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Abstract
In this review, we present various results obtained by friction force microscopy
in the last decade. Starting with material-specific contrast, commonly observed
in friction force maps, we discuss how the load dependence of friction and the
area of contact have been estimated and compared to elasticity theories. The
features observed in a sliding process on the atomic scale can be interpreted
within the Tomlinson model. An extension of the model, including thermal
effects, predicts a smooth velocity dependence of friction, which recent
experiments have confirmed. Other subjects like anisotropy of friction, role
of environment, topographical effects, electronic friction and tip modifications
are also discussed. The growing importance of molecular dynamics simulations
in the study of tribological processes on the atomic scale is outlined.
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1. Introduction

Friction is a fascinating subject. In many cases, it is exploited to improve the quality of our
life; for example, actions like walking, lighting a fire or playing a violin are all based on
friction. On the other hand, a reduction of friction is required for machinery lubrication or
skiing. In spite of its ubiquity, friction is not completely understood. A lot of facts are known
from a practical point of view, but our knowledge of the intrinsic origin of friction is far from
being complete. Coefficients of friction have been reported between countless couples of
materials under disparate conditions, from liquid ambient to ultra-high vacuum. Nevertheless,
the coefficient of friction is not a fundamental concept in physics.

A significant advance was realized 15 years ago, with the advent of the atomic force
microscope and of its modification known as friction force microscope. With these devices,
it became possible to study the sliding of a single asperity a few nanometres in size and to
detect forces on the sub-nanonewton scale, which is obtained by combining the mechanical
precision of piezoelectric materials and the optical sensitivity of lasers. In such a way the
well known assumption that friction is proportional to the real area of contact was verified
on different couples of materials, the effects of adhesive forces were quantified under various
conditions and the peculiar aspects of friction on the atomic scale were extracted, understood
and reproduced by theories and computer simulations.

There is not only a scientific interest in friction. The miniaturization of electronic devices
is an unrestrainable process. If the linear size of a component is reduced by a factor of ten,
the area of its surface diminishes ten times less than its volume. Thus, it is not difficult to
understand why friction, which is proportional to the area of contact, is a subject of great
interest also for nano-technologists. In this review, we will focus only on the experiments that,
in our opinion, led to significant improvements in our knowledge of the basic mechanisms of
friction. Technological applications will not be discussed in detail.

Figure 1. Schematic diagram of a beam-deflection FFM (from [3]).
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2. Friction force microscopy

Since its introduction in 1986, the atomic force microscope (AFM) has turned out to be a
unique tool to detect forces on length scales of atomic dimensions [1, 2]. In AFM, a sharp
tip is brought into contact with a surface, which causes the normal bending of the cantilever
supporting the tip (figure 1). If the tip is then shifted with respect to the sample (or vice
versa), the cantilever is also twisted. Both vertical and lateral movements are realized with
piezoelectric elements below the sample. The two deformations can be detected by a laser
beam, which is reflected from the rear of the cantilever into a four-quadrant photodetector. The
normal and lateral forces acting on the cantilever can be deduced from the normal and lateral
signals acquired with the photodetector (respectively, A–B and C–D in figure 1), provided
that the spring constants of the cantilever and the sensitivity of the photodetector are known
[4, 5]. Alternative methods of force detection consist in capacitance detection [6], dual fibre
interferometry [7] and piezoresistive sensors [8].

For rectangular cantilevers, the normal and lateral spring constants are given by
cN = Ewt3/4l3 and cL = Gwt3/3h2l, where w, t , l are the cantilever width, thickness
and length, h is the tip height and E and G are the Young’s modulus and the shear modulus
of the material which constitutes the cantilever [3]. The sensitivity of the photodetector is
determined by measuring force–distance curves on hard surfaces, where elastic deformations
can be neglected and the vertical movement of the surface is equal to the deflection of the
cantilever. The calibration of cantilevers with different shape usually requires analytical
evaluation or finite element analysis [9–11]. As an alternative, an in situ calibration of lateral
forces on samples with well defined profiles is also possible [12].

When normal and lateral forces are measured at the same time, the AFM is called a friction
force microscope (FFM). In such sense, the FFM tip resembles an isolated asperity of a surface,
where sub-nanonewton friction forces can be easily detected. However, it is worth observing
that single-asperity contacts behave in a rather different way compared with multi-asperity
contacts, which are formed in the sliding of rough surfaces. The differences are discussed in
section 3 in the framework of continuum mechanics.

Due to the small tip size (typical radii of curvature are below 100 nm) FFMs can be
successfully used to map friction forces with extraordinary resolution. An example is given in
figure 2, where some hydrocarbon islands surrounded by a fluorocarbon ‘sea’ are shown. The
grey levels in figure 2(b) correspond to different angles of torsion and quantify the tribological
response of the surface on a local scale. Incidentally, figure 2 also shows that it is possible to
remove areas with the probing tip within the hydrocarbon islands, whereas the fluorocarbon
sea is not destroyed by the same operation. Further examples of friction maps are presented
in section 4.

