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Abstract Friction has long been the subject of research: the empirical da Vinci—
Amontons friction laws have been common knowledge for centuries. Macroscopic
experiments performed by the school of Bowden and Tabor revealed that macro-
scopic friction can be related to the collective action of small asperities. Over the
last 15 years, experiments performed with the atomic force microscope have
provided new insights into the physics of single asperities sliding over surfaces.
This development, together with the results from complementary experiments using
surface force apparatus and the quartz microbalance, have led to the new field of
nanotribology. At the same time, increasing computing power has permitted the
simulation of processes that occur during sliding contact involving several
hundreds of atoms. It has become clear that atomic processes cannot be neglected
when interpreting nanotribology experiments. Even on well-defined surfaces,
experiments have revealed that atomic structure is directly linked to friction
force. This chapter will describe friction force microscopy experiments that reveal,
more or less directly, atomic processes during sliding contact.

We will begin by introducing friction force microscopy, including the calibra-
tion of cantilever force sensors and special aspects of the ultrahigh vacuum envi-
ronment. The empirical Tomlinson model often used to describe atomic stick-slip
results is therefore presented in detail. We review experimental results regarding
atomic friction, including thermal activation, velocity dependence and temperature
dependence. The geometry of the contact is crucial to the interpretation of experi-
mental results, such as the calculation of the lateral contact stiffness, as we shall see.
The onset of wear on the atomic scale has recently been studied experimentally and
it is described here. In order to compare results, we present molecular dynamics
simulations that are directly related to atomic friction experiments. The chapter
ends with a discussion of dissipation measurements performed in noncontact force
microscopy, which may become an important complementary tool for the study of
mechanical dissipation in nanoscopic devices.
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15.1 Friction Force Microscopy in Ultrahigh Vacuum

The friction force microscope (FFM, also called the lateral force microscope, LFM)
exploits the interaction of a sharp tip sliding on a surface in order to quantify
dissipative processes down to the atomic scale (Fig. 15.1).

15.1.1 Friction Force Microscopy

The relative motion of tip and surface is realized by a scanner created from
piezoelectric elements, which moves the surface perpendicularly to the tip with a
certain periodicity. The scanner can be also extended or retracted in order to vary
the normal force Fy that is applied to the surface. This force is responsible for the
deflection of the cantilever that supports the tip. If the normal force Fy increases
while scanning due to the local slope of the surface, the scanner is retracted by a
feedback loop. On the other hand, if Fiy decreases, the surface is brought closer to
the tip by extending the scanner. In this way, the surface topography can be
determined line-by-line from the vertical displacement of the scanner. Accurate
control of such vertical movement is made possible by a light beam reflected from
the rear of the lever into a photodetector. When the cantilever bends, the light spot
on the detector moves up or down and causes the photocurrent to vary, when in turn
triggers a corresponding change in the normal force Fy applied.

The relative sliding of tip and surface is usually also accompanied by friction.
A lateral force F, which acts in the opposite direction to the scan velocity v hinders

Fig.15.1 Schematic diagram
of a beam-deflection friction
force microscope
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the motion of the tip. This force causes torsion in the cantilever, which can be
observed along with the topography if the photodetector can detect not only the
normal deflection but also the lateral movement of the lever while scanning. In
practice this is achieved using a four-quadrant photodetectors, as shown in
Fig. 15.1. We should note that friction forces also cause lateral bending of the
cantilever, but this effect is negligible if the thickness of the lever is much less than
the width.

The FFM was first used by Mate et al. in 1987 to study the friction associated
with atomic features [1] (just one year after Binnig et al. introduced the atomic force
microscope [2]). In their experiment, Mate used a tungsten wire and a slightly
different technique to that described above to detect lateral forces (nonfiber inter-
ferometry). Optical beam deflection was introduced later by Marti et al. and Meyer
et al. [3, 4]. Other methods of measuring the forces between tip and surface include
capacitance detection [5], dual fiber interferometry [6] and piezolevers [7]. In the
first method, two plates close to the cantilever reveal the capacitance while scan-
ning. The second technique uses two optical fibers to detect the cantilever deflection
along two orthogonal directions aligned 45° with respect to the surface normal.
Finally, in the third method, cantilevers with two Wheatstone bridges at their bases
reveal normal and lateral forces, which are respectively proportional to the sum and
the difference of both bridge signals.

15.1.2 Force Calibration

Force calibration is relatively simple if rectangular cantilevers are used. Due to
possible discrepancies with the geometric values provided by manufacturers, one
should use optical and electron microscopes to determine the width, thickness and
length of the cantilever (w, ¢, /), the tip height /4 and the position of the tip with
respect to the cantilever. The thickness of the cantilever can also be determined
from the resonance frequency of the lever f; using the relation [8]

2
l\g;f\[fo . (15.1)

Here p is the density of the cantilever and E is its Young’s modulus. The normal
spring constant (cy) and the lateral spring constant (¢ ) of the lever are given by
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N
where G is the shear modulus. Figure 15.2 shows some SEM images of rectangular
silicon cantilevers used for FEM. In the case of silicon, p = 2.33 x 10° kg/m’,
E =169 x 10" N/m*and G = 0.5 x 10"" N/m* Thus, for the cantilever shown
in Fig. 15.2, cy = 1.9 N/m and ¢, = 675 N/m.
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Fig. 15.2 SEM images of a rectangular cantilever. The relevant dimensions are / = 445 pm,
w =43 um, t = 4.5 pm, & = 14.75 pm. Note that % is given by the sum of the tip height and half
of the cantilever thickness (after [9])

Fig. 15.3 Sketch of a typical |
force versus distance curve A

s 2

Voff

The next force calibration step consists of measuring the sensitivity of the
photodetector S, (nm/V). For beam-deflection FFMs, the sensitivity S, can be
determined by force versus distance curves measured on hard surfaces (such as
Al,O3), where elastic deformations are negligible and the vertical movement of
the scanner equals the deflection of the cantilever. A typical relation between the
difference between the vertical signals on the four-quadrant detector Vi and the
distance from the surface (2) is sketched in Fig. 15.3. When the tip is approached, no
signal is revealed until the tip jumps into contact at z = z;. Further extension or
retraction of the scanner results in elastic behavior until the tip jumps out of contact
again at a distance z, > z;. The slope of the elastic part of the curve gives the
required sensitivity S..

The normal and lateral forces are related to the voltage Vy, and the difference
between the horizontal signals V1 as follows

3 h
FN = CNSZVN, FL = ECL YSZV]_. (153)

It is assumed here that the light beam is positioned above the probing tip.



15 Friction and Wear on the Atomic Scale 247

The normal spring constant cy can also be calibrated using other methods.
Cleveland et al. [10] attached tungsten spheres to the tip, which changes the
resonance frequency f, according to the formula

_1 CN
T\ M+ me

Jo (15.4)

M is the mass of the added object, and m* is an effective mass of the cantilever,
which depends on its geometry [10]. The spring constant can be extrapolated from
the frequency shifts corresponding to the different masses attached.

As an alternative, Hutter et al. observed that the spring constant cy can be related
to the area of the power spectrum of the thermal fluctuations of the cantilever
P [11]. The correct relation is cx = 4kgT/(3P), where kg ~ 1.38 x 107> J/K is
Boltzmann’s constant and T is the temperature [12].

Cantilevers with different shapes require finite element analysis, although
analytical formulas can be derived in a few cases. For V-shaped cantilevers,
Neumeister et al. derived the following approximation for the lateral spring con-
stant ¢y [13]

(15.5)
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The geometrical quantities L, w, o, d, t and h are defined in Fig. 15.4. The
expression for the normal constant is more complex and can be found in the cited
reference.

Surfaces with well-defined profiles permit an alternative in situ calibration of
lateral forces [14]. We present a slightly modified version of the method [15].
Figure 15.5 shows a commercial grating formed by alternate faces with opposite
inclinations with respect to the scan direction. When the tip slides on the inclined

Fig. 15.4 Geometry of a V-
shaped cantilever (after [13])
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Fig. 15.5 Silicon grating B : |
formed by alternated faces " ‘
angled at + 55° from the )

surface (© Silicon-MDT

Ltd., Moscow)

Fig. 15.6 (a) Forces acting on a FFM tip sliding on the grating shown in Fig. 15.5; (b) friction
loops acquired on the two faces

planes, the normal force Fy and the lateral force F with respect to the surface are
different from the two components F, and F'j;, which are separated by the photodiode
(Fig. 15.6a).

If the linear relation Fy, = ufy holds (Sect. 15.5), the component F| can be
expressed in terms of F

u+tan 6
Fyp=—F,. 15.6
I 1 — ptanf + (15.6)

The component F, is kept constant by the feedback loop. The sum of and the
difference between the F) values for the two planes (1) and (2) are given by

@ 2u(l + tan? 0)
I~ 1—2tan?0
2
r EF'(‘I) _F\(|2) _ 2(1 4 p*)tan0 .
1 — p2tan0

Fo=F"+F

(15.7)
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The values of F, and F_ (in volts) can be measured by scanning the profile back and
forth (Fig. 15.6b). If F, and F_ are recorded with different values of F,, one can
determine the conversion ratio between volts and nanonewtons as well as the
coefficient of friction p.

