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ABSTRACT

Friction is one of the fundamental problems of both theoretical and practical
significance. The earliest laws of friction were established from experimen-
tal experience, which is on the macroscopic scale. Owing to the development
of experimental techniques and simulation methods on the atomic scale, the
mechanisms of friction are found to be closely related to the intermolecular
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interactions at the interface. In addition, the basic laws of friction are found to
be invalid at nanoscale where surface area forces play an important role. Here,
we focus on the physical mechanisms and phenomena of friction from the
point of view of atomic-scale interactions. The main discussion is devoted to
the commensurate and incommensurate phases, several atomic-scale frictional
models, the physical origin of velocity-dependent friction, and thermally dif-
fusing friction, and some prospects are outlined.

1.1 INTRODUCTION

1.1.1  Dry FricTioN AND TRIBOLOGY

Friction is one of the oldest problems in physics and engineering, and one of the
most important phenomena to everyday life. It is estimated that the losses in the U.S.
economy due to friction total about 6% of the gross national product. Friction is even
more important to micro- and nano-electromechanical systems (MEMS and NEMS)
because these smaller systems are more affected by surface forces than larger systems.

The rigorous study of friction dates back to Leonardo da Vinci (1452-1519), the
Italian Renaissance mathematician. Around 1480, da Vinci postulated that friction
was proportional to load and independent of the area of the subject being moved,
which is the well-known “da Vinci’s two postulates” on friction. This was indeed a
substantial step toward the establishment of basic friction laws. Figure 1.1 shows the
sketches from da Vinci’s notebook demonstrating some of his notable friction exper-
iments. Unfortunately, da Vinci’s two postulates on friction remained unpublished
in his notebooks. Besides, da Vinci was the first to introduce the term “coefficient
of friction.” Two important statements by da Vinci’s are: “The friction made by the
same weight will be of equal resistance at the beginning of its movement although
the contact may be of different breadth and length.” and “Friction produces double
the amount of effort if the weight be doubled.”

In 1687, Sir Isaac Newton (1642—-1727) studied the fluid properties that affected
lubricated friction. Guillaume Amontons (1663—-1705), the French scientific instru-
ment inventor and physicist, enunciated da Vinci’s two postulates in 1699, elevating
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FIGURE 1.1 Sketches from da Vinci’s notebook, ca. 1480 demonstrating his friction
experiments.
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them to “laws” [1], which were verified by the French physicist Charles-Augustin
de Coulomb (1736-1806) in 1781. Also in 1781, Coulomb described experiments on
sliding and rolling friction and formulated the third classic law of dry friction. In his
investigation of friction, Coulomb combined quantitative experimental researches
with mathematical analyses in a way that was highly unusual at the time, but that
was characteristic of all his work. His paper was of immediate relevance to the engi-
neering practice and his analysis became, for over a century, the starting point for
all serious studies of friction. Of Coulomb, Thomas Young (1773-1829), the English
mathematician, once wrote, “his moral character is said to have been as correct as
his mathematical investigations.”
The three basic laws of friction are summarized as follows:

* Amontons’ st law: Friction force is directly proportional to the applied
load.

e Amontons’ 2nd law: Friction force is independent of the apparent area of
contact.

e Coulomb’s law: Kinetic friction is independent of the sliding velocity.

It should be noted that these three fundamental laws only apply to dry friction, in
which the addition of a lubricant modifies the tribological properties significantly.

Modern scientific studies were conducted in the late 1930s by F.P. Bowden (1903—
1968) and David Tabor (1913-2005) [2], who established a tribophysics laboratory
for the CSIRO (The Commonwealth Scientific and Industrial Research Organisation)
in Melbourne, Australia.

In 1964, H.P. Jost discussed with the editor of the Oxford Dictionary of the
English Language about the term for this interdisciplinary field, and suggested to
the editor that the Greek word “tribos”—rubbing—would seem appropriate. Thus,
H.P. Jost coined the word “tribology” for “the science and technology of interacting
surfaces in relative motion and associated practices.”

1.1.2 KiNeTic FrICTION

Leonard Euler (1707-1783), the great mathematician and physicist, introduced the
difference between static frictional force and kinetic frictional force. He also intro-
duced the Greek symbol L as the coefficient of friction.

Kinetic friction occurs when two objects are moving relative to each other and
rub together (like a sled on the ground). For most materials, kinetic friction is con-
siderably smaller than static friction [3]. In 1939, Bowden and Leben [4] showed
that during relative sliding there is an increase in temperature at sliding surfaces.
This led to the idea that kinetic friction could be less than static friction because the
temperature rise during rapid sliding may cause thermal softening of the material.

Kinetic friction is now understood, in many cases, to be primarily caused by
chemical bonding between the surfaces, rather than interlocking asperities. However,
in many other cases, roughness effects are dominant, such as in rubber to road fric-
tion. Surface roughness and contact area, however, do affect kinetic friction for
micro- and nano-scale objects where surface area forces dominate inertial forces.
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1.1.3 Atomic-ScALE FriCTION

Friction is nonlinear [5], velocity-dependent [6], interface topography and chemical
property sensitive [7,8], and multi-scale in nature.

Friction and wear can be very-severe problems for tiny objects and devices.
MEMS and NEMS have very-high surface-to-volume ratios, which means that
their surfaces quickly wear out or even spontaneously stick together as they come
into contact. As shown in Figure 1.2 [9], wear is the primary failure mechanism for
MEMS actuators that involve sliding motion. Scanning electron microscope (SEM)
images of two microengine gears stressed under different humidity conditions 31%
and 1.8% RH at 25°C are shown in Figure 1.3; the microengines were stressed for
roughly the same number of cycles (600,000), but the amount of wear debris for each
humidity was dramatically different [10]. The big problem of friction and wear in
MEMS and NEMS devices may be attributed to adhesion, abrasion, corrosion, sur-
face fatigue, deformation, impact and fretting wear. Due to the microscopic nature
of these mechanisms, we must have a clear picture of friction at the atomic scale.

The mechanism of atomic friction, generally considered as first presented in 1929
by Tomlinson [11], was already used a year before by Prandtl [12] as a model for the
dynamic of shift lines in a crystal [13,14]. This is why the first atomic friction model
is generally termed as ‘“Prandtl-Tomlinson Model.”

Ludwig Prandtl (1875-1953), was a German scientist mostly famous in fluid
mechanics, but submitted his PhD thesis on solid mechanics; his interest was in the
irreversible transformations of non-monocrystal solid at that time. Because there
is no hysteresis in ideal monocrystals between voltage and transformation, he was
drawn to say that the dynamics of shift lines must be responsible for this phenom-
enon. His model of the behavior of an atom belonging to a shift line equaled the one
of Tomlinson for a surface atom during the friction process. It is obvious that he
could explain the hysteresis effects.

