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Abstract. Nanotribology is a new physical discipline in which
friction, adhesion, wear and lubrication are studied within a
unified framework at the nanoscopic level. In this paper, the
experimental and theoretical problems of topical interest in this
field are reviewed. In the analysis of the experimental data,
emphasis is placed on ‘dry’ adhesive friction between the probe
of a scanning frictional microscope and an atomically smooth
surface. On the theoretical side, studies related to the mechan-
isms of adhesive (static) and dynamic (velocity proportional)
friction are discussed and results on the electromagnetic, elec-
tron, and phonon effects as well as molecular dynamics results
are presented. Studies using the method of quartz crystalline
microbalance and the ‘surface force’ concept are briefly re-
viewed.

1. Introduction

The stiff y of the nature of friction forces on the atomic level
was mal e possible with the af vent of the atomic force
microscope [1, 2]. In adecale, rapd progress in this
furtf amentally new methda® of physical investigation leal to
the establishment of vast new fietl’ of physics — nanotribol-
ogy — which combines experimental ard theoretical stuf ies of
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41 hesion, friction, wear arfl’ lubrication, chemical activity ard
triboelectromagnetism on the nanostructural level [3—11].

Only recently, problems associatel with friction were for
the most part of an engineering character arf might be
thought of as @ irty’ physics, since the macroscopic contacts
of surfaces in the literal sense are dirti€f by absorbel
particles, wear prafucts ari lubricants. However, as was
often the case in science history, what only yestef! ay seemed
to be archaic, toT ay takes on a new meaning — arf now one
can say without exaggeration that the off scienced ealing with
friction (tribology), the fourtl ations of which were laif @ own
by Amonton three hurt rél’ years ago, has receivel a secord
birth.

An urff erstard ing of the key role of numerous i ivif ual
microcontacts appearing between contacting surfaces has
given impetus to the d evelopment of nanotribology. The
total area of such contacts (the area of actual contact) can
be much less than the apparent area [6, 12].

With the transition to a qualitatively new level of
investigation, it turn& out that physical processes in
tribocontacts are consil erably more intricate ard d iverse
than hal been suspectel ard inchffe a wealth of new
phenomena such as phase transitions resulting from the
shear o€ ering of thin films in the ‘probe-surface’ contact
ard the formation of contact ‘brif ges’ [4], chemical, electro-
chemical arfl triboelectrical effects [13 — 15]; effects associatel
with humif ity [16, 17], supercort uctivity [18] ar so on.

Along with atomic force microscopy (AFM) afl friction
microscopy, experiments carri¢i out with the use of surface
force apparatus [4, 19, 20] arf the quartz crystal microba-
lance technique [21-23] occupy an important place in the
stuf ies of nanotriboeffects. These experimental methdi s
presently holl the greatest promise for nanotribology. The
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rapil ly progressing surface nanoird entation technique may
be also assign&@ to these methdaf s.

Scanning tunnelling microscopy (STM)d evelopeél before
AFM [25] organically combines with the latter, since most
presentd ay probing microscopes operate in the multima e
regime inchef ing both STM arf AFM mdf es.

The stiff y of friction arf processes associatel with it on
the nanostructural level is of great interest for a broaf
spectrum of technical applications such as the technology of
prai uction ard surface coating of hag magneticd isks for
computers, the fabrication of microsensors arff’ so on. These
ard the traf itionally important engineering applications of
tribology in machine construction require ad eeper insight
into the properties of materials on the atomic level with the
aim of optimizing ard’ forecasting the tribological character-
istics of friction surfaces. Successful solution of these
problems calls ford ecreasing the existing gap between the
macro- ari nanostructural levels of knowlal ge of the proper-
ties of material in general ardf friction in particular.

Unfortunately, experimental information in the fietf of
nanoprobing microscopy an tribology has accumulaté so
rapil ly that the theoreticald escription of many effects still
remains unsatisfactory, even though a number of important
recent results were successfully preficted ard /or interpretel
using the molecular d ynamics (MD) metha® ard classical
contact mechanics. Although @ ry’ frictiond oes notd epertt
on the visible area of a contact ard practically d oes not
d epertl on the slip velocity, its seeming simplicity isd eceptive,
since it isd eterming by a complexd iversity of properties of
surfaces, by the presence of numerous microcontacts, effects
of an 4 hesive arff d eformative nature as well as ‘ploughing’
of the surface with microroughness ari wear praf ucts.

There exist several levels of complexity in the effort to
urd erstard the nature of af hesive friction — the most
intricate arfl least known mechanism. One of these levels is
associateél with the necessity ofd eveloping ad etailél atomic
theory of triboprocesses d escribing af hesion, friction ard
wear using an unifiéf approach within the framework of the
atomic mdf els of chemical borfing ard elementary elec-
tron —phonon processes responsible for energyd issipation.

Another level concerns the slip mechanism. For the
present we are not in a position to state whether the relative
movement of contacting surfaces is continuous or a series of
d iscrete events of sticking ard slipping. If the secori scenario
is realizél , what are the values of thed isplacement and time
interval corresporiing to an elementary microslip? Many
experimental works point to the fact that the stick-slip effect
exhibits lattice peridlicity [3] enabling one to obtain the
atomic contrast of a surface in the lateral AFM mdTe.
However, it is possible only in the case of atomically smooth
surfaces, whereas most often the contact area is contaminatet
by af sorb&l substances arf wear prof ucts. These causes
result in the existence of a gap between experimental arf
theoretical nanotribology. There also exist some problems of
an instrumental nature whichd o not always allow one to
make an af equate correlation of theoretical maTels with
experiment (for example, the problems of calibration of
experimental results).

The main aim of this paper is to make a critical analysis of
the experimental ari theoretical results obtaing@ in this new
fietl over the last five or six years, although some of the
problems concernél have been elucil at&l to a greater or
lesser extent of completeness by a number of foreign authors
[3, 11, 26]. At the same time, an attempt is maT e to construct

some integral physical picture specific to nanotribocontacts —
the elementary areas of friction. Many results presentel in
this paper have not yet beend iscussél in the literature, ard
efforts to systematize theoretical notions are of a fragmentary
character, since the basic calculation mda els are still urd er
d evelopment ar there is no commonly acceptél point of
view on some of these mdafels. This concerns problems
relating to the interpretation of the stick-slip effect, & hesive
friction maT els, the d ynamical mechanisms of noncontact
friction arf so on.

On the whole, ind ecil ing on the problems to bed iscusset
in this review, both its restrictél volume ard the subjective
viewpoint of the author have ur eniably contributel . There-
fore, in particular, whend iscussing theoretical maf els, much
attention is given to the problem of @ ry’ 41 hesive friction ar
noncontact @ ynamical) friction in vacuum. An urd erstard -
ing of these elementary processes brings us nearer to an
ur erstarf ing of the nature of friction as a whole. The
‘ploughing’ effect, ‘wet’ friction, the thermd¥ ynamical
aspects of the problem an ad iversity of other questions call
for special consil eration. Some of these questions are
partiallyd iscuss& in works [25—30]. It shoull also be notef
that, though the main line ofd evelopment of nanotribology is
associatel with the application of probing microscopy, the
d iscussion of the methaf s ard results of the latter is not the
subject of the review anf is present& only in connection with
the consif eration of tribology problems.

The review has the following structure. Section 2 is a brief
review of the basic mdl es of operation of the AFM ard’ other
methdal's usél in experimental investigations of micro- ard
nanocontacts. In Section 3, on the basis of the available
experimentald ata, some physical processes in tribocontacts
such as the stick-slip effect, «f hesion, chemical arf other
effects ared iscussel . The existing theoretical notions provif -
ing an interpretation of experimentald ata are consif ere¢l in
parallel. On the whole, this part of the review is of a
d escriptive character, arf it erfs with the formulation of
some important experimental problems facing specialists in
the fiell of tribology.

Section 4 is entirely d evotél to theoretical mafels. It
begins with thed iscussion of the contact-mechanics approx-
imations ard their use for interpretation of AFMd ata on
@ ry’ 4f hesive friction in vacuum. Then the simple mdf els of
the lateral movement of a probe provil ing an interpretation
of the experimental images of a surface are consil erdl , ard
the evolution of the structure of nanocontacts observel with
the use of the moleculard ynamics methal is d iscussel in
d etail. Furthermore, the mechanisms of static (velocity-
ird epertf ent) and @ ynamic (velocity-proportional) friction
are consil ere¢l, the application of theoretical maT els to the
explanation of the experimentald eperd ences ‘friction force —
loaf ing force’, the stick-slip effect, the effect ofd amping the
4f sorbel -film movement in quartz crystal microbalance
experiments arf so on is analyzeél. Other theories, for
example, the theory of rubber friction with a stiff surface are
d iscuss& more briefly.

Section 5 is concernd with applications of the results of
nanotribological investigations in presentd ay technologies.
The ‘probe—surface’ interaction allows one not only to
d etermine the structure of the contact area on an atomic
scale, but also to mdaTify the properties of a surface. In
particular, the portions of the tunnelling contact of a probe
with a passivate silicon surface urdl ergo selective oxil ation.
This makes it possible to perform nanolithographyd irectly in
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the mdi e of contact scanning. To réf uce processing time, it is
necessary to increase the scanning spe up to 1 cms~!. There
is no question that the achievements of scanning probing
microscopy, nanotribology arf nanotechnology are capable
of lealing to a revolution in microelectronics in the near
future.

2. Basic modes of operation of atomic force
microscopes

Following pioneer works by Binnig et al. [1] as well as Mate et
al. [2], the AFM technique has gain& leaf ing positions in
stuf ies of nanostructural friction. Forces acting between a
sharp probe (tip) placel in close contact with a sample arf the
surface of the latter result in a measurabled eformation of a
cantilever (console) to which the probe is attachel . Fig. 1a
illustrates a wil ely us&l mai e of operating the AFM on the
basis of optical d etection of the probe position. Other
methdl's ared escribal’, for example, in works [30, 31] (see
also references in Ref. [3]).

The cantilever berl s in the verticald irection upwasf s or
d ownwatl s because of a repulsive or attractive interaction,
ard the value of itsd eformation isd irectly proportional to the
value of the counterpoising elastic force. The lateral forces
result in torsion d eformation relative to an equilibrium
position. When the system is at equilibrium, the forces,
which are responsible for berl ing anfl twisting, are balance®
out by the elastic forces of the cantilever. These latter are
mdTellé by equivalent springs with ‘normal’ ard ‘lateral’
stiffness.

It shoull be notel that the lateral forces can be
d eterminél not only by friction, but also by the local slope
of the surface [3, 32]. Besiles, there always exists some
relation between the normal force ard the lateral force,
especially in the case when the latter isd irectel along the
axis aligne with the long s e of a cantilever.

One further reason can be that the probe is positiondl ata
small angle o to the horizontal to ensure contact with the
surface rather than the plane sff e of the cantilever. Since the
probe has a height of the offer of several microns, the
microroughness of such a scale may catch on the cantilever
[33]. As a result of this slope of the probe, its normal ard
laterald isplacements are relatel by the following equation:
Az = Axcota.

Quantitative analysis of the lateral arf normal forces in
the AFM requires knowldl ge of the normal ard lateral
stiffness of the cantilever, on the one hani | ard® the geometry
of the probe, on the other. Calculation formulas for the
stiffness with rega€f to d ifferent geometries of cantilevers
can be fourf, for example, in Ref. [34]. Recently, ad irect
methdal ford etermination of the lateral stiffness in sifu was
proposél . For a cantilever in the form of a rectangular
parallelepipel , the normal arfi lateral elastic stiffness are [35]

Ebt?

hn =S (2.1)
Gbt?

k[ - W 5 (22)

where E arf G are Young’s maf ulus arfl’ the shear maf ulus,
respectively, b arf ¢ are the lineard imensions of the cross
section of the cantilever, « is the length of the cantilever
measurd from the point of its clamping to the point of
attachment of the probe, H is the length of the probe (tip) of
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Figure 1. (a) Scheme of an AFM with opticald etection of the cantilever
d isplacement. The sampleismovél by a piezomotor having threed egrees of
fre€ om (X, Y, Z). Thed isplacements corresporni ing to the surface topo-
graphy are usé for the formation of an image. (b) Force curve of the
lowering/lift of a probe to/from a surface shows thed epert ence of the force
appli¢l to a contact (vertical berl ing of the cantilever) on thed istance
between the cantilever ari sample: on portion 4 of the curve there are no
probe-surface forces, since the probe is far from the surface; B— a stable
attractive regime urd er the action of the Vand er-Waals forces; C — the
graf ient of the attractive force excedl s the normalstiffness of the cantilever,
therefore the probe loses stability arfi sufd enly ‘sticks’ to the surface; D —
furtherd ecreasing thed istance between the probe arfl the sample; £ — the
movement of the cantilever is revers&l in o€ er to avoff probed isruption;
4 hesion between the probe arff the surface holl s the contact ur er the
action of a stretching force; F— the stretching force excedl s the critical force
ofd etachment, arf the probe ‘falls off” the surface.

the AFM measur& from the neutral (long) axis of the console
to the apex point of the probe. For commercial silicon
cantilevers, typical values of constants (2.1) ard (2.2) are of
the off er of 1 arf 100 m™!, respectively.

Another practically important formula @ etermines the
fur amental resonance frequency for the vertical oscillation
of a cantilever:

1950 |E
Q="
a 3p

where p is thed ensity of the console material. The resonance
frequency of lateral oscillation (corresporfing to berd ing
d eformations) is obtaing by multiplying expression (2.3) by
b/t. Using formulas (2.1) - (2.3), one cand efine an ‘effective’
mass of an equivalent oscillator by the formula k = mefoﬁ.

(2.3)
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Generally, with allowance for the linkage of the probe with
the surface, thed etermination of the resonance frequency is a
rather complicatel task, anf the point-mass approximation
usél tod escribe the oscillatory motiond ynamics may result
in a consif erable error. Despite this fact, the simple harmonic
mdTel is wil ely uséf for thed escription of the mdf ulation
md e of the AFM.

2.1 Normal force measurement mode

Figure 1b shows schematically the ‘force-d isplacement’
curve reflecting thed epert ence of the vertical berf ing of a
cantilever ardi the force appli&f to a contact on the vertical
d istance between the sample arf the remote (notd eformel)
part of the cantilever [3]. Thed ifferent portions of this curve
corresporii to the following situations: 4 — the absence of
any interaction force; B — the first stage of attraction to the
surface; C — the ‘sticking’ of the probe to the surface
occurring at the instant when the graf ient of an attractive
force acting from the surface excedl s the normal stiffness of
the cantilever; D — the contact (repulsive) mdf e; since the
probe operates in the mdf e of repulsive interaction with the
surface, the cantilever is concave towasf s the surface, ard the
force loal ing the contact is positive arf corresporf's to the
external force; E— the movement of the console is reverse in
off er to avoil probed isruption; owing to af hesive forces,
contact is not lost when the appliél force changes its sign art
becomes negative; now the cantilever is concave upwagl ; F—
a negative force applid@ to the cantilever ard terfing to
d etach the probe from the surface exced s the critical force of
i hesive sticking, arff the probe “falls off’ the surface.

Figure 1b allows one tod istinguish two main maf es of
interaction of the probe with the sample: the attractive maf e
¢ eterming® by Vand er-Waals, capillary, electrostatic, mag-
netic forces) arf the contact maf e correspord ing to repulsive
forces. Such a classification, however, is not exactly correct,
sinced ifferent parts of the probe can simultaneously urf ergo
the action of repulsive ari attractive forces from surface
atoms. Therefore, it is more pertinent to speak of ad ominant
type of interaction for the probe as a whole.

In the first experiments the AFM was us&l for measuring
the surface topography. In such experiments a fe&l back loop
was usél to maintain the vertical displacement of the
cantilever or the normal force at a constant value when
scanning along the surface. The corresporffing ‘constant-
height’ ard ‘constant normal force’ males allow one to
obtain atomic resolution both in the repulsive arfi attractive
maT es. Figure 2 illustrates the il icatel maf es as well as so-
calle ‘error-signal’ ar ‘md ulation’ maf es.