The experiments discussed in sections 5 and 6 prove the applicability of continuum
mechanics down to the nanometre scale. Direct measurements of friction force against applied
load and indirect estimations of contact area, realized by various groups, revealed that friction
forces are usually proportional to the contact area and that adhesion effects often play an
important role in the sliding of the tip.

Friction on the atomic scale was measured for the first time in 1987 by Mate et al using
a tungsten tip on graphite [2]. Two important effects were observed: (i) a saw-tooth pattern
of lateral forces (stick–slip) and (ii) hysteresis between forward and backward scans (friction
loop). A rather linear dependence of friction on normal force with friction coefficientµ = 0.01
was also found. After this pioneering work, friction on the atomic scale was observed several
times under different conditions (section 8). Figure 3 shows a typical friction loop detected on
NaCl in UHV. All the features in this loop can be interpreted within the Tomlinson model [15],
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Figure 2. (a) Topography and (b) friction image of mixed Langmuir–Blodgett film (from [13]).

which is discussed in section 7. We will also show how molecular dynamics (MD) simulations
of tips sliding on various surfaces can be successfully applied to interpret FFM measurements
on the atomic scale. A recent extension of the Tomlinson model, which introduces temperature
and velocity effects in stick–slip motion, is also presented, together with experimental results,
which confirm such predictions (section 9). Other effects (anisotropy of friction, role of
environment etc) are discussed in sections 10–12.

3. Single-asperity contact

On the microscopic scale, every surface is rough. If two surfaces are brought into contact,
only their asperities touch each other, and the real area of contact is a few orders of magnitude
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Figure 3. Friction loop detected on NaCl in UHV (from [14]).

smaller than the apparent area of contact. Furthermore, if one of the surfaces is translated with
respect to the other, a dissipative friction force arises.

In 1950 Bowden and Tabor assumed that the ‘lateral’ friction force FL is proportional
to the real contact area, A, and to a mean lateral force per unit area, the shear strength τ :
FL = τA [16]. If the shear strength is pressure independent, the friction force is simply
proportional to the area of contact. Under zero normal loads such area is not well defined,
since it depends on the length scale of the experimental apparatus. However, when a finite
normal force, FN , is applied, all structures smaller than typical length scales are destroyed due
to either plastic or elastic deformation.

If the deformation is totally plastic, the asperities are compressed until the pressure
becomes equal to a certain yield pressure p∗ (which is usually smaller than the yield pressure
of the bulk material). The resulting contact area is thus A = FN/p

∗, and the well known
Amontons law is obtained: FL = µFN , where µ = τ/p∗ is the coefficient of friction. The
same analysis conducted for a single asperity can be extended to contacts formed by many
asperities, which leads again to the Amontons law.

Because of its simplicity, plastic deformation was assumed to explain many friction
processes. However, totally plastic deformation during sliding provokes huge damage in a
short time, which usually is not observed. Thus, elastic processes have an important role, too.
In the case of elastic contact, the contact area between a sphere of radius R and a plane is given
by

A(FN) = π

(
R

K

)2/3

F
2/3
N (3.1)

where K is related to the Young’s modulus, E, and the Poisson number, ν, of both the sphere
and the plane, according to the following relation [17]:

1

K
= 3

4

(
1 − ν2

1

E1
+

1 − ν2
2

E2

)
. (3.2)

The result A ∝ F
2/3
N is in contrast with the Amontons law. However, a linear relationship

betweenFL andFN is obtained for a multi-asperity contact if particular conditions are satisfied.
Greenwood and Williamson proved that the area of contact between an exponential distribution
of asperity heights (with the same radius of curvature) and a flat surface depends linearly on
the normal force FN [18]. This result is approximately valid also for a Gaussian distribution.

Adhesion has an important role, especially when measurements are not made under
vacuum conditions. If the elastic deformation caused by adhesive forces is large compared
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to their range of action, Johnson et al proved that equation (3.1) should be extended in the
following way:

A(FN) = π

(
R

K

)2/3

(FN + 3πγR +
√

6πγRFN + (3πγR)2)2/3 (3.3)

where γ is the surface tension [19]. In the JKR model the real area of contact at zero load is
finite and a negative load is required to break the contact. In contrast, if the elastic deformation
is small compared to the range of adhesive forces, Derjaguin et al stated that

A(FN) = π

(
R

K

)2/3

(FN − Foff)
2/3 (3.4)

whereFoff is a negative load required to break the contact [20]. The non-dimensional parameter

� =
(

9Rγ 2

4K2z3
0

)1/3

(3.5)

where z0 is the equilibrium distance in contact, can be used to discriminate between the JKR
or DMT models. If � > 5 the JKR model has to be applied. If � < 0.1 the DMT model
is preferable [21]. For intermediate values of � numerical analysis is necessary. Predictions
in good agreement with experiments (section 6) are provided by the Maugis–Dugdale model
[22].

Finally, it should be observed that the assumption of a pressure independent shear stress is
not always fulfilled. In some cases, a linear dependence τ = τ0+αp, whereα is a dimensionless
material constant, is in better agreement with experimental results [23].

4. Material-specific contrast of friction force microscopy

In their most straightforward application FFMs are used to produce tribological maps of
surfaces, where friction is quantified on the nanometre scale.

