The PT model describes a point mass (the tip
apex) being dragged along the surface by a rigid support via a spring k. Neglecting
inertia, the total energy of the system is expressed by the sum of U,y, that reflects
the periodic tip—surface interaction, and the elastic energy stored in the spring:

Usor (r, 1) = Upgr(r) + %k(r —vi). 6.1)

In (6.1) the two-dimensional vector r = (x, y) is the position of the tip and X = vt the
position of the support, with v the scan velocity.

6.2.1 One-dimensional Prandtl-Tomlinson Model
In one dimension, the total energy stored in the system simplifies to
2 1
Uror (. 1) = —Up cos —— + Sktx—vi)?, 6.2)
a

assuming a sinusoidal interaction potential with the atomic lattice periodicity ¢ and
an amplitude Uy. Uy (x, t) has the form of a corrugated parabola, whose shape
depends on the tip and support position, see Fig.6.2a. The tip is located initially in
a minimum of Uy, described by the solution of dU;,;/dx = 0 and is subject to
the stability condition 82Uy, /dx> > 0. When the support starts moving over the
surface, the spring extends which results in a growing lateral force and a flattening of
the local minima, see Fig. 6.2a. The tip becomes unstable and experiences an elastic
instability at the position x*. It initiates a jump towards the next stable position. With
the energy profile given by (6.2), the instability condition translates into

472U,
ka?

x* = 2 arccos ! with 1= (6.3)
T 2% n N '

The dimensionless parameter n reflects the ratio between the strength of the surface
potential and the spring energy. It is evident from (6.3), that instabilities of the tip
only occur if n > 1, which resembles the atomic stick-slip motion in the experiment.
In this case, a hysteretic friction loop is observed while scanning forth and back
along the same line. The area of the friction loop represents the energy dissipated
in this process. If the tip oscillations are overdamped, hopping occurs from one
equilibrium position to the next. In an underdamped system, where the PT model
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Fig. 6.2 a Temporal sequence of Uy, and the corresponding position of the tip (red dot) capturing
a stick-slip instability (7 = 3.2). b Graphical solution of 9 U, /dx = 0 to illustrate the instabilities:
The straight lines represent the spring term and the curved lines the periodic surface force. The
blue line has a single intersection with the surface force for each value of x;,, and thus a smooth
sliding from one minimum to the next is possible (n < 1). The red line has multiple intersections
in the grey shaded areas indicating instable regions causing a hysteresis loops between forward and
backward scans (n > 1). ¢ The corresponding Uy, for the different regimes in (b)

is not applicable, multiple slips are possible, as will be discussed in Sect.6.3. For
n < 1 the instabilities and dissipation are suppressed and the tip smoothly follows
the surface potential in an oscillatory way.

In the PT model, the lateral force Fy = k(x;;, — vt) is represented by

2nUy . 2mxy
FL = — sin —lp’

(6.4)
using the aforementioned condition for the tip being in a potential minima d U,; /0x =
0. The maximal absolute value of the lateral force F"®* in the stick-slip motion is
found at x;, = a/4 and we obtain

aFmaX
Uy = —&—. (6.5)
2

Hence the corrugation of the surface potential is linearly related to the maximum
lateral force and can be experimentally determined from the measured maxima of
the lateral force in friction loops.

A second important parameter to consider in the framework of the PT model is
the stiffness. The effective spring constant k reflects the respective compliance of
tip and surface and can be modeled by a series of springs [5]:

! = ! + ! + ! (6.6)
k N kcuntact ktip CL’ '

where ¢y is the lateral spring constant of the cantilever and kconaer and kyip the
lateral stiffness of the contact and tip, respectively. There are different methods
to experimentally determine the lateral spring constant of the cantilever cz, e.g.
the added mass method of Cleveland [6, 7], the unloaded resonance technique of
Sader [7, 8] or from the geometry and the elastic modulus [9]. Lantz et al. found by
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scanning transmission electron microscopy and finite element analysis that the lateral
stiffness of high aspect ratio Si tips is comparable with the lateral spring constant of
the cantilever, i.e. kyj ~ 85 N/m [5]. Finally, the lateral contact stiffness kconsaer for
a macroscopic contact between a sphere and a flat surface is keoniaer = 8aG* using
continuum mechanics, [10] where a is the contact radius and the effective shear
modulus G* is defined by