Prandtl visualized this system with a mechanical model consisting of a wave-like
surface upon which a heavy roller rolls back and forth. As shown in Figure 1.4, the
elastic force is realized by the springs whose ends are fastened to a gliding stage.

The Frenkel-Kontorova (FK) model [15,16], introduced by the Soviet physicist,
Yakov II'ich Frenkel (1894-1952) and his PhD student, T. Kontorova, is a harmonic

FIGURE 1.2 Wear-out of a pin hole of a micromachine. (a) normal pin hole; (b) wear-
out pin hole. (Adapted from W M Miller et al. Proceedings of 4th Annual “The Reliability
Challenge,” Dublin, Ireland, pp. 4.1-4.7, 1998.)
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FIGURE 1.3 SEM images [10] of two microengine gears stressed under different humidity
conditions at 25°C. The microengines were stressed for roughly the same number of cycles
(600,000), but the amount of wear debris for each humidity was dramatically different. (a)
31% RH; (b) 1.8% RH. (Adapted from D M Tanner et al., Proceedings of IEEE International
Reliability Physics Symposium, San Diego CA, pp. 189-197, 1999.)

chain (mimicking a layer of atoms) in a spatially periodic potential (mimicking the
substrate). The chain is driven by a constant force that is damped by a velocity-
proportional damping (emitting waves into the substrate). The FK model is one of
the most simple and richest models of nanotribology and classical mechanics [16,17].
The nonlinearity of this model leads either to the exactly integrable Sine-Gordon
equation which could introduce topological and dynamical solutions, or to the
important equation of stochastic theory, the Taylor—Chirikov map, which involves
such issues as fractal structures, commensurate—incommensurate (C-I) transitions,
glass-like behavior, and so on. The FK model describes a variety of physical objects
such as dislocations in solids, domain walls (DWs), Josephson junctions, biological
molecules, and crystal surfaces.
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FIGURE 1.4 Prandtl’s visualization of the Tomlinson mechanism in 1928. (Adapted from
L Prandtl. Zeitschrift fiir Angewandte Mathematik und Mechanik, 8, 85-106, 1928.)
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1.1.4 A GENERALIZED CLASSIFICATION OF FRICTION LAws

The various friction laws can be roughly grouped into four types [7]: (1) friction
laws based on macroscale theories including Amontons’ law, and the model due to
Bowden and Tabor; (2) laws based on single-asperity theories including both non-
adhesive and adhesive contacts; (3) laws based on multi-asperity theories including
both nonadhesive and adhesive contacts; (4) laws based on atomic-friction models
discussed in Section 1.1.3. These friction laws are summarized in Table 1.1.

1.1.5 SoMEe ReECeNT RESEARCH PROGRESS ON ATOMIC-SCALE FRICTION

1.1.5.1 Nanoscale Friction and Wear Maps

The components used in MEMS and NEMS are of the order of a few micrograms,
and operate under loads of the order of a few micrograms to a few milligrams. With
the miniaturization from macro- to nanoscale, the surface-to-volume ratios increased

TABLE 1.1
Generalized Classification of Friction Laws

Friction Laws F; versus Area F; versus L Notes

Macroscale Theories

Amontons’ law Independent of A ., F=u-L Law first discovered by Leonardo
da Vinci
Bowden and Tabor F =t-2A,, F=u-L Law results from contact
roughness
Single-Asperity Theories
Nonadhesion (based Fi=1-A,, Fe~128 Linear dependence of Fyon A, is
on Hertz model) generally believed to be true for
Adhesive (e.g., Fi=1- Am,, Sublinear microscale contacts, but has been
Maugis—Dugdale) questioned for nanoscale contacts

Multi-Asperity Picture of Nanoscale Contact (Our Model)

Nonadhesive Fi=1-A=7"N, A, Fi=un-L Dependence of F;on A, has been
Fe#1- Ay, directly verified. Linear
dependence of F;on L is due to
atomic roughness and small
contact pressures
Adhesive Fi=1-A=1-N,-A, Sublinear Adhesion induces transition from
Fi#1- A linear to sublinear behavior

Note: A, is the macroscopic contact area. A, is the contact area of a single asperity; A, is the real
contact area defined as the number of atoms N, in contact multiplied by the average contact area
A, of an interfacial atom.
Source: With permission from Macmillan Publishers Ltd., Nature, Y F Mo, K T Turner and I Szlufarska.
Friction laws at the nanoscale, 457, 1116-1119, copyright 2009.




Physical Mechanisms of Atomic-Scale Friction 9

considerably and became a cause of serious concern from the tribological point of
view. On micro- and nanoscales, surface forces, such as friction, adhesion, meniscus
forces, viscous drag and surface tension, which are proportional to area, significantly
increase and can limit the life and reliability of nanotechnology devices. Tambe and
Bhushan [18,19] proposed nanoscale friction and wear maps as shown in Figures 1.5
and 1.6.

Nanoscale friction and wear mapping can help identify some “sweet spots” that
would give ultralow friction and near-zero wear [18]. Friction and wear at a slid-
ing interface depend on the operating conditions such as normal load and sliding
velocity; material properties such as Young’s modulus and hardness; environmen-
tal conditions such as humidity and the medium to which the interface is exposed,
such as air, a specific gas, or simply water; and interface properties such as surface
roughness and surface energy. Many of the commonly observed friction and wear
mechanisms are shown in Figure 1.6 [19]. Mapping nanoscale friction and wear as
a function of operating conditions and interface properties is a valuable tool and
has the potential to impact the very way in which we design and select materials for
nanotechnology applications.
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FIGURE 1.5 Map for identifying tribologically ideal materials with low friction and adhe-
sion. At low velocities (less than 10 um/s), the coefficient of friction (1) decreases logarith-
mically with Young’s modulus. At high velocities (more than 1 mm/s), | increases with an
increase in Young’s modulus. The “sweet spot” corresponds to materials with low p and
moderate adhesion. The ideal zone for material selection is, however, the one where both
and adhesion are either low or moderate and is the shaded diagonal portion. (With permis-
sion from N S Tambe and B Bhushan. Identifying materials with low friction and adhesion
for nanotechnology applications. Appl. Phys. Lett., 86, 061906. Copyright 2005, American
Institute of Physics.)
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FIGURE 1.6 Most commonly observed mechanisms of friction and wear: nanoscale and
macroscale. (Adapted from N S Tambe and B Bhushan. Philos. Trans. R. Soc. A-Math. Phys.
Eng. Sci., 366, 1405-1424, 2008.)
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1.1.5.2 Atomic Friction between AFM Tip and Carbon Nanotube

To provide a better understanding of fundamental friction issues at atomic scale
and offer a new tool for assembling carbon nanotubes (CNTs) into devices and
clarifying the forces acting on them, Riedo and collaborators [20] reported the
measurement of different friction forces when an atomic force microscope (AFM)
tip slides the CNT along its axis compared to when the AFM tip slides perpen-
dicular to its axis, as shown in Figure 1.7. This friction difference has its origins
in soft lateral distortion of the nanotubes when they slide in the transverse direc-
tion. Asymmetries in the friction could potentially also be used in sorting CNTs
according to their chirality, a property that is currently difficult to measure by
other means.