In figure 4 a Langmuir–Blodgett (LB) film on a silicate substrate is mapped by contact
topography and by friction force imaging [24]. The areas covered by LB film present less
friction, independent of the film thickness. More complicated systems of phase separated LB
films were studied by Overney et al [25].

Figure 4. (a) Topography and (b) friction image of two bilayers of Cd arachidate on a silicon wafer
(from [24]).
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In silicon-based microdevices, low friction is required to minimize the power consumption.
Scandella et al studied a Si(110) surface structured by standard photo-mask lithography [26].
Figure 5 shows a Si/SiO2 grid etched in 1:100 HF/H2O solution for a few minutes. Friction
on (hydrogen passivated) silicon was found to be larger by a factor of two than friction on
silicon oxide. Another example is given by Teuschler et al, who investigated Si(100) surfaces,
patterned by the same FFM used for characterization [27]. The writing process consisted in
applying a voltage to the conductive tip. An increase of friction was observed on the structured
areas, where the formation of silicon oxide was reasonably enhanced. The apparent contrast
with the experiment of Scandella et al suggests that factors like crystallinity must influence
friction significantly.

Figure 5. (a) Topography and (b) friction image of thermally grown SiO2 stripes on Si(110)
produced by optical lithography (from [26]).

Friction on III–V semiconductors was studied by Garcia and co-workers. Tamayo et al
detected chemical variations of InP/InGaAs alloys with 3 nm resolution [28]. 10% changes
in indium composition were clearly distinguished in air. The same group reported also FFM
measurements with submonolayer sensitivity on quantum dot structures (InSb on InP and InAs
on InP) [29].

FFM was also adopted to investigate ferroelectric materials. Lüthi et al [30] and Eng et al
[31] found a significant contrast between neighbouring domains of opposite polarization in
friction force maps acquired on GASH (guanidinium aluminium sulphate hexahydrate) and
TGS (triglycine sulphate), respectively. On TGS Bluhm et al determined several different
friction coefficients, depending on the polarization, the asymmetry of the surface potentials
and also the orientation of the crystallographic lattice with respect to the scan direction [32].
On GASH, the contrast was related only to structural differences, which modify the surface
potential experienced by the FFM tip. Furthermore, it was proven that electrostatic interactions
between tip and sample did not affect significantly the friction force.

Lüthi et al [33] and Schwarz et al [23] performed nanotribological studies on C60 islands.
The former analysis revealed that friction in UHV is much higher on C60 islands than on the
underlying NaCl substrate; the latter showed a load dependence of Hertzian type, which was
probably due to capillary condensation (the experiment was performed in air). However, the
main result is that C60 islands could be moved with respect to the substrate with extraordinary
low shear strength τ = 0.05–0.1 MPa [34]. Thus, Lüthi et al suggested a possible application
of C60 islands as a sled-type transport system on the nanometre scale (figure 6).

Recently, Bluhm et al observed friction on a nanometre thin ice film grown on mica. A
friction coefficient µ = 0.60 was measured in the temperature range from −24 to −40 ◦C
[35]. This value is comparable to the static friction measured in macroscopic experiments
[16]. Thus, dry friction was probably revealed, due to the squeezing of the water layer out
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Figure 6. A sequence of 530 nm by 530 nm top-view AFM images are shown. The dark area
corresponds to the NaCl(001) substrate, whereas the bright areas are C60 islands (from [34]).

of the contact, observed when the AFM is operated in non-contact mode. Other effects like
pressure melting and frictional heating were found to be not significant.

5. Load dependence of friction

The discussion presented in section 3 suggests that a non-linear dependence on the applied
load is expected in FFM experiments, except in the case of multi-asperity contacts. With well
defined spherical tips, Schwarz et al obtained the DMT relation (3.4) on graphite, diamond,
amorphous carbon and C60 in argon atmosphere (figure 7). As the friction coefficient µ is not
applicable for comparing the tribological behaviour of different materials in such a case, the
authors suggested the introduction of an ‘effective friction coefficient for point-contact-like
single-asperity friction’, independent of the tip curvature. Enachescu et al found the DMT
relation in UHV, using a tungsten carbide tip on diamond [37, 38]. Their result is reasonable
due to the extreme hardness of the sample.

UHV measurements in agreement with JKR theory were performed by Meyer et al on
NaCl [39], Carpick et al on mica [40] and Polaczyk et al on Au(100) [41]. To extract the load
dependence of friction Meyer et al applied an original 2D histogram technique, which allows
investigation of the correlation between lateral and normal forces with improved statistics.
Carpick et al pointed out that for non-spherical tips the JKR relation (3.3) has to be modified.
In the case of an axisymmetric tip profile z ∝ r2n (n > 1) a slow increase of the contact area
can be found analytically.

Altogether, these results lead to an important conclusion: continuum mechanics can be
applied for tip radii down to a few nanometres.