1 2—v] 2-3
G* G Gy

6.7)

(G1,2 are the shear moduli of the sphere and the surface, respectively, and v ; the
corresponding Poisson numbers). According to the Hertzian model the contact radius
and hence the contact stiffness follows a power-law in dependence of the applied load.
In atomic stick-slip measurements on NaCl, Socoliuc et al. [11] showed however,
that the measured effective stiffness k and the extracted kconsqacr are nearly constant,
see Fig.6.3. Instead, the corrugation of the surface potential, Ey = 2U), increases
comparatively much stronger with load than the effective stiffness. Experimentally,
the effective spring constant is determined by the sticking slope k.., at the beginning
of the friction loop (Fy vs. x curve) provided 7 is large [12]. For n approaching 1,
the relation has to be corrected to [13]
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Fig. 6.3 a Energy corrugation Eo, b slope ke, of the lateral force versus distance curve in the
sticking part, ¢ parameter 7, and d effective lateral stiffness k of the contact, as a function of the
normal load F acting on the tip. The quantities were determined from atomic stick-slip experiments
on NaCl(001). From [11]
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1
k= (1 + -) kexp» (6.8)
n

which results from a combination of (6.3) and (6.5). The breakdown of the continuum
models at the nanometer-scale has been discussed with respect to the contact stiffness
by Luan and Robbins, who found that the applicability of continuum mechanics
depends strongly on the atomic structure of the tip apex [14]. Tips which have a
spherical shape even on the nanometer-scale are well described by continuum models,
while tips with a stepped atomic structure exhibit discontinuities in the contact area
with increasing load.

6.2.2 Extensions of the Prandtl-Tomlinson Model

There are several extensions of the one-dimensional PT model to account for the
complexity of certain experimentally observed phenomena. These specific extensions
of the PT model will be discussed to some extent along this chapter in conjunction
with the corresponding experimental validations.

Generally applicable is the extension of the PT model to two dimensions to repro-
duce the basic features of an experimental friction force map, whereas the one-
dimensional model is limited to friction loops only [15]. The interaction potential
U (x,y) in (6.1) depends on the properties of tip and sample and is generally
unknown. However, in many cases it is sufficient to consider only the periodicity and
symmetry of the sample surface, neglecting the fine structure of the contact within
the unit cell. To represent the square lattice of NaCl(001) [16] and the hexagonal
structure of graphite(0001) [17], the following effective potentials can be used:

2w x 2wy

Usquare (x, y) = —Uycos — cos — and (6.9)
a a
Uy 2mx 2y 4y
Y ,¥) = —55c | 2c0s —cos —= — . 6.10
hex (X, ) 325 [ C0s —= cos e + cos e (6.10)

Both interaction potentials reproduce the experimentally observed features in friction
maps well. The two-dimensional model allows to locate the tip position on the surface
and to determine how the tip moves in a two-dimensional ‘zig-zag’ motion across
the surface lattice [18].

Although the conventional one-dimensional PT model depicts the basic mecha-
nism of the stick-slip motion, it cannot explain effects such as the variation of the
maximal lateral force in a friction loop [19] or the increase of the mean friction
force with the logarithm of the scan velocity v [20, 21]. Including thermal activation
processes in the PT model accounts for both the velocity and temperature dependence
of friction. The thermally activated PT model will be discussed in detail in Sect. 6.3.
The dynamics of the tip on the surface at finite temperatures can be described more
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detailed by numeric simulations based on the Langevin equation [22]

d*x dx  dUyy
— my— + = &(1), 6.11
m my dt dx 50 ( )

where m is an effective mass and y is a damping coefficient describing the coupling
with phonon and possible electron oscillations in the substrate. The quantity & ()
is a random noise term satisfying the fluctuation-dissipation relation (é (HE )) =
2mykgT§(t — t’), in which kg is the Boltzmann’s constant.