As shown in Figure 1.8, when an AFM tip was scanned transversely across a
multi-walled CNT, the amount of friction measured was twice as large as when the
same nanotube was scanned longitudinally, along the length of the tube. The authors
attributed this difference to what they call “hindered rolling”—that is, the additional
effort required to overcome the nanotube’s tendency to roll as the AFM tip strokes
across it rather than along it. Because the energy required to move in one direction
was twice as large as that required to move in the other direction, this could be an
easy way to control the assembly of CNTs for nanoelectronics, sensors, and other
applications. To assemble nanotubes on a surface, one needs to know how they inter-
act and what force is needed to move them. Though friction has been studied before
in nanotubes, this research was the first to provide detailed information about the
frictional forces at work in both the longitudinal and transverse directions when the
nanotubes interact with an AFM tip.
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FIGURE 1.7 TImages compare what happens when an AFM tip slides longitudinally along a

carbon nanotube (left) versus when it slides across a nanotube transversely. (Adapted from M
Lucas et al. Nat. Mater., 8, 876—881, 2009.)

At the nanoscale, the frictional force Fp. is proportional to the shear strength T (in
N/m?) and the contact area A (in m?):

F=tA-(Fy + Fg), (1.1)

where Fyy and F, 4, are the normal force and the adhesion force between the AFM tip
and the CNT. The friction force can also be written via the friction coefficient | as

(@) o (b) -
gl Silicon g ¥ Silicon
R ® CNT (transverse) . B CNT (longitudinal) *
Z Z
E 6r E 61
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FIGURE 1.8 Frictional forces for transverse and longitudinal sliding. Frictional force as
a function of the normal load for silicon and for transverse (a) and longitudinal (b) sliding
on top of a CNT. The CNT radius is ~3.5 nm in the longitudinal section and ~5 nm in the
transverse section. The sliding velocity was 0.8 um/s. The solid lines are fits to the data
using Fp = W(Fy + F4,)%>. The error in Fy is caused from the fluctuations in the values of
friction in the investigated areas on top of the nanotubes. (With permission from Macmillan
Publishers Ltd., Nat. Mater., M Lucas et al., Hindered rolling and friction anisotropy in sup-
ported carbon nanotubes. 8, 876881, copyright 2009.)
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Fo=w-(Fy + Fg)- (1.2)

The contact area between a spherical tip (AFM tip) and a cylinder (CNT) or a flat
surface (silicon substrate) can be expressed as a function of Fy, F,,, elastic moduli,
tip radius, Ry, and cylinder radius, Ry, by using continuum mechanics theories,
such as the Hertz theory. As a result, one obtains

Foo= - (Fy + Fg)*”, 1.3)

where [i is the nominal friction coefficient at the nanoscale. The measured shear
strength and the adhesion force in this experiment are shown in Figure 1.9.

The experiment showed that greater forces were required to move the tip in
the transverse direction. Using molecular dynamics (MD) simulations shown in
Figure 1.10, the authors analyzed the phenomenon to understand what was happen-
ing. The simulation results are illustrated in Figure 1.11. For the MD simulation,
there are three types of interactions [20]: the substrate—nanotube interaction, the
interaction among the CNT atoms, and the nanotube—AFM tip interaction. For the
substrate—nanotube interaction, the Au-C Lennard-Jones (LJ) potential [21] was
used with the strength decreased by a factor of 10:

4 o 12 G 6
€
v r) = Au-C Au-C _ Au-C 1 4
e (P) o . = I (14
25 b) 15
(a) ® Transverse ) ® Transverse +
B Longitudinal B Longitudinal
a0} 12t +
]
5 g :
S 150 g 9t
K
: ¢
1%
5 1o0f | : 6r +
] < ;
05 + 3r
oL . . y 0l 1 I I 1
4 6 8 10 12 14 4 6 8 10 12 14

Nanotube radius (nm) Nanotube radius (nm)

FIGURE 1.9  Shear strength and adhesion force. (a) Shear strength and (b) adhesion force for
transverse and longitudinal sliding on top of a CNT as a function of the tube external radius.
The sliding velocity was 2 wm/s for all of these measurements. The error in the shear strength
is determined by fitting F}. versus Fy with Equation 1.1. The error in the adhesion force is
obtained by the fit of F} versus Fy with Equation 1.2. (With permission from Macmillan
Publishers Ltd., Nat. Mater., M Lucas et al., Hindered rolling and friction anisotropy in sup-
ported carbon nanotubes. 8, 876—881, copyright 2009.)
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FIGURE 1.10 MD simulations of the tip-nanotube interaction. (a—b) Non-chiral tube with-
out tip (a) and under 2.5 nN normal force (b). (c) The sectional view of the dimple. (d) View
of the outer tube (armchair). (e—g) Chiral tube without tip (e) and under 1.9 nN (f) and 2.5 nN
(g) with the tip pressing on two different spots. (h) Sectional view, under 2.5 nN. (i) Outer
view of the chiral outer tube. (With permission from Macmillan Publishers Ltd., Nat. Mater.,
M Lucas et al., Hindered rolling and friction anisotropy in supported carbon nanotubes. 8,
876-881, copyright 2009.)

where €,, ¢ (in V) is the potential well depth and 6, (in nm) the distance at which
the LJ potential is zero.