An accurate error analysis of lateral force calibration was provided by Schwarz
et al., who revealed the importance of the cantilever oscillations induced by the
feedback loop and the so-called pull-off force (Sect. 15.5) in friction measurements,
aside from the geometrical positioning of the cantilevers and laser beams [16].
Other sources of error (in-plane deformation and cantilever tilt) have been recently
discussed by Sader and coworkers [17, 18].

An adequate estimation of the radius of curvature of the tip R is also important
for some applications (Sect. 15.5.2). This quantity can be evaluated with a scanning
electron microscope. This allows well-defined structures such as step sites [19, 20]
or whiskers [21] to be imaged. Images of these high aspect ratio structures are
convolutions with the tip structure. A deconvolution algorithm that allows for the
extraction of the probe tip’s radius of curvature was suggested by Villarrubia [22].

15.1.3 The Ultrahigh Vacuum Environment

Atomic friction studies require well-defined surfaces and — whenever possible —
tips. For the surfaces, established methods of surface science performed in ultra-
high vacuum (UHV) can be employed. Ionic crystals such as NaCl have become
standard materials for friction force microscopy on the atomic scale. Atomically
clean and flat surfaces can be prepared by cleavage in UHV. The crystal has to be
heated to ~150°C for 1 h in order to remove charge after the cleavage process.
Metal surfaces can be cleaned and flattened by cycles of sputtering with argon ions
and annealing. Even surfaces prepared in air or liquids, such as self-assembled
molecular monolayers, can be transferred into the vacuum and studied after careful
heating procedures that remove water layers.

Tip preparation in UHV is more difficult. Most force sensors for friction studies
have silicon nitride or pure silicon tips. Tips can be cleaned and oxide layers
removed by sputtering with argon ions. However, the sharpness of the tip is
normally reduced by sputtering. As an alternative, tips can be etched in fluoric
acid directly before transfer to the UHV. The significance of tip preparation is
limited by the fact that the chemical and geometrical structure of the tip can
undergo significant changes when sliding over the surface.

Using the friction force microscope in UHV conditions requires some additional
effort. First of all, only materials with low vapor pressures can be used, which
excludes most plastics and lubricants. Beam-deflection force microscopes employ
either a light source in the vacuum chamber or an optical fiber guiding the light into
the chamber. The positioning of the light beam on the cantilever and the reflected
beam on the position-sensitive detector is achieved by motorized mirrors [23] or
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by moving the light source or detector [24]. Furthermore, a motorized sample
approach must be realized.

The quality of the force sensor’s electrical signal can seriously deteriorate when
it is transferred out of the vacuum chamber. Low noise and high bandwidth can be
preserved using a preamplifier in the vacuum. Again, the choice of materials for
printing and devices is limited by the need for low vapor pressure. Stronger heating
of the electrical circuitry in vacuum, therefore, may be needed.

15.1.4 A Typical Microscope Operated in UHV

A typical AFM used in UHV is shown in Fig. 15.7. The housing (1) contains the
light source and a set of lenses that focus the light onto the cantilever. Alternatively,
the light can be guided via an optical fiber into the vacuum. By using light emitting
diodes with low coherency it is possible to avoid interference effects often found in
instruments that use a laser as the light source. A plane mirror fixed on the spherical
rotor of a first stepping motor (2) can be rotated around vertical and horizontal axes
in order to guide the light beam onto the rear of the cantilever, which is mounted on
a removable carrier plate (3). The light is reflected off the cantilever toward a
second motorized mirror (4) that guides the beam to the center of the quadrant
photodiode (5), where the light is then converted into four photocurrents. Four
preamplifiers in close vicinity to the photodiode allow low-noise measurements
with a bandwidth of 3 MHz.

The two motors with spherical rotors, used to realign the light path after the
cantilever has been exchanged, work as inertial stepping motors: the sphere rests on

<

Fig. 15.7 Schematic view of
the UHV-AVM realized at the
University of Basel (after
[23]) (1 - light source,

2, 4 — mirrors, 3 — cantilever
holders, 5 — photodetector,

6 — scanner, 7 — slider,

8 — driving piezo, 9 — fixed
post, 10, 11 — eddy current
damping)
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three piezoelectric legs that can be moved in small amounts tangentially to the
sphere. Each step of the motor consists of the slow forward motion of two legs
followed by an abrupt jump backwards. During the slow forward motion, the sphere
follows the legs due to friction, whereas it cannot follow the sudden jump due to its
inertia. A series of these tiny steps rotates the sphere macroscopically.

The sample, which is also placed on an exchangeable carrier plate, is mounted at
the end of a tube scanner (6), which can move the sample in three dimensions over
several micrometers. The whole scanning head (7) is the slider of a third inertial
stepping motor for coarse positioning of the sample. It rests with its flat and polished
bottom on three supports. Two of them are symmetrically placed piezoelectric legs
(8), whereas the third central support is passive. The slider (7) can be moved in two
dimensions and rotated about a vertical axis by several millimeters (rotation is
achieved by antiparallel operation of the two legs). The slider is held down by two
magnets, close to the active supports, and its travel is limited by two fixed posts (9)
that also serve as cable attachments. The whole platform is suspended by four
springs. A ring of radial copper lamellae (10), floating between a ring of permanent
magnets (11) on the base flange, acts to efficiently damp eddy currents.

15.2 The Tomlinson Model

In Sect. 15.3, we show that the FFM can reveal friction forces down to the atomic
scale, which are characterized by a typical sawtooth pattern. This phenomenon can
be seen as a consequence of a stick—slip mechanism, discussed by Tomlinson in
1929 [25].

15.2.1 One-Dimensional Tomlinson Model

In the Tomlinson model, the motion of the tip is influenced by both the interaction
with the atomic lattice of the surface and the elastic deformations of the cantilever.
The shape of the tip—surface potential V(r) depends on several factors, such as the
chemical composition of the materials in contact and the atomic arrangement at
the tip end. For the sake of simplicity, we will start the analysis in the one-
dimensional case considering a sinusoidal profile with an atomic lattice periodicity
a and a peak-to-peak amplitude E. In Sect. 15.5, we will show how the elasticity of
the cantilever and the contact area can be described in a unique framework by
introducing an effective lateral spring constant k.. If the cantilever moves with a
constant velocity v along the x-direction, the total energy of the system is

E 2nx 1
Eii(x,1) = — COS7+§keff(Vt_x)2. (15.8)

=0
2
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Fig. 15.8 Energy profile
experienced by the FFM tip
(black circle) at t = 0 (dotted
line) and t = t* (continuous
line)

Figure 15.8 shows the energy profile E(x, #) at two different instants. When
t = 0, the tip is localized in the absolute minimum of E\,.. This minimum increases
with time due to the cantilever motion, until the tip position becomes unstable when
t = t*

At a given time ¢, the position of the tip can be determined by equating the first
derivative of E(x, ) with respect to x to zero

OEw mEy . 2
o TR0 G Y g (vr— x) = 0. (15.9)
Ox a a

The critical position x* corresponding to ¢ = ¢* is determined by equating the
second derivative 0E (x, t)/0x? to zero, which gives

1 2n’E
x* zj—: arccos (——), Y= k:tffa;' (15.10)

The coefficient y compares the strength of the interaction between the tip and the
surface with the stiffness of the system. When ¢ = #* the tip suddenly jumps into the
next minimum of the potential profile. The lateral force F F = kege(vt — x*) that
induces the jump can be evaluated from (15.9) and (15.10)

ke
=t LT (15.11)
2n

Thus the stick—slip is observed only if y > 1: when the system is not too stiff or
when the tip—surface interaction is strong enough. Figure 15.9 shows the lateral
force Fy as a function of the cantilever position X. When the cantilever is moved to
the right, the lower part of the curve in Fig. 15.9 is obtained. If, at a certain point, the
cantilever’s direction of motion is suddenly inverted, the force has the profile
shown in the upper part of the curve. The area of the friction loop obtained by
scanning back and forth gives the total energy dissipated.

On the other hand, when 7y < 1, the stick—slip is suppressed. The tip slides in a
continuous way on the surface and the lateral force oscillates between negative
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and positive values. Instabilities vanish in this regime, which leads to the disap-
pearance of lateral force hysteresis and correspondingly negligible dissipation
losses.