Further, the PT model should be extended to a two-mass-two-spring model, if
both the resonance frequency of the cantilever and the experimentally found lateral
stiffness, which is dominated by the contact, are well reproduced [2, 23]. In the two-
mass-two-spring model, one spring represents the cantilever and the other spring the
microscopic contact.

Taking into account that several atoms are usually in contact with the sample,
requires the usage of a Frenkel-Kontorova (FK) or Frenkel-Kontorova-Tomlinson
(FKT) model. This model addresses the periodic sliding of two surfaces in con-
tact, whereas the atoms of one surface are harmonically coupled with their nearest
neighbors [24, 25]. The FK model was first proposed for the description of dislo-
cation in solids, and then used to address effects related to the commensurability
and incommensurability of contacts as well as adsorbed films on surfaces [26]. In
one dimension one can think of a chain of particles of mass m connected by elastic
springs and interacting with a periodic potential. In this case the total potential takes
the form

2mx, 1
Uor = | (—Uo cos —— + ShConr =0 = b)z),

a
n

where b is the distance between two particles in the chain. Static friction can be
probed by adding an external force F,,,; adiabatically increasing till sliding initiates.
The ratio a/b is very important. For any (irrational) value of a/b there is a critical
value 7, of the parameter 7 defined by (6.3) such that the static friction force vanishes
when n < nc. The parameter 7. takes a maximum value (=1) when the ratio a/b is
equal to the golden mean (1 + +/5)/2 = 1.618 [27].

6.3 Experimental Observations of Atomic Stick-slip

Since the invention of friction force microscopy (FFM) by Mate et al. [1], atomic-
scale stick-slip has been experimentally observed on a variety of materials including
insulators, metals, and semiconductors. Here, we will focus on FFM measurements
in ultra-high vacuum. Other environments, especially liquid cells, are described else-
where in this book. Ionic crystals are commonly used in atomic-scale friction studies
in UHV to study the characteristics of the stick-slip motion owing to their simple
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structure and comparatively easy and reproducible preparation. The periodicity of
the stick-slip motion and instabilities, respectively, corresponds on ionic crystals to
the unit-cell given that the contact is underdamped. Atomic stick-slip was observed
for example on KBr [28], NaCl[11, 20], and KF [29]. Measurements on NaF(100) by
Ishikawa et al. are the exception, as they could resolve both components depending
on the applied load [30].

Friction force experiments on clean metal surfaces prepared in UHV are often
more difficult to carry out due to the high surface energy of metals under clean
conditions, which leads to a high reactivity of surface atoms resulting in a junction
formation under the tip apex [31]. For example, the formation of a neck of copper
atoms at the tip is proposed to result in the observation of stick-slip type sliding over
Cu(111) surfaces [32]. Friction force microscopy experiments at low loads performed
on Cu(100) and Au(111) surfaces revealed a clear stick-slip modulation in the lateral
force with almost zero dissipation [33]. For higher loads, significant friction occurred
together with the onset of wear. The Cu(100) surface is more easy worn than Cu(111),
because it is not a crystallographic glide plane [34]. Even on the more ductile Pt(111)
surface atomic stick-slip was observed using passivated tips [35].

Recently, two-dimensional materials have been of wide interest due to their extra-
ordinary electronic, mechanical, optical, and chemical properties with respect to their
bulk counterparts, making them suitable for applications in electronic and NEMS
devices [36]. The most widely studied two-dimensional material is graphene, whose
nano- and microtribology properties are outlined in detail elsewhere in this book.
Using FFM, the nano-scale frictional response of atomically thin sheets of sup-
ported graphene, molybdenum disulfide (MoS,), niobium diselenide (NbSe;), and
hexagonal boron nitride have been investigated [37, 38]. Both graphene and MoS;
exhibited clear atomic stick-slip friction for exfoliated films down to a single atomic
sheet. The friction monotonically increased as the number of layers decreased for all
four materials [38].