In the constant-height mdi e, the fee back loop maintains
thed istance between the apex of the probe arf’ the surface ata
constant value. The fed! back signal is calibratel as the probe
height above the surface. However, the resifual (not
compensatél ) displacement of the cantilever exists, since
otherwise the feel back loopd oes not operate. This signal is
usél in the error-signal mdf e.

In the case of mechanical contact of the probe with the
surface the contact area inchf es many atoms, therefore the
contact mdf e of the AFMA oes not generally provil e atomic
resolution of a surface.

2.2 Lateral force measurement mode

The lateral twisting of a cantilever can bed etectel simulta-
neously with the surface topography. The peculiarities of a
surface profile which are not resolvel in other maf es can be

Constant height mode

<

Constant force mode b

< Iy

Error-signal mode

Modulation mode

v/

Figure 2. Basic operating maf es of AFMs. The arrows show the move-
ment of the cantilever ard the sample. (a) In the constant-height mdf e, the
sample moves horizontally arf thed isplacements of the cantilever are
monitordl . The synchronous (with scanning) recoff ing of the height is the
topographic (force) image of a surface. (b) In the constant-force mdi e, a
fe&® back loop prevents larged isplacements of the probed own to arf up
from the surface. The variations of thed isplacements of the cantilever are
minimiz&l owing to the & justment of cooff inate z by the fee back loop so
that thed eformation of the cantilever remains constant. The fesl back
signal is calibratel as the probe height above the surface. (c) In the error-
signal mdf e, the resif ual (not compensaté by the fed back loop) move-
ment of the cantilever is us¢l . @) In the maf ulation mdd e, the cantilever
oscillates in the verticald irection urd er the action of a periaf ic force. The
amplitud e of oscillation is monitoré synchronously with thed isplace-
ment of the probe in the (x, ) plane. One can also monitor the variations
of frequency or phase of cantilever vibration. By analogy with the normal-
contrast mdl e, one can use the lateral-contrast ma¥ e. In the latter case the
mdi ulation md e is also possible.

visualiz&l owing to thed istinctions of friction characteristics
of the surface.

Surface images in the lateral force mdd e reflect the stick-
slip (SS) effect exhibiting a perial icity of the lattice constant
corresportl ing to a given sample [39, 40]. An urd erstard ing of
the physics of this effect still remains unsatisfactory, since the
contact area generally involves a large number of atoms (10—
10000). It is unclear how such a large group of atoms transfers
over the interatomicd istance as a whole. When measuring the
lateral forces on alkaline-haloff crystals, a peridlicity
corresporfing to one-half the lattice constant is also
observel [3, 39].
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In these experiments such an important characteristic as
the ‘friction force—lo4l ing force’ d eperl ence is measurdl
[35, 41—43]. It is obtain&l by subtraction of the average
values of a lateral force appli&@ to the cantilever in the process
of scanning the surface in thed irect arf reversed irections.
The normal force is maintain& constant, arf thed ifference
of the average values of the lateral force is taken with a factor
of 1/2. A “friction loop’ obtaingl in the process of the probe
movement is shown in Fig. 3 [43]. Peridf ical spikes of the
lateral force are relate to the SS effect. After passing one
loop, the value of the normal force changes arf the process
repeats. Thus, a series of the average values of friction forces
isd etermineél corresport ing to given loal's. Oned isaf van-
tage of this methdl is that withd ecreasing the loal the probe
is forcal out of contact pr& ominantly in the regions of lesser
4l hesion, therefore the portions of the surface with higher
4l hesiond o not exhibit friction at the least appli¢l loal's.
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Figure 3. ‘Friction loop’ of lateral forces corresporl ing to the stick-slip
maf e measuréd by scanning a silicon nitrif e probe over the KF(001)
surface in vacuum. The arrows point in the direction of scanning.
Hysteresis suggests the presence of energyd issipation. The average arf’
maximum values of lateral forces for each scanning d irection are
irff icatel . (Reprai uc&l with the permission of Salmeron [39], copyright
of the American Physical Society, 1998.)

We will revert to thed etailel theoretical analysis of Fig. 3
in Section 3.1. At this point, we call attention to such
interestingd etails as a shift of the positions of the maxima
arl minima of the lateral force at the d'irect ard reverse
movement of the probe as well as the fine structure of
peridiical spikes of the lateral force. The amplitule of
variations correspord ing to the fine structure is (in the case
of Fig. 3)about 0.1 nN. This gives an estimation of the value of
the lateral force contrast achieveél in experiment. If the lateral
stiffness of a tribocontact has a value of the o€ er of | Nm™!,
the equivalent spatial resolution is about 0.1 nm. Lateral
resolution of the same off er is typical for all basic maf es of
AFMs arf STMs, whereas for the normal contrast the value
of spatial resolution is one or two off ers higher. Therefore, at
the same value of the normal stiffness it is possible to measure
normal forces of about 1 pN (see Section 3.2).

2.3 Modulation mode

The general i ea consists in the application of an oscillating
force to the probe setting it into forcel vibration along the
normal to the surface of a sample. Further recoff ing the

amplitif e of oscillation is performel synchronously with the
d isplacement of the probe in the horizontal plane. If a
fedl back loop maintains this amplitu e constant, the probe
‘feels’ the surface (Fig. 21'). In this case one cand etermine the
relief of a surface with atomic resolution analogous to
resolution which can be obtaing with the use of the normal
mdle.

If the probe ard® sample are rigil , thed isplacement of the
latter along the normal causes mainly an elastic response of
the cantilever, but if a surface is soft, it unlergoes an
#1d itional compression arfi the response of the cantilever is
d ecreasdl . Therefore, in the process of scanning at a constant
height, the variations of the amplitif e of probe vibration
reflect local variations of the contrast of the elastic properties
of the surface. Among the mdf ifications of this methai are
the tapping mdi e [36], the extend & -contact mal e and the
measurement of ‘force —normal d isplacement’ d epert ences
at each point of a scan line (force surface cartography [44]).
The latter mof e is similar to the methdi use in nanoinf en-
tors, arfl it is consfl erél ind etail in the following section.
Other versions of the ma¥ ulation maf e ared escrib&, for
example, in paper [45].

If a cantilever is to be sensitive to the elastic properties
of a sample, its stiffness must be comparable with that of
the surface, since taken together they are similar to a pair
of springs joinél in tarf em (Fig. 4a). Therefore, if one of
the springs has smaller stiffness, it takes upon itself the
main d eformation. This constrains the sphere of applica-
tion of this methal to the case of relatively soft surfaces
(polymers and biological tissues) if low-stiffness cantilevers
are usé€ . On the whole, this metha® visualizes the relative
d istribution of the elastic properties of the sample, since the
actual area of the contact remains urdeterming’. The
d etermination of the absolute values of local elastic maf uli
becomes possible, if the contact-mechanics approximations
are usél in #id ition for the estimation of the area of the
contact.

lever

COdet

o

ki lever

Conlacl

Figure 4. Normal arf lateral stiffness in the AFM. The cantilever ar
surface urf ergo normal (a) ard lateral (b) compression with the resulting
displacements Az arf Ax, respectively. In both cases the cantilever ard
surface taken together are similar to a pair of springs joinel in tard em. If
one of the springs has smaller stiffness, it takes upon itself the main
d eformation. Since in experiments the totald isplacement of a cantilever is
measurdl , its stiffness must be comparable with the stiffness of the contact
in off er that the cantilever be sensitive to the elastic properties of the
sample. (Repraf ucel with the permission of Salmeron [39], copyright of
the American Physical Society, 1998.)
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2.4 Normal stiffness measurement and nanoindentors

Thed etermination of the normal stiffness of an elastic contact
is basél on the relationships of contact mechanics relating the
value of an appli&@ normal force P with thed eformation of
the sample surface x ard with the raf ius of the contact area a.
The normal contact stiffness arf the microhaff ness of a
surface are defing@ as k. =d P/dx ard H = Py, /nad’,
respectively, where P is the maximum loaling force
prof ucing an impression in a sample with area ma® (after
removing the loal ). These relationships form the basis of the
surface inff entation (micref eformation) methai [46].

The originald evelopment of the irff entation methda s was
connectél with stufies of the mechanical properties of
materials arf was not directly relatef to problems of
nanotribology. However, progress in thed evelopment of the
AFM technique has l& to the ‘intersection’ of the corre-
sporff ing methaT's, since an AFM probe is essentially a
nanoirf entor. To obtain the loaf ing force characteristics of
a contact, all one ned's tod o is to control the value of the
normal force. The high resolution achiev&l™ with the use of the
AFM allows one to investigate microhaf ness arf many
other characteristics of film coatings arf microparticles with
an accuracy arfl resolution much superior to the accuracy of
stard af  microirf entors. Nevertheless, the commercial
systems of il entation on the basis of the three-cornerdd
d iamord Berkovitch irfl entors have now beend evelopel to a
high d egree of perfection [46], ar some of them provil e
normal force ard deformation resolution not worse than
10 nN arf 0.1 nm, respectively.

By applying an 41d itional oscillating loa® to an irf entor,
one can cond uct continuous measurement of the contact
stiffness through monitoring the amplituf es ofd isplacement
oscillation causél by the correspor ing force or through the
d etection of phase shifts between force ard d isplacement
oscillation. In such a manner one can also measure the
viscoelastic characteristics of a contact [46].

2.5 Lateral stiffness and friction force

In a similar manner one can conf uct the measurement of the
lateral stiffness of a contact (Fig. 4b). For commercial AFM,
this maf e was first implements® in works [35, 47, 48]. The
d erivative of the lateral force with respect to the lateral
cooff inate corresporis to an equivalent stiffness of the
cantilever-surface system:

CAGF ke
Ty ktk

where k; arff’ k, are the lateral stiffnesses of the cantilever art
the contact, respectively. The authors of work [47] also
intraf uce an «1d itional stiffnessd eterming@ by the elasticity
of the probing tip. The resulting torsion response of the
cantilever AF to an oscillating lateral ¢ isplacement Ax is
measurél with the use of a synchronousd etector.

With a knowlel ge of kj, one can obviously fird the
contact stiffness k. arf then the area of the contact ma?
using the contact-mechanics formula

2—m 2-m B
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where G, are the shear mdf uli of the probe ardf the sample,
11 » are the Poisson coefficients. Since typical cantilevers usel
in AFMs have relatively high lateral stiffnesses, the contact

(2.4)

lateral stiffnesses can be measurel for a broal spectrum of
soft arf hag materials [3].

In acco ance with the theoryd evelop&l by Bowd en art
Tabor [12], in the case of a & ry’ contact the friction force for
an ind ivif ual microcontact isd eterming’ by the following
formula:

F= Aoy + na*t, (2.5)

where A is the cross sectional area of a cut occurring in the
process of ‘ploughing’ of a sample by a probe, g is the limit of
yiell of the surface material at lateral compression, ma? is the
actual area of the contact, ardl 7 is the shearing stress. In the
macroscopic case, there exist an interrelation between the
shear maf ulus ard the shearing stress: G =~ 29t

Byd efinition resulting from Amonton’s law, the classical
friction coefficient is equal to

1= (2:6)

P )
where P is the normal loaling force. Taking into account
expressions (2.5) and (2.6), the friction coefficient can be
presentel in the form of a sum of two components, one of
which is relatél to abrasive friction anl the other one is
relatél to af hesive friction: u = g + pap- For nanotribol-
ogy, of the greatest interest are the af hesion components of
the force arfl the friction coefficient which, as is shown in
Fig. 3, allow one to ‘visualize’ the atomic structure of a
surface. As follows from experiments carriel out with the
use of AFMs, formula (2.5) can be us& in this case only for
thed etermination of the average values of the friction force in
the contact of a probe with a surface. Nevertheless, it hotf's its
valil ity for the interpretation of experimentald ata in the case
of elastic contacts ar allows one to relate the macro- ard
microscopic characteristics of a surface.

2.6 Force calibration and determination

of the probe shape

The geometry of the contact area is irff efinite if the shape ard
d imensions of the probe use&l are unknown. It is also very
d ifficult tod etermine the chemical composition of a probe in
the vicinity of its apex. The inficatel factors, however, are
d ecisive, since we are trying to und erstar’ the properties of a
sample that is one of two parts of the contact interface area.
To obtain a surface image, commercial cantilevers with a
raf ius of curvature (in the lower part of the probe) of the
off er of 10— 50 nm are usél in AFMs. In this case the atomic-
scale resolution is @ etermin&@ by a small group of probe
atoms (or 4T sorbel foreign particles) near its apex. Obviously
it is veryd ifficult to control this group of atoms in the process
of experiment. The resolution of topographicald etails of a
large scale is obtainel as the result of convolution of the
geometrical shape of the probe ari a portion of the surface
relief arf is not always unambiguous either.

Usually, the AFM probes (tips) are characterizél by the
so-callé aspect ratio — the ratio of their length to the ral ius
of curvature in the lower part. The length is measur& from
the point where the probed iameter is equal to the quaf ruple
rdf ius of curvature near the apex. In the case when the aspect
ratio of a reliefd etail is higher than that of a probe, artifacts
arise resulting from the fact that the probe represents its own
portrayal, since in the process of the scanning of a rif ge of a
surface it can only ‘feel’ the top part of the ril ge.

If test-relief features are known or a force calibration has
been performed , it is possible tod etermine the probe shape
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in situ on a nanometer or micrometer scale [42, 49]. The ex situ
calibration of the probe shape using transmission electron
microscopy also has a wil e application [35]. The authors of
work [50] propos& a metha® ford etermination of the probe
shape using the measurement of the backwast scattering yietf
for a low-intensity ion beam. This can be performe in the
work chamber that contains the sample.

In the process of measurements of the probe geometry,
d ouble ar® some other urfl esirable structures were reveald .
Their stuf y is crucial for obtaining AFM images, accurate
measurements of forces as well as nanotribological experi-
ments.

In connection with these problems, new possibilities were
opend up owing to application of fullerenes and isolatel
nanowires as probing elements of AFMs. These objects have
welld efingl” structures ardd high strength. So, the authors of
work [51] were able to fix a single molecule of Cgo onto the tip
of an AFM, arff in work [52] this wasd one with a nanowire.
The possibility of obtaining atomic resolution with such
structures was theoretically substantiatél in work [53].

In contrast to rigff silicon (or silicon nitrile) probes,
nanowiresd o not fail when they make contact with a surface
ard restore their form after removing the loal. A very
important & vantage of the ‘nanowire —surface’ contacts is
the constancy of the area of the contact zoned irectly relatel
to the value of the friction force. In this case we have a gosT
chance of stiff ying the mechanism of «f hesive friction in
mored etail, since the area of the contact can be controlle .

For experimental nanotribology, a number of other
factors are of importance. Among these are the nonlinear
properties of piezoceramics, hysteresis, material creep,
thermal d rift ard so on. An exterf & d iscussion of these
questions can be fourd in paper [32] (see also references in
Ref. [3]).

2.7 Other experimental methods

Surface force apparatus (SFA). The construction of this
apparatus wasd evelop&l by Israelachvili’s group [4, 20, 26].
Thed evice consists of two atomically-smooth plates (usually
mal e from mica), attache to the base surface of cylind ers
being brought into close contact. The surfaces of the plates
can be treatél ard /or coatel by a layer of material urd er
stuf y in a liquil or solff state as well as can be immersel in a
liquéf mefium urd er well controlléf cord itions. Force
d rivers connectd to cylinfer hotf ers provife controlle
normal arff lateral forces to be appli€ to the plates as well
as the maintenance of a gap between the plates with an atomic
accuracy. The area of the contact and the distance are
measurél by optical or capacitance methafs. Interatomic
forces acting between the surfaces, which interact via an
interlayer, can be attractive, repulsive, oscillating or can
have a more complex form [4, 26].