The interaction among the CNT atoms was modeled by the empirical Brenner
potentials [22] and Kolmogorov—Crespi (KC) potentials [23]. The empirical Brenner
potential is a kind of many-body potential that can model chemical bonding and the
expression is

E, = E 2 [VR(rij) - BV, (r; ] (1.5)
D))

where Eij is a many-body coupling between the bond from atom i to atom j and the
local environment of atom i, Vi(r;) and V,(r;) represent pair-additive repulsive and
attractive interactions, respectively. The KC potential is especially developed for the
interlayer interaction in graphitic structures:

-6
V(#iiiy) = eV [C + o) + F0,)] - A[ )

9]2' = ’3,2 - (n; - ;';'j)z» pjzi = rij2 - (ﬁj : ;':'j)z > (1.6)

e

A
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FIGURE 1.11 MD simulation of tip—nanotube friction force versus normal load. The tip
slides back and forth with a speed v ~ 2 m/s. During the whole process, the temperature was
setat 7= 50 K to avoid large fluctuations of the frictional force related to the small CNT sizes.
(a) Non-chiral nanotube (very large transverse—longitudinal anisotropy). (b) Chiral nanotube
(more realistic transverse—longitudinal anisotropy of about 2). The friction—load behavior is
to a good approximation linear (solid lines) and not a (2/3) power law as in the experiments,
as the small size of the simulated tip and of the tip—CNT contact makes continuum contact
mechanics invalid in this limit. Simulated friction extrapolates to zero at zero load, because
the experimental zero-load situation corresponds to a finite load in the theory, the difference
between the two corresponds to the experimental tip pull-off force, which measures adhesion,
omitted in the simulation. The error bars indicate the friction fluctuations between differ-
ent sliding loops. (With permission from Macmillan Publishers Ltd., Nat. Mater., M Lucas

et al., Hindered rolling and friction anisotropy in supported carbon nanotubes. 8, 876—881,
copyright 2009.)

where fis introduced to reflect the directionality of the overlay, p the transverse dis-
tance, 7, the vector normal to the sp? plane in the vicinity of atom k.

For the nanotube—AFM tip interaction, the potential was assumed to only include
the repulsive part of the LJ potential

V(r) = 48%, (1.7)

with € =0.004 eV and oo = 0.328 nm.

In principle, there seems to be no reason why the frictional forces required to
move the AFM tip would be different in a particular direction. But the MD simula-
tion confirmed that this “hindered rolling” and soft mode movement of the nanotubes
were the sources of the higher friction when the tip moves transversely. Because the
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nanotube-tip system is so simple, it offers an ideal platform for studying basic fric-
tion principles, which are important to all moving systems. This kind of system pro-
vides the opportunity to explore friction using an ideal experiment so one can really
probe the energy dissipation mechanism.

Based on the MD simulations, the authors believed that the friction anisotropy will
be very different in chiral nanotubes versus nonchiral—left-to-right symmetric—
nanotubes. Because of the chirality, the tip moves in a screw-like fashion, creating
hindered rolling even for longitudinal sliding. Thus, the new measuring technique
may suggest a simple way to sort the nanotubes. Among the next steps in the research
will be to show experimentally that this can be done.

An anisotropy in the friction coefficient of carbon nanotubes in the transverse and
longitudinal directions has been shown, which has its origin in the soft lateral distor-
tion of nanotubes when the tip—nanotube contact moves in the transverse direction.
These findings could help in developing better strategies for chirality sorting, large-
scale self-assembling of nanotubes on surfaces, and designing nanotube adhesives
and nanotube—polymer composite materials.

1.2 COMMENSURATE AND INCOMMENSURATE INTERFACES,
AND THEIR INFLUENCE ON TRIBOLOGY

It has been recognized that in the case of dry friction the rubbing surfaces exposed
to air would be with a lubricant film inbetween, which is no more than a few mono-
molecular layers thick. Thus, many problems in tribology should be closely related to
the structures of the rubbing surfaces and adsorbed lubricant film and corresponding
registry of between these layers.

1.2.1 A ONe-DIMENSIONAL CASE OF COMMENSURATE
AND INCOMMENSURATE INTERFACES

As shown in Figure 1.12 [24], an array of atoms connected with harmonic springs
interact with a periodic potential of period b, which is also known as the Frank and
van der Merwe model [25]. In the context of friction, the particles represent the
atoms of a sliding body. They are connected to each other through the springs that
describe the bonds between the atoms. The periodic potential represents the effect
of the solid substrate on the atoms of the sliding body. This could be a scenario of
interacting gas atoms adsorbed on a crystalline substrate.

For the ratio between the unextended equilibrium length of the chain (a,) and the
period of the external potential (b), a,/b, a distinction between two classes can be
made. If this ratio is a rational number, the case is called commensurate; if the ratio
is an irrational number, then the case is called incommensurate. From a practical
point of view, the incommensurate case is the most interesting, because for two arbi-
trary surfaces making contact, a finite periodicity of the system is not likely.

Despite its extreme simplicity the model exhibits most of the features to be dis-
cussed in the following. Suppose the particles are immobile, the Hamiltonian of the
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FIGURE 1.12 The one-dimensional Frank-van der Merwe model. The springs represent
interactions between atoms, the wavy line the periodic potential. (a) Without the external
potential, the spring length would favor a lattice constant a,. (b—d) With external potential,
the interaction between the chain and the substrate would force the system to form (b) com-
mensurate structure, (c) incommensurate structure, or (d) chaotic structure. (Adapted from P
Bak. Rep. Prog. Phys., 45, 587-629, 1982.)

system consists of only the potential energy and may be written as the following
dimensionless form:

1 2
H=—§(x -x,—ay)?+ V|l-cos| =x
1 0
2 b2 n+ n b n ’ (1 . 8)
n
elastic energy stored in the spring potential energy of the particles in
between particles of the chain the periodic external potential

where x, is the position of the nth atom. In the absence of the dimensionless periodic
potential, V, the harmonic term would favor a lattice constant a, which in general,
would be incommensurable with b: the adsorbed lattice forms an incommensurate
structure as shown in Figure 1.12c. If the potential is strong enough it may be favor-
able for the lattice to relax into a commensurate structure where the average lattice
spacing, a, is a simple rational fraction of the period b. Figure 1.12b shows a situation
where 2a = 3b.

Even in the case where the potential is not strong enough to force the chain into
commensurability, the potential will always modulate the chain. The atoms will
move toward the minima. The average period may approach a simple commensurate
value, but remain incommensurate. In the most general incommensurate structure
the position of the nth atom may be written as

X, = na + o + f(na +a), (1.9)

n
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where o is a phase and fis continuous and periodic with period b. Here, a is the aver-
age distance between atoms (which in general is different from a,) and f represents
the modulation of the chain due to the potential. Since the energy does not depend
on o, the chain is not locked to the potential.

Besides the commensurate and incommensurate structures, there are additional
chaotic structures as shown in Figure 1.12d. The chaotic structure cannot be described
by Equation 1.9 [24]. Consider, for instance, the situation where the potential is very
strong compared with the elastic term. Clearly, there exist metastable configurations
where the atoms are distributed in a random way among the potential minima. The
chaotic phase is “pinned” to the potential. In contrast to the incommensurate phase, it
is not possible to shift the lattice without climbing a potential barrier. In this respect
the chaotic phase is similar to the commensurate phase, although the average period
is, in general, incommensurate with the potential. If the atoms were charged, the
incommensurate phase would be conducting and the chaotic phase insulating [26,27].