6. Estimation of the contact area

In contrast to other tribological instruments, like the surface force apparatus [42, 43], the
contact area cannot be directly measured by FFM. However, a satisfying indirect method
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Figure 7. Friction–load curve on amorphous carbon in argon atmosphere. Panels (a)–(d) refer to
tips with different radii of curvature (from [36]).

relies on lateral stiffness measurements. According to various models, the lateral stiffness of
the contact between a sphere and a plane is given by [44]

kxcontact = 8aG∗ (6.1)

where a is the contact radius and
1

G∗ = 2 − ν2
1

G1
+

2 − ν2
2

G2
(6.2)

(G1,G2 and ν1, ν2 are the shear modulus and the Poisson number of the two materials). The
contact between the FFM tip and the sample can be modelled by a series of three lateral springs
(figure 8). The effective constant kxeff of the series is given by

1

kxeff

= 1

kxcontact
+

1

kxtip
+

1

cL
(6.3)

where kxcontact and kxtip are the lateral stiffness of the contact and of the tip, and cL is the lateral
spring constant of the cantilever. The effective spring constant kxeff is deduced from the slope
of the ‘sticking’ part of the friction loop, as we will show in section 7.1. Thus, the contact
radius a can be easily estimated by equation (6.1).

Carpick et al measured the lateral stiffness of the contact between silicon nitride tip and
muscovite mica in air [45]; Lantz et al applied this method to NbSe2 and graphite in UHV
[46, 47]. In both cases friction measurements were also performed. As a result, it was found
that the same fitting models could be applied to both the spring constant kxeff and the lateral
force FL. The JKR model [19] is in agreement with the experiment of Carpick et al, and the
Maugis–Dugdale model [22] with the experiment of Lantz et al. Thus, the friction force and
the contact area are proportional in the applied range of loads (up to FN = 40 nN in both
experiments).

An independent way to estimate the contact area was explored by Enachescu et al, who
measured the contact conductance as a function of the applied load on diamond [37, 38]. Their
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Figure 8. Lateral stiffness in FFM. The contribution of the tip is neglected (from [45]).

results can be fitted with a DMT relation, similarly to friction–load dependence. As the contact
conductance is proportional to the contact area, the proportionality between friction and contact
area was confirmed again.

It is worth observing that proportionality between friction and contact area is also predicted
in MD simulations at ultra-low loads. In a systematic study on copper surfaces, Sørensen et al
found a linear increase of friction with the number of atoms in the bottom layer of a flat Cu(111)
tip sliding on a Cu(111) surface; however, the two surfaces have to be oriented in the same
way [48].

7. Friction on the atomic scale

7.1. The Tomlinson model at zero temperature

In 1929 Tomlinson suggested that the dissipation in friction is due to a stick–slip mechanism
[15]. Like a violinist, who creates sounds moving a sticky bow on a string, the FFM produces
friction with a silicon tip. Stick–slip on the atomic scale has been studied theoretically by
various groups [49–53]. Here, we derive the main results of the Tomlinson model in one
dimension, without the influence of thermal effects. An extension of the Tomlinson model in
two dimensions is discussed in [50, 54].

The FFM tip is subject to a potential Vtot(x, t) equal to the sum of the periodic potential
describing the tip–sample interaction and the elastic potential of the cantilever. Assuming a
sinusoidal shape for the first term of the sum, we can write

Vtot(x, t) = −E0

2
cos

2πx

a
+

1

2
kxeff(x − vt)2 (7.1)

where E0 is the peak-to-peak amplitude of the tip–sample potential, a is the lattice constant of
the surface, kxeff is the effective lateral spring constant and v is the velocity of the support. In
figure 9, the total potential Vtot(x, t) is shown at different instants t . The adopted values are
typical of FFM experiments.

The tip is localized in the first position x = xmin where the first derivative of Vtot(x, t)

with respect to x is zero:

∂Vtot

∂x
= πE0

a
sin

2πx

a
+ kxeff(x − vt) = 0. (7.2)

Using the approximation sin α ≈ α in equation (7.2), we obtain the initial velocity of the tip,

vtip(0) = dxmin

dt

∣∣∣∣
t→0

= v

1 + γ
(7.3)
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Figure 9. Potential describing the FFM tip sliding over a periodic surface at different instants
(E0 = 1.22 eV, keff = 2.78 N m−1, a = 0.42 nm, v = 50 nm s−1).

where

γ = 2π2E0

kxeffa
2
. (7.4)

With the values adopted in figure 9, γ = 7.86 and vtip(0) = 5.65 nm s−1, which is much less
than the cantilever velocity, v = 50 nm s−1.