6.3.1 Load Dependence: From Smooth Sliding
and Stick-slip to Wear

Classically, dry friction is governed by the Coulomb (or Amontons) equation
Fr = wpFy, where the friction coefficient  mainly depends on the material of
the two bodies in motion. In single asperity contacts the dependence of the friction
on applied load is usually non-linear. In nano-scale contacts, the load dependence
is often described by means of contact mechanics continuum theories [39] which
however do not give information about the atomic interactions in the sliding contact
region as they assume a spherical tip. Fusco et al. suggested a power law dependence
of atomic friction by simulating the dynamics of a tip scanning a rigid monolayer
graphite surface in a PT-like model [40].
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Fig. 6.4 Measurement of the lateral force sliding the tip forward and backward in (100) direction
over a NaCl(001) surface, where the externally applied load was a Fy = 4.7naN, b Fy =3.3nN,
and ¢ Fy = —0.47 nN. d—f Corresponding numerical results from the Tomlinson model ford n = 5,
en =3, and fn = 1. The stiffness was chosen as k = 1 N/m and the lattice constant as ¢ = 0.5 nm.
From [11]

Experimentally, the amount of energy dissipated while sliding over an atomically
flat surface can be controlled by the variation of load on the contact [11]. The mean
friction force decreases with decreasing normal load and reaches zero before the
probing tip jumps out of contact. The normal force in the experiment is represented
in the PT model by the parameter n. If n < 1 elastic instabilities are suppressed
and the tip smoothly follows the surface corrugation with negligible friction. This
transition from stick-slip to smooth sliding was observed experimentally for friction
loops recorded on NaCl(001) by Socoliuc et al. when a normal loading of about 1 nN
was applied, see Fig.6.4.

There are other ways to achieve a state of ultra-low friction at the atomic scale.
Dienwiebel et al. [41] observed vanishing friction while dragging a graphite flake
out of registry over a graphite surface. The corrugation of the interaction potential
between the graphite substrate and the graphite flake could be continuously varied by
simply rotating the substrate with respect to the flake. This state of ultra-low friction is
only observed in incommensurable contacts. It is referred to as superlubricity, which
goes back to a concept discussed by Hirano [26]. Friction can also be decreased by
reducing the scan speed to a few nm/s or less, so that thermally activated jumps occur
[42]. The thermally induced suppression of friction is called thermolubricity. Another
efficient way to switch friction on and off at the atomic scale is found by exciting
the mechanical resonances of the sliding system perpendicular to the contact plane
[43]. In this way, a similar transition from stick-slip to smooth sliding as in Fig. 6.4
was observed on NaCl, however by changing the excitation amplitude instead of
the load. The state of dynamic superlubricity so-achieved could be also exploited to
acquire lattice-resolved lateral force maps of crystal surfaces with no occurrence of
abrasive wear [44]. No evidence of wear was also proven by SEM images of a silicon
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tip sliding on a polymer surface and vibrating at the contact resonance over several
hundred meters [45]. A significant decrease of friction is also observed if a nanotip
is shaken laterally instead than normally [46]. In this case, an accurate analytical
relation between the shaking amplitude and the parameters of the PT model can be
derived [47].

In contrast, wear may occur in a sliding contact, if the normal forces applied exceed
a critical point. The initial stage of abrasive wear on alkali halides was investigated
by comparing friction loops and topography images before and after wearing off a
KBr(001) surface [48]. From this experiment it was concluded that on KBr only a
minor part (30 %) of the total energy dissipation during scratching the surface went
into wear. The formation of wavy patterns (‘ripples’) with periodicities in the order
of 100nm is also an interesting effect accompanying abrasive wear processes on the
nanoscale [49].