Similar to the bulk phase, the adsorbed atoms may experience phase transitions
when the external conditions are varied. For example, the periodicity, a (or wave-
vector g = 2n/a), would change as the natural periodicity a, is varied. As shown
in Figure 1.13, various possible situations for the change of ¢ shall be encountered
when the parameter x goes from x, to x,. Figure 1.13a shows that the periodicity
passes through an infinity of commensurate values without locking; such a system is
called the “floating” phase. Figures 1.13b and 1.13c illustrate that the value of ¢/2w
could remain constant and rational at an infinity of finite intervals of the argument
x, reflecting infinite commensurate values with locking, and the stability intervals
decrease rapidly as the order of the commensurability increases. If the measure of
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FIGURE 1.13 Variation of the inverse period, or wavevector g with parameter x, which
could represent temperature, pressure, etc. (a) Smooth analytic behavior, (b) incomplete dev-
il’s staircase, (c) complete devil’s staircase, (d) harmless staircase. (Adapted from P Bak. Rep.
Prog. Phys., 45, 587-629, 1982.)
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FIGURE 1.14 Kinetic friction force F, divided by load L as a function of spring constant k
for commensurate and incommensurate walls lubricated by a quarter layer. A schematic of
the simulation is shown as well, in which the two surfaces slide relative to each other with
velocity v. (With permission from M H Miiser, Phys. Rev. Lett., 89, 224301. Copyright 2002
by the American Physical Society.)

the incommensurate phases is not zero, the function is called “the incomplete devil’s
staircase” (Figure 1.13b). If the measure of the commensurate phases is zero, the
function is called “the complete devil’s staircase” (Figure 1.13c). Figure 1.13d is the
“harmless staircase” where g assumes only a finite number of rational values.

Miiser studied the nature of mechanical instabilities and their effect on kinetic
friction from the point of view of dimensionality and commensurability [28]. It has
long been recognized that kinetic friction F), between two solids must be due to
instabilities, that is, sudden “pops” of certain degrees of freedom. Here, such pops
are studied with a focus on boundary lubrication. The pops’ characteristics and, con-
sequently, the friction—velocity relationship depend qualitatively on dimensionality,
commensurability, and details of the lubricant-wall interaction. It is found that F,
should be small between commensurate surfaces. F) is large for incommensurate
surfaces, unless the lubricant’s motion is confined to 1D (Figure 1.14). Miiser dis-
cussed the effects of thermal noise, and employed computer simulations to show the
relevance of the predictions to less idealized models [28].

1.2.2 A Two-DiMeNsIONAL CASE

Although some aspects of tribology have been obtained by studying the one-
dimensional (1D) case of commensurate and incommensurate interfaces, some new
aspects are revealed when the two-dimensional (2D) cases are considered. One of
the important new aspects of the 2D system is that now not only the 7= 0 ground
state but also the 7 # 0 equilibrium state may be ordered exhibiting a number of dif-
ferent phases and phase transitions between them (7 representing temperature) [17].
Recent decades have brought an immense amount of information on the rich variety
of 2D phases that are formed on surfaces under various experimental conditions [29].
These include 2D gases (and lattice gases), liquids, crystals, liquid crystals, as well
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as phases with an extended short-range order, which is specific of the 2D state only
[30,31]. The structure of the adsorbed 2D phase is determined by the competition
between particle—substrate interactions and particle—particle interactions. Here, the
particle refers to the molecules or atoms adsorbed on the substrate.

As two adsorbed molecules come close to one another and their electronic shells
overlap, they would interact according to the dipole—dipole mechanism which is long
range [32]. This interaction is repulsive if their dipole moments are oriented parallel
to each other (this is the case when the adsorbed molecules are chemically identical)
and attractive if the dipole moments are antiparallel (e.g., in the case of interaction of
an electropositive adsorbed molecule with an electronegative one). It shall be noted
that there exists basic difference between the structures formed in the cases of attrac-
tive (Figure 1.15a) and repulsive lateral interactions (Figure 1.15b). To characterize
the concentration of the adsorbed molecules on the surface, we introduce the value of
degree of coverage, which is defined as 0 = n/n,,, where n is the surface concentration
of the adsorbed molecules and n,, is their concentration in a close-packed monolayer.

For the attractive interactions, molecules tend to gather even at low coverage
0<<1 (Figure 1.15a). When critical coverage is attained, a first-order phase transition
starts, usually resulting in a structure commensurate with the substrate structure.
However, if the attraction of the adsorbed molecules to the substrate is intense and
if it is due to the difference of adsorbate and substrate atom radii, the packing of the
first monolayer may continue and C-I phase transition would occur. The C-I tran-
sition starts with local breaking of commensurability between the adlayer and the
substrate [33,34]. This occurs through formation of incommensurate regions (DWs)
between the commensurate domains (Figure 1.16a). The elementary configurational
excitation of the DW is a pair of oppositely oriented kinks as shown in Figure 1.16b.

The phase diagrams of adlayers with repulsive lateral interactions are more diverse
than those described above (Figure 1.15b). First, phases with large interatomic dis-
tances are formed at low coverage degrees. Then, the first-order phase transition also

@ Commensurate
2D-crystal 2D-
: lattice gas
ORATSHHOTLSHOSH
(b) Close-packed
: ] monolayer
Chaotic :
(glass-like) Commensurate i Incommensurate Second

I phases 2D-crystals phases monolayer
[
0 1

Coverage degree

FIGURE 1.15 Possible scenarios of monolayer formation. (a) Two-dimensional condensa-
tion of attracting adparticles. (b) Structural states in the coverage degree range 0 <0 < 1 in
the case of lateral repulsion. (From Surf. Sci. Rep., 60, O M Braun and A G Naumovets,
Nanotribology: Microscopic mechanisms of friction, 79-58, copyright 2006, with permission
from Elsevier.)
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FIGURE 1.16 (a) A DW between two commensurate domains. (b) Model of a domain wall
with kinks in the p(1 X 2) commensurate structure. Regions 1 and 3 are the commensurate
p(1 x 2) domains while region 2 is the soliton. (From Surf. Sci. Rep., 60, O M Braun and A
G Naumovets, Nanotribology: Microscopic mechanisms of friction, 79-158, copyright 2006,
with permission from Elsevier.)

occurs, which is attributed to progressive reduction of the amplitude of the repulsive
interaction as the adlayer density increases. Some systems may even undergo a few
first-order phase transitions within the coverage range 0 < 0 < 1. The interpretation of
this phenomenon should take into account the indirect interaction of the adsorbed mol-
ecules, whose energy oscillates with distance. This imposes a discrete set of distances
at which the adsorbed molecules can arrange themselves on the surface.