15.2.2 Two-Dimensional Tomlinson Model

In two dimensions, the energy of our system is given by

k
Ei(r,t) = U(r) + Tff (vt —r)?, (15.12)
where r = (x, y) and v is arbitrarily oriented on the surface (note that v = dr/dt!).
Figure 15.10 shows the total energy corresponding to a periodic potential of the
form

E 2 2 2 2
Ulx,y,t) = ——0<cos£+cosﬂ> +E cos T cos Y. (15.13)
2 a a a a

The equilibrium condition becomes

VE(r,t) = VU(r) + kege(r — vt) = 0. (15.14)
Fy
T —

Fig. 15.9 Friction loop
obtained by scanning back
and forth in the 1-D
Tomlinson model. The
effective spring constant kg
is the slope of the sticking
part of the loop (if y > 1) —_—

v

Fig. 15.10 Energy landscape
experienced by the FFM tip
in 2-D
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Fig. 15.11 Regions on the tip
plane labeled according to the
signs of the eigenvalues of the
Hessian matrix (after [26])
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The stability of the equilibrium can be described by introducing the Hessian matrix

yu+k o*U

-7 Tkt Z-

He Ox Oxdy (15.15)
o*U o*U Lk
Oyox Oy? eff

When both eigenvalues 4, , of the Hessian are positive, the position of the tip is
stable. Figure 15.11 shows these regions for a potential of the form (15.13). The tip
follows the cantilever adiabatically as long as it remains in the (++)-region. When
the tip is dragged to the border of the region, it suddenly jumps into the next (++)-
region. A comparison between a theoretical friction map deduced from the 2-D
Tomlinson model and an experimental map acquired by UHV-FFM is given in the
next section.

15.2.3 Friction Between Atomically Flat Surfaces

So far we have implicitly assumed that the tip is terminated by only one atom. It is
also instructive to consider the case of a periodic surface sliding on another periodic
surface. In the Frenkel-Kontorova—Tomlinson (FKT) model, the atoms of one
surface are harmonically coupled with their nearest neighbors. We will restrict
ourselves to the case of quadratic symmetries, with lattice constants a; and a, for
the upper and lower surfaces, respectively (Fig. 15.12). In this context, the role of
commensurability is essential. It is well known that any real number z can be
represented as a continued fraction

2=Np+ (15.16)

Ny + Nzirm.
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Fig. 15.12 The FKT model
in 2-D (after [27])

Fig. 15.13 Friction as a 1.34
function of the sliding angle
o in the 2-D FKT model 15
(after [27]) )
1.1
1
0.9
0.8 >
=30 0 30 60 90 120

The sequence that converges most slowly is obtained when all N; = 1, which
corresponds to the golden mean z = (v/5 —1)/2. In 1-D, Weiss and Elmer pre-
dicted that friction should decrease with decreasing commensurability, the mini-
mum friction being reached when a; /a, = 7 [28].

In 2-D, Gyalog and Thomas studied the case a; = a,, with a misalignment
between the two lattices given by an angle 0 [27]. When the sliding direction
changes, friction also varies from a minimum value (corresponding to the sliding
angle ¢ = 6/2) to a maximum value (which is reached when ¢ = /2 + n/4; see
Fig. 15.13). The misfit angle 0 is related to the commensurability. Since the misfit
angles that give rise to commensurate structure form a dense subset, the dependence
of friction on 0 should be discontinuous. The numerical simulations performed by
Gyalog are in agreement with this conclusion. The role of intrabulk elastic forces
has been considered in a scaling study by Miiser [29], where the symmetry of the
surfaces and the dimensionalities of interface and solids have been found to play a
crucial role.

15.3 Friction Experiments on the Atomic Scale

Figure 15.14 shows the first atomic-scale friction map, as observed by Mate. The
periodicity of the lateral force is the same as that of the atomic lattice of graphite.
The series of friction loops in Fig. 15.15 reveals the stick—slip effect discussed in
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Fig. 15.14 First atomic
friction map acquired on
graphite with a normal force
Fn = 56 pN. Frame size:

2 nm (after [1])

a Wire spring constant = 2500 N/m
Frictional 4 4 Wire .
force Load = 7.5x 10N deflection (A)
(107N) 2
m
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x Sample position (A)

Fig. 15.15 Friction loops on graphite acquired with (a) Fiy = 7.5 uN, (b) 24 pN and (¢) 75 uN
(after [1])

the previous section. The applied loads are in the range of tens of uN. According to
the continuum models discussed in Sect. 15.5, these values correspond to contact
diameters of 100 nm. A possible explanation for the atomic features observed at
such high loads is that graphite flakes may have detached from the surface and
adhered to the tip [30]. Another explanation is that the contact between tip and
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Fig. 15.16 Load dependence z Sample position (A)
of friction on graphite 0 200 400 600 800 1000 1200 1400
(after [1]) 204 .
Average
friction > °
(1078 N)
15 R
Friction = 0.012 x L °
riction = 0.012 x Load j‘ s"P.--
.o'..
10 o5
.-'.
...~
Onset of . .'"
5 | stick—slip £
A N Wire spring constant 155 N/m
o

0 5 10 15 20
Load (10 °N)

surface consisted of few nm-scale asperities and that the corrugation was not
entirely averaged out while sliding. The load dependence of friction as found by
Mate is rather linear, with a small friction coefficient u = 0.01 (Fig. 15.16).

The UHV environment reduces the influence of contaminants on the surface and
leads to more precise and reproducible results. Meyer et al. [31] obtained a series of
interesting results on ionic crystals using the UHV-FFM apparatus described in Sect.
15.1.4. By applying subnanonewton loads to a NaCl surface, Socoliuc et al. observed
the transition from stick—slip to continuous sliding discussed in Sect. 15.2.1 [32].
In another experiment, the same group observed that the transition could also be
induced dynamically by superimposed oscillations of the applied load at the contact
resonance [33]. In Fig. 15.17, a friction map recorded on KBr(100) is compared with
a theoretical map obtained with the 2-D Tomlinson model. The periodicity a = 0.47 nm
corresponds to the spacing between equally charged ions. No individual defects
were observed. One possible reason is that the contact realized by the FFM tip is
always formed by many atoms, which superimpose and average their effects.
Molecular dynamics (MD) calculations (Sect. 15.7) show that even single-atom
contact may cause rather large stresses in the sample, which lead to the motion of
defects far away from the contact area. However, this seems to be not the case when
ultrathin films of ionic crystals are epitaxially grown on a different species. Indeed,
high resolution FFM images of stable defects across a KBr/NaCl interface have been
recently reported by Maier and coworkers [35]. The duration of slip events was the
main topic of another study on KBr [36]. Here, the broad time distribution experi-
mentally observed was attributed to the atomistic structure of the contact area, in
agreement with a multispring model of the tip—surface interface.
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Fig. 15.17 (a) Measured and a
(b) theoretical friction map on
KBr(100) (after [34])

b
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force
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3
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Distance (nm)
Lateral A —
force
(au.)

Distance (nm)

Liithi et al. [37] even detected atomic-scale friction on a reconstructed Si(111)-
7 x 7 surface. However, uncoated Si tips and tips coated with Pt, Au, Ag, Cr and Pt/C
damaged the sample irreversibly, and the observation of atomic features was achieved
only after coating the tips with polytetrafluoroethylene (PTFE), which has lubricant
properties and does not react with the dangling bonds of Si(111)-7 x 7 (Fig. 15.18).

Friction has been resolved on the atomic scale even on metallic surfaces in UHV.
In Fig. 15.19 reproducible stick—slip process on Cu(111) is shown. Current mea-
surements performed at the same time suggested that the AFM tip was covered by
copper atoms. More recently, the Cu(100) surface has also revealed regular atomic
stick—slip [39], despite previous theoretical and experimental observations sug-
gested that the atomic packing of this surface is prone to be worn off by the tip.
Sliding on the (100) surface of copper produced irregular patterns, although atomic
features were recognized even in this case [38]. Molecular dynamics suggests that
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Fig. 15.18 (a) Topography a
and (b) friction image of
Si(111)7 x 7 measured with
a PTFE-coated Si tip

(after [37])

100 nm

Fig. 15.19 Friction images
of Cu(111). Frame size: 3 nm
(after [38])

wear should occur more easily on the Cu(100) surface than on the close-packed
Cu(111) (Sect. 15.7). This conclusion was achieved by adopting copper tips in
computer simulations. The assumption that the FFM tip used in the experiments
was covered by copper is supported by current measurements performed at the
same time.

Atomic stick—slip on diamond was observed by Germann et al. with an apposite
diamond tip prepared by chemical vapor deposition [40] and, a few years later, by
van der Oetelaar et al. [41] with standard silicon tips. The values of friction vary
dramatically depending on the presence or absence of hydrogen on the surface.

Fujisawa et al. [42] measured friction on mica and on MoS, with a 2-D FFM
apparatus that could also reveal forces perpendicular to the scan direction. The
features in Fig. 15.20 correspond to a zigzag tip walk, which is predicted by the 2-D
Tomlinson model [43]. Two-dimensional stick—slip on NaF was detected with
normal forces <14 nN, whereas loads of up to 10 uN could be applied to layered
materials. The contact between tip and NaF was thus formed by one or a few atoms.
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Fig. 15.20 (a) Friction force on MoS, acquired by scanning along the cantilever and (b) across
the cantilever. (¢) Motion of the tip on the sample (after [42])

A zigzag walk on mica was also observed by Kawakatsu et al. using an original 2-D
FFM with two laser beams and two quadrant photodetectors [44].