The jump of the tip occurs at the position xmin = x∗, where the second derivative of the
total potential with respect to x is zero:

∂2Vtot

∂x2
= 2π2E0

a2
cos

2πx

a
+ kxeff = 0 (7.5)

which gives

x∗ = a

2π
arccos

(
− 1

γ

)
. (7.6)

The lateral force F ∗ = −kxeff(x
∗ − vt), which induces the jump, can be evaluated by

equations (7.2) and (7.5), using the identity cos2 α + sin2 α = 1:

|F ∗| = kxeffa

2π

√
γ 2 − 1. (7.7)

Thus, the stick–slip is observed only if γ > 1 (soft cantilever or strong tip–sample interaction).
With the values in figure 9, x∗ = 0.114 nm and |F ∗| = 1.45 nN. The lateral force can be
evaluated also when t → 0:

|FL(0)| = γ

γ + 1
kxeffvt. (7.8)

If γ 	 1, the effective lateral spring constant is approximately given by the ratio |FL(0)|/vt .
Another important quantity is the energy barrier &E+(t), defined as &E+(t)

= V (xmax(t), t) − V (xmin(t), t). In figure 10 the energy barrier &E+ is plotted as a function
of the lateral force |FL|. In a small range not too close to the critical point, we can assume that

&E+(t) = λ|F ∗ − FL| (7.9)

where λ is a constant parameter [55].
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Figure 10. Lateral force dependence of the energy barrier &E+.

Figure 11. Theoretical friction loop at T = 0.

The initial slope of the curve &E+ = &E+(t) is

d

dt
&E+(t)

∣∣∣∣
t→0

= −kxeffvxmax(0) ≈ −kxeff
a

2

γ

γ − 1
v (7.10)

so that

λ � a

2

γ + 1

γ − 1
. (7.11)

At t∗ = 12.7 ms the tip ‘jumps’ and reaches the next local minimum of the total potential,
xmin = x ′∗. At this point, the lateral force is F ′∗

L = −keff(x
′∗ −vt∗). The corresponding lateral

force F ′∗
L can be estimated assuming that x ′∗ = a + δx and using sin α ≈ α, which leads to

δx ≈ (vt∗ − a)/(γ + 1) and F ′∗
L ≈ γ kxeffδx. With the values in figure 9, F ′∗ = 0.531 nN. A

jump &FL = F ′∗
L − F ∗

L = 0.92 nN has occurred.
After the first jump the lateral force FL increases again and new jumps of the tip are

induced when FL = F ∗
L. If the direction of the support is suddenly reversed the lateral force

FL decreases and, when FL = 0, the situation is exactly the same we had at t = 0, except
for the opposite direction. Figure 11 shows the result of a forward and backward scan, i.e. the
lateral force FL as a function of the support position, xs .
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7.2. The Tomlinson model at finite temperature

At finite temperature T , the lateral force, FL, which is necessary to induce a jump, is less
than the value determined at zero temperature (equation (7.7)). Such a force is not fixed,
but statistically distributed around a mean value F ∗

L(T ). To estimate F ∗
L(T ), we have first to

evaluate the probability p(t) that the tip does not jump, which can be found using the master
equation

dp(t)

dt
= −f0 exp

(
−&E+(t)

kBT

)
p(t). (7.12)

In equation (7.12), &E+ is the energy barrier, previously discussed, and f0 is the characteristic
transversal frequency of the system. Note that the probability of a reverse jump is neglected
in equation (7.12), as in such a case the energy barrier to overcome is much higher than &E+.

To evaluate the lateral force corresponding to the maximum jump probability, we make
a change of variable replacing time by the corresponding lateral force. The master equation
becomes

dp(FL)

dFL

= −f0 exp

(
− &E+(FL)

kBT

)(
dFL

dt

)−1

p(FL). (7.13)

At this point, we substitute

dFL

dt
= dFL

dxs

dxs
dt

≈ kxeffv (7.14)

and use the approximation (7.9). The maximum probability transition condition,

d2p(FL)

dF 2
L

= 0 (7.15)

then yields (at fixed temperature)

F ∗
L(v) = kBT

λ
ln

v

v1
+ const (7.16)

with v1 = 1 nm s−1. Thus, the lateral force depends logarithmically on the sliding velocity. It
is important to observe that the approximation (7.9) is valid if the tip jumps not too close to the
critical point x = x∗, which is not the case at high velocities. In such a case equation (7.14)
implies that the factor (dFL/dt)−1 is small and, consequently, the probability p(t) does not
change significantly. Thus, friction is constant at high velocities. The critical velocity vc,
which discriminates between the two regimes, depends on the characteristic frequency f0. It
is not difficult to prove that

vc ≈ f0kBT

kxeffλ
. (7.17)

Assuming f0 = 212 kHz (the fundamental torsional frequency of a standard cantilever, see
[56]) we conclude that vc > ∼1.4 µm s−1.

7.3. Molecular dynamics simulations

Several authors have studied sliding friction on the atomic scale using molecular dynamics
(MD). Their results are useful to interpret experimental data, and also to suggest new
experiments.

Landman et al found atomic-scale stick–slip for a Si tip sliding on a Si(111) surface [57]
and for a CaF2 tip on a CaF2 substrate [58]. Harrison et al predicted the same effect for
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two hydrogen-terminated diamond (111) surfaces and also a weak dependence on load [59],
in a certain agreement the experiments realized by Germann et al (section 8). In their MD
simulations, Sørensen et al observed the occurrence of wear on Cu(100) surfaces, whereas
Cu(111) seemed to be more resistant to the sliding of an asperity [48]. This effect was also
found experimentally by Bennewitz et al (section 8).