6.3.2 The Slip

The slip instability is accompanied by the dissipation of mechanical energy into
phonon and electron excitations. In conventional FFM experiments the slip occurs
so fast that the relaxation time is not measurable. However, recording the atomic-scale
stick-slip movement with higher bandwidth revealed a wide variation of slip durations
up to several milliseconds, by far longer than expected for a relaxation process on
the atomic scale [2]. These long slip events are possibly resulting from a multiple
contact established between tip and surface, as suggested by the correlation between
irregular features in lateral force maps and long slip durations. This conclusion was
supported also by a comparison of the experimental results with a multi-tip (multi-
spring) simulation using a PT model including thermal activation.

6.3.3 Thermal Effects and Velocity Dependence

Coulomb’s law of friction states that kinetic friction is independent of the sliding
velocity for macroscopic contacts. In contrary, most experiments report a logarithmic
dependence of the mean friction force in atomic-scale contacts at low velocities, e.g.
mica [21], Cu(111) [32], NaCl [20], graphite [50], and silicon oxide [51].

The origin of the logarithmic velocity dependence can be understood with a thermally
activated PT model based on reaction rate theory. At zero temperature the tip does
not jump to the next equilibrium position until an energy barrier AE(t), that depends
on the interaction potential, becomes zero. However, at finite temperatures 7, the tip
can hop even if AE(#) # 0. The probability that the tip remains pinned at a given
location, p(f), changes with time according to the master equation [20]

dp(t) _ _AEQ@)
T foexp( a )p(t), (6.12)
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In (6.12) fy denotes the resonance frequency of the tip in its actual potential minimum.
Assuming a linear dependence of the energy barrier AE with increasing lateral force
E alogarithmic dependence of the friction is obtained [20]

ks T
F(v) = const. + -2~ log ., (6.13)
A Vo

where A is in the order of the lattice constant. Equation 6.13 suggests that the slower
the tip is scanning the higher the probability of an early thermally activated jump
and hence a lower friction force results. Sang et al. [22] refined the model above and
proposed that barrier-hopping fluctuations occur preferentially when the tip is very
close to athermal slipping at the top of the barrier. In this case, primarily at high
velocities AE « (const. — F L)3/ 2 has to be used. The master equation leads then to

kpT\*? 2/3
F(v) = const. — (B—) (log ﬁ) (6.14)
A v
for velocities below the critical velocity

72 fokgT
=Y , 6.15
Ve  ta (6.15)

At high velocities the thermal vibrations have no time to contribute, and a transition
from the logarithmic increase in friction to a constant plateau occurs. The transition
to a constant plateau has been observed in FFM experiments on mica in ambient
conditions [21]. More recently, Reimann et al. [52] proposed a model with special
emphasis on the realistic description of dissipation and inertia effects. The model
predicts a non-monotonic dependence of the friction force upon the sliding velocity
of the tip over an atomically flat surface.

Thermal effects do not only play an important role in the velocity dependence of
nano-scale friction. Krylov and Frenken [42] found that the thermal fluctuations of
the localized contact can also result in a variety of friction regimes not predicted
by the athermal PT model. In particular, the range of ultra-low friction at low loads
observed by Socoliuc et al. on NaCl could be extended toward higher loads by
thermal effects. Their calculations suggest also that thermal delocalization of the
contact could lead to extremely low friction independent of normal load, despite the
observation of atomic stick-slip in the lateral force signal. As mentioned above, this
concept of low friction owing to thermal fluctuation is referred to as thermolubricity.

With the recent instrumental development of FFMs being operational with high
resolution at cryogenic temperatures, the predictions of the thermally activated PT
model were experimentally verified. Atomic stick-slip measurements between 100
and 300K have been performed on graphite [S0] and MoS, [53]. Both experiments
revealed an increase in average friction with decreasing temperature in agreement
with the PT model.
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6.3.4 Maximal Lateral Force