A weakness of this methdl is that the lateral resolution is
limitef . A typical value is several micrometers. Provil ing
vacuum corfl itions is also a problem. Moreover, to obtain
meaningful quantitative results, ind ecif ing on a particular
material for the plates, one restricts oneself mainly to mica.

The SFA allows one to stul y the molecular properties of
liqui's ardl so it is especially useful for investigation of the
compression properties of liquil lubricating materials. Such
experiments are of great importance for the elucif ation of the
nature of the lateral slip. With the use of this methdi, the
effect of exfoliation of liquil separating the plates was fourtd
when changing thed istance between the plates by a value of

an atomd iameter [54]. In this case, periaf ical attractive ard
repulsive forces correlating with the layerd (atomic) struc-
ture of the liquil interlayer wered etectel . This effect was also
observel with the use of an AFM for the contacts of a silicon
probe with the mica (graphite) surface ¢ ¢ ecanol was us@ as
a liquil interlayer) [55]. Experiments carri&l out with the use
of the SFA reveal a variety ofd ynamical properties ari phase
transitions i ucel by the shear off ering of a film structure
separating the plates. We will return to a more d etailel
d iscussion of these effects in Section 3.4.

Quartz crystal microbalance (QCM) method. This methal was
first usel to control the growth of submonolayer films. It is
realizel through the measurement of a resonance frequency
shift for a quartz oscillator whose resonance frequency
deperti's on the mass of a film af sorb&l on a plate. Such
experiments were usually carri¢l out to control the growth of
metallic films. However, as was elucil at& later, an interest-
ing feature occurs in relation to inert gas (argon, krypton)
films & sorb&@ on these metallic films ar® weakly bourd with
their surface. In this case the Q-factor shift for a quartz
oscillator irf ucel by the existence of friction forces between
an 4l sorb& film ard a substrate was observel [21]. This
allowel one to estimate the characteristicd ecay time of the
&l sorbe@ film motion relative to the substrate. If the
corresporf ing friction force acting on the i sorbate atom is
proportional to the slip velocity arfi equal to F = —«V/, then
the slip time is equal to M /o, where M is the mass of the atom.
As follows from experiments, the slip time is several
nanosecord s. This allows one to estimate the characteristic
value of the friction force. For krypton atoms, it is about
10~ nN.

Using this methaT , the phase transformations of &f sorbel
films resulting in the shifts of the resonance frequency ari Q-
factor of a quartz oscillator because of the transition of a film
from a liquif state to a solf one were fours as well [23]. The
theoretical interpretation of this effect is baséf on the
assumption that the haff en& film forms an incommensu-
rate structure with a substrate ard therefore slips much
further (with less friction).

In conclusion of this section, it shoull” be not& that even
the above briefd iscussion of experimental techniques us& in
presentd ay nanotribological investigations d emonstrates a
surprising variety of physical phenomena occurring on the
nanostructural level. As evil enc&l by the foregoing, progress
in their stuff y is possible with the use ofd ifferent methdaf s that
complement each other. Common to all these methdT s is the
real possibility to measure ultra-small forces ard d istances
visualizing thed iscreteness of atomic structures ard intera-
tomic interactions.

3. Physical processes in nanotribocontacts

Whend iscussing physical processes in nanotribocontacts, we
attempt not only to embraced ifferent phenomena observel
experimentally, but also, where possible, to inchff e their
theoretical interpretation. An exterd &f consfl eration of
some of the existing theoretical md¥ els is given in Section 4.

3.1 Stick —slip effect

The stick —slip effect is crucial for the contact mal e of AFMs.
On the atomic level, this effect was first observel in work [2]
when measuring lateral forces which act on a tungsten probe
slipping over the surface of high-orient& pyrolitic graphite.
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Similar measurements were later corf uctél in many works
(see, for example, Refs [56—58]) with a broal spectrum of
contacting materials ranging from soft materials (silicon
nitrif e probe — stearine acif) to hag ones @ iamord —
diamord) (see references in paper [3]). The surfaces of
alkaline-haloff crystals (NaF, NaCl, KF, KCI, KBr) were
also stuf i [39].

Fujisawa et al. [59] carri¢l out a comparative investiga-
tion of the SS effect for thed ifferent combinations of probe
and sample materials. The peridf icity of the probe slip over a
surface observel in these experiments correspord & the
atomic-relief topography of the surface in the normal AFM
md e, but the positions of the maxima arf minima of lateral
artl normal forces were slightly shiftel relative to each other.

No experiments are presently available in which lateral
resolution woull’ be observel without the SS effect, however,
a frequently observel lateral contrast is even higher than the
corresporfl ing normal contrast. Because of this the authors of
works [33, 73] believe that the peridf icity of lateral interaction
is responsible for the overall contrast observel inclufing
normal-mdi e topographic images.

The SS effect was also observel in experiments using a
surface force apparatus [60], but a transition to a continuous
slip without wear was notél at much higher velocities. Thus,
to compare thisd ata with the AFMd ata, it is necessary to
increase the scan velocity of AFMs.

Does this periaT icity of the SS effect signify that the probe
atoms form a structure commensurable with the atomic
structure of a sample? Even for probes with a d isoff erel
atomic structure, the peridf icity of lateral forces corresport s
to the translational symmetry of the sample. In typical
experimental situations, both lateral ard longituf inald efor-
mations of a cantilever generally take place, but the latter may
also be determingd by the change of the normal force.
Therefore, there always exist a relation between the corre-
sporff ing signals in the lateral arf normal mde¥es. If this
relation is not controlld , it can totallyd istort the results of
measurements.

Tomlinson [61] was the first to raise the question of the
role of atomic structure in the relative movement of contact-
ing surfaces. Since that time many authors have attemptel to
explain the SS effect using maf ernizel’ classical notions of
Tomlinson ar the moleculard ynamics methdal (see refer-
ences in papers[3, 4] ard Section 5). In the presentd ay maf els
d eveloping these {feas, a probe is consileré as a point
particle with a point mass without any internal d egrees of
free om [56, 57], or allowance is mai e for its multi-atomic
structure [62, 63]. A simplifi&l, but visual picture of the SS
effect is as follows.

Initially the probe is at a point of the minimum of the
potential energy of the ‘probe —surface’ system. The interac-
tion between the probe arff the surface isd efingl” by a periaf ic
potential reflecting the translational symmetry of the atomic
structure of the surface. Essential to the mdafel is the
assumption that afiabatic corditions are fulfillel at each
step of probe movement. The lateral loa ing of the contact
causeél by cantilever scanning results in storing energy in the
form of the elastic energy of the contact, the cantilever ant’ the
sample (see Fig. 4b ard Fig. 13). The relative movement of the
probe ar the surface begins at the instant when the storet
energy is sufficiently large that the probe can ‘jump out’ of a
potential gap ard fix itself at another point of the surface.
Then the system relaxes, arff excess energy rapil lyd issipates
from the contact area via the electron—phonon subsystem.

The d issipation time is very small, since the characteristic
velocities of electrons ard photons are many offers of
magnitid e higher than the typical velocities of AFM probe
scanning (10~7—10"*m s~1).

As follows from experiments arf mdT el calculations, in
off er that instability relatel to the SS effect be observel , it is
necessary to use the combination of a ‘soft’ cantilever ard a
‘stiff” surface strongly interacting with each other. In this case,
the softer the contact, the more energyd issipates. However, in
the maT els the possible mechanisms of energyd issipation in
which the friction force is proportional to the velocity are not
taken into account. Slip without friction was theoretically
substantiatel in works [62, 64] when the above corf itions
were not fulfillel .

The oscillator mdf el 4f equatelyd escribes the SS effects
only urd er the corf ition of criticald amping of a cantilever.
This is its weak point when the large elasticity of cantilevers is
taken into account. To eliminate this contral iction, Johnson
arf Wodl house [65] intrsf ucel the contact stiffness ard
fourt! a relationship between the effective stiffness of the
‘cantilever —surface’ system arfi the amplituf e of the periaf ic
friction force (for mored etails, see Section 5.2 ).

On the whole, the weakest point of this theory is
inconsistency between the point oscillator mafel ar the
actual situation with the AFM probe when the contact area
measures tens of nanometers arf hence involves many atoms.
In this case, as follows from calculations [66], atd ifferent
positions of the apex of adiamor probe on the graphite
surface (for a real-size probe with a raf ius of curvature of 5—
15 nm) the change of the potential energy of the system after
relaxationd oes not exceel 0.2 eV. Therefore, one cannot say
that the probe jumps from one position of energy minimum to
another. Experimental evil ence lies in the fact that the perict
of the SS effect coincil es with the peridi of a surface atomic
structure. Thus, in the contact lateral mafe of an AFM we
must not speak of ‘true atomic surface resolution’, as in the
mdT ulation maf e [38], but about ‘atomic contrast’. This is
supportél by the fact that the point atomd efects of surfaces
are not resolvel in the contact mdf e.

A more realistic geometry of the ‘equilibrium’ contact
area correspord s to Fig. 4a, ard® any sharp lateral twisting of
the cantilever (Fig. 4b) is connectél with increasing energy.
To put it otherwise, each position of the probe on the surface
corresportl s to the minimum of energy.

The molecular d ynamics calculations also prelict the
presence of the SS effect [67—69]. Larti man et al. (see Ref.
[67] ard references therein) ari Sorensen et al. [68] st ief Si
(probe)—Si (surface) arf Cu (probe)—Cu(111) (surface)
contacts, respectively. Friction without wear was observel
at small loal's. Ad ecrease of the friction force with increasing
scan velocity was also notel . These results will bed iscussel
more comprehensively in Section 4.3. Here we only point out
that the most serious objection to the results of the MD
calculations connectél with the interpretation of the SS effect
is that the range of velocities us¢ in these calculations
inchf es velocities (1—2000 m s~!) consil erably greater than
the scan velocities in AFM. Another problem, also relating to
quasi-static mdiels, is the lack of information about the
actual structure of the probe arfi the lack of control over it.
Nevertheless, the numerical MD experiments have enrichel
our urd erstardl ing of structural changes taking place in the
contact area.

In my opinion, a clear-cutd istinction nedl s to bed rawn
between conservative lateral forces acting on the probe ar



June, 2000

Nanotribology: experimental facts and theoretical models

549

d issipative forces (see Section 4.4). When consil ering the
probe movement corresporl ing to the friction loop shown in
Fig. 3, we are d ealing with the maxima of a static force
d etermining the onset of slip. However, we have no knowl-
& ge of the atomic structure of the contact area at the
corresportl ing moment ard cannot answer the question of
whether there is any motion of atoms within it. The authors of
work [35] believe, for example, that at the periphery of the
contact restrictél slip of atoms takes place even at very small
lateral forces. Hence, the lateral force observeél cannot be
totally assign&l either to a dissipative force or to a
conservative one. It is possible that it is a combination of
both components.

As was mention& in Section 2.5, experimental informa-
tion obtain& with the use of an AFM for lateral forces (Fig.
3) is still not finally urdf erstos? . This concerns, for example,
the interpretation of the fine structure of friction loops. The
discreteness of the small variations of the lateral force
observel in experiments most likely reflects thed iscreteness
of breaking inf ivil ual 4f hesive borl's that is analogous to
breaking the borff" in the verticald irection in the lowering-lift
md e of the probe [70].

As to the shift of the lateral contrast on reversing the
d irection of probe movement (Fig. 3), there is nothing out of
off inary in it, since the contrastd oes notd irectlyd isplay an
atomic structure. For a probe in the extreme right position
(the upper curve in Fig. 3) the system is realy to make a
microslip, therefore itd oes not matter whether the probe will
continue to move to the right or reverse itsd irection — in
either case the force magnitud e must furtherd ecrease (that is
actually observel ). As a result, after a sharpd ecrease of the
lateral force in the initial stage of the reverse movement of the
probe this force turns out to be close to zero, the contact gets
‘unloaf & * ar only then a new increase of the lateral force
begins, the force continuing to increase until the next slip cycle
begins. This shows once again that sharp changes of the
lateral force are irreversible arfi connectel with thed issipa-
tive character of the slip process.

The atomic periaficity of the SS effect is qualitatively
explaing by the maf el of making arf breaking 4l hesive
bortl s (see Section 4.4). At each position of the probe on the
surface, the ‘spot’ of contact covers a particular area of the
surface, ard for a spot of a specifiel form the number of
surface atoms beneath it varies d eperfing on the lateral
coofl inates with the surface lattice peridi . This wasd emon-
stratel , for example, for one- arf multilayer nanowires in last
year’s work by the author of this review [53]. If the probe is
locatél at the point corresport ing to the minimum number of
a4l hesive borfl's in the vicinity of the contact spot bourt ary,
then for an abrupt microslip (over a small distance in
comparison with the surface lattice perial) the d issipative
friction force will be minimal, since the number of broken ard
newly-mai e «1 hesive borfl s is mdi erate, arf smalld iscrete
jumps observel as a fine structure of the lateral force (see
Fig. 3) are not accompani&l by the loss of stability of the
system, which continues to accumulate energy. On the
contrary, in the position corresporiing to the maximum
number of bord's along the spot bourt ary, the breaking of
these borfl' s because of the microslip with a subsequent sharp
decrease of the lateral force at the cantilever becomes
catastrophic in character — arff the probe gets away. Oif
4l hesive borl's (behird) are broken, r&f ucing resistance to
the onwafl movement of the probe, arf new bord's, mafe
ahedl ,d raw it forwad . The character of this movement is

4l equately represent&l by a mdf el in which atoms-magnets
are stackel on the surface in the form of a regular grif and
have a verticald egree of freef om, arf a probe having a flat
form (with the same magnets on its surface) is fitt€f to a
perf ulum whose axis moves with a constant horizontal
velocity. This mat el allows one to visualize the atomic SS
effect on the macroscopic level.

On the whole, many fur amental aspects of the SS effect
still remain to be seen. First arf foremost there is no clarity in
d etermination of concrete experimental corf itions under
which the SS effect must be observel, in concreted efinition
of the mechanisms ofd issipative losses, in the problem of the
peridl icity length arfl so on. The latter is especially urgent for
alkaline-haloff crystals, for which slips both over the lattice
perial ari over one-half the lattice perisi were observe .

3.2 Adhesion effects

AT hesion effects are obviously essential to the problem of
atomic friction, since theyd etermine the area of the contact
anf the interaction of the probe with the sample [6]. Ad hesive
forces can bed irectly measurél with the help of an AFM
using the lowering-lift mafe or the measurement of the
‘friction force—loal ing force’ d epertl ences [35, 42, 43, 72].
In the event that contact mechanics are use¢l for d ata
interpretation, two main parameters being @ eterminel in
these measurements are the shearing stress arf the i hesion
work. The shearing stress is d irectly proportional to the
critical lateral force causing probe slip in the stick-slip maT e.
The 4 hesion work is equal to the specific energy (per unit
area of a contact) requird to break the contact. Byd efinition,
the «f hesion work is

(3.1)

where y;, 75, 71, are the specific surface energies of the probe
ard the sample arf the interface energy of the contact,
respectively.

The basic problems to be solvel are concerneél with the
d epert ence of these quantities on the atomic structure of the
contact, temperature, external pressure, chemical composi-
tion arf so on. Ad istinction ned s to bed rawn between & ry’
vacuum corfl itions ar® the more complicatel case of a ‘wet’
surface when intermolecular forces may consil erably vary
owing to the presence of molecules of a solvent or ad issolvel
substance.

In the case of dry friction, the ai hesion work is
d eterming® by the force of d etachment of an AFM probe
from a surface. The force ofd etachment is negative in sign
ard corresporf' s to a force appligl to a cantilever which is
necessary for surface separation. For elastic 46 hesive contacts
in the case of a parabolic-profile probe with a rafius of
curvature R, the Johnson—Kend all—Roberts (JKR) theory
[73] (for more d etails, see Section 4.1) gives the following
expression for this force:

Y=Y+t Vs

Py =—1.51Ry. (3.2)
The JKR theoryd escribes the elastic contact of soft materials
with a strong short-range (attractive) 4f hesive interaction.
The contact of stiff materials with long-range attraction is
best @ escribél by the Deryagin—Muller—Toporov (DMT)
theory [27]. In this case the numerical factor in formula (3.2) is
replacel by 2.