Shluger et al proved that the scanning process is accompanied by strong displacements
of the surface ions inside the lattice, and by their transient or permanent adsorption onto the
tip at low loads (up to 1 nN) [60–62]. However, a recent simulation by Livshitz and Shluger
suggested that the adsorbed material could adjust itself (figure 12) leading to a self-lubrication
effect [63], which is consistent with the periodic structures observed in the experiments also
at rather high loads (section 8).

Figure 12. Regular structure of ions adsorbed on a MgO tip sliding on a LiF surface (from [63]).

Ohzono and Fujihira have recently simulated friction between an ordered organic
monolayer composed of n-alkane molecules and a rigid slider with a single protuberance
[64, 65]. As a result, they found that incommensurability at the interface and tip size
comparable to the molecular size should be important conditions in imaging the molecular
lattice, in agreement with experiments of Takano et al (section 10).

Finally, recent MD simulations studied in detail the connection between friction and wear
on the nanometre scale. Buldum et al simulated the effects of the indentation and the sliding
of sharp and blunt Ni tips on Cu(111) and Cu(100) surfaces [66]. The sliding of the sharp tip
induces two consecutive structural transformations that occur periodically, but end with the
wear of a layer. For the blunt tip the stick–slip is less regular.

Komanduri et al considered the Al(100) surface scratched at very small depths (to 0.8 nm)
[67]. A rather high friction coefficient µ = 0.6 was found, independent of the scratch depth,
which is probably related to the finite value of the scratch force involved in breaking and
reforming of the atomic bonds.
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8. Friction experiments on the atomic scale

Friction on ionic crystals was systematically studied by E Meyer and coworkers with an UHV–
FFM apparatus [14, 68–71], which made possible the detection of atomic stick slip on NaF,
NaCl, AgBr and KBr with standard silicon tips.

In figure 13 a friction map obtained on KBr(100) is compared with a theoretical map,
determined with the 2D Tomlinson model. The slope of the sticking part in figure 13(c)
is about kxeff = 7 N m−1. According to the analysis presented in section 6, this value,
combined with the lateral spring constant, cL = 35.5 N m−1, and the lateral stiffness of
the tip, kxtip = 84 N m−1, leads to kxcontact = 18 N m−1. Using GKBr = 1.0 × 1010 N m−2,
νKBr = 0.25, GSi = 6.8 × 1010 N m−2 and νSi = 0.22, a contact radius a = 0.42 nm is
estimated, at the limit of continuum theory.

Figure 13. (a) Experimental and (b) theoretical friction image of KBr(100) (from [71]).

Special tips covered by PTFE (polytetrafluoroethylene) made possible the observation of
atomic features on the reconstructed Si(111)7×7 surface [72]. Due to the lubricant properties
of PTFE, adhesion and friction are significantly reduced; furthermore, PTFE does not react
with the dangling bonds of Si(111)7 × 7. In contrast, uncoated Si tips, and tips coated with
Pt, Au, Ag, Cr and Pt/C damaged the sample irreversibly.

With the same UHV–FFM Bennewitz et al measured atomic stick–slip on copper [73, 74].
A reproducible stick–slip was detected on the Cu(111) surface, whereas irregularity and scarce
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reproducibility of results were found on the Cu(100) surface (figure 14). MD simulations by
Sørensen et al proved that sliding without wear occurs preferably on the close packed Cu(111)
surface rather than on Cu(100) [48]. In these simulations, Cu tips were used. Thus, in the
experiments of Bennewitz et al the FFM tip was reasonably covered by copper. This hypothesis
is supported by the weak load dependence of friction and by current measurements, as explained
in [73].

Figure 14. Friction images of (a) Cu(111) and (b) Cu(100). Scan size: 3 nm (from [74]).

Atomic stick–slip on the hard diamond (100) and (111) surfaces was first observed by
Germann et al with an apposite diamond tip in UHV [75]. Subsequently, van der Oetelaar and
Flipse measured friction on hydrogen-terminated (1 × 1) diamond (111) with silicon tips [76].
The removal of hydrogen from the surface gave rise to an enormous increase of friction.

Fujisawa et al measured friction on mica, MoS2 and NaF with a 2D FFM apparatus,
which revealed friction forces also perpendicularly to the scan direction [77, 78]. This effect is
a consequence of the zig-zag walk of the tip, which can be predicted within the 2D Tomlinson
model [50]. It is remarkable that the 2D stick–slip on NaF was limited to loads below 14 nN,
whereas loads up to 10 µN could be applied on layered materials. Thus, the 2D stick–slip on
NaF is related to a few-atom contact. The zig-zag walk on mica was confirmed by Kawakatsu
and Saito using an original 2D FFM with two laser beams and two quadrant photodetectors
[79].

9. Velocity dependence of friction

The velocity dependence of friction on the atomic scale was recently studied by Gnecco et al
on NaCl [14]. It was proven that the atomic stick–slip varies according to a logarithmic law at
low velocities (v < 1 µm s−1) (figure 15), as predicted by the thermally activated Tomlinson
model discussed in section 6.2. A comparison with equation (7.16) leads to λ = 0.25 nm for
FN = 0.44 nN and λ = 0.14 nm for FN = 0.65 nN, consistently with equation (7.11). A
logarithmic dependence on velocity was also reported by Bennewitz et al on Cu(111) [73].