Another interesting feature of the stick-slip motion is the maximum lateral force, as
it is a direct measure of the surface-tip potential strength (see 6.5) and hence varies
much stronger with load than the stiffness of the contact [11]. The values of the
maximal lateral force are spread by thermal activation. Schirmeisen et al. extracted the
maximum lateral force from friction force maps on HOPG and performed a statistical
analysis of them [22]. A site-dependent energy barrier of the surface potential from
the side to the center of the hollow-site rows was found from fits to the experimental
distribution functions using a thermally activated PT model. A velocity dependent
statistical analysis of the jump heights on HOPG by Evstigneev et al. [54] showed
that the single-step reaction scenario assumed by Schirmeisen et al. is valid only at
relatively high velocities, while at slower pulling speeds, a more complicated hopping
mechanism must be at work. As for the slip duration analysis, the latter mechanism
might be associated to multiple bond formation of the tip-substrate contact, where
additional bonds take finite time to establish, so that at fast pulling, new bonds do
not have sufficient time to develop during a single stick phase.

6.3.5 Multiple Slips

Most of the early atomic-slip measurements revealed jump periodicities of one lattice
spacing. Johnson and Woodhouse have predicted that under certain conditions, slips
are not restricted to a single lattice constant and hopping over multiple spacings
may occur (i.e. multiple slips) [55]. The transition between single and double slip
mode and its dependence on contact damping, sliding velocity, and finite temperature
was studied in numeric simulations employing a generalized PT model [56, 57].
Medyanik et al. derived the threshold values of the parameter n (see 6.3) for the
transition between different slip regimes from a simple analytic criterion based on
the one-dimensional PT model in the quasi-static limit [58]. They found that the tip
slides smoothly if n < 1, executes stick-slip motion with single slips for 1 < n <
4.6 or, possibly exhibits double slips for 4.6 < n < 7.79 or even bigger multiple
slips for n > 7.79. However, the threshold values are significantly modified by the
damping coefficient y and the temperature. A chaotic regime (with alternate jump
lengths) is always expected if y is low enough [59].

Experimentally, multiple slips can occur only with sufficiently low energy dissipation
during the slip. Therefore the transition from single to multiple slips occurs at high
loads. Figure 6.5 shows the experimental dependence of stick—slip behavior with
load on an HOPG surface in ambient condition. The system exhibited superlubricity
at the lowest applied load whereas at higher loads, stick—slip instabilities occurred
with periodicity of the HOPG lattice and multiples of it. Roth et al. [60] verified
the occurrence of multiple slips also in UHV and used multiple slips to quantify the
viscous damping accompanying the stick-slip motion on NaCl(001). They found from
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Fig. 6.5 Representative experimental friction loops with increasing load (offset for clarity) demon-
strating the transitions from smooth sliding (fop) to single (middle) and mostly double slips (bottom).
From [58]

a comparison between simulations based on an extended PT model and experiments
that nanometer-sized contacts are underdamped at intermediate loads (13—26nN)
and become slightly overdamped at higher loads.

6.4 Atomic-Scale Friction Beyond Flat Terraces

In this section we will change from atomically flat to corrugated substrates and
discuss the influence of surface step edges and of periodic height variations induced
by superstructures and surface reconstructions on the atomic-scale friction.

6.4.1 Atomic-Scale Friction at Step Edges

A common observation in several friction experiments on the micrometer-scale is
the enhancement of friction at step edges related to an increased energy barrier at
the step, known as Schwobel barrier [61-63]. The enhanced frictional forces at step
edges are strongly direction dependent. While the friction increases linearly with
the applied load in upward scans, it is load-independent for downward scans. This
direction dependence of the friction has been experimentally observed on HOPG,
MoS;, and NaCl in ambient and UHV environment for monatomic up to about tenfold
steps [61, 62].

Recently, Steiner et al. [64] performed atomic-scale studies on NaCI(001) and
Ge(001) revealing the atomic stick-slip motion along a step. They found that with
blunt tips the lateral force was increased while scanning both up and down an edge,
consistent with the experiments at the micro-scale. However, with atomically sharp
tips, the lateral force still increased upwards but decreased and even changed sign



108 S. Maier et al.

downwards leading to overlapping lateral force profiles for both directions. Hence,
the sharpness of the tip facilitates scanning the step edge without occurrence of a
Schwobel barrier at small enough loads. The experimental results could be matched
to calculated friction loops based on a modified PT model using a second contribu-
tion to the tip-surface potential to account for the step edge, which was modeled by
an asymmetric well simulating a sharp drop followed by a slow recovery.