15.3.1 Anisotropy of Friction

The importance of the misfit angle in the reciprocal sliding of two flat surfaces was
first observed experimentally by Hirano et al. in the contact of two mica sheets [45].
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Fig. 15.21 Friction images
of a thiolipid monolayer on a

mica surface. In (b) the ~05
sample is rotated by 70° with
respect to (a) (after [50]) -0.7 I A

~Scan
directi

The friction increased when the two surfaces formed commensurate structures, in
agreement with the discussion in Sect. 15.2.3. In more recent measurements with a
monocrystalline tungsten tip on Si(001), Hirano et al. observed superlubricity in
the incommensurate case [46].

Overney et al. [47] studied the effects of friction anisotropy on a bilayer lipid
film. In this case, different molecular alignments resulted in significant variations
in the friction. Other measurements of friction anisotropy on single crystals of
stearic acid were reported by Takano and Fujihira [48]. An impressive confirma-
tion of this effect recently came from a dedicated force microscope developed by
Frenken and coworkers, the Tribolever, which allows quantitative tracking of the
scanning force in three dimensions [49]. With this instrument, a flake from a
graphite surface was picked up and the lateral forces between the flake and the
surface were measured at different angles of rotation. Stick-slip and energy
dissipation were only clearly revealed at rotation angles of 0 and 60°, when the
two lattices are in registry.

Liley et al. [50] observed flower-shaped islands of a lipid monolayer on mica,
which consisted of domains with different molecular orientations (Fig. 15.21). The
angular dependence of friction reflects the tilt direction of the alkyl chains of the
monolayer, as revealed by other techniques.

Liithi et al. [S1] used the FFM tip to move Cgq islands, which slide on sodium
chloride in UHV without disruption (Fig. 15.22). In this experiment the friction was
found to be independent of the sliding direction. This was not the case in other
experiments performed by Sheehan and Lieber, who observed that the misfit angle
is relevant when MoOj islands are dragged on the MoS, surface [52]. In these
experiments, sliding was possible only along low index directions. The weak
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Fig. 15.22 (a—g) Sequence of topography images of Cg islands on NaCl(100) (after [51]). (h)
Overview of the roto-translational motion of the island

Fig. 15.23 Friction force Lateral force (arb. units)
experienced as a carbon 0.8 A
nanotube is rotated into (/eft
trace) and out of (right trace) /
commensurate contact 4/
(after [53]) 5 5
4
0.2
2 3
1
0 >
0 200 400

Cantilever support displacement (nm)

orientation dependence found by Liithi et al. [51] is probably due to the large
mismatch of Cgg on NaCl.

A recent example of friction anisotropy is related to carbon nanotubes. Falvo
et al. [53] manipulated nanotubes on graphite using a FFM tip (Fig. 15.23).
A dramatic increase in the lateral force was found in directions corresponding to
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commensurate contact. At the same time, the nanotube motion changed from
sliding/rotating to stick-roll.

15.4 Thermal Effects on Atomic Friction

Although the Tomlinson model gives a good interpretation of the basic mechanism
of the atomic stick—slip discussed in Sect. 15.2, it cannot explain some minor
features observed in the atomic friction. For example, Fig. 15.24 shows a friction
loop acquired on NaCl(100). The peaks in the sawtooth profile have different
heights, which is in contrast to the result in Fig. 15.9. Another effect is observed
if the scan velocity v is varied: the mean friction force increases with the logarithm
of v (Fig. 15.25). This effect cannot be interpreted within the mechanical approach
in Sect. 15.2 without further assumptions.

F,(nN)
0.6 4
0.4
0.2
0 >
-0.2
-04
. s -0.6
Fig. 15.24 Friction loop on 0 1 2 3 4 5
NaClI(100) (after [54]) x (nm)
F, (nN)
A
0.4
0.3
0.2
. .. 0.1
Fig. 15.25 Mean friction
force vs. scanning
velocity on NaCl(100) at 0 >
Fn = 0.44 nN (+) and 1 2 3 4 5 5 7 8

Fx = 0.650N (x) (after [54]) In v (nm/s)



264 E. Gnecco et al.

15.4.1 The Tomlinson Model at Finite Temperature

Let us focus again on the energy profile discussed in Sect. 15.2.1. For the sake of
simplicity, we will assume that y > 1. At a given time ¢t < r*, the tip jump is
prevented by the energy barrier AE = E(Xpax, 1) — E(Xmin, 1), Where X, corTe-
sponds to the first maximum observed in the energy profile and x,,;, is the actual
position of the tip (Fig. 15.26). The quantity AE decreases with time or, equivalently,
with the frictional force F; until it vanishes when Fy = F* (Fig. 15.27). Close to the
critical point, the energy barrier can be written approximately as

AE = \(F — Fp), (15.17)

where F is close to the critical value F~ = nE/a.

At finite temperature 7, the lateral force required to induce a jump is lower than
F*. To estimate the most probable value of Fy at this point, we first consider the
probability p that the tip does not jump. The probability p changes with time ¢ according
to the master equation

d AE
% = —foexp (— klj;))p(r), (15.18)

E (x1)
A

Fig. 15.26 Energy barrier
that hinders the tip jump in
the Tomlinson model

“V

X, X,

min “‘max

Fig. 15.27 Energy barrier
AE as a function of the lateral
force F. The dashed line
close to the critical value
corresponds to the linear
approximation (15.17)
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where fj is a characteristic frequency of the system. The physical meaning of this
frequency is discussed in Sect. 15.4.2. We should note that the probability of a
reverse jump is neglected, since in this case the energy barrier that must be
overcome is much higher than AE. If time is replaced by the corresponding lateral
force, the master equation becomes

dp(FL) AE(FL)\ (dF )\
= — - — Fr). 15.19
ar, el - ) e) P (15.19)
At this point, we substitute
dF dFy, dX

and use the approximation (15.17). The maximum probability transition condition
d’p(F)/dF?* = 0 then yields

F =F ———In— 15.21
L(v) I ( )
with
kgT
y, =TokeT (15.22)
kgt /.

Thus, the lateral force depends logarithmically on the sliding velocity, as
observed experimentally. However, approximation (15.17) does not hold when
the tip jump occurs very close to the critical point x = x*, which is the case at
high velocities. In this instance, the factor (dFpdd™" in (15.19) is small and,
consequently, the probability p(f) does not change significantly until it suddenly
approaches 1 when r — ¢". Thus friction is constant at high velocities, in agreement
with the classical Coulomb’s law of friction [31].

Sang et al. [55] observed that the energy barrier close to the critical point is better
approximated by a relation like

AE = p(F* — F)*>. (15.23)

The same analysis performed using approximation (15.23) instead of (15.17)
leads to the expression [56]

=In-S— /1 —— (15.24)
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where the critical velocity v, is now

b nV2 fokgT
2 kefra .

(15.25)

The velocity v, discriminates between two different regimes. If v < v, the
second logarithm in (15.24) can be neglected, which leads to the logarithmic
dependence

ksT\?? /. ve\2/3
FL(V):F*—<B7> (m%) . (15.26)

In the opposite case, v > v, the term on the left in (15.23) is negligible and

FL(v) = F* {1 — (V:)z] (15.27)

In such a case, the lateral force Fy tends to F *, as expected.

In a recent work, Reimann et al. distinguished between the dissipation that
occurs in the tip apex and that in the substrate volume in contact with the tip
[57]. After the initial logarithmic increase, the velocity dependence of friction
changes in different ways, depending on the relative contribution of the tip apex
to the total dissipation. A friction plateau is only predicted when 0 = 0.5 over a
limited velocity range. At lower or higher values of 0, friction is expected to
increase, or, respectively, decrease beyond the critical velocity v..

The thermally activated Tomlinson model has been recently extended to two
dimensions by Fasolino and coworkers [58].

15.4.2 Velocity Dependence of Friction

The velocity dependence of friction was only recently studied by FFM. Zworner
et al. observed that friction between silicon tips and diamond, graphite or amor-
phous carbon is constant with scan velocities of a few pum/s [62]. The friction
decreased when v was reduced below 1 pm/s. In their experiment on lipid films on
mica (Sect. 15.3.1), Gourdon et al. [60] explored a range of velocities from 0.01 to
50 pum/s and found a critical velocity v. = 3.5 pm/s that discriminates between an
increasing friction and a constant friction regime (Fig. 15.28). Although these
results were not explained by thermal activation, we argue that the previous
theoretical discussion gives the correct interpretative key. A clear observation of
a logarithmic dependence of friction on the micrometer scale was reported by
Bouhacina et al., who studied friction on triethoxysilane molecules and polymers
grafted on silica with sliding velocities of up to v = 300 um/s [61]. The result was
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Fig. 15.28 Velocity LFM signal (arb. units)
dependence of friction on 300,
mica and on lipid films with e ==
different orientations (arms 767
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Fig. 15.29 Torsional modes
of cantilever oscillation (a)
when the tip is free and (b)
when the tip is in contact with
a surface (after [65])

explained with a thermally activated Eyring model, which does not differ signifi-
cantly from the model discussed in the previous subsection [62, 63].