One further formula relates the remanent friction force F
at the point of probed etachment ard’ the « hesion work. In
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the JKR approximation they are relate by the following
formula:

9 R%y 23
Fof’lt‘[< SE’ ) s

(3.3)

where 7 is the shearing stress, E'=(1 —#n,)/E1+(1 — 1,)/ E>,
ard E| , are the maf uli of elasticity of the components. In the
DMT theory Fy =0, arf the force of d etachment corre-
sporfl s to the Vand er-Waals attractive force arfi in the case
of a spherical probe is equal to

HR

- 6h?’
where H is Hamaker’s constant, R is the raf ius of the probe,
ard /1 is thed istance between the probe arf the surface at the
instant of attachment. Typical values of 7 ari the H constant
lie in the ranges 0.2 to 0.3 nm [73] ard 0.6 to 2.5 eV,
respectively.

Using formulas (3.2), (3.3) ard the measurd values of the
Py ant F, forces, the authors of work [40] fourdl that 7 oc y044
for the interaction of a platinum-coat&l probe with mica
(urff er high-vacuum corff ition). In this case a progressive
d ecrease of these forces from one cycle to another was
observel (Fig. 5). The authors believe that these peculiarities
are connectél with chemical or structural changes in the
contact area irf ucél by probe scanning. It is also assumet
that these variations of friction ard «f hesion may be
d eterming@ by the change of the character of commensur-
ability of contacting surface structures.

First paw

P, (3.4)
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Figure 5. Progressived ecrease of the i hesion energy arfi the shearing
stress when measuring experimental ‘friction force—loaling force’
d epertf ences in the case of scanning by a platinum-coat&l probe over a
mica surface in vacuum. After each scan cycle the «f hesive force of
detachment an the shearing stress are d iminish&. This means that
friction arfi i hesion are sensitive to the changes of structure ard /or
chemical interactions in the contact area. Such behaviour takes place
ind eperd ently of the changes of the probe shape. (Repraf ucel with the
permission of Salmeron [43], copyright of the American Physical Society,
1998.)

The weakd epertl ence of the shearing stress on the value
of the i hesion work seems to be highly unusual, since more
frequently a linear proportionality between these quantities is
observél (in the absence of wear). The simplest ma el
provil ing an explanation for thisd eperl ence is the ‘cobble-
stone roal * mdf el equivalent to the Tomlinson maf el. The
slip of surfaces in contact is consil ere by analogy with the
movement of a carriage wheel. At rest the wheel larf's in a
hollow formel by cobble-stones, arf to set it in motion, it is

necessary to apply a lateral force large enough for the wheel to
get out of this hollow. In this maT el the role of attractive
surface forces is play&l by the force of gravity. For an atomic-
smooth surface, atoms correspori to the cobble-stones, but
the picture consilere will be the same for the contact
structure shown in Fig. 4a. Experiments carriéf out with the
use of an SFA on surfaces cover@ by hyd roxyl groups ard
the molecular layers of liquil' s support this mdai el [4]. In these
works it was also shown that for the systems of chain
molecules the «f hesion work increases when the surfaces are
brought into contact. Besfl es, hysteresis of the area of contact
in the processes of bringing together ard separating the
surfaces is observeél, arf the friction force increases with
increasing hysteresis.

Israelachvili proposel a theory [74] establishing a link
between friction ard af hesion which isd etermingl by the
internal structure of molecular structures (hy rocarbons),
but for & ry’ tribocontacts, no 4 hesive arf friction hyster-
esis shoull’ be observal [43]in contrast with the pref ictions of
this theory.

Another mdf el establishing a link between the shearing
stressarl the & hesion work (in the case of @ ry’ contacts) was
proposél in works [75] (for mored etails, see Section 4.4).
Figure 6 shows the correlation d eperti ence between the
macroscopic values of the surface energy of metals arf some
other solff s ar® the prof uct of the shearing stress by the
atomic raf ius plottél on the basis of the existing experimental
d ata for homogeneous contacts [75]. As was mentiond in
Section 2.4, the shear maT ulus isd irectly proportional to the
shearing stress, therefore, it is believel that G ard t vary in
concofl , ar® Fig. 6 reflects equally the correlation of T and y.
Fig. 6 shows that one can recognize two groups of materials
withd ifferent coefficients of proportionality between 7 arl y,
or, alternatively, thisd eperd ence is nonlinear. In the latter
case it is nearly quaf ratic: 7 oc 2.

In the author’s opinion particular emphasis shoull be
plac&l upon the pardf oxical results of comparative analysis
of a correlation between the value of the af hesion work
measuréd with the use of an AFM and the expectel
macroscopic values of this quantity, on the one hard, ard
an analogous correlation for the values of the shearing stress,
on the other har. For example, for Si (probe)—NbSe,
(sample) contacts experimental values of the shearing stress,
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Figure 6. Correlation between the praf uct of the macroscopic shear
md ulus by the atomic raf ius arfi the surface energy of soli's. The values
of the surface energy are réi ucel to 0 K. (Exterfi ¢ version of a similar
d jagram from Ref. [75].)
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obtain& with the help of the AFM at different rafii of
curvature of the probe, fall in the range 0.61 to 0.66 GPa,
that is, are close to the value of 7 in the macroscopic case,
0.57 GPa. At the same time the values of the af hesion work
(0.65—0.1 T m~2) seem to be too small in comparison with its
macroscopic values. For example, for hagl silicon the surface
energy is close to 1.8 Jm~2, for hagi niobium it approximates
2.5Jm~2. For selenium nod ata are available, however, it may
be assumel that for hai NbSe, its value ranges from 0.3 to
1Jm~2, since NbSe; has a layerd™ structure similar to that for
graphite, ard® for graphite y ~ 0.33 J m~2. Thus, for the Si—
NbSes contact one woull expect 7, + 7, ~2.1-2.8 ] m~2,
Therefore, to obtain these extremely low values of the
&f hesion work observel, it must be assumel [accoff ing to
formula (3.1)] that the phase interface energy y,, is practically
equal to y; +7,. Such large values of 7y, are, in turn,
infficative of a dramatic rearrangement of the atomic
structure of the interface bourt ary that, however, seems to
be highly improbable in the case of the contacts of had
materials. In particular, for the contact of homogeneous
baT ies we have y,, = 0.

Thus, the assumption that the off ers of magnitif es of the
macroscopic characteristics of materials are retaingl when
going to a nanoscopic scale is not so apparent. An analogous
conclusion follows from the analysis of the values of the
4l hesion work in other experiments (see, for example, the
d ata of Table 1 in Ref. [3]).

Consff erably more complex af hesion effects are observel
in the case of ‘wet’ tribocontacts. Many were stiff il by way
of measuring approachd istance curves [4]. The use of the
AFM methef in this case appears to be particularly
promising, since solvation forces are the least ur erstodf .
Measurements of these forces on the surfaces of graphite ar
mica coatel with nd of ecanol ard octamethylcyclotetrazi-
locsane were cord uctel” using an SFA [76]. The interpretation
of solvation forces is easier when liquil” is ‘clampel * between
two macroscopically-smooth plates, but not so apparent
when one of theses plates is replac&l by an AFM probe. The
molecular d ynamics simulation of solvation forces for a
‘nickel (probe)—goli > contact with a hexal ecane interlayer
was performel in work [77].

The authors of work [78] stuigl the relation between
41 hesion arff” friction for a silicon nitril e probe on an Au(100)
surface coatel with chains of built-in organic molecules
(alkanes). In these experiments a linear correlation between
the macroscopic values of the surface energyd eterming from
the contact angle of wetting, ard® friction forces was four .

Owing to the small area of the contact maf e between an
AFM tip ar® a surface, it is possible to observe the
‘quantization’ of & hesive forces. In work [79] this effect was
fourd when measuring af hesive forces between a silicon
nitril e probe arff a glass surface coatél with water. Discrete
jumps of & hesive forces of the off er of 1 pN were observel in
the approachdistance curves. The authors succesl & in
revealing the thermomechanical fluctuations of the coofl i-
nates of the probe corresport ing to itsd ifferent metastable
positions. These fluctuations appear because of exfoliation of
water arfl /or hy rate ions on the surface of ionic crystals. In
these experiments, the probability of localization of the probe
at a distance s from the surface is determin& by the
Boltzmannd istribution
V(s)}

(3.5)

p(s) o exp {—m

where V(s) is the potential energy, kg ard T are the
Boltzmann constant arf the temperature, respectively. The
measuréd minima of V(s) obtaingd by way of inverting
formula (3.5) have a peridficity of 0.15-0.3 nm that is
comparable with thed imensions of water molecules.

A great number of other af hesion effects follow from the
MD simulation [4, 18, 69, 80—83]. Among these are the
formation of «@ hesive avalanches [84], the plastic creep of
probe material with the formation of crowdions ani the
generation ofd islocations [82, 85], the vibration mechanism
of compression ard d isruption of metallic nanoparticles at
inelastic impact [82] arf so on. However, there are some
contraf ictions between experiments ard the results of the
MD simulation. For example, in contrast with the MD
calculations the hysteresis of af hesive forces is not always
fourt in experiments.

In connection with tribological problems, it shouil also be
notél that in numerical MD experiments there is evil ence for
the existence of ad ifferential strength effect (for mored etails,
see Ref. [82]). The authors argue that the strength of materials
for uniaxial compression is much higher than for stretching. If
such an effect exists, the low strength of phase bourf aries
may be observe .

3.3 Chemical effects
Tribochemical effects on the macroscopic level were o e-
quately cover&l in monograph [86], however, the use of
AFM:s opens up new interesting possibilities [3, 6, 87].
Friction can both stimulate ard suppress chemical
processes, arf these latter, in turn, affect friction that is
sensitive to the chemical composition of the contact area.
The chemical-compositiond epert ence of normal ar lateral
forces may, in particular, be usél to obtain the relevant
images arff to stuf y the chemical reactivity of a surface.
Marti et al. [13] have shown that the measurements of
lateral forces between a silicon nitrif ¢ probe arf a quartz
surface placél in a solution ared eperff ent on the hyd rogen
ird ex of the solution. The authors attemptel to relate the
measurdl value of friction to the &l hesive hysteresis observel
in experiments with the use of an SFA [60]. In accos ance with
theory [74], in the case of ‘wet’ contacts, 4@ hesive arf friction
hysteresis isd ue to the influence of complex processes, such as
the reorientation, inteff iffusion arfl intertwining of the chain
molecules of hyd rocarbons. Ad hesive hysteresis takes place
for & ry’ contacts as well (see Fig. 5 anf Ref. [43]), however, in
this case the theory propos& in work [74] is not appropriate.
Friction hysteresis on the wet surfaces of alkaline-haloi
crystals was observel by Carpick et al. [39]. The measure®
d eperti ences of the friction force on the lo4l ing force for the
KCI ant KBr surfaces are presentél in Fig. 7. Theyd iffer
raf ically (in a qualitative sense) from analogousd epertl ences
for elastic contacts (see Figs 5, 12, 13). To interpret these
curves, the authors hypothesize that the contact area urff er-
goes a structural mdfification. Analogous (linear-type)
d epertf ences were observel for golf, silicon nitrife ard
organic films [88]. It is possible that such (linear)d epen-
d ences are specific for tribochemical wear. In the case of a
NaNO; wet surface in contact with a probe, the splitting of
d iatomic steps into monoatomic ones anf a material trans-
port from steps to above-spacel terraces were notél [89]. The
influence of hum ity on the force interaction of a probe with
a surface was also stuf i [16, 17].
Phenomena of tribochemicald egraf ation were note&l in
the cases of the MoS; surface as well asd iamord -like film
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Figure 7. ‘Friction force —loal ing force’d epert ence for KCl (a) ari KBr
(b). In case (a) the friction force was vari&l over a relatively wil e range.
The friction force increases in a gral ual manner until the loal ing force
becomes equal to 5.5 nN, then a sharper increase is observel . At loal's
above 9 nN, irregular fluctuations of the friction force are observe . In
this case the friction force exhibits hysteresis as the loal isd ecreasel arf’
@ oes not revert to its original value. Case (b) corresporf s to the regime of
small loals. A consif erable remanent friction force at the point of
d etachment of the probe from the surface ardf its weak linear increase
with increasing lo#l are worthy of note. Such ad epertf enced iffers sharply
from analogous d eperfi ences in the case of elastic contacts (see, for
example, Fig. 5). (Reprai ucél with the permission of Salmeron [43],
copyright J C Baltzer AG, 1998.)

coatings, whereas for thed iamorfl @ jamon contact, on the
contrary, the presence of humil ity results in ad ecrease of it
(see Ref. [6]).

Tribochemical processes have alrealy fourd use in
nanolithography (see work [90] arfi’ references therein), since
the regions of tunnelling contacts with a passivatel silicon
surface und ergo selective oxil ation. On the whole, the st y
of tribochemical processes on a nanoscale is still in its infancy.

3.4 Formation of dents and scratches, wear
Friction without wear is a consequence of the elasticity of a
contact, if thed amage-formation threshot is not reache .
Energy may also transform into heat in the process of plastic
d eformation, therefore, the latter plays an important role in
d etermining the tribological characteristics of materials.

As was alreal y mentiondl , images obtaingl in the contact
mofe of an AFM cannot reveal the formation of point

d efects, therefore, so far it is unclear whether they are forme®
or not in the process of scanning in the regime of small loaTs.
If these pointd efects occur, they must marke ly affect friction
forces. This problem ned s special theoretical consil eration.

Wear of the probe arf sample materials was observel in
many experiments (seed iscussion in Ref. [3]). In some cases,
after scanning part of surface,d amage was observel at loal s
above a certain thresholl , in other cases the process of wear
became tribochemical in character [91]. Of course, ad istinc-
tion nedl's to bed rawn between wear (ord egraf ation) of a
surface in vacuum corfl itions, on the one hard, ard in
atmospheric corf itions, when the processes of oxil ation are

d ominant, on the other. In this section wed iscuss wear of
clean surfaces only.

As one woull' expect, thed epth of scratches resulting from
nanoinfl entation increases with increasing loa® . The observa-
tion arf control of this process for changing lo4t ing forces
allow one to stuf y the mechanisms of material fatigue ard to

d etermine the resistibility of ultra-thin coatings to wear. Since
AFM methdT s make it possible simultaneously to corfl uct
measurements of the ir entationd epth arfl the value of the
normal force, outstartl ing possibilities are opend up for the
investigation of plasticd eformation of materials arf” surface
coatings. Such experiments have revealél an increase in the
shearing stress ari microhasf ness of gofl films by an off er of
magnituf e in comparison with macroscopic samples. How-
ever, in some works (see, for example, Ref. [92]) it was notel
that hafl ness increases with increasing loal . Using AFM,
one can transfer a nanostructural material from one surface
onto another, as wasd emonstratel , for example, in the case
of fullerene films.

Friction arf wear urd er higher loal's can be effectively
stuf ief with the use of the technique of controll& multiple
slip along a prescrib&l direction [24]. In Ref. [24] the
formation of scratches ard the 4f hesive strength of silicon
nitril e, carbon nitril e ard d iamor -like coatings 20 nm thick
in the process of inff entation were investigatel. A three-
cornerdd diamord ird entor with a ralius of curvature of
50 nm at loaf's from 0.2 to 0.8 mN was usél . In the initial
phase of slip, the main mechanism of wear was the
‘ploughing’ of the surface. However, on increasing the
number of scans or the normal lo4l | the process of scratch
formation began to prél ominate. Such experiments are of
great interest for testing the scratch theory.