Robbins and coworkers [8,35,36] and Miiser and Robbins [37] found that the static
friction originates from the commensurateness between the adlayer and the rubbing
surface. They demonstrated that adsorbed monomers could change the static friction
from zero to a finite value. The nature of friction comes from the intermolecular
interactions. When the adlayer is commensurate with the substrate, their potential
surfaces would be in registry with each other. Thus, the potential barrier should be
overcome for relative movement between the adlayer and the substrate, leading to an
abrupt increase of friction.

When two surfaces come in direct contact with each other, friction appears only
occasionally. Krim and coworkers measured no static friction between substrates
and incommensurate adsorbed layers [38,39], which is also consistent with results
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FIGURE 1.17 (a) A finite rectangular graphene flake is stacked on another graphene with
AB stacking (left), and incommensurate stacking (right). The graphene fakes slide 3 nm on
the lower graphene sheets along different directions 0. (b) Variation of the in-plane force F
acting on the perfect graphene flakes in the AB stacking and incommensurate stacking with
an interlayer distance AR = 0.34 nm when sliding along 6 = 90°. (With permission from Y F
Guo, W L Guo and C F Chen, Phys. Rev. B, 76, 155429. Copyright 2007 by the American
Physical Society.)

from simulations [40,41]. Small crystalline AFM tips show substantial static fric-
tion only at commensurate alignments [42]. The friction between unaligned MoS,
crystals is extremely low in ultrahigh vacuum, but rises rapidly on exposure to air
[43]. Guo and coworkers measured the friction force between a graphene flake and
an infinite graphene sheet [44]. They found that the friction between AB stacking
graphene layers (commensurateness) is two orders larger than the friction between
incommensurate stacking graphene layers (Figure 1.17). And the friction for com-
mensurate stacking graphene layers is stick-slip, while the friction for incommensu-
rate stacking graphene layers is slip.

1.3 VARIOUS ATOMIC-SCALE FRICTIONAL MODELS

From the above discussions, it is clear that friction is closely related to the atomic
details on the friction interface. Determining the forces required to move atoms
past each other is a challenge in designing nanomachines. In 2008, scientists for the
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first time were able to move a single atom across a surface, and measured the force
required. Using ultrahigh vacuum and nearly zero temperature (5 K), a modified
AFM was used to drag a cobalt atom, and a carbon monoxide molecule, across sur-
faces of copper and platinum [45]. However, before the development of the experi-
mental setup for determining forces on a single atom, various atomic-scale frictional
models have been developed for understanding the phenomena related to friction.

1.3.1 PRANDTL-TOMLINSON MODEL

The Tomlinson model [11], also known as the PT model [12], is one of the most popular
models in nanotribology widely used as the basis for many investigations of frictional
mechanisms on the atomic scale. Essentially, a nanotip is dragged by a spring over a
corrugated energy landscape as shown in Figure 1.18. Despite its simplicity, funda-
mental factors controlling the atomic-scale friction are all considered: movable surface
atoms, periodic surface potential, and energy dissipation from the vibration of surface
atoms. Ignoring the inertial effect, total energy of the whole system is expressed by

E=V(x)+ %k(x - X)?, (1.10)
where k is the spring constant. If the tip—surface interaction is described by a sinu-
soidal potential with amplitude V{, and periodicity a then

V() = =2 cos 2 (1.11)
2 a

For the tip moving with velocity v,,, X = v,,¢ in Equation 1.10.
The equilibrium position x,;, of the tip is determined by

o0E =wnV, . (2mx
i 7°sm(7) + k(x - th) = 0. (1.12)

(©
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FIGURE 1.18 Prandtl-Tomlinson model. (a,b) A nanotip is dragged by a spring over a cor-
rugated energy landscape with periodicity a. (c) The variation of friction force with the dis-
placement of the tip.
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Using the approximation sin (2% x/a) = 21 x/a, the initial velocity of the tip is
calculated to be

dx.; Vi
o = —— 1.1
dt | 1+m’ (113)
where 1 is a dimensionless number:
_ 2w,

n (1.14)

ka®

which characterizes the ratio between the energy corrugation and the elastic energy
stored in the spring. From Equation 1.12, the lateral force F, can be obtained as

27X,
Fp = —k(xg = X) = %V‘)sinT"p. (1.15)

The above equation has the maximum value for x,;, = a/4. Thus, the relationship
between the energy barrier V,, and maximum lateral force F;™ is

a
Vo = EFL”“"‘. (1.16)

By equating the second derivative of the energy to zero

2 2
0 _2nV, cos(zzx) + k=0, (1.17)

x> a’?

the instability point of the tip is obtained

x' = iarccos(—l). (1.18)
2 n

At the position x* and the moment of instability ¢ = ¥, the tip would jump to
another local minimum energy position. This kind of motion is called “stick—slip.”
Substituting Equation 1.18 into Equation 1.15, the lateral force at the moment of the
jump could be determined as

Fo= X [y, (1.19)

Only if 1 =120, can the critical force for the occurrence of the “stick—slip”
motion make sense. If 1 > 1, there exists two kinds of atomic mechanisms for the
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“stick—slip”” motion. The first kind is a purely mechanical type, that is, the mode of
phonon produced in crystal and vibrator. The second kind is a purely electron type,
that is, the mode of electron—hole pair excitations. If | < 1, the vibrator would slip
continuously without energy dissipation.

1.3.2 FreNkelL—KONTOROVA MODEL

As shown in Figure 1.19a, the FK model [15,16] describes the motion of a 1D atomic
chain in the periodic potential. Compared to the PT model, the FK model is closer to
the real behavior of atomic-scale friction. Assuming that all the atoms have the same
mass m and all the springs have the same elastic constant k, the dynamic equation
for any atom would be

9%x; dx

; 1% 2mx;
me ot C 0

‘ _x. . —x )= ——Ogintt 1.20
o T hQx = X - xi) _osin= . (1.20)

It should be noted that there are two modes for the FK model. The first is the
pinned mode, in which the average velocity of the atoms is zero. The second is the
sliding mode, in which the average velocity of the atoms is not zero.
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FIGURE 1.19 (a) The FK model describes the motion of a 1D atomic chain in the periodic
potential. (b) The FKT model combining the advantages of FK model and PT model.
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Without loss of generality, the FK model in the pinned mode can be written as

Xjo + X — 2x; + bsinx; + S =0, (1.21)

where S is the displacement induced by the external force. The general solution of
the above equation is

X, = -1 + arcsin(%) +2mi, S =<b. (1.22)

The sliding model can be divided into two types. The first type is solid sliding.
There are no relative movements between atoms. And the system moves like a rigid
body. Thus, this type is also called “rigid sliding.” The second type is uniform slid-
ing. For this type, the system is composed of groups with different densities and
average sliding velocities.