The first measurements on the atomic scale were performed by Bennewitz et al.
on copper and sodium chloride [54, 64]; in both cases a logarithmic dependence of
friction was revealed up to v < 1 um/s (Fig. 15.25), in agreement with (15.21).
Higher values of velocities were not explored, due to the limited range of the scan
frequencies possible with FFM on the atomic scale. The same limitation does not
allow a clear distinction between (15.21) and (15.26) when interpreting the experi-
mental results.

At this point we would like to discuss the physical meaning of the characteristic
frequency f,. With a lattice constant a of a few angstroms and an effective spring
constant k.r; =1 N/m, which are typical of FFM experiments, (15.25) gives a value
of a few hundred kHz for f;,. This is the characteristic range in which the torsional
eigenfrequencies of the cantilevers are located in both contact and noncontact
modes (Fig. 15.29). Future work may clarify whether or not fo must be identified
with these frequencies.
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To conclude this section, we should emphasize that the increase in friction with
increasing velocity is ultimately related to the materials and the environment in
which the measurements are realized. In a humid environment, Riedo et al.
observed that the surface wettability plays an important role [66]. Friction
decreases with increasing velocity on hydrophilic surfaces, and the rate of this
decrease depends drastically on humidity. A logarithmic increase is again found
on partially hydrophobic surfaces (Fig. 15.30). These results were interpreted

Fig. 15.30 Friction versus
sliding velocity (a) on
hydrophobic surfaces and (b)
on hydrophilic surfaces
(after [66])
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Fig. 15.31 Temperature Fp (nN)
dependence of friction on A
n-hexadecane and
octamethylcyclotetrasiloxane
(after [67])
9
6
3 >
300 310 320 330
T (K)

considering the thermally activated nucleation of water bridges between tip and
sample asperities, as discussed in the cited reference.

15.4.3 Temperature Dependence of Friction

Thus far we have used thermal activation to explain the velocity dependence of
friction. The same mechanism also predicts that friction should change with
temperature. The master equation (15.18) shows that the probability of a tip jump
is reduced at low temperatures 7 until it vanishes when T = 0. Within this limit
case, thermal activation is excluded, and the lateral force Fyi is equal to F *,
independent of the scanning velocity v.

Only few experimental studies focused on the temperature dependence of
friction, none of them revealing atomic-scale features. A linear decrease of friction
with temperature was observed on silicon surfaces covered by organic molecules in
a limited range of temperatures [67]. On bare Si(111) in UHV a peak of friction was
found ~100 K, the origin of which remained unexplained [68]. In a recent FFM
study on graphite Zhao et al. [69] found a significant dependence of friction on 1/T
over a wide temperature range (140-750 K), supporting the hypothesis of thermal
activation of the stick—slip process.

15.5 Geometry Effects in Nanocontacts

Friction is ultimately related to the real shape of the contact between the sliding
surfaces. On the macroscopic scale, the contact between two bodies is studied
within the context of continuum mechanics, which is based on the elasticity theory
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developed by Hertz in the nineteenth century. Various FFM experiments have
shown that continuum mechanics is still valid down to contact areas just a few
nanometers in size. Only when contact is reduced to few atoms does the continuum
frame become unsuitable, and other approaches like molecular dynamics become
necessary. This section will deal with continuum mechanics theory; molecular
dynamics will be discussed in Sect. 15.7.

15.5.1 Continuum Mechanics of Single Asperities

The lateral force F between two surfaces in reciprocal motion depends on the size
of the real area of contact, A, which can be a few orders of magnitude smaller than
the apparent area of contact. The simplest assumption is that friction is proportional
to A; the proportionality factor is called the shear strength o [70]

FL = dA. (15.28)

For plastic deformation, the asperities are compressed until the pressure p equals
a certain yield value p*. The resulting contact area is thus A = Fy/p’, and the well-
known Amontons’ law is obtained: F;, = uFy, where it = a/p’ is the coefficient of
friction. The same idea can be extended to contacts formed by many asperities, and
it leads again to Amontons’ law. The simplicity of this analysis explains why most
friction processes were related to plastic deformation for a long time. Such a
mechanism, however, should provoke quick disruption of surfaces, which is not
observed in practice.

Elastic deformation can be easily studied in the case of a sphere of radius R
pressed against a flat surface. In this case, the contact area is

R\2/3
A(Fy) n(E) Fi, (15.29)

where K = 3E"/4 and E” is an effective Young’s modulus, related to the Young’s
moduli (£, and E,) and the Poisson numbers (v; and v,) of sphere and plane, by the
following relation [71]

r 1- vio1—v3

— = . 15.30
E- E L (15.30)

The result A o< F Nz/ 3 contrasts with Amontons’ law. However, a linear relation
between F and Fy can be obtained for contacts formed from several asperities in
particular cases. For example, the area of contact between a flat surface and a set of
asperities with an exponential height distribution and the same radius of curvature R
depends linearly on the normal force Fy [72]. The same conclusion holds approxi-
mately even for a Gaussian height distribution. However, the hypothesis that the
radii of curvature are the same for all asperities is not realistic. A general model was
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recently proposed by Persson, who analytically derived the proportionality between
contact area and load for a large variety of elastoplastic contacts formed by surfaces
with arbitrary roughnesses [73]. However, this discussion is not straightforward and
goes beyond the purposes of this section.

Further effects are observed if adhesive forces between the asperities are taken
into account. If the range of action of these forces is smaller than the elastic
deformation, (15.29) is extended to the Johnson—Kendall-Roberts (JKR) relation

R\Y3 2/3
A(FN) = n(E) x (FN +3mpR + \/6nyRFN + (37wR)2) . (1531

where y is the surface tension of the sphere and plane [74]. The real contact area at
zero load is finite and the sphere can be detached only by pulling it away with a
certain force. This is also true in the opposite case, in which the range of action of
adhesive forces is larger than the elastic deformation. In this case, the relation
between contact area and load takes the simple form

2/3
A(FN) = ”<E> (Fx — Fort)™?, (15.32)

where F g is the negative load required to break the contact. The Hertz-plus-offset
relation (15.32) can be derived from the Derjaguin—Muller—Toporov (DMT) model
[75]. To discriminate between the JKR or DMT models, Tabor introduced a
nondimensional parameter

9Ry? /3
P =—— 15.33
(4K228) ’ ( )

where 7 is the equilibrium distance during contact. The JKR model can be applied
if @ > 5; the DMT model holds when @ < 0.1 [76]. For intermediate values of @,
the Maugis—Dugdale model [77] could reasonably explain experimental results
(Sect. 15.5.3).

15.5.2 Dependence of Friction on Load

The FFM tip represents a single asperity sliding on a surface. The previous discus-
sion suggests a nonlinear dependence of friction on the applied load, provided that
continuum mechanics is applicable. Schwarz et al. observed the Hertz-plus-offset
relation (15.32) on graphite, diamond, amorphous carbon and Cgy in an argon
atmosphere (Fig. 15.32). In their measurements, they used well-defined spherical
tips with radii of curvature of tens of nanometers, obtained by contaminating silicon
tips with amorphous carbon in a transmission electron microscope. In order to
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Fig. 15.32 Friction versus load curve on amorphous carbon in argon atmosphere. Curves (a)—(d)
refer to tips with different radii of curvature (after [78])

compare the tribological behavior of different materials, Schwarz et al. suggested
the introduction of an effective coefficient of friction C which is independent of the
tip curvature [78].

Meyer et al., Carpick et al., and Polaczyc et al. performed friction measurements
in UHV in agreement with JKR theory [19, 79, 80]. Different materials were
considered (ionic crystals, mica and metals) in these experiments. In order to
correlate the lateral and normal forces with improved statistics, Meyer et al. applied
an original 2-D histogram technique (Fig. 15.33). Carpick et al. extended the JKR
relation (15.32) to include nonspherical tips. In the case of an axisymmetric tip
profile z oc 7*" (n > 1), it can be proven analytically that the increase in the friction
becomes less pronounced with increasing n (Fig. 15.34).