The appearance of pointd efects in the process of scanning
an AFM probe at small loaf s was first prelict&l by Schluger
etal. [93] who simulatel the interaction of an MgO probe with
newly-cleavel surfaces of NaCl ari LiF. It was assumef that
a chemically active OH™ group is localizeél on the apex of the
probe. On subsequent simulation, the formation of vacancies
ard interstitial atoms on the surface of the sample as well as
the movement of in ivil ual ions through the contact area.

The simulation of atomic wear was performél by many
authors [67 — 69, 82]. In these works the formation of 4 hesive
avalanches [82], the plastic creep of atoms into interstitial
positions ard the extrusion of material in the vicinity of the
probe surface [83], arfl the formation ofd islocations [69, 94]
were stul i¢f . For example, a simulation proc& ure for the
contact of a Ni (Au) probe with the Au (Ni) surface shows the
presence of an instability as the probe approaches the sample
to adistance of about 0.4 nm [4]. In the vicinity of the
corresporff ing point, strong & hesive coupling occurre
accompani€@ by sufden ‘wetting’ of the nickel by gotf
atoms. Lifting the probe from the surface result¢l in a
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consil erable inelastic @ eformation ard disruption of the
sample in the contact area [69].

Some new peculiarities of &1 hesive wear were observel in
works [82] for a W (probe) — Fe (sample) system. The authors
note several stages of this wear: thed isplacement of surface
atoms aheal of a moving probe, phase mixing, the of ering of
probe atoms arf their ‘sticking’ to the surface of the sample.
Simulation for ionic crystals (CaF,) arf silicon crystals has
reveal® a surface-material shift arfi inter-phase transport
[95] as well as the fragmentation of material because of the
impact of a probe [96]. The simulation of nickel probe slip
over the relatively soft copper surface (whose structure is
incommensurable with the structure of nickel) [69] has shown
the presence of a peculiarity of stick-slip cycles lying in the
fact that each cycle inchff es twod ifferent processes accom-
paniél by structural transformations: in the first stage of slip
one layer of nickel atoms changes its structure to match the
copper surface structure, ar then, in the secor stage, two
layers form a new structure (see Section 4.3). Eventually, this
results in wear, with a quasi-linear increase of the lateral force
at small loaf s at the stick stage ari a sharperd rop at the slip
stage. This is in qualitative agreement with experimental
AFMd ata (see Fig. 3). At large loals, the stick-slip effect
becomes less regular.

3.5 Interfacial lubrication and shear

ordering of film structures

Among theoretical problems relating to nanotribology, the
problems of interfacial lubrication are most complex, since
the correlation of the properties of lubricating materials with
&f hesion arl friction initiate a wealth of new physical effects
[6]. There is wil e use of lubrication coatings bas& on self-
supporting multimolecular liquf layers. A more effective
methdl consists in coating the contacting surfaces with chain
multilink molecules [4]. Such self-off ering monolayers can be
obtaingl byd eposition of Langmuir — Bla gett (LB) films or
by chemical ‘integration’. Besif es, in recent years fullerenes
ard nanowires have attaing@ wil espreaf application as
lubricants.

An exterf ¢ d iscussion of the application of AFMs ar
SFAs in stuf ies of lubricating coatings arf' their structures on
shearing arf compression can be fourdf in reviews [3, 4],
therefore, wed well only on the most interestingd etails of the
relevant experimental results.

The structure of ultra-thin films stronglyd eperti s on the
intermolecular forces within a film ard its interaction with the
substrate. As not&l in work [4], the influence of two solif
surfaces « jacent to the film lead s to a vastly greaterd iversity
of inter-phase properties in comparison with the case of only
one surface. If the interaction of a solil’ surface with a liquif
interlayer irf uces the coagulation of the latter ard the film
periat ically melts arf congeals in the process of slip, then we
are d ealing with slip—stick friction of surfaces. Sticking
corresportl s the coagulation of the film and gives rise to a
static friction force. Slip arises when the melting of the film is
if ucel by shear, with the result that the friction becomes
kinetic in character.

The relative value of intermolecular forces ard film-
substrate interaction forces d eperf's on the length of the
links of chain molecules or on the number of CHj (r) groups
entering into their composition [3]. It is expectel that for
n < 10 Vand er Waals forces between the molecules arf a
substrate ared ominant, ar® for n > 12 the covalent interac-
tions of the ‘heaf s’ of irff ivil ual molecules with one another

are more essential. For self-off ering silane-type structures, it
is necessary to take into account both the interaction with the
substrate arfl the interaction of the chains of i ivil ual
molecules. In this case the formation of ‘brif ges’ Si—O—Si
linking 4 jacent moleculesd istorts the structure of the head
parts of the molecules af jacent to the substrate ard results in
thed isappearance of long-range off er in the film structure.

Using the maf ulation AFM mdaf e, Overney et al. (see
Ref. [97] arf references therein) observal a correlation
between friction and the elastic properties of films. Urf er
loal a softer film forms a contact with a larger area anf,
hence, with larger friction. The molecular structures of films
essentiallyd eperd on the appli&l pressure arf temperature.
For sharper probes (with a rafius of curvature of about
100 nm), pressures reach values of the off er of several GPa,
therefore, such probes easily pierce films ard displace
molecules in the laterald irection. Pressures of the ol er of
10—200 MPa cannot praf uce markel structural changes, ard
the molecules remain in a more or less normal state, bearing
the loa® appli&® to the cantilever, arfi the probe slips over the
‘hea s” of the molecules. The critical value of the loaf ing force
P, which can praf uce structural changes in films increases on
increasing the raf ius of the probe. For thiol molecules on a
gol surface the original structure of the film is regaine@™ after
unloal ing, but for silanes this is not the case.

One can provife a simple explanation for the last-
mention& effect consif ering the elastic @ eformation of a
film, on the one har, arf the increase of the area of contact
on compression, on the other [3]. The process ofd eformation
causes the absorption of energy, whereas the increase of the
area of a phase interface, on the contrary, proviles the
generation of energy. The reversibility of the transition for
thiol films (after unloaf ing) is connect&l with the relatively
small number of moleculesd isplacing from a region und er the
probe in the surround ing mef ium, since they possess finite
lateral compressibility. For silane films on mica, on the
contrary,d eformation it uc& by the probe ard thed isplace-
ment of molecules cause the irreversibled isruption of Si—O —
Si brif ges, therefore, the original structure is not regainet .

Dynamical structures occurring in the process of lubrica-
tion slip of surfaces carrying layers of surfactants ard jor
polymersd eperti on the slip velocity ari temperature. This
fact is known as the temperature-time superposition princi-
ple. High slip velocity arf low temperatures are favorable to
the coagulation of the films, whereas low velocities ari high
temperatures cause them to melt [4]. As a result, soli films
exhibit interrupte slip—sticking with high friction, ard
liquif ones shows superkinetic slip of a viscous character
with low friction. An intermdliate case correspords to
amorphous structure films with high friction because of the
entangling of molecular chains. The results of simulation of
these structural changes ari phase transformations on the
atomic level are in gratifying agreement with experimental
results.

Krim arf Chiarello [98] stufi& the influence of
structural transformations on thed amping time of motion
of af sorb&l krypton films using the quartz crystal micro-
balance technique. A long slip time is obviouslyd eterminet
by low friction. The slip time for solif monolayer structures
was fourd to be larger than that for liquil structures. Being
in a soléf phase, krypton atoms are ‘lockel’ in a structure
incommensurable with the structure of substrate atoms
(Au). Therefore, for lack of stable localisation (with a
minimum of energy relative to the substrate), the Kr films
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slip with low friction. For commensurate structures, on the
contrary, the friction force turns out to be many off ers of
magnitul e higher [62]. This behaviour is opposite to that
which is inherent in the above-consiler¢l friction of the
layers of chain organic molecules.

A number of analogous results relating to the friction of
4l sorbel films were obtainel in numerical MD experiments.
In particular, the existence of transitions from film structures
incommensurable with substrates to commensurable ones,
strongly affecting the value of the friction force, was
confirmel . For example, Tamura et al. [99] consilerdl a
realistic maf el of friction between talc (001) surfaces (at a
pressure of 1 atm arf a temperature of 300 K). The total
number of atoms was 570. The authors took 7 atomic layers
for each film ard imposél a peridi ic bourt ary corf ition in
the plane of slip (xy). Setting the velocity (50 m s~!) of the
atoms of the upper film (or of a part of this film), they
analyz&l the movement of the centre of mass. It was fourd
that friction is high in the case of commensurable structures
with zero angle ofd isorientation ari low for incommensur-
able structures with an angle of d isorientation of 30°. The
relation of the friction force with the fluctuations of the inter-
phase interaction potential was also four .

In work [100] the MD simulation of the motion of a
monoatomic aF sorbel layer on a crystalline surface (for a
conventional mdT el situation) was conf uctél . The mdf el
sample inchy ¢ 5760 atoms, ar the temperature was fixel
below the melting point. The main result of this work was the
d etection of the effect of ‘locking’ motion for a short time
interval (about 0.1 nsec), with external forces being
unchange’. A necessary corfition for ‘locking’ is the
presence of incommensurability arf structurald egeneration
which promote the reconstruction of the film structure arf its
transfer to another equivalent md¥ ification.

The role of electron ard phonon excitations in the
problem of the d ynamical friction of & sorb& films has
been stuf i& theoretically by many authors. We will revert
to thed iscussion of these questions in Section 4.5.

3.6 Metallic nanocontacts

In a number of works, synchronous measurements of loal ing
forces arfl electric current in corff ucting metallic nanocon-
tacts between a probe arfi a sample fabricatel from the same
material were performel . The measurements were cortl uctet
both at room temperature urd er atmospheric corff itions ar
in high vacuum [70, 101]. Discrete jumps of the cord uctivity
of the nanocontacts corresportf ing to the relaxation of the
forces of probed etachment from the surface were measuret .
The value of each jump of corl uctivity was of the o er of the
value of the corfl uction quantum 2¢? /7 ari each jump of the
force was AF = 1.5+ 0.2 nN. Such changes of corf uctivity
and the force of interaction woull be expectd as a one-atom
contact isd isruptel (see Section 4.3). Jumps of corfl uctivity
resulting from thed isruption of metallic tunnelling contacts
were alsod etecte with the use of STMs.

The existing theoretical explanation of thed iscrete change
of conf uctivity relates the mechanism of this effect with the
atomic rearrangement of the contact area. This rearrange-
ment inclul es the stage of elastic expansion arf’ the stages of
plastic creep arf d isruption of contact bril ges observel with
a peridf icity of the interlayerd istances in a forming contact
brif ge. The formation of extertf & bril ges between the probe
ar sample leal s to hysteresis of the ‘force-loal °d epertf ence
in the lowering-lift maf e. Moving the probe away from the

surface causes consil erabled eformation of the sample with
counter movement of layers of the probe aml sample
materials af jacent to the contact as well as the formation
anl d isruption of a contact bril ge. Hence, the hysteresis of
the ‘force-loal 'd epertl ence is a consequence of thed isruption
of the sample. This conclusion is supportél by the MD
simulation [69].

This picture is realily illustratel with the example of a
spoon slowly being pull&l out from half-card i€ honey. In
the initial state (when the spoon isd ippel into the honey) the
honey surface is smooth and its grainy (‘atomic’) structure is
not seen. On the contrary, when the spoon begins tod etach,
we can clearly see a layerd structure of irfl ivil ual ‘grains’ in
the contact bril ge (stream) connecting the spoon with the
bulk of the honey. In this case the variations of the velocity of
the slowly flowing stream associatél with thed isruption of
liquél interlayers between the irdl ivil ual grains of honey are
visible.

A result of great importance, obtaindl in experiments [70,
101], is that the value of the contact stiffness turns out to be
comparable with estimates following from the macroscopic
contact theory (Fig. 8). In the case when the voltage across the
contact is constant, current arfl contact corl uctivity turn out
to be proportional to the area of the contact for an arbitrary
corl uction mechanism [3, 43]. This allows one to use the
measurements of current anf conf uctivity for relative
calibration of the area of a nanocontact.
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Figure 8. Set of current-voltage characteristics for tunnelling current
versus loaf ing forces (up to 1.7 uN) measur@ in the process ofd isplace-
ment of the sample (only every seventh curve is shown). Inset: tunnelling
current through the contact as a function of the appliel loal at a constant
voltage. One can recognize that the experimental values of the tunnelling
current (proportional to the area of the contact) are in godl agreement
with the DMT theory. The JKR approximation (the corresporfl ing curve
is shown only for the first set of measurements) obviously inaf equately
d escribes this stiff contact (tungsten carbii e-d iamore’). (Repral uce
with the permission of Salmeron [72], copyright of the American Physical
Society, 1998.)

3.7 Friction of films adsorbed on the surfaces

of superconductors

In a recent paper [18] Krim et al., using the QCM technique,
fourd a sufden decrease (by about one half) of the
d ynamical friction force acting on the layer of nitrogen
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molecules physically & sorb&l on the surface of a leal film
as the temperature wasd ecreaséd below the supercort uct-
ing transition point of leal. Persson ard Tosatti [102]
discussél conceivable physical reasons for this effect
associatel with an electron contribution to d ynamical
friction.

In their experiment a leal film with an af sorbel layer of
nitrogen molecules (1.6 ML in thickness) cool& below
T. = 7K was usé . The sharp jump of the quartz-oscillator
d amping time observ&l is obviously determing&l by the
transition of leal into the supercont ucting state. Analysing
the role of electron friction, the authors of work [102] note
that accofl ing to the existing notions (at normal tempera-
tures) such a sharp change in friction shouli not to be
observél because of the continuous change of the number of
electrons going into the supercord ucting corl ensate, ardl” this
is inconsistent with experiment.

At these temperatures, the & sorb&@ film of nitrogen
molecules must be solif and is likely to have a structure
incommensurable with the substrate structure. Such a
structure must exhibit low friction. However, there is no
clear reason for the fact that the coagulation of the film
takes place just at the supercond ucting transition tempera-
ture.

Some consil erations can be appli¢l to the role of
fluctuation-electromagnetic friction (see Section 4.5). Taking
into account the fact that in the process of interaction of a
krypton film with leal (in the normal state) the absorption of
electromagnetic waves in the frequency region near 10'> Hz,
corresporfl ing to the energy gap of leal , contributes essen-
tially to friction (giving about one-half of the total), one can
assume that the normal-supercord ucting transition of lead
will result ind ecreasing friction.

In summary it shoulf be sail that even at normal
temperatures the relation betweend ifferent contributions in
d ynamical friction continues to remain the subject of
intensived iscussion (see Section 4.5). Therefore, the problem
concerning the theoretical interpretation of the effect [18]
offers consif erable scope ford ifferent viewpoints.

3.8 Triboemission of particles, electromagnetic
and acoustic waves
In work [15] an investigation of triboelectromagnetic phe-
nomena ford ifferent slip contacts usel in magnetic recol ing
d evices (for writing information on ha€l d isks) was und er-
taken. The yiell of chargel particles arf photons was
measurdl in the process of slip of ad iamond probe with a
raf ius of curvature of 10 microns at a normal loaf ing force of
0.5 N ardd” a slip velocity of 2—7 cm s~! (ur er atmospheric
corff ition). The results of these experiments reveald a
correlation pointing to an increase of the yiell of particles
with increasing corff uctivity of the surface material (Fig. 9).

To estimate the elastic energy storé in a typical nano-
tribocontact, one can use the following relationship of the
Hertz theory: U = 0.15P%3/R'3E"/3 ¢V, where P, R, E' are
measuréd in nN, nm and TPa, respectively. Then at
P =100 nN, R=50 nm arf E=0.1 TPa one obtains a
value of about 415 eV. On the other hardf, the formation of
scratches ari 4f hesive processes occurring on the newly-
cleavel surfaces ofd ielectric materials may be accompaniet
by the appearance of strong local electric fiell s capable of
further accelerating chargel particles.