1.3.3  FReENKEL-KONTOROVA—TOMLINSON MODEL

Combining the advantages of FK model and PT model, Weiss and Elmer proposed
the Frenkel-Kontorova-Tomlinson (FKT) model [46] as shown in Figure 1.19b. The
FKT model is a 1D lattice model for the atomic monolayer of the surface of a soft
body which slides on a hard body. The monolayer is described by a chain of N atoms
with harmonic nearest-neighbor interactions (coil springs). The interaction of each
atom with the otherwise rigid upper body is also harmonic (leaf springs). The equi-
librium positions of the atoms due to these interactions define a regular lattice where
the lattice constant is assumed to be the bulk lattice constant of the upper body. The
interaction of the atoms with the lower body is described by a spatially periodic
external potential, which represents a hard surface. The lower body is assumed to be
fixed whereas the upper body is movable. The potential energy of the FKT model is

1 N
EE,,Ey,xp) = 52@;‘ -§i0) + 5 £
7=

7=

N (1.23)
b .
+%2cos2n(x8 +0j +§;) = Fxp
=

where c, is the lattice constant of the upper body, x; is the position of the upper
body relative to the lower body, &; is the position of particle j relative to the support
Xp+ ¢, J, ky is the stiffness of the leaf spring, b is the strength of the external poten-
tial, and F is the force applied to the upper body. All the variables and parameters
are measured in dimensionless units. They are based on the following independent
basic units: The length unit is the surface lattice constant of the lower body, and the
unit of the interaction strength is the stiffness of the nearest-neighbor coupling. All
other units can be expressed in terms of these basic units.
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For k, = 0 the FKT model becomes the FK model. For k,, b — o but b/k, finite,
or similarly by dropping the nearest-neighbor interaction, the FKT model turns into
the Tomlinson model of independent oscillators.

As in the FK model, the behavior strongly depends on whether the ratio of lattice
constants is commensurate or incommensurate. In the incommensurate case, Aubry’s
transition by breaking of analyticity also appears in the FKT model. The behavior
depends strongly on the strength of the interaction between the sliding surfaces. For
increasing interaction, three thresholds are found which denote the appearance of
static friction, of kinetic friction in the quasistatic limit, and of metastable states in
that order. These are identical only in the incommensurate case. In the commensu-
rate case, static friction can be nonzero even though the kinetic friction vanishes for
sliding velocity going to zero.

1.3.4 VAriABLE DENsITY FRENKEL-KONTOROVA MODEL

To investigate the boundary slip in nanoflow, Lichter and coworkers proposed the
variable density FK (vdFK) model [47-49]. The vdFK model describes the first lig-
uid layer adjacent to the solid surface. According to this model, the dynamic equa-
tion for atom i in the first liquid layer is

9% x, nV, . (2nx; ax; ax;
a2 = - aofsm(ia ) + k(x,y = 2x; +xi—l)+nLL(v_W) _anTt'
(1.24)

In the above equation, the left term represents the inertial force exerted on atom i
in the first liquid layer. The first term on the right hand of the equation is the interac-
tion force between atom i and the solid surface, the second term is the spring force
between adjacent atoms in the first layer, the third term is the force exerted by the
molecules from other layer to atom i in the first layer (1),, is the bulk viscosity of the
liquid) and the last term is the friction force between the first layer of liquid and the
solid surface due to boundary slip (g is the coefficient of friction).

1.4 VELOCITY-DEPENDENT FRICTIONAL MODEL
AND ITS PHYSICAL ORIGIN

When it comes to the atomic-scale friction, there are many different laws. In par-
ticular, it has been known that the friction force between two macroscopic objects
is independent of their relative velocity as was suggested by Coulomb. However, the
friction force on the nanoscale is found to be velocity dependent, which makes things
much more complicated [50].

Experimental results conducted for the velocities in the range of 1 nm/s ~ 1 um/s
always showed a logarithmic increase in friction with velocity [51-54] between a tip
and sample surfaces as shown in Figure 1.20. Gnecco et al. [52] attributed this phe-
nomenon to the temperature effects and combined the PT model with the rate theory
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FIGURE 1.20 (a) Fits and experimental data of friction versus tip velocity for the organosi-
lanes grafted on silica and probed with three cantilevers: k, (triangle), k, (square), and k;,
(circle). (With permission from T Bouhacina et al., Phys. Rev. B, 56, 7694-7703. Copyright
(1997) by the American Physical Society.) (b) Sliding friction between the tip of a friction
force microscope and NaCl(100) as a function of the scanning velocity at F, = 0.44 nN (cir-
cles) and F, =0.65 nN (squares) loads. Open and solid symbols refer to the mean absolute
value of the lateral force maps (F;) and the mean absolute value of the peaks in the friction
loops (F;, n.» Tespectively. (With permission from E Gnecco et al., Phys. Rev. Lett., 84,
1172—-1175. Copyright 2000 by the American Physical Society.)

to give explanations. At zero temperature, the tip does not jump until the energy bar-
rier AE = 0, that is, when the condition obtained from Equation 1.18 is satisfied. At a
finite temperature 7, the tip can jump even if AE # 0. This is because thermal energy
of the tip can assist it to jump out of the potential well where it is confined with a
characteristic frequency f,. The probability p that the tip does not jump changes with
time according to the rate theory

d AE
B - =hew(-p ) 0 125)
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where AE is a function of time, kj is the Boltzmann constant. To obtain the lateral
force corresponding to the maximum jump probability, a change of variable replac-
ing time by corresponding lateral force is made

dp(F AE(F)\ (dF,\™"
Z(FLL)=_f06XP(— k;TL))(T;) P(FL). (1.26)

Assuming that the energy barrier AE decreases linearly with the lateral force F,,
and noting that dF;/dr = kv, where k is the effective stiffness of the system and v is
the sliding velocity, the relation between friction force and velocity is obtained

Fo) = Fy+ ol v (1.27)
A 2

where A is a characteristic length on the order of the lattice constant a.