15.5.3 Estimation of the Contact Area

In contrast to other tribological instruments, such as the surface force apparatus
[81], the contact area cannot be measured directly by FFM. Indirect methods are
provided by contact stiffness measurements. The contact between the FFM tip and
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Fig. 15.33 (a) Friction force map on NaCl(100). The load is decreased from 140 to O nN (jump-
off point) during imaging. (b) 2-D histogram of (a) (after [19])
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Fig. 15.35 Sketch of normal

and lateral stiffness of the Fever
contact between tip and -
surface (after [83])

k,

contact

s

'—_> klever kcomact

the sample can be modeled by a series of two springs (Fig. 15.35). The effective
constant k”.¢ of the series is given by

1 1 1
— =t —, (15.34)
keff k

contact €N

where cy is the normal spring constant of the cantilever and k”.opac 1S the normal
stiffness of the contact. This quantity is related to the radius of the contact area (a)
by the simple relation

)%

contact

= 2aE", (15.35)

where E” is the effective Young’s modulus introduced previously [82]. Typical
values of k% onact are an order of magnitude larger than cy, however, and practical
application of (15.34) is not possible.

Carpick et al. independently suggested an alternative method [83, 84]. Accord-
ing to various models, the lateral contact stiffness of the contact between a sphere
and a flat surface is [85]

](Y

contact

= 8aG", (15.36)
where the effective shear stress G~ is defined by

LZZ_V% 2—\)%
G* Gy Gy

(15.37)

G, G, are the shear moduli of the sphere and the plane, respectively. The contact
between the FFM tip and the sample can again be modeled by a series of springs
(Fig. 15.35). The effective constant k"¢ of the series is given by

1 1 1 1
1t ., (15.38)
keff kcontact kiip L
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where ¢ is the lateral spring constant of the cantilever and k" opuc; 1S the lateral
stiffness of the contact. As suggested by Lantz, (15.38) also includes the lateral
stiffness of the tip k", which can be comparable to the lateral spring constant. The
effective spring constant k. is simply given by the slope dFy /dx of the friction
loop (Sect. 15.2.1). Once k7onwaer 1S determined, the contact radius a is easily
estimated by (15.36).

The lateral stiffness method was applied to contacts between silicon nitride and
muscovite mica in air and between NbSe, and graphite in UHV. The dependences
of both the spring constant k' and the lateral force Fy on the load Fyn were
explained within the same models (JKR and Maugis—Dugdale, respectively),
which confirms that friction is proportional to the contact area for the range of
loads applied (up to Fy = 40 nN in both experiments).

Enachescu et al. estimated the contact area by measuring the contact conduc-
tance on diamond as a function of the applied load [86, 87]. Their experimental data
were fitted with the DMT model, which was also used to explain the dependence of
friction on load. Since the contact conductance is proportional to the contact area,
the validity of the hypothesis (15.28) was confirmed again.

15.6 Wear on the Atomic Scale

If the normal force Fy applied by the FFM exceeds a critical value, which depends
on the tip shape and on the material under investigation, the surface topography is
permanently modified. In some cases wear is exploited to create patterns with well-
defined shapes. Here we will focus on the mechanisms that act at the nanometer
scale, where recent experiments have demonstrated the unique ability of the FFM to
both scratch and image surfaces down to the atomic scale.

15.6.1 Abrasive Wear on the Atomic Scale

Liithi et al. observed the appearance of wear at very low loads, i.e. Fy = 3 nN, for
ionic crystals [34]. Atomically resolved images of the damage produced by scratch-
ing the FFM tip area on potassium bromide were obtained by Gnecco et al. [88]. In
Fig. 15.36, a small mound that has piled up at the end of a groove on KBr(100)
is shown at different magnifications. The groove was created a few minutes
before imaging by repeatedly scanning with the normal force Fn = 21 nN. The
image shows a lateral force map acquired with a load of ~1 nN; no atomic features
were observed in the corresponding topographic signal. Figure 15.36a, b shows that
the debris extracted from the groove recrystallized with the same atomic arrange-
ment of the undamaged surface, which suggests that the wear process occurred in a
similar way to epitaxial growth, assisted by the microscope tip.
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Fig. 15.36 Lateral force
images acquired at the end of
a groove scratched 256

times with a normal force

Fx = 21 nN. Frame sizes:
(a) 39 nm, (b) 25 nm

Fig. 15.37 Friction loops
acquired while scratching the
KBr surface on 5 nm long
lines with different loads

Fy =5.7-22.8 nN

(after [88])

Fig. 15.38 (a) Lateral force
images of the pits produced
with Fy = 5.7-22.8 nN.
Frame size: 150 nm; (b)
Detailed image of the fourth
pit from the top with pseudo-
atomic resolution. Frame
size: 20 nm

Although it is not that easy to understand how wear is initiated and how the tip
transports the debris, important indications are given by the profile of the lateral
force Fy recorded while scratching. Figure 15.37 shows some friction loops
acquired when the tip was scanned laterally on areas of size 5 x 5 nm”. The
mean lateral force multiplied by the scanned length gives the total energy dissipated
in the process. The tip movement produces the pits shown in Fig. 15.38a. Thanks to
the pseudo-atomic resolution obtained by FFM (Fig. 15.38b), the number of
removed atoms can be determined from lateral force images, which allow us to
estimate that 70% of the dissipated energy went into wearless friction [88].
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Fig. 15.39 (a) Topography a ) it
image of an area scratched on S
muscovite mica with

Fn = 230 nN; (b, ¢) Fourier-
filtered images of different
regions (after [89])

Figures 15.37 and 15.38 clearly show that the damage increases with increasing
load. On the other hand, changing the scan velocity v between 25 and 100 nm/s did
not produce any significant variation in the wear process.

In a recent study on KBr films on Cu(100) Filleter et al. [41] reported significant
wear at intrinsic step edges of the films, where atomic coordination is lower. In
contrast, low friction and no wear were observed across metal steps covered by
KBr, which indicates a stabilizing effect of the alkali halide coating on the metal
surface. A different kind of wear was observed on layered materials. Kopta et al.
[89] removed layers from a muscovite mica surface by scratching with normal force
Fn = 230 nN (Fig. 15.39a). Fourier-filtered images acquired on very small areas
revealed the different periodicities of the underlying layers, which reflect the
complex structure of the muscovite mica (Fig. 15.39b, c).

15.6.2 Contribution of Wear to Friction

The mean lateral force detected while scratching a KBr(100) surface with a fixed
load Fy = 11 nN is shown in Fig. 15.40. A rather continuous increase in friction
with the number of scratches N is observed, which can be approximated with the
following exponential law

FL = Foe VMo 4 F. (1 _ e*N/No). (15.39)
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Fig. 15.40 Mean value of the Fi (nN)
lateral force during repeated 10
scratching with Fy = 11 nN 1
on a 500 nm line (after [88]) 8
6
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Equation (15.39) is easily interpreted by assuming that friction is proportional to
contact area A(NV), and that time evolution of A(N) can be described by

dA _Ax —A(N)

W N (15.40)

Here A, is the limit area in which the applied load can be balanced without
scratching.

To interpret their experiment on mica, Kopta et al. assumed that wear is initiated
by atomic defects. When the defects accumulate beyond a critical concentration,
they grow to form the scars shown in Fig. 15.39. Such a process was once again
related to thermal activation. The number of defects created in the contact area
A(Fy) is

AE
Ndef(FN) = tres”OA(FN)fO exp<_kB—T>> (15-41)

where ¢, is the residence time of the tip, ng is the surface density of atoms, and f;
is the frequency of attempts to overcome the energy barrier AE to break a Si—O
bond, which depends on the applied load. When the defect density reaches a
critical value, a hole is nucleated. The friction force during the creation of a hole
was also estimated via thermal activation by Kopta et al., who derived the
formula

2 2
Fu = e(Fx = For) + 9Fy exp(BoFy, ). (15.42)

The first term on the right gives the wearless dependence of friction in the Hertz-
plus-offset model (Sect. 15.5.1); the second term is the contribution of the defect
production. The agreement between (15.42) and experiment can be observed in
Fig. 15.41.
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Fig. 15.41 Friction versus Friction force (nN)
load curve during the creation
A
of a hole in the muscovite -6 &
mica (after [89]) 400 _7 %

-8
-9
-10
-11

30

20

19
LNy |

50 60 70 80 90
Total load (nm)

15.7 Molecular Dynamics Simulations of Atomic Friction
and Wear

Section 15.5 mentioned that small sliding contacts can be modeled by continuum
mechanics. This modeling has several limitations. The first and most obvious is that
continuum mechanics cannot account for atomic-scale processes like atomic stick—
slip. While this limit can be overcome by semiclassical descriptions like the
Tomlinson model, one definite limit is the determination of contact stiffness for
contacts with a radius of a few nanometers. Interpreting experimental results with
the methods introduced in Sect. 15.5.3 regularly yields contact radii of atomic or
even smaller size, in clear contradiction to the minimal contact size given by
adhesion forces. Macroscopic quantities such as shear modulus or pressure fail to
describe the mechanical behavior of these contacts. Microscopic modeling that
includes the atomic structure of the contact is therefore required. This is usually
achieved through a molecular dynamics (MD) simulation of the contact. In such
simulations, the sliding contact is set up by boundaries of fixed atoms in relative
motion and the atoms of the contact, which are allowed to relax their positions
according to interactions between each pair of atoms. Methods of computer simu-
lation used in tribology are discussed elsewhere in this book. In this section we will
discuss simulations that can be directly compared to experimental results showing
atomic friction processes. The major outcome of the simulations beyond the
inclusion of the atomic structure is the importance of including displacement of
atoms in order to correctly predict forces. Then we present simulation studies that
include wear of the tip or the surface.
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15.7.1 Molecular Dynamics Simulations of Friction Processes