6.4.2 Atomic-Scale Friction on Ordered Superstructures
and Reconstructions

Atomic-scale friction measurements featuring stick-slip have recently been per-
formed on a variety of ordered superstructures, including ultra-thin KBr films on
NaCl(001) [65] and Cu(001) [66] as well as single and bilayer graphene on SiC(0001)
[37], all exhibiting interesting modulation effects. KBr thin film on NaCl(100) have a
periodic (6 x 6)-superstructure due to the lattice mismatch between the two materials
[67]. This long-range modulation of the surface-potentials has strong effects on the
atomic stick-slip motion. The lateral force signal shows a variation of the local ampli-
tude of the trace-retrace friction loops along with a clear transition from a dissipative
stick-slip to smooth sliding regime in concert with the underlying superstructure (see
Fig.6.6) [65]. This transition was attributed to a variation of the potential-energy cor-
rugation, which is also supported by numerical simulations using a one-dimensional
PT model with a spatially modulated tip-sample interaction. Specifically, the con-
stant surface potential amplitude Uy in the conventional PT model (6.2) is replaced
with

2mx
Uy (1 + « cos T) , (6.16)

where « defines the normalized modulation amplitude and b the periodicity of
the superstructure. In contrast for graphene, the local center position of the trace-
retrace friction loops varies in concert with the superstructure [37]. The centerline
modulation does not affect the width of the friction loop, and thus there is no change in
the energy dissipated during frictional sliding. The origin of a centerline modulation
is not entirely clear, as it can result from a geometrical effect, e.g. a local slope
of the surface [68], or can be the result of a friction asymmetry. For graphene, the
experimental results are better reproduced using a superposition of the potentials
U = Ugy + BUsyp wWhere U,y describes the interaction with the atomic lattice, as in
(6.1), and Uyyp the interaction with the superlattice [69].

Friction force microscopy in a low load regime has been also successfully applied to
image surface reconstructions on metals, e.g. the Au(111) herringbone [33, 70], as
well as on single-crystal semiconductors [71]. In order to resolve these surface mod-
ulations, the contact size in those experiments was clearly below the characteristic
length of the superstructure and reconstruction, respectively (i.e. a few nm).
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Fig. 6.6 a Lateral force image of a KBr double layer on NaCl(100) with b the corresponding
forward and backward traces along the red line in (a). The average normal force was reduced from
—0.01 to —0.32nN in the lower half of the measurement. ¢ Simulated lateral force trace assuming a
modulated energy corrugation (see 6.16) with a period b = 6a and a constant stiffness of k = 1 N/m
in a one-dimensional PT model. From [65]

6.5 Anisotropy Effects

There are various mechanisms in friction force microscopy experiments which lead
to an asymmetry in frictional forces. For instance anisotropy effects are related to
the transition of commensurate and incommensurate contacts, respectively, or to a
structural anisotropy of the sample surface.

As discussed already in Sect. 6.3, the importance of the relative orientation of two
lattices in sliding contact has been first experimentally demonstrated by Hirano et al.
[26]. The friction increased when the two surfaces formed a commensurate contact
and superlubricity was obtained in the incommensurate case. This anisotropy was
also observed in stick-slip friction, when measuring the lateral forces between a
graphite flake and the HOPG surface at rotation angles between 0° and 60° [41].

There are several examples of friction anisotropy owing to a structural anisotropy
of the surface. For instance using a UHV-FFM, Park et al. [72] reported a large
directional anisotropy of the friction force on Al-Ni—Co decagonal quasicrystals.
They found friction forces to be eight times larger when sliding along the periodic
direction of the surface than when sliding along the aperiodic one. The anisotropy in
the friction force was attributed to the intrinsic structural anisotropy of the surface.
On the quasicrystal surface the friction anisotropy is manifested in both nanometer-
sized contacts obtained with sharp AFM tips and macroscopic contacts in pin-on-disk
tribometers [73].