The velocity dependence of friction on the micrometre scale was studied by Bouhacina
et al [80] and by Zwörner et al [81]. In the first experiment both triethoxysilane molecules
and polymers grafted on silica showed a linear increase of the friction force with the logarithm
of the sliding velocity up to v = 300 µm s−1. This result was interpreted within a thermally
activated Eyring model [82, 83]. Zwörner et al reported that friction between silicon tips and
different carbon compounds (diamond, graphite and amorphous carbon) is constant in the



Topical review R635

Figure 15. Mean friction force against scanning velocity on NaCl(100) at FN = 0.44 nN (+) and
FN = 0.65 nN (×).

µm s−1 range. However, their experimental data also reveal a small decrease of friction when
v tends to zero. We have proven that the mechanism of thermal activation is not relevant when
the sliding velocity exceeds a critical value vc, so that friction becomes independent of velocity.
The critical velocity depends on several parameters, i.e. amplitude of the tip–sample potential,
applied load, temperature and a characteristic frequency f0 (equation (7.17)). Thus, it cannot
be excluded that vc lay in the velocity range explored by Zwörner et al. An experiment in
which both regimes are observed was reported by Gourdon et al, who measured the velocity
dependence of friction on LB films within the velocity range 0.01 to ∼50 µm s−1 [84]. The
critical velocity vc = 3.5 µm s−1 was interpreted as the transition between a static and sliding
friction regime.

10. Anisotropy of friction

The role of the sliding direction in friction processes was clearly observed by Hirano et al in
the contact of two mica sheets with different orientations [85]. Overney et al realized the first
measurements of friction anisotropy by FFM on an organic bilayer film and proved that different
molecular alignments lead to a significant change of friction [86]. Further measurements of
friction anisotropy on stearic acid single crystals have been reported by Takano and Fujihira
[87].

An impressive example of friction anisotropy is given by thiolipid LB films [84, 88].
Gourdon et al observed a flower-shaped island, formed by domains with different molecular
orientation (figure 16). The dependence of friction on direction suggested that molecules have
radial tilt, which is directed towards the centre of the ‘flower’.

In the context of nanosled experiments, Sheehan and Lieber observed that MoO3 islands
on NoS2 slide only along low index MoS2 directions [89]. In contrast, Lüthi et al found that
friction is independent of direction for the case of C60 islands on NaCl [34]. Such different
behaviour is probably due to the large mismatch of C60 on NaCl, which should give a weak
dependence of orientation ([3], p 312).

A recent example of friction anisotropy is related to carbon nanotubes (CNTs). Falvo et al
manipulated CNTs on graphite using an AFM tip [90, 91]. A dramatic increase of lateral force
was found in certain discrete directions, corresponding to transitions from incommensurate
to commensurate states. At the same time the CNT motion changed from sliding/rotating to
stick–roll.
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Figure 16. Friction images of a thiolipid monolayer on a mica surface. (Reprinted with permission
from [88]. Copyright 1998 American Association for the Advancement of Science).

Figure 17. Influence of humidity on FFM measurements (from [95]).

11. Role of environment

The role of environment in nanotribology is fundamental. A humidity increase can provoke
the formation of water layers on hydrophilic surfaces, which cause capillary interaction with
the tip [92]. Thus, the conditions under which FFM measurements are realized should be
always specified.
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The influence of capillary condensation and humidity in FFM measurements was first
studied by Binggeli and Mate using a tungsten tip [93]. A substantial decrease in adhesion and
friction, observed on a hydrophilic silicon oxide surface at humidities above 70%, was related
to strong capillary formation. On less hydrophilic amorphous carbon films and lubricated
silicon oxide, the decrease was observed only in adhesive forces. A reduction of friction on
mica at humidities above 70% was also reported by Hu et al [94].

Putman et al studied the sliding of a Si3N4 tip on mica and glass in different environments,
from ambient to N2 or Ar gas conditions [95]. In ambient conditions, the friction–load curves
showed the Hertzian behaviour FL ∝ F

2/3
N . For the same tip under gaseous conditions the

friction force increased linearly with the load, indicating multi-asperity contact. A reasonable
explanation of this result is that the tip was smoothed by a condensed water film, which led to
a single asperity contact at high humidities and to a multi-asperity contact at low humidities
(figure 17).

Schumacher et al performed a systematic study of the humidity dependence of friction
between standard FFM tips and single-layer MoS2 deposited on mica or AlO3 [96]. At 40%
humidity an ordered layer of adsorbed water was formed, which led to a strong increase in
friction on the strongly hydrophilic mica (figure 18). The Hertzian dependence FL ∝ F

2/3
N

was also observed. However, friction decreased above 60%, probably because water acted as a
boundary lubricant. Friction on other surfaces (MoS2 and AlO3) revealed only slight humidity
dependence. An increase of friction at ∼40% humidity was also reported by Xu et al on NaCl
[97].