The first experiments that exhibited the features of atomic friction were performed
on layered materials, often graphite. A theoretical study of forces between an
atomically sharp diamond tip and the graphite surface has been reported by Tang
et al. [90]. The authors found that the forces were significantly dependent on
distance. The strongest contrasts appeared at different distances for normal and
lateral forces due to the strong displacement of surface atoms. The order of
magnitude found in this study was one nanonewton, much less than in most
experimental reports, which indicated that contact areas of far larger dimensions
were realized in such experiments. Tang et al. determined that the distance depen-
dence of the forces could even change the symmetrical appearance of the lateral
forces observed. The experimental situation has also been studied in numerical
simulations using a simplified one-atom potential for the tip—surface interaction but
including the spring potential of the probing force sensor [43]. The motivation for
these studies was the observation of a hexagonal pattern in the friction force, while
the surface atoms of graphite are ordered in a honeycomb structure. The simulations
revealed how the jump path of the tip under lateral force is dependent on the force
constant of the probing force sensor.

Surfaces of ionic crystals have become model systems for studies in atomic
friction. Atomic stick—slip behavior has been observed by several groups with a
lateral force modulation of the order of 1 nN. Pioneering work in atomistic simula-
tion of sliding contacts has been done by Landman et al. The first ionic system
studied was a CaF, tip sliding over a CaF,(111) surface [91]. In MD calculations
with controlled temperature, the tip was first moved toward the surface up to the
point at which an attractive normal force of —3 nN acted on the tip. Then the tip
was moved laterally, and the lateral force determined. An oscillation with a
periodicity corresponding to the atomic periodicity of the surface and with an
amplitude decreasing from 8 nN was found. Inspection of the atomic positions
revealed a wear process from shear cleavage of the tip. This transfer of atoms
between tip and surface plays a crucial role in atomic friction studies, as was shown
by Shluger et al. [92]. These authors simulated a MgO tip scanning laterally over a
LiF(100) surface. Initially an irregular oscillation of the system’s energy is found
together with transfer of atoms between surface and tip. After a while, the tip apex
structure is changed by adsorption of Li and F ions in such a way that nondestruc-
tive sliding with perfectly regular energy oscillations correlating with the periodic-
ity of the surface was observed. The authors called this effect self-lubrication and
speculate that, in general, dynamic self-organization of the surface material on the
tip might promote the observation of periodic forces. In a less costly molecular
mechanics study, in which the forces were calculated for each fixed tip—sample
configuration, Tang et al. produced lateral and normal force maps for a diamond tip
over a NaCl(100) surface, including such defects as vacancies and a step [93]. As
with the studies mentioned before, they found that significant atomic force contrast
can be expected for tip—sample distances of < 0.35 nm, while distances <0.15 nm
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result in destructive forces. For the idealized conditions of scanning at constant
height in this regime, the authors predict that even atomic-sized defects could be
imaged. Experimentally, these conditions cannot be stabilized in the static modes
used so far in lateral force measurements. However, dynamic modes of force
microscopy have given atomic resolution of defects within the distance regime of
0.2 and 0.4 nm [94]. Recent experimental progress in atomic friction studies of
surfaces of ionic crystals include the velocity dependence of lateral forces and
atomic-scale wear processes. Such phenomena are not yet accessible by MD
studies: the experimental scanning timescale is too far from the atomic relaxation
timescales that govern MD simulations. Furthermore, the number of freely trans-
ferable atoms that can be included in a simulation is simply limited by meaningful
calculation time.

Landman et al. also simulated a system of high reactivity, namely a silicon tip
sliding over a silicon surface [95]. A clear stick—slip variation in the lateral force
was observed for this situation. Strong atom displacements created an interstitial
atom under the influence of the tip, which was annealed as the tip moved on.
Permanent damage was predicted, however, when the tip enters the repulsive force
regime. Although the simulated Si(111) surface is not experimentally accessible, it
should be mentioned that the tip had to be passivated by a Teflon layer on the
Si(111)-7 x 7 reconstructed surface before nondestructive contact mode measure-
ments became possible (Sect. 15.3). It is worth noting that the simulations for the
Cu(111) surface revealed a linear relation between contact area and mean lateral
force, similar to classical macroscopic laws.

Wear processes are predicted by several MD studies of metallic sliding over
metallic surfaces, which will be discussed in the following section. For a (111)-
terminated copper tip sliding over a Cu(111) surface, however, Sgrensen et al.
found that nondestructive sliding is possible while the lateral force exhibits the
sawtooth-like shape characteristic of atomic stick—slip (Fig. 15.42). In contrast, a
Cu(100) surface would be disordered by a sliding contact (Fig. 15.43).

Friction force (nN)

84
<F,>= 92nN
<F,>= 3.1nN
6| --<F,>=-2.8nN | _2
- <F,>=-83nN | ||}
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Fig. 15.42 Lateral force /,/ Y B
acting on a Cu(111) tip in Z !
matching contact with a 0 i ! {;f'
Cu(111) substrate as a ! ' /;,’-'/'
function of the sliding ) i
distance at different loads 0 0.5 1 L5 2 25
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Fig. 15.43 Snapshot of a
Cu(100) tip on a Cu(100)
substrate during sliding. (a)
Starting configuration; (b—d)
snapshots after two, four, and
six slips (after [96])

15.7.2 Molecular Dynamics Simulations of Abrasive Wear

The long timescales characteristic of wear processes and the large amount of
material involved make any attempt to simulate these mechanisms on a computer
a tremendous challenge. Despite this, MD can provide useful insights on the
mechanisms of removal and deposition of single atoms by the FFM tip, which is
not the kind of information directly observable experimentally. Complex processes
like abrasive wear and nanolithography can be investigated only within approxi-
mate classical mechanics.

The observation made by Livshits and Shluger, that the FFM tip undergoes a
process of self-lubrication when scanning ionic surfaces (Sect. 15.7.1), proves that
friction and wear are strictly related phenomena. In their MD simulations on
copper, Sgrensen et al. considered not only ordered (111)- and (100)-terminated
tips, but also amorphous structures obtained by heating the tip to high temperatures
[96]. The lateral motion of the neck thus formed revealed stick—slip behavior due to
combined sliding and stretching, as well as ruptures, accompanied by deposition of
debris on the surface (Fig. 15.44).

To our knowledge, only a few examples of abrasive wear simulations on the
atomic scale have been reported. Buldum and Ciraci, for instance, studied nanoin-
dentation and sliding of a sharp Ni(111) tip on Cu(110) and a blunt Ni(001) tip on
Cu(100) [97]. In the case of the sharp tip, quasiperiodic variations of the lateral
force were observed, due to stick—slip involving phase transition. One layer of the
asperity was deformed to match the substrate during the first slip and then two
asperity layers merged into one in a structural transition during the second slip. In
the case of the blunt tip, the stick—slip was less regular.

Different results have been reported in which the tip is harder than the underly-
ing sample. Komanduri et al. considered an infinitely hard Ni indenter scratching
single crystal aluminum at extremely low depths (Fig. 15.45) [98]. A linear relation
between friction and load was found, with a high coefficient of friction ¢ = 0.6,
independent of the scratch depth. Nanolithography simulations were recently
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Fig. 15.44 Snapshot of a Cu(100) neck during shearing starting from configuration (a). The upper

Fig. 15.45 MD simulation of

a scratch realized with an
infinitely hard tool (after [98])

who investigated the role of the displacement of the

FFM tip along the direction of slow motion between a scan line and the next one.

i

They found a certain correlation with FFM experiments on silicon films coated with

performed by Fang et al. [99]
aluminum.
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15.8 Energy Dissipation in Noncontact Atomic Force
Microscopy

Historically, the measurement of energy dissipation induced by tip—sample interac-
tion has been the domain of friction force microscopy, where the sharp AFM tip
slides over a sample that it is in gentle contact with. The origins of dissipation in
friction are related to phonon excitation, electronic excitation and irreversible
changes of the surface. In a typical stick—slip experiment, the energy dissipated in
a single atomic slip event is of the order of 1 eV.

However, the lateral resolution of force microscopy in the contact mode is
limited by a minimum contact area of several atoms due to adhesion between tip
and sample.

This problem has been overcome in noncontact dynamic force microscopy. In
the dynamic mode, the tip oscillates with a constant amplitude A of typically
1-20 nm at the eigenfrequency f of the cantilever, which shifts by Af due to
interaction forces between tip and sample. This technique is described in detail in
Part B of this book.