One can assume that chargel particles formel in the
process of friction of a probe are capable of escaping from
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Figure 9. Correlation between the intensity of chargeél particles emittel
from the probe-surface contact area arfi the corf uctivity of soli's. The
measurements were cord uctel in air for ad iamor probe with a raf ius of
10 pm at a loal ing force of 0.5 nN arfi a slip velocity of 7 cm s~!. The
arrows show that the values of resistance are beyordi the limits of the
instrument sensitivity. (From work [15].)

the surface arf may bed etectel only in the event that the
d ischarge time for arising electric fietf' s is sufficiently long.
For metals, this time is about 10~1° s, therefore, even fast
electrons, having velocities of the off er of the Fermi velocity
(2 x 108 cm s71), have no time to escape from the surface.
Hence, the escape of positive arf negative particles observel
for metals is likely to bed etermineé by the chemical reactivity
of the impaire@ (by the probe) surface interacting with
surroun ing air molecules.

For semicorf uctors ard dielectrics this is not the case,
ard a consil erable fraction of particles may escape from the
surface in the process of fiell d esorption or evaporation.
These notions give a qualitative explanation for the observel
d epertl encies of the yiell of particles in the case of corfl uctors
and d ielectrics (see Fig. 9).

Obviously, there is a ne& to corduct more @ etaile®
experiments of this type tod etermine the peculiar features of
the correspord ing mechanisms of emission in vacuum. First
ard foremost it makes sense to measure the energy spectrum
of escaping particles. Assuming that the yiell of particles is
proportional to the area 4 of an actual contact, one can
estimate a relatived ecrease of the yiell when going from a
micro- to a nanoscale. In the Hertz approximation, for the
area of the contact we have 4 ~ (PR)2/3, where P arf R are
the normal lo4l ing force ari the raf ius of curvature of the
probe, respectively. Then at P = 100 nN arf R = 30 nm, one
obtains that the yiell of particles is of the off er of 106 of that
observel in work [15]. Such a yiell can be measurel with the
use of more sensitived etectors.

The effects of electron nanotriboemission obviously have
much in common with exoelectron emission observel in
d ifferent conf itions. The measurement of this emission is
one of the promising methd s for surface stiff ies. The AFM
methaT gives excellent possibilities to reco€ the spectra of
exoelectron emission, occurring on normal ard lateral
loafing of nanotribocontacts, in synchrony with sample
scanning. As far as is known, such measurements have not
been corl uctet .

The authors of work [103] observel the acoustic emission
occurring in the process of slip of magnetic recos! ing hel s in
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the tapping maT e. Such emission gives signals of contact of a
probe with a surface (formation of scratches) [50].

High-spedl processes taking place in the contact area may
generated ifferent types of ral iation, therefore, it is &F vanta-
geous to use the corresporf ing effects in stuf ies of nano-
tribological actions on a surface.

In conclusion of this part of the review we formulate the
most important problems of experimental character whose
solution must refine the urf erstardiing of the physics of
nanotribocontacts.

To obtain solf quantitative information using AFMs, it
is necessary to perform in situ force calibrations taking into
account concrete instrumental peculiarities, such as normal-
to-lateral signal relationship, nonlinearity of piezoceramics,
creep, hysteresis arfl so on.

One of the primary problems is the d etermination of
the characteristics of a probe, its shape, structure ard
chemical composition. It is necessary to combine arf
apply d ifferent methda's for d etermination ard control of
its form as well as the combinations of d ifferent materials
ard the geometry of contacts. In this connection the
methal's of d etermination of probe shapes ard the area
of contacts baséf on the measurements of contact
cortf uctivity ard the yiell of the inverse scattering of a
low-intensity ion beam in Rutherfoff scattering are
noteworthy. The unknown properties of probes can be
revealel through comparative analysis of their character-
istics. In this respect materials of consfl erable promise for
probes are single fullerenes arf nanowires.

It makes sense to corf uct mored etailél stifies of the
stick-slip effect arf the mechanism of af hesive wear over a
wil er interval of slip velocities for d ifferent combinations
of materials. There are a number of scantily stuf i€l aspects
of this effect associatel with the character of peridf icity,
the thresholl of the slip start ar anisotropy, the criteria of
antifriction slip, the formation of point d efects, the
d etermination of the role of the structural commensur-
ability effect ard fluctuations of the phase interaction
potential.

The furd amental processes of energyd issipation because
of friction remain scantily stuf &l . There is, in particular, a
nedt for the d etermination of the peculiar features of the
d ynamical mechanism of electron (electromagnetic) ard
phonon friction. The mechanisms of noncontactd ynamical
friction may be stif ief not only with the use of the QCM
technique, but also in thed ynamical mdi e of an AFM. It is
necessary to determine the deperlencies of d ynamical
friction forces on the velocity, temperature, probe ralius
ard its distance from the surface, the applief loal, the
d jelectric properties of materials, the chemical composition
ard structure of a surface, the humif ity (composition of
surrourn ing atmosphere) arf so on. In connection with the
QCM technique ard d etermination of the mechanisms of
d ynamical friction, it makes sense to stuf'y the zd epen-
dences of the damping time of sorb&l films using
af sorb&l layers with d ifferent d imensions ard types of
molecules.

There is a ne&l for more intensive stuf ies of tribochem-
ical, triboelectromagnetic ari triboacoustic effects. In parti-
cular, the investigation of the sensitivity of normal ardl lateral
forces to the chemical contrast is of great interest. Compre-
hensive information on the structure amd properties of
contacts can be obtaingl from measurements of the triboe-
mission of particles on the nanostructural level.

4. Theory of friction forces in nanotribocontacts

4.1. Contact-mechanics approximations and comparison
with AFM data.

Although the basic contact-mechanics approximations were
d evelopal for thed escription of macrocontacts [12 27, 73], in
many cases these approximations allow one to obtain realistic
estimates of some values measurd with the use of an AFM on
the atomic level, as was shown in a number of recent works [3,
32, 35]. Therefore, before procedl ing to experimentald ata,
we will briefly review basic theoretical relationships.

All the maT els consil erél d escribe an elastic contact of
two convex bdi ies with raf ii of curvature of Ry . The off est
known version of the theory is the Hertz mdi el whichd oes
not take account of af hesive forces. The Johnson—Ker all -
Roberts maT el allows for 4f hesion in the contact approxima-
tion through incorporation of the af hesion work y [see Eqn.
(3.1)]. The Deryagin—Muller— Toporov approximation [27]
takes into account not only af hesive forces themselves, but
also their finite rafius of action through the parameter zg
corresportl ing to an equilibriumd istance between two plane
surfaces. In this case the shape of the contact area remains
T entical to that for the Hertz maiel arfl, in «id ition, the
DMT theory af equatelyd escribes the contact of stiff surfaces
with long-range attractive forces. The JKR mdf eld escribes a
contact of two surfaces mal e from soft materials arf /or with
large raf ii of curvature.

In the case when the interaction between the atoms of the
baf ies is given by the Lennaff -Jones potential, the relation-
ship betweend ifferent versions of the theory isd etermingl” by
the universald imensionless parameter

'J)ZR ) 1/3
Elzzg ’

M:zw< (4.1)

where E’ is the r&f ucel mdT ulus of elasticity [see Eqn (3.3)],
arf R = RiR,/(R; + R») is the réf uc& ral ius of curvature.
The ‘Hertz’ type solution is realizel at u=0; for u <1
(actually for p < 0.5) the DMT limit holf's, ard pu > 1
corresporl s to the JKR limit.

For the intermeiiate case (at p~ 1), the theory was
generalizél by Maugis ard Dag ail (M —D) [104]. Recently,
Barthel examin& the case of an arbitrary form of the
interaction potential (see the secord reference in Ref. [105]).

For nanotribology, of prime importance are formulas for
the raf ius of the contact area ¢ arfi the af hesive friction force
Fd eterming® by the secord term in expression (2.5). These
formulas can be written in the following approximations:

a) The Hertz approximation

0.75RP\ '/
a= < T ) , (4.2a)
F=ntd; (4.2b)
b) The JKR approximation

9y R? 173 2P\

= 1 1+-— 4.

a < RE ) + +37WR , (4.3a)
F = ntd®, (4.30)
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ard the critical force of probed etachment isd eterming by
expression (3.3);

¢) The DMT-approximation, in which a isd eterminet by
formula (4.2a) ardf the friction force is

0.75R\*?
F:nr( i > (=2nRy + P)*?,

(4.4)

an the critical force of @ etachment is obviously equal to
P() = *2T[RV.

In all the formulas presenté above 7 is the shearing stress
as before. In the M —D approximation the friction force is
d eterming@ by formula (4.3b) with an «id itional multiplier
(> 1) being obtaingl from a transcert ental equation [104]. As
follows from formulas (4.3a) ard (4.3b), at the point of
d etachment of the probe from the surface the raf ius of the
contact area and , corresporff ingly, the minimum value of the
friction force remain finite [see Eqn (3.3)]. This is also true for
the M —D approximation. In the case of the DMT approx-
imation, at the point of probed etachment the friction force
art the rafius of the contact are zero. Thus, there is no
hysteresis of the corresportl ing quantities.

Direct proportionality between the friction force arf the
area of the contact is observél both in AFM ami SFA
experiments. In experiments with the use of an SFA (for
mored etails, see Ref. [3]), a linear pressured epert ence of the
shearing stress was fourd in the case of an LB film
sarf wichel between mica plates:

oaP
‘C:‘C()+72,
TTa

(4.5)
where 19 arf o are empirical parameters.

For @ry contacts, t d oes not deperd on P. This is
supportél by the results obtain&l in work [47], where the
friction forces for a silicon nitril e probe on the mica surface
were measurél . In this experiment the friction force (as a
function of the loal ) was measur¢ immaef iately following the
measurement of the contact stiffness. Using expressions
(4.3b) arf (2.4), it is easy to obtain the following formula
for the shearing stress:

64G"*F

= (4.6)
where k. is the contact stiffness. As it turnél out [47], the
friction force F, the contact stiffness arfl', in accof ance with
formula (4.6), the shearing stressd if notd eperti on the loal ,
with the exception of the region ofd etachment of the probe
from the surface where the effect of capillary forces
manifesté itself because of the presence of humil ity (55%).

It follows from formulas (4.2)—(4.4) that the loal
depertfence of the friction force is determing® by two
experimentally measur&l parameters: critical values of the
d etachment force arfi the friction force or, which is the same,
any pair of values (P, F) on the F(P) curve. In the case of an
41d itionald epert ence between 7 arfl y (see Section 3.2), the
only inff eterminate parameter of the maf el is the value of the
réf ucel mad ulus of elasticity E’ or the probe raf ius R. This
makes it possible to use the AFM ford etermination of the
mechanical, geometrical an® af hesive characteristics of
contacts.

The results of the best known experiments, where the F(P)
depertfences for elastic nanocontacts in vacuum were
measurdl , are presenteél in works [35, 43, 72]. To interpret

thed ata obtainel , the authors usé the following approxima-
tions: DMT — in the case of a tungsten carbil e probe on a
(111)diamond surface [72] (this is the case of the stiffest
contact, see Fig. 10); M — D — for the silicon — NbSe; contact
[35]; JKR — for the Pt—mica contact [43] (Fig. 11). Some
measurdél ard calculat&l values relating to these experiments
are liste in Table 1.
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Figure 10. Experimental ard theoretical (corresporfing to the DMT
md el)d epert ence of the friction force on the loaf ing force for a very
stiff contact between a tungsten carbif e probe arfl a (111)d iamord surface
treate by hy rogen. Inset: forced istance curve. The experimental value of
thed etachment force (—7.3 nN) correlates very well with the theoretical
value préfictel by the DMT curve. (Reprdi ucél with the permission of
Salmeron [72], copyright of the American Physical Society, 1998.)

Table 1. Empirical parameters measurél with the use of AFMs in the case
of @ ry’ elastic nanotribocontacts in vacuum. Pairs of numbers in the last
column corresporf to maximum ari minimum experimental values
obtaingl in the process of friction scanning. (Reprafucel with the
permission of Salmeron [72], copyright of the American Physical Society,
1998.)

Work [72] [35] [43]

Model DMT M-D JKR

System WC —-diamond Si—NbSe» Pt—mica
(111)

E’, GPa 460.1 40.3 44.8

zp, NM 0.2 0.2 0.2

R, nm 110 12 45 140

Fy,nN 0 2.5 8.0 210 7.9

—Py, nN 7.3 7.0 21.9 267 12

7, GPa 0.238 0.61 0.66 0.921 0.27

,Jm~2 0.0106 0.099  0.087 0404  0.019

u 0.0065 0.61 0.58 0.38 0.07

Analysis of the aboved ata shows that only experiments
[35, 72] satisfy the confitions for applicability of the
corresportl ing approximations (M—D ant DMT) relative
to the value of the u parameter. Strictly speaking, in work [43]
the u value correspord's to the DMT or M —D approxima-
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Figure 11. Characteristic ‘friction force—loaling force’ curve for a
platinum coatel probe on a newly-cleavei’ mica surface in vacuumd uring
asingle scan along a givend irection (see also Fig. 5). On the horizontal axis
the external loaf ing force (which is proportional to the verticald isplace-
ment of the cantilever) is plottél . The zeroth point corresporfi's to the off-
contact position of the probe. On the vertical axis are the averagd critical
values of the lateral forces for each value of the lol ing force (see Fig. 3).
Note the nonlineard eper ence of the friction force on the loal arf a finite
value of the friction force at the point ofd etachment of the probe (A). The
solif curveis plottél in accod ance with the JKR approximation using the
values of the friction force arf thed etachment force at the critical point of
the contact. The lower part of the theoretical curve corresporis to
unstable corf itions, since the contact d isappears at point A. (Repro-
ducel with the permission of Salmeron [43], copyright of the American
Physical Society, 1998.)

tions, however, the form of the experimental curves F(P) is
notd escrib&l by these mafels ardl fits the JKR mdi el. The
authors believe that the monotonicd ecrease of thed etach-
ment forces ar the critical friction forces for successive scan
cyclesis relatel to possible changes of the phase interface, art
structural ard® chemical effects.

One importantd etail shoull be noté concerning experi-
ment [72], namely, the very small calculatel value of the
shearing stress (0.238 GPa), even though the corresportl ing
contact is the stiffest among all the contactsd iscussef .

If relationships between the macro- arf microscopic
values of physical quantities remain about the same, then it
shoull’ be expectél that the corresportl ing value of T must be,
as a minimum, an off er larger. In this respect the results of
work [35] show better agreement. I edl , the measurel value
of t arf the macroscopic formula G ~ 297 give an estimate
for the shearing stress in god! agreement with its macroscopic
value.

It is possible that the ur erestimate of the shearing stress
results from the illegality of extrapolation of the DMT
@ epertl ence to the region of zero friction forces (see Fig. 10).
However, in the experiment ur erd iscussion at the critical
force of @ etachment (—7.3 nN) the friction force was not
d eterminél ard its minimum value was measurél only at a
normal force of —2 nN. Thus, it is possible that, even though
the DMT approximation correctly d escribes the F(P)
d eperti ence in the range of loals from —2 to 12 nN, the
minimum friction force in contrast with the theoretical
prel ictiond oes not actually réf uce to zero. In this case, to
test the valif ity of the mdf el, it is necessary to measure the
F(P)d epertf ence for P < —2 nN using softer cantilevers.

Another subject ford iscussion concerns the interpretation
of the results of work [43]. Despite the fact that the JKR

approximation proviles godf agreement with the experi-
mental F(P) depert ences, the value of the p parameter
seems too small for this mafel to be consilerdl as being
afequate to experimental corf itions. In this connection
d oubts are cast upon the correctness of using formulas (3.2),
(3.3) art hence the correctness of the above-mentionel
relation T o< 9% (see Section 3.2).

The results of work [35] reveal an interestingd etail as well:
as follows from Table 1, the «f hesion workd ecreases with
d ecreasing the rafius of the probe, whereas the shearing
stress, on the contrary, increases. Thus, we see that 7 is
inversely proportional to y. None of the existing theoretical
maT els can explain this result.