Figure 18. (a) Topography image of MoS2 single layers deposited on a mica substrate. Friction
image at (b) 10%, (c) 40% and (d) 80% humidity. Note the contrast reversal at 40% (from [96]).
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Marti et al found a strong influence of the pH in the sliding of a silicon nitride tip on an
oxidized silicon surface under aqueous electrolyte solutions [98]. As a possible application, it
was suggested that many chemical species on surfaces could be differentiated using FFM by
varying the pH value of the surrounding medium.

12. Other effects

12.1. Role of topography

We have considered the sliding of the tip only on flat surfaces. For rough surfaces the lateral
force acquired by FFM is not equal to the friction force. In such cases the local slope of the
topography and local variations of the contact area often give a significant contribution to the
lateral force maps acquired by FFM. The non-dissipative part of the lateral forces due to the
former topography effect can be easily separated by subtracting back and forward scans. The
latter effect is due to changes of long-range forces and contact area and it is more difficult to
separate.

Figure 19. Friction image of NaCl. Increased friction is observed on the step sites, both going down
and up the step, which indicates that the friction at the step edge is not dominated by topography
effects (from [39]).

Friction at step edges is a particular topographic effect. It is influenced by several factors
as variations of contact area and differences in van der Waals, capillary and electrostatic forces.
Focusing on the atomistic mechanisms, both G Meyer and Amer [5] and E Meyer et al [39]
found that friction detected on NaCl under UHV conditions is larger on step edges than on
terraces (figure 19). This effect can be explained in terms of increased energy barriers at the
steps, known as Schwoebel barriers.
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12.2. Electronic friction

The importance of an electronic contribution to friction processes was theoretically outlined
by Persson, who considered the adsorption of small particles of mass m on a thin conducting
film [99]. In such a case an electronic friction force FL,el = mηelv gives rise to an additional
resistivity

&ρ = ηel
mna

(ne)2d
(12.1)

where n is the number of conduction electrons per unit volume, na is the coverage of the
adsorbed particles and d is the film thickness. Experiments in agreement with this effect were
performed by Krim et al, who related the tribological properties of thin adsorbed films to
changes of the Q-factor of a quartz crystal microbalance [100]. In such way, it was found
that slip times for chemisorbed oxygen/silver surfaces are longer than those for silver, arguing
that electronic contributions to friction should be considered whenever conducting surfaces
are involved [101].

More recently, Dayo et al proved that friction of incommensurate N2 on lead drops
abruptly at the superconducting transition temperature Tc ≈ 5 K, which was related again
to an electronic contribution to friction [102]. However, Persson et al pointed out that in the
experiment a lead/lead oxide/hydrocarbon composite system was reasonably formed, which
leads to difficulties in the theoretical interpretation of the results [103].

The existence of an electronic contribution to the mechanism of energy dissipation at the
sliding interface of a solid–solid point contact was pointed out by Merrill and Perry, who studied
the effect of oxygen adsorption on vanadium carbide(100) in UHV [104]. The coefficient of
friction with respect to a standard FFM tip was reduced by 40%, which was associated with the
reduction in the density of metal d electrons nearest the Fermi level after oxygen adsorption.

12.3. Tip modifications

Frisbie et al used molecularly modified FFM tips and organic monolayers to detect friction
between CH3/CH3, CH3/COOH, and COOH/COOH functional groups [105]. Depending on
the functional group, different contrasts were observed. Other FFM measurements performed
with chemically modified tips are reported in [106, 107].

Besides chemical modifications, other changes can affect the geometry of the tip. Instead
of using sharp tips, Ando et al studied friction and adhesion with flat tips 0.7 µm in size
[108, 109]. In such way, it was found that the pull-off force was proportional to the radius of
curvature of sub-micrometre silicon asperities, in agreement with JKR and DMT models.

A singular experiment was recently realized by Heim et al, who measured rolling friction
forces in a chain of silica microspheres fixed between the end of a tipless cantilever and a
microscopy slide [110]. Rolling friction was found to be two orders of magnitude lower than
adhesion, proportional to the sphere radii.

13. Conclusion

We have emphasized the variety of friction processes, involved in different physical systems,
which have been investigated and understood by friction force microscopy. The unique
opportunity to detect and control forces acting between a sharp nanometre-sized tip and a
surface has been exploited to study the interaction of interfaces down to the atomic scale,
and a lot of information has been extracted, also at a fundamental level (load and velocity
dependence of friction).
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Although the reported experiments constitute a significant breakthrough in our
comprehension of tribology, much work is still to be done. Subjects like temperature
dependence of friction, or friction changes in phase transitions require further investigation.
The subject of friction is extremely wide, and we believe that the observation of nature and
the needs of technology will suggest new exciting experiments in this field.
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[50] Gyalog T, Bammerlin M, Lüthi R, Meyer E and Thomas H 1995 Europhys. Lett. 31 269
[51] Sasaki N, Kobayashi K and Tsukada M 1996 Phys. Rev. B 54 2138
[52] Hölscher H, Schwarz U D and Wiesendanger R 1997 Surf. Sci. 375 395
[53] Johnson K L and Woodhouse J 1998 Tribol. Lett. 5 155
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