However, Tambe and Bhushan [55] found that the dependence of friction on
velocity is not necessarily logarithmic for velocities up to the order of 1 mm/s. The
nanoscale friction force between two contacting surfaces is a result of three com-
ponents: interfacial adhesion between contacting asperities, the energy required for
deformation of contacting asperities during relative motion and stick—slip. At differ-
ent relative sliding velocities, different components dominate the friction as shown
in Figure 1.21. For example, the atomic stick—slip contribution is most important in
the low-velocity regime, which results in the logarithmic dependence of friction on
velocity as we have discussed above.

1.5 DIFFUSIVE AND BALLISTIC FRICTION

Most of the discussions above was about the friction between a dragged tip and
the surface. However, the friction of adsorbed molecules or mobile clusters ther-
mally diffusing on surfaces is also important and of interest [56—58]. In this case,
the behavior of the adsorbate is determined by the competition between the poten-
tial energy barrier induced by the adsorbate—substrate interactions and the kinetic
energy of the adsorbate.

Guerra and coworkers [56,57] simulated the motion of gold clusters with different
initial velocities on graphite surface as shown in Figure 1.22. The frictional sliding
of the gold clusters illustrates two distinct nanofriction regimes: a standard diffusive
friction at low speed, and a new ballistic one at high speed, where the effect of tem-
perature on friction is opposite. Angular motion and rotations cannot be ignored and
are crucial to both diffusive and ballistic regimes. The interplay between translations
and rotations, besides turning ballistic trajectories from straight to curved, controls
the crossover between the two sliding regimes. Translational and rotational stops and
starts, strictly correlated in diffusion and drift, become anticorrelated in fast ballistic
sliding. Ballistic friction, although quite different from diffusive friction and natu-
rally erratic in small clusters, is still viscous in its speed dependence, a useful result
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FIGURE 1.21 (a) Schematic diagram illustrating various dominant regimes of the fric-
tion force at different relative sliding velocities from atomic scale stick—slip at low velocities
to deformation-related energy dissipation at high velocities. (b) Comprehensive analytical
expression for the velocity dependence of nanoscale friction with the dominant friction mech-
anisms. (Adapted from N S Tambe and B Bhushan. Nanotechnology, 16, 2309-2324, 2005.)

FIGURE 1.22  Surfing of gold clusters on graphite. (a) Diffusive friction; (b) ballistic friction.
(With permission from Macmillan Publishers Ltd. Nat. Mater., A Schirmeisen. Nanofriction:
Surfing on graphite waves, 9, 615-616, copyright 2010.)
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not discounted in principle for this and other systems, which would be interesting to
pursue and test experimentally.

In the diffusive regime, the adsorbate may behave differently under different con-
ditions. The motion of the adsorbate is controlled by the Langevin equation (LE),
in which there are two phenomenological parameters: the potential energy barrier
E, and the kinetic friction coefficient 1. Solutions of the LE have shown four dis-
tinct regimes of surface diffusion [59,60]: regime I (single jumps), where the E, is
strong, and the M is high, the adsorbate jumps from one minimum to a neighboring
minimum; regime II (multiple jumps), where the E, is strong, and the 1 is low, the
adsorbate may jump from one minimum to a distant local minimum; regime III
(quasi-continuous Brownian motion), where the E, is weak, and the 1 is high, the
adsorbate moves continuously similar to that of a Brownian particle in high-friction
liquid; regime I'V (ballistic-like Brownian motion), where the E, is weak, and the 1 is
low, the adsorbate moves continuously and travels in linear trajectories at picosecond
time scale, which is similar to that of a Brownian particle in a low-friction liquid.
Jafary-Zadeh and coworkers [58] investigated the thermally induced motion of Cy,
on the graphene substrate with a shallow potential energy surface. The C4, molecule
exhibits a quasi-continuous Brownian motion in the temperature range of 25-75 K,
then follows a ballistic-like Brownian motion at temperatures above 75 K.

1.6 SUMMARY AND CONCLUSIONS

Friction is an issue related to two rubbing surfaces, which seemingly is simple, but
actually is a complex problem. Uncovering the underlying mechanisms of friction
requires both the development of physical theories and experimental techniques.
This manuscript reviewed selected publications on friction and mainly focused on
the physical mechanisms of atomic-scale friction. A brief look at the development
history of friction was given first, from basic laws of friction to recent progresses on
atomic-scale friction. Considering the important role of the structure of the rubbing
surfaces and adsorbed lubricant films, we discussed the commensurate and incom-
mensurate interfaces and their influence on the behavior of friction in Section 1.2. In
order to understand the mechanisms of friction from the point of view of intermolec-
ular interactions, various atomic-scale friction models have been established, which
are summarized in Section 1.3. Theoretical and experimental researches conducted
to explore the velocity-dependent frictional behavior and its physical origin were
reviewed in Section 1.4. In the end, the diffusive and ballistic friction of adsorbed
molecules or mobile clusters thermally moving on surfaces were presented.

With the development of experimental techniques and simulation methods on the
atomic scale, the field of atomic-scale friction has been developing fast in recent years
and several applications have been achieved or are about to be achieved. However,
the mechanism behind the phenomena related to atomic-scale friction is yet to be
clearly understood. In particular, we would like to mention the following issues:

¢ Inrecent years, water-based lubricant and superlubricity have attracted con-
siderable interest [61-64], which is closely related to the adsorbate between
the two rubbing surfaces. The adsorbate may experience phase transitions or
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even chemical reactions in response to the variation of external conditions,
which in turn influences the friction. This requires further experimental
investigations related to chemical reactions or MD simulations employing
the Reax force field [65], which can simulate a chemical reaction.

e The atomic-scale frictional models developed so far were mostly 1D. To
capture all the characteristics of the real frictional system, further extension
of the 1D model to 2D is deserved.

e Friction is not only closely related to the intermolecular interactions, but
also to electron transfer because the rubbing materials may become elec-
trically charged through friction. Thus, friction is a typical multiscale
problem, which should be solved through multiscale methods, such as ab
initio MD [66,67] or QM/MM hybrid method [68-72]. The developers of
QM/MM, Martin Karplus, Michael Levitt and Arieh Warshel, have won
the 2013 Nobel Prize in Chemistry for the development of multiscale mod-
els for complex chemical systems.

In conclusion, friction, as a mechanical problem, is of great importance where
physics, chemistry, and surface science intersect. The solution of this old problem
could, in turn, promote the development of these subjects.

NOMENCLATURE

Contact area

Distance

Energy

Potential well depth for LJ potential
Force

Hamiltonian of the system
Probability

Displacement

Time

Temperature

Potential energy

Velocity

Coordinate

Length

Friction coefficient

Distance at which LJ potential is zero
Shear strength

AQE = S < NT UGS TN &R o>
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