The aboved iscussion shows that even in the simplest case
of @ry’ elastic nanocontacts, the classical 4@ hesive friction
mdT els may come into conflict with experiment. Such contra-
d ictions may bed eterminel by experimental errors ard /or by
the influence of the atomic structure of surfaces arfi other
effects which are ignore@ by the contact theory.

Linear F(P)d epen ences which look nothing like those
describel by the contact-mechanics approximations were
observel in experiments with alkaline-halof crystals [71],
GeS (Shwarz et al., [88]), LB arf Au films, polytetrafluor-
octhylene (PTFE) films (PTFE is a polymeric lubricating
material) as well as with multilayer structures bas&f on PTFE
and silicon nitrif e (Xin-Chun Lu, [88]). In the case of KCl ar
K Br crystals, thesed epent ences are shown in Fig. 7. There is
no theoretical explanation for these curves.

4.2 Simple models of friction forces, the stick-slip effect

and modelling surface images in the contact AFM mode

The mechanical mdd el of lateral movement of the probe over
a surface is bas&l on early work by Tomlinson [61] arfi the
i eperdl ent oscillator approximation. This maT el is schema-
tically illustratel in Fig. 12 taken from the work by Zworner
et al. [56]. A probe is elastically attachel to a bai y of mass M
connectdl to a cantilever via a spring of stiffness c. It interacts
with the sample through a periaf ical potential U(x), where x
is the lateral cooff inate of the probe. The cantilever moves
with a constant velocity Vy. Il epert ently of concrete
microscopic mechanisms, the energy d issipation per unit

M

Figure 12. On the left: a simple mdf el of probe slip along an atomically
smooth surface; x, is the lateral cooffinate of the probe elastically
attach&@ to a bal'y of mass M through a spring of stiffness c,. Interaction
with the surface is effectél through a peridf ical potential U(x;) having a
perid a. At x, = xy the spring is unstraingl . When slipping, the bal'y M
moves with a velocity Vy in the xd irection. On the right: the movement of
the probe in a surface potential. If corfition (4.8) is fulfille, the
movement is of a stick-slip character, ar® the probe ‘jumps’ from one
point (of the minimum of the potential energy) to another. (Reprai ucet
with the permission of Holscher [56], copyright of Springer-Verlag, 1982).
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time isd eterminél by thed amping factor proportional to the
velocity, whereas the friction force is i epertf ent of the
velocity.

Obviously the point probe mdf el gives an oversimplifiet
d escription of the contact which is actually forme from
several hurd ref' s or thousar's of atoms. In more complex
mdf els of friction, the region of the contact area is consif ere®
as an aggregate of a finite number of bouri (not bourd)
oscillators. Despite their simplicity, mad els of this type quite
successfully explain the spasmd ic movement of a probe ard
allow one to mal el AFM images in the contact lateral maf e
[106].

Using the sinusoif al approximation for the peridl ical
force acting between the probe ari the surface, the equation
for probe movement in the oned imensional case can be
written in the form [56]:

d? da
md_—l;c:c(xM—x)—Uo%csin (%x) —yd,—);, (4.7)
where m is the effective mass of the oscillator, xpy = Vvtis the
equilibrium position of the unstraing spring at a moment ¢,
ard gand y are the lattice perisf ard thed amping parameter,
respectively. Solving equation (4.7) for x(#), one can obtain
the value of the lateral force acting on the probe:
F = ¢(xm — x). Thed issipative friction force isd etermingt
by averaging the lateral force over time, it = (F). If Vy =0
ard the probe is in the state of stable equilibrium, then a
critical cor ition for the start of the spasmd ic movement of
the probe is a small value of the stiffness of the cantilever
compard to the lateral stiffness of the contact:
a2U  4n’U,

Tz (4.8)

c< —
In such a mdfel, friction occurs only as the result of
movement ar is velocity-irf eperi ent. For high velocities,
‘viscous’ @ amping d ominates ard the friction force is
proportional to the slip velocity, f& ~ yVy.

In the case of twod imensional movement of the probe,
equation (4.7) is generaliz&l through incorporation of two
effective masses, stiffnesses arfi @ amping parameters corre-
sporfl ing to the x ar yd irections [57].

In the case of high-orientd pyrolitic graphite (HOPG)
being a test material for AFM, the potential of the interaction
of the probe with a surface is approximatél by the following
mdaT el expression:

2n 2n
U, x,y) =—-Up|2cos | — x| cos | —=
HOPG (X, ) 0[ (a ) <a\/§y)
+cos(_4" )}
a\/§y )

where a =0.246 nm, Uy =0.5 eV. Fig. 13 shows the
experimental ard calculatel (computer simulatel )d istribu-
tions of lateral forces acting on an AFM probe on an
HOPG surface [57]. The structure of the calculatel force
d istributions is explaing® by the peculiarities of probe
movement in the SS mdi e (Fig. 14). This figure shows that
the probe moves spasmdi ically arf is hell back longest at
the points of the minima of the potential corresport ing to
the centres of hexagons in the graphite lattice, ‘jumping’
over its maxima which correspori to the positions of

(4.9)

Figure 13. Comparison of experimental arfl calculatel forced istributions
(scan area 2 nm x 2 nm); (a) ar (b) correspord to the experimentald ata
obtainé’ with the use of an AFM on a newly-cleavei surface of HOPG.
The experimental lateral-forced istributions in the scand irection F, (a)
arfl transverse to thisd irection £, (b) corresporff to work [63]. Theoretical
forced istributions corresporff ing to the ma eld escribél in the text are
given for Fy (c) arf F, @). A comparison between the figures shows that
mdT elling even repraf uces structural irregularities at the instant of the slip
start (at the left of the images). Thed istances between irfl ivil ual maxima
(0.246 nm) are the same on both the experimental arfi theoretical images.
The scand irection makes an angle of 7° with the [1210] axis of the (0001)
graphite surface. (€) The maxima of the theoretical forced istributions are
irff icatel by points for the F, projection arf by solif lines for the F,
projection. A shift between them is seen. A similar phase shift between
lateral forces in the scand irection arfi” transverse to it was first observel by
Ruan ar® Bhushan. (Reprai ucel with the permission of Holscher [57],
copyright of the American Physical Society, 1998.)

carbon atoms. Fig. 14a also gives an explanation of the
d isplacement of some points of the probe which ‘stick’ to
the surface relative to the minima of the potential.
Physically, this derives from the fact that after each
microslip the probe cannot stop at once arf urd er its own
momentum ‘rushes by’ the point of equilibrium.

The effective masses arf’ stiffnesses of springs in the citel
works satisfy the corf ition for criticald amping: y = 2,/cm.
Without this assumption the lattice perid icity of the SS effect
fails ard an irregular slip with multiple ‘jumps’ is observe .

It follows from calculations that thed issipative friction
forcesd o notd eperfl on the slip velocity for V< 1072 cm s~ .
At high velocities, viscous friction begins tod ominate. This is
in gosl agreement with the experimental measurements of
the friction forces on diamord, graphite arf amorphous
carbon films [56]. True, the velocities stuf i€l in these
experiments rangé from 2 x 107% < V< 2.5x 103 ecm s~ .
There is no question that such experiments shoull be carriet
out over a wil er range.

In recent work [65] Johnson arf Wod! house generalize®
this mdf el through incorporation of an #1d itional stiffness of
the contact ke, since the assumption of criticald amping of an
elastic cantilever is unrealistic. The equivalent oned imen-
sionald ynamical system consff erel in this work is shown in
Fig. 15a ardt the corresport ingd ynamical equation takes the
form [65]:

d2x dx . 2n
md,—lz—i-yd_—l:Tosm (75) —kix, (4.10)
where s = Vit — x — z is the tangential microslip of a sample
relative to a probe. Accod ing to Fig. 15b, the value of the
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Figure 14. Twod imensionald istribution of the potential U(xy, y;) on a surface of graphite (scan area 2 nm x 2 nm) ardl a typical calculatel” trajectory of
probe slip along the surface. The time separation between the portions of thed ottel” line is Ar = 0.1 ms, the scan velocity is equal to ¥y = 40 nms~'. The
figure confirms the twod imensional character of the stick-slip effect: the probe moves with ad iscrete step arfi most of time stays at the positions of the
minima of the surface potential @ ark areas) (a). The light triangles show the 4 arf B positions of carbon atoms with ari without neighbours on the next
nearest atomic plane in the lattice structure of graphite; these positions form hexagons (typical for the graphite structure) with a sif e length of about
0.142 nm. Thed ark spots characterize the rest time of the probe at the corresporf ing points of the surface (time resolution 512 x 512d ots). Asis seen from
this figure, the probe is hefi back longest at the centres of the hexagons. Hence the movement of the tip of an AFM probes the points of minima of the
surface potential. Measurements of the lateral force contrast visualize the rhombic structure with a peridf of 0.246 nm [57] correspord ing to the contrast
of the minima of the potential rather than an ‘atomic’ contrast (b). (Repraf uce with the permission of Holscher [57], copyright of the American Physical

Society, 1998.)

microslip is

1. (2
s =Vt = x = Tysin (7” s>. (4.11)

C

In the quasi-static case (at dx/dr=d>x/d 72 =0) x is
obtaing from Eqn (4.10) ard Eqn (4.11) takes the form

I 1 . [ 2m
= | =+=T1 iad
s = Vwmt <kc+k1) 051H<a5)

1 .(275)
=Vmt——Tpsin| — s .
ke a

On intrdl ucing new variables

(4.12)

t
S:E, X:{: Y:VMfa Z:Ea
a a a a
akc ak, YW k]
K. =— = _— =wit, 0="— =\/—
c T, l Ty’ q =, 2k; Wy m

equations (4.10) arl (4.11) are brought into normalizé form

=sin(2nS) = a°x 2édX 4
F.(S) = sin( nS)fK/<@+ d.—q+X)7 (4.13)
S=Y-X—- Klsin(ZnS). (4.14)

C

Figure 15c shows schematically the resulting change of the
lateral force F,(S) = sin(2nS) obtainél from the numerical
solutions of equations (4.13) arf (4.14) ard Fig. 188 its
d epert ence on thed isplacement of the probe.

1+ E E'|c
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Figure 15. Lateral AFM mde. The torsiond eflection of the cantilever
through an angle 0 results in a laterald isplacement x; z is the contact
d isplacement; s is the value of slip (a). Equivalentd ynamical system: k; ard
m represent the stiffness arf equivalent mass of the cantilever, k. is the
contact stiffness (b). Sinusofl al change of the friction force F. The contact
spring loses its stability at point £ ari then executes transition oscillatory
motion about the position of equilibrium. The start of this motion
corresporfi's to point N with a maximum 4 eflection to point M (c).
Depertf ence of the lateral force on the displacement Y reflecting a
sawtooth character of the stick—slip effect ). (Reprof ucél with the
permission of K Johnson [65], the copyright of J C Baltzer AG, 1998.)

Segment OFE corresporis to the stable quasi-static
position of the probe. At point E an instability occurs ard
the cantilever begins to move in acco€ ance with Eqn (4.13).
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At F.(S) = —K., the contact spring loses its stability ar the
probe ‘jumps over’ to point B. Because of the small mass of
the spring, the corresport ing relaxation time is of the o er of
10~12 s that is much less than the perigi of the cantilever
oscillation. Therefore, the elastic energy rapff lyd issipates via
phonon arf electron excitations. Besifes, Xz = X,
dX,/dt=dXg/dt~0,and thed eformation of the contact
spring is equal to F¢(S)/K.. If thed eflection of the oscillator
at point M allows it to reach the point of instability E’
corresporf ing to the next cycle of microslip, then before
stopping the probe ‘rushes by’ two or more peridf s. There are
no multiple jumps, if Sy < Sg,. Thus, necessary corf itions
for this are K. > 2m, K; > 1.9. In any case there are no jumps,
if K; > 0.75K; [65].

The d issipative friction force can be calculatéf on the
stable segment of the ‘force-d isplacement’ curve. Using a
d imensionless analog of Eqn (4.12), we obtain

(Fy) JSE sin(2nS) {1 + %cos(ZnS)]d' s

Sy ©

1
—5- [cos(2nSE) — cos(2nSy)]

[cos(4nSg) — cos(4nSy)] . (4.15)

€

In accost ance with Eqn (4.15), thed imensionlessd issipative
friction forced ecreases from 1 as K. — 0 to 0 for K, > 2n
when the whole cycle of movement is stable. The same
conclusion follows from the analysis of the K. ard K
d eperti ences of the friction force (see Figs 5a,b in work [65]).

Thus, the friction force decreases on increasing the
contact arff cantilever stiffnesses. However, this result is in
contral iction with the experimentally statel relation Fy o k2
for the contact of a silicon nitril e probe arf mica obtaing in
work [47] (see Section 4.1). Other experiments also show that
the friction force increases with increasing contact stiffness.
Aswasnot& by the authors of work [65], it is possible that the
lateral force has a constant component in #id ition to the
sinusofl al fluctuating component. In any case, this aspect of
the problem remains unclear.

Kerssemakers arff De Hosson in a number of works [48]
proposél a phenomenological (geometric) theory of the SS
effect. They intral ucel a so-callel critical d isplacement
amplitul e (‘stick parameter’) of the form gy = Fpax/kc(2),
where k.(x) is the anisotropic lateral stiffness of the
cantilever, arfi Fy. is the maximum elastic force at the
instant of the start of slip having a perisf . In moving the
probe over hexagonal layere structures of NbSe, type, the
region of lateral slip is bours by a circle of raf ius ¢y arf can
bed ivil ¢ into six areas which characterize thed irections of
probable microslips corresporffing to the strongest relaxa-
tion. Ultimately the path of the probe consists of a series of
d eformational-relaxationald isplacements taking place within
the circle gy. Bas¢l on this mafel the authors of Refs [48]
connectel the observal spasmdlic movement of the probe
with contact anisotropy arl expresséf the quantity g in
terms of thed erivatives of the surface potential:

_ U'(e)
TR
Using the lateral maf ulation mai e ard this expression one

can stuf y the nonlinear characteristics of a tribocontact
which are deperf ent on the form of the phase-interface

&0

potential relief. In the latest works [48], ‘incomplete’ micro-
slips proving the existence of a lower thresholl of occurrence
of the SS effect were also observeT .

4.3 Using the molecular dynamics method

Some results relating to the application of the MD metha®
have alreal y been consif erd in Section 3. Below we woultl
like, first, to analyze in mored etail the evolution of the atomic
structure of the ‘probe-—surface’ contact which can be
visualiz&l in numerical simulation experiments ard , secord,
to consfler the mechanisms of energy d issipation in the
process of probe slip over a surface accompani& by
variations of normal arff lateral forces.

In representative computer simulation experiments [69,
82—84, 94] giving an insight into the atomic structure of
nanocontacts, two types of probe movement are consil erdl :
along the normal to the surface of a sample (approaching ard
moving away) ard lateral slip at a constant value of the
normal force (or probe height). The upper layers of probe
atoms are assumél to be stiff ar ared isplacel in the normal
or laterald irection with a step of the off er of 0.005 nm. The
sample is maf ellé by a finite set of parallel atomic planes
(typically 10-20 planes) bourf in the lateral plane by stiff
walls; the lower surface is also assumé® to be stiff. In the case
of ‘sharp’ probes, the total number of atoms is 10— 100, ard in
the case of ‘blunt’ probes, it is about 1000. The number of
surface atoms ranges from 100 to 10000. Oned imensional
mdT els are also consil erél . Following each step of loaf ing
the contact along the normal or following lateral slip, the
d ynamical relaxation of the cooff inates ard® the velocities of
the atoms of the sample ard the probe is performel for some
time on the expiry of which the system may be consif erel’ as
being in equilibrium, ard its temperature r&f uces to a fixel
value (usually close to zero) by multiplying all velocities by a
corrective factor.