Dissipation also occurs in the noncontact mode of force microscopy, where the
atomic structure of tip and sample are reliably preserved. In this dynamic mode, the
damping of the cantilever oscillation can be deduced from the excitation amplitude
A required to maintain the constant tip oscillation amplitude on resonance.

Compared to friction force microscopy, the interpretation of noncontact AFM
(NC-AFM) experiments is complicated due to the perpendicular oscillation of the
tip, typically with an amplitude that is large compared to the minimum tip—sample
separation. Another problem is to relate the measured damping of the cantilever to
the different origins of dissipation.

In all dynamic force microscopy measurements, a power dissipation P caused
by internal friction of the freely oscillating cantilever is observed, which is propor-
tional to the eigenfrequency wq and to the square of the amplitude A and is inversely
proportional to the known Q value of the cantilever. When the tip—sample distance
is reduced, the tip interacts with the sample and therefore additional damping of the
oscillation is encountered. This extra dissipation P caused by the tip—sample
interaction can be calculated from the excitation signal Ay [100].

The observed energy losses per oscillation cycle (100 meV) [101] are roughly
similar to the 1 eV energy loss in the contact slip process. When estimating the
contact area in the contact mode for a few atoms, the energy dissipation per
atom that can be associated with a bond being broken and reformed is also
~100 meV.

The idea of relating the additional damping of the tip oscillation to dissipative
tip—sample interactions has recently attracted much attention [102]. The origins
of this additional dissipation are manifold: one may distinguish between apparent
energy dissipation (for example from inharmonic cantilever motion, artefacts from
the phase controller, or slow fluctuations round the steady state solution [102, 103]),
velocity-dependent dissipation (for example electric and magneticfield-mediated
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Joule dissipation [104, 105]) and hysteresis-related dissipation (due to atomic
instabilities [106, 107] or hysteresis due to adhesion [108]).

Forces and dissipation can be measured by recording Af and A.,. simulta-
neously during a typical AFM experiment. Many experiments show true atomic
contrast in topography (controlled by Af) and in the dissipation signal Aex. [109];
however, the origin of the atomic energy dissipation process is still not
completely resolved.

To prove that the observed atomic-scale variation in the damping is indeed due
to atomic-scale energy dissipation and not an artefact of the distance feedback,
Loppacher et al. [101] carried out a NC-AFM experiment on Si(111)-7 x 7 at
constant height (with distance feedback stopped). Frequency-shift and dissipation
exhibit atomic-scale contrast, demonstrating true atomic-scale variations in force
and dissipation.

Strong atomic-scale dissipation contrast at step edges has been demonstrated in a
few experiments (NaCl on Cu [94] or measurements on KBr [110]). In Fig. 15.46,
ultrathin NaCl islands grown on Cu(111) are shown. As shown in Fig. 15.46a, the
island edges have a higher contrast than the NaCl terrace and they show atomically
resolved corrugation. The strongly enhanced contrast of the step edges and kink
sites could be attributed to a slower decay of the electric field and to easier
relaxation of the positions of the ions at these locations. The dissipation image
shown in Fig. 15.46b was recorded at the same time. To establish a direct spatial
correspondence between the excitation and the topography signal, the match
between topography and A, has been studied on many images. Sometimes the
topography and A... are in phase, sometimes they are shifted a little bit, and
sometimes Aqy. is at a minimum when topography is at a maximum. The local
contrast formation thus depends strongly on the atomic tip structure. In fact, the
strong dependence of the dissipation contrast on the atomic state of the tip apex is
impressively confirmed by the tip change observed in the experimental images
shown in Fig. 15.46b. The dissipation contrast is seriously enhanced, while the
topography contrast remains almost unchanged. The dissipation clearly depends

10 nm

Fig. 15.46 (a) Topography and (b) A.x. images of a NaCl island on Cu(111). The tip changes after
1/4 of the scan, thereby changing the contrast in the topography and enhancing the contrast in Aexc.
After 2/3 of the scan, the contrast from the lower part of the image is reproduced, indicating that
the tip change was reversible (after [94])
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strongly on the state of the tip and exhibits more short-range character than the
frequency shift.

More directly related to friction measurements, where the tip is sliding in contact
with the sample, are NC-AFM experiments, where the tip is oscillating parallel to
the surface. Stowe et al. [111] oriented cantilever beams with in-plane tips perpen-
dicular to the surface, so that the tip motion was approximately parallel to the
surface. The noncontact damping of the lever was used to measure localized
electrical Joule dissipation. They were able to image the dopant density for
n- and p-type silicon samples with 150 nm spatial resolution. A dependence of
U2 on the tip-sample voltage was found for the dissipation, as proposed by Denk
and Pohl [104] for electric field Joule dissipation.

Stipe et al. [112] measured the noncontact friction between a Au(111) surface
and a gold-coated tip with the same setup. They observed the same U2 dependence
of the bias voltage and a distance dependence that follows the power law 1/d",
where n is between 1.3 and 3 [112, 113]. A substantial electric-field is present even
when the external bias voltage is zero. The presence of inhomogeneous tip—sample
electric fields is difficult to avoid, even under the best experimental conditions.
Although this dissipation is electrical in origin, the detailed mechanism is not
totally clear. The most straightforward mechanism is to assume that inhomoge-
neous fields emanating from the tip and the sample induce surface charges in the
nearby metallic sample. When the tip moves, currents are induced, causing ohmic
dissipation [104, 111]. But in metals with good electrical conductivity, ohmic
dissipation is insufficient to account for the observed effect [114]. Thus the tip—
sample electric field must have an additional effect, such as driving the motions of
adsorbates and surface defects.

When exciting the torsional oscillation of commercial, rectangular AFM can-
tilevers, the tip is oscillating approximately parallel to the surface. In this mode, it
was possible to measure lateral forces acting on the tip at step edges and near
impurities quantitatively [65]. Enhanced energy dissipation was also observed at
the impurities. When the tip is moved further toward the sample, contact forma-
tion transforms the nearly free torsional oscillation of the cantilever into a
different mode, with the tip—sample contact acting as a hinge. When this contact
is formed, a rapid increase in the power required to maintain a constant tip
oscillation amplitude and a positive frequency shift are found. The onsets of the
simultaneously recorded damping and positive frequency shift are sharp and
essentially coincide. It is assumed that these changes indicate the formation of
a tip—sample contact. Two recent studies [115, 116] report on the use of the
torsional eigenmode to measure the elastic properties of the tip—sample contact,
where the tip is in contact with the sample and the shear stiffness depends on the
normal load.

Kawagishi et al. [117] scanned with lateral amplitudes of the order of 10 pm to
3 nm; their imaging technique showed up contrast between graphite terraces,
silicon and silicon dioxide, graphite and mica. Torsional self-excitation showed
nanometric features of self-assembled monolayer islands due to different lateral
dissipations.
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Giessibl et al. [118] recently established true atomic resolution of both conser-
vative and dissipative forces by lateral force microscopy. The interaction between a
single tip atom oscillated parallel to an Si(111)-7 x 7 surface was measured. A
dissipation energy of up to 4 eV per oscillation cycle was found, which is explained
by the plucking action of one atom onto the other, as described by Tomlinson in
1929 [25].

A detailed review of dissipation phenomena in noncontact force microscopy has
been given by Hug [119].

15.9 Conclusion

Over the last 15 years, two instrumental developments have stimulated scientific
activities in the field of nanotribology. On the one hand, the invention and develop-
ment of friction force microscopy has allowed us to quantitatively study single-
asperity friction. As we have discussed in this chapter, atomic processes are
observed using forces of ~1 nN (forces related to single chemical bonds). On the
other hand, the enormous increase in achievable computing power has provided the
basis for molecular dynamics simulations of systems containing several hundreds
of atoms. These methods allow the development of the atomic structure in a sliding
contact to be analyzed and the forces to be predicted.

The most prominent observation of atomic friction is stick—slip behavior with
the periodicity of the surface atomic lattice. Semiclassical models can explain
experimental findings, including the velocity dependence, which is a consequence
of the thermal activation of slip events. Classical continuum mechanics can also
describe the load dependence of friction in contacts with an extension of several
tens of nanometers. However, when we try to apply continuum mechanics to
contacts formed at just ten atoms, obviously wrong numbers result (for the contact
radius for instance). Only comparison with atomistic simulations can provide a full,
meaningful picture of the physical parameters of such sliding contacts. These
simulations predict a close connection between wear and friction, in particular the
transfer of atoms between surface and tip, which in some cases can even lower the
friction in a process of self-lubrication.

First experiments have succeeded in studying the onset of wear with atomic
resolution. Research into microscopic wear processes will certainly grow in
importance as nanostructures are produced and their mechanical properties
exploited. Simulations of such processes involving the transfer of thousands
of atoms will become feasible with further increases in computing power.
Another aspect of nanotribology is the expansion of atomic friction experiments
toward surfaces with well-defined roughnesses. In general, the problem of
bridging the gap between single-asperity experiments on well-defined surfaces
and macroscopic friction should be approached, both experimentally and via
modeling.
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