Friction anisotropy was also observed in molecular single crystals, although not in
UHV. For instance the kinetic friction was found to peak up along well-defined crys-
tallographic directions on a pentacene single crystal [74] and organic crystal potas-
sium hydrogen phthalate (KAP) [75]. In these experiments, the frictional anisotropy
was measured by recording the transverse component of the friction forces acting
on the AFM tip while scanning. Friction anisotropy is also often found between
individual domains of molecules, which are chemically homogenous but structurally
rotated. For instance, in an early FFM study on freshly cleaved (010) surfaces of the
ferroelectric triglycine sulfate frictional anisotropy could be observed under ambient
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condition between terraces inside individual domains, which are structurally rotated
by 180° [76]. Another example is the flower-shaped islands of lipid monolayers on
mica, consisting of domains with different molecular orientations. In these experi-
ments, the angular dependence of friction directly reflected the tilt direction of the
alkyl chains in the monolayer [77].

An asymmetry can also occur in the lateral force of atomically and molecularly
resolved friction force maps revealing stick-slip characteristics. For instance lateral
force maps on layered organic compounds such as transition-metal oxalate complexes
showed a clear contrast between molecules with different orientation revealing a fric-
tion asymmetry on a molecular scale [78]. The static and kinetic friction experienced
by a point mass elastically driven at different angles on surface lattices with square,
hexagonal, and honeycomb symmetries were estimated by analytical and numeric
calculations based on the PT model. The anisotropy of static friction was found to be
strongly dependent on the density of the surface atoms packing [79]. These results
await experimental verification, however.

6.6 Mechanical Properties of Molecular Chains

The FK model introduced in Sect.6.2 has been recently applied to an interesting
experiment, in which molecular chains lying on a flat surface were pulled up at
one of its end by an AFM tip. Kawai et al. succeeded in lifting up single polymer
chains from a reconstructed gold surface using AFM in a dynamic mode at low
temperature (4 K) in UHV [80]. Under those conditions, it was possible to measure
the force gradients accompanying the detachment of individual polymer chains with
extremely high accuracy (cf. Fig.6.7). The primary observation was the modula-
tion of the force during detachment of fluorene groups, which could be precisely
related to the adhesion energy of these submolecular groups by a theoretical analy-
sis based on an extended FK model and realistic interaction potentials. A small
modulation of the force gradient due to the sliding on the gold surface was also
observed. This modulation indicates that the polymer chain was sliding in a superlu-
bric way, as expected from the incommensurability between the lattice constants of
the gold substrate and the equilibrium distance between consecutive fluorine units.
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Fig. 6.7 a Sketch (side view) of a polymer chain consisting of polymerized polyfluorene initially
lying on a Au(111) surface and pulled up by an AFM tip. b The force gradient shows periodic
variations due to the detachment of the fluorene units. ¢ Zoom on the from [80]

These measurements also showed that the intermolecular stiffness is large (around
200N/m), which makes elastic deformation to accommodate the molecules on the
substrate quite unfavorable.
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6.7 Conclusions

In conclusion, we have shown that the PT model reproduces the main character-
istics of the atomic-slip motion observed in friction force microscopy experiments
quite well. The experimental observations include the load dependence, specifically
the transition from smooth sliding to atomic stick-slip and multi-slips, as well as
the velocity and temperature dependence of atomic-scale friction. Atomic stick-slip
experiments on reconstructed surfaces revealed a strong influence of the long-ranged
height modulations on the lateral force. Very recent AFM investigations on molecular
chains lifted up by the probing tip open interesting possibilities in coupling nanotri-
bology to the realm of molecular electronics. Remarkably, all these experiments were
realized in ultra-high vacuum conditions, where environmental contaminants could
be removed from the nanocontacts.
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