Figures 16a, b, ¢ show thed ifferent stages of loal ing (a, b)
art’ unlo4l ing (c) obtainel by simulation of the contact of a
sharp Ni probe consisting of 10 planes with (111) orientation
e ing with a single atom near its apex ard a Cu (110) surface
[69]. The projections of the positions of probe ari surface
atoms atd ifferent instants of time are shown [s{l e view (a, c),
top view (b)]. Figures 161 e show thed eperd ences of the
normal forces on the probe displacements d arf u corre-
sporff ing to loal ing @) ard unloal ing (e).

When loal ing the contact, the probe begins to move when
thed istance between the apex arf the surface is 0.4 nm. The
instant at the beginning of the first sharp d ecrease of the
normal force (point J; in Fig. 161) corresporf s to larff ing a
Ni atom locatel on the probe apex in the centre of a square
forme by Cu atoms (panel / in Fig. 16b). At d = 4.3 nm, 4
atoms of the probe (an apex atom ard three upper ones) lard
in similar positions forming a commensurable (with the
surface) structure (panel 2 in Fig. 16b). The force of
attraction of the probe to the surface Fy(d)d ecreases quasi-
linearly on increasing d from 0.43 nm to 0.57 nm. At d ~ 0.58
nm, atomic layers 4l jacent to the contact area become

disoff eref with the result that one layer of probe atoms
d isappears’ within the ‘thickness’ of the surface (& ipping’ in
it), ardl this is accompani@@ by a sharpd ecrease of the normal
force (point J,). The processes of atom exchange between the
probe ardf the surface accompany each phase of increasing
Fn(d), however, not all the sharp jumps of the normal force
are connect&l withd ipping the atoms of the probe. As d is
increasel , the contact area graf ually grows in sizes inchd ing
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Figure 16. Atomic structure ard forces in the tribocontact of a ‘sharp’ Ni(111) probe with a Cu(110) surface. The structure of the contact at ir entation
(loaT ing), si e view (a) arf top view (b), as well as at unloal ing, sif e view (c), is shown. Panels in figures a-c correspord s tod ifferent phases of loal ing
(unloaf ing); at loaf ing, panels / —& correspori s tod isplacements d = 0.71, 0.72, 0.8, 0.87, 1.11, 1.15, 1.22 arf 1.29 nm, arl at unlo4l ing, the start of
unloaf ing correspordi s to d = 1.01 nm, arfl panels / —7 correspordi tod isplacements u = 0.07, 0.21, 0.42, 0.56, 0.63,0.77 arf 1.05 nm. The change of the
normal (', e) ar lateral (f) forces on the contact as a function of thed istance is shown. Nikel arf’ copper atoms are irff icaté by sold arff open circles,

respectively. (From work [69]).

1,4,8, 13,15, 18, 23, ... atoms. On the whole, for 0 < d < 1
nm, the Fn(d) force is attractive, exhibiting a multituf e of
small variations connect&l with the jumps of contacting
atoms, since probe atoms, having a relatively small co-
off inating number, terfl tod ecrease their energy forming a
commensurate structure with the surface atoms. For d > 1
nm, the interaction of the probe with the sample as a whole
takes on an attractive character, arf the contact area begins
to change its form (panels 5, 6 in Fig. 16b).

The evolution of the contact area in the unloafing
corf ition when the probe moves up from the surface is
shown in Fig. 16¢c. The start of the reverse movement
corresporf s to a depth of infentation d =1.01 nm. The
variation of the normal force with the d'isplacement u is
shown in Fig. 16e. The Fx(u)d epert ence alsod emonstrates
the presence of spasmdf ic variations (see points Uj, Us, ...),
however, they are not as regular as at the loaf ing movement.
The formation of new atomic layers in the contact area is
accompani€d by a sharp d ecrease of Fn(u) at points Uy,
U,, ... In this case, before the formation of the layers, the
structure of the contact brif ge becomesd isoff erel .

As was not&l by many authors, the process of ‘stretching’
of the contact brif ge arf the formation of new atomic layers

in this brif ge is accompani&l by ‘off er - isoff er’ type phase
transitions affecting nanoscopic-scale regions. In the case
being consif eré such a region counts for as few as several
atoms in the cross section. At small u, the force Fn(u)
d ecreases with a large grafient, since the first structural
change (point U;) requires a consil erable force. However,
this point is intermeT iate, ard only after transition U, may an
originating atomic layer be  entifiel. In periafs of time
between the formations of new layers, FN( ) increases quasi-
linearly corresporn ing to a quasi-elasticd eformation of the
contact brif ge. After transition Us the contact bril ge makes
up eight atomic layers ure er the surface. Thed isruption of the
one-atom contact (at # > 1 nm) correspor s to an unloaf ing
force of about 1.5 nN. In the process of ‘stretching’ the
contact bril ge, the structure of the contact area 4l jacent to
the surface is commensurable with the Cu(110) structure, ard
the structure of the upper layers of the probe becomes
hexagonal arf commensurable with the Ni(111) surface.
The variation of the lateral force Fi(s) for probe
d isplacement s is shown in Fig. 16f. In this case the normal
loaf ing force was 2.64 nN with a uniform d istribution
between the atoms of the upper atomic layers of the probe.
The sharp jumps of Fi (s) corresporl to the SS effect with a
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d ouble perisf of about 0.35 nm being close to the lattice
perici s of Ni (0.352 nm) ari Cu (0.361 nm). The points of
structural transformations labelle T;, M;(i=1,2,...) fol-
low each other in the course of each slip periaf , ari the work
ne¢t & to overcome Fy(s) increases from one perigf to
another. This seems to be connect&l with increasing the
d imensions of the contact bril ge, since, as follows from the
results of computer simulation, after each slip phase the lower
atomic layer of the probe is ‘obliteratei .

The average value of the friction force in this numerical
experiment was 2.06 nN. The process of probe movement is
accompaniél by transitions from an incommensurable (with
the sample structure) structure of contacting layers to a
commensurable one. These structural transformations occur
d uring short periéf s of time. The slip generally starts at the
interface between the Ni(111) arf Ni(110) layers, where the
last layer is commensurable with the Cu(110) structure. As
was mention& in Section 3.6, in metallic nanocontacts the
variations of contact cord uctivity, being in synchrony with
the variations of the normal force ar the lateral force, are
experimentally observel . Therefore the measurement of this
corfl uctivity can give valuable information on the atomic
structure of contacts.

The authors of work [69] carri&@ out a simulation of
nanoirf entation arff slip friction for a maf el of a blunt Ni
probe of hemispherical form involving 1580 atoms, that
approximately correspord s to a raf ius of curvature of 4 nm,
art Cu surface of 10 planes with (001) orientation involving
200 atoms (that is closer to the corf itions of actual AFM
experiments). The (001) orientation of the atomic layers of Ni
is pseud omorphous to the Cu(001) structure. In the process of
lateral slip of the probe, a normal loaf ing force of 9.1 ard
12.9 nN was appliél to it. As follows from simulation results,
the average lateral force appli€f to the probe over several
stick —slip cycles (Fig. 17) was close to 14 nN (urff er a loal of
9.1 nN).

As follows from comparison of thisd ata (with consif era-
tion for the value of thed etachment force: —25 nN) and the
JKR contact mdiel, which is applicable to this case, a
satisfactory agreement with this maf el may be obtainel at
y=1.3J m~2, t = 3.7 GPa. Thus, the value of the «f hesion
work obtaindl is about twice as small as its macroscopic value
for the contact of hal nickel with copper (about 2.8 J m~2).
However, the shearing stress seems to be overestimatei , since
in this case the shear mof ulus is equal to 17 GPa anf,
corresporfl ingly, G/t = 8.5 rather than 29 (a characteristic
value in macrocord itions).

The structure of the contact area arfl the variation of the
lateral force acting on the hemispherical Ni probe are shown
in Fig. 17. Panels I arf 2 corresporl to normal forces of
9.1 nN ar® 12.9 nN, respectively. In the initial phase of probe
slip (urf er a loa® of 9.1 nN), the lower layer of probe atoms
involving 24 atoms is in contact with the surface. The
corresporfl ing contact area is relatively large ard has a
plane shape, therefore the character of slipd iffers from that
consil erdl in the case of a sharp probe. The SS effect now
exhibits a peridlicity of about 0.15 nm, ard the structural
changes of the T; or M; types observeél in the case of a sharp
probe are not resolvel .

Urf er a loal of 9.1 nN (panel /), the Ni surface ‘sticks’ to
the Cu surface ardf the ‘stiff” upper layers of the probe are
displacel relative to the lower ones. Below the interface
surface lineard islocations are seen. Panel 2 correspor s to
the e of the slip phase. The structure of atomic layers
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Figure 17. Atomic structure arf forces in the tribocontact of a hemi-
spherical nickel probe [1580 atoms, (011) orientation of layers] with a
Cu(001) surface. Solif circles—Ni atoms, open circles—Cu atoms. (From
work [69]).

becomes disoff erél, some atoms of nickel ard copper
exchange their sites, arfi the hemisphere shifts as a whole in
the (100)d irection. After completion of the slip phase, the
structure of the atomic layers is restore once the atoms of Ni
shift to their new equilibrium position. Panels 3, 4 show
similar contact structures (in the stick phase ari after the slip
phase) at a normal lo&l of 12.9 nN. In this case the contact
structures are more highlyd isoff erel , arf the SS effect is less
regular.

It is also seen from Fig. 17 that the ratio of the static
friction force F? to the average lateral force (Fy) is roughly 2.
In AFM experiments (see Fig. 3) this ratio is close to 1.5.

In works [82] the authors in their simulation experiments

d efine so-calle ‘internal’ ard ‘external’ friction forces in
such a way that the first of them is connect&l with the
increment of the total energy of a maf el tribosystem relatel
to the length of an elementary microslip (at the successive
steps of simulation) arf the secorl is consif erél as the
increment of a remanent (after performing d ynamical
relaxation) lateral force acting on the probe after each
step. It is the author’s opinion that such ad efinition of the
friction forcesd oes not af equately take into account their
d issipative nature, since the corresponiing contributions
contain a high portion of conservative forces. Without
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consil ering the kinetic energy of the atoms (in this
d efinition), we must obtain near-zero friction forces, if a
microslip corresporis to one lattice perisi of a surface
structure. This follows from the i entity of atom configura-
tions, if the effects of atom mixing are not taken into
account. The authors of works [82] actually believe that
the kinetic energy of a probe is thermalizél in a contact area
involving a limitéf number of probe arf surface atoms. In
this case continuous local heating of the system takes place,
whereas in the real situation the thermal energy must go out
into the volumes of the contacting ba ies. As to work [69],
the authorsd o not take into account losses connectel with
heating the tribocontact, ari the integration of the lateral
force over the slip pericf may result in a contribution of
conservative forces having nothing tod o with friction.

Summing up the results of the last three sections, one can
state that the numerical MD experiments allow one to create a
realistic physical picture of the evolution of an atomic
structure in the ‘probe-surface’ contact area for loaling,
unloal ing ard the lateral movement of a probe, however,
the problem of the practical calculation ard pref iction of the
friction forces ur er the corff ition of AFM experiments still
remain to be solvél . Using the contact-mechanics approx-
imation, one can (at least for elastic contacts) calculate the
4l hesive friction forces, but attempts to reflect correctly the
role of the atomic structure @ o not meet with success.
Moreover, the empirical parameters of the theory may be
grossly chang&l when going to an atomic scale. As to the
simple maTels consif ered in Section 4.2, they provile a
convenient way of mdfelling surface images observel in
AFM, but also @o not allow one to obtain a d etaile’
quantitatived escription of friction forces.

4.4 Theory of adhesive friction

The basic @ eas of this theory were consil eref in work [75].
The correspord ing mechanism is illustrated in Fig. 18.
Initially the probe is locatél at a position corresporl ing to
the minimum energy of a tribosystem. Indivii ual lines
connecting the atoms of the probe arfi the surface in Fig.
18a correspordl to establishe i hesive borfl's. If the lateral
force appligf to the probe excedl's the critical value of the
friction force at rest, then ad rastic microslip occurs, being
catastrophic in character, arf the probe isd isplacel over a
distance Ax in the laterald irection. Since thisd isplacement
takes place in a very short time interval (probably about
10712 5), the af hesive bord's have no time to relax ard
therefore, on the one hani, the abrupt breaking of off
bord's, ard on the other, the avalanche-like making of new
bortl s (corresportl ing to a finite position of the probe) occur
(Fig. 18b). As a result the atoms of the surface arf the probe
come into oscillatory motion whose energy eventually trans-
forms into heat. This argumentation is close to if eas arguel in
the work by Teibor [28]. The fourt ations of this theory can be
concretizel as follows:

a) the amount of energy d issipatél into heat in one
microslip isd eterming by the sum of the absolute changes
of the energy of inl ivil ual & hesive bort s (Awy, corresport s
to k-th af hesive pair):

AW =" |Aw; (4.16)
k

b) an elementary microslip has a length of the off er of the
lattice peridf , Ax = d;

Figure 18. Mechanism of energy d issipation with & hesive friction. (a)
Probe is locatel at a position corresportl ing to the minimum of the energy
of the ‘probe-surface’ system. Solif’ lines show irl ivil ual a1 hesive borfi's
between the atoms of the probe arf the surface. The contact area is shown
in a simplifiel form without consif eringd eformation. The atoms of the
surface making these «f hesive borfis are at inequilibrium positions
relative to those atd istances well away from the contact area. (b) New
equilibrium position of the probe after a sufd en microslip over a surface
structure peridf . ‘Ol * &f hesive borfi's have no time to relax. They are
shown by thin lines, ard newly formef bor's are shown by solif lines.
Atoms on both of these borfl s come to oscillatory motion, arfl their excess
energy goes into heat via the phonon subsystem. The friction force is the
ratio of the total borf -breaking energy to thed isplacement of the probe.

¢) the friction force is equal to

AW

F= Ax

The first calculations in the framework of this scheme [75]
were performa for a simplifiel case without consif ering the
d eformation of the contact area arl the relaxation of the
atomic structure. Silicon—silicon art W (probe)—(100) a-Fe
contacts were consil erél . The d epentf ence of the normal
force appligl to the contacts on the height 4 arff the raf ius
of the probe has a power form (F oc h~37) arf a near-linear
form, respectively, that is in gosf agreement with experi-
mental results [35]. The calculatel ‘friction-loal’ curve is
similar to that obtainé® in work [35] for Si—NbSe, contacts.
In works [66] this md el was generalizél with consif eration
for thed eformation of the contact area given by a maf el
function. The parameters of this function wered eterminef
from the corfition for the minimum of the tribosystem
energy which inchff es the ‘probe—sample’ interaction art
the d eformation energy of the bord's for the sample. It is
assumdl that the probeis stiff ar retains the atomic structure
of the initial material. Fig. 19 shows the results of calculation
of thed epen ences of the friction forces on the loal ing force
anf the rafius of a parabolic probe for the @ iamord —
graphite’ system. The correspor ing curves are plottel with
(Fig. 19a) or without (Fig. 19b) consif ering thed eformation
of the contact area. It makes sense to compare these
theoreticald eperdl encies with the results of experiments [35,
43, 72], in which the ‘friction force—loaling force’ curves
were obtaing for the following contacts: Si (probe) — NbSe;

(4.17)



June, 2000

Nanotribology: experimental facts and theoretical models 565

F;,nN

20 +

10 -

P,nN

F fs nN

100

80 -

60

20 -

0 | | |
—100 0 100 200 300

P,nN

Figure 19. Mdf el theoreticald eperf ences of the «T hesive friction force for
a stiffd iamor probe on the (0001) graphite surface on the loaf ing force
arfl the raf ius of the probe: with (a) aiff without (b)d eformation of the
contact area. Solil curves are plotté for the sake of convenience. (From
work [66])

(the rafii of curvature of the probes are 12 ard 48 nm);
diamord (probe)-—tungsten carbif e (with a raf ius of curva-
ture of 110 nm) ard Pt (probe)—mica (with a rafius of
curvature of 140 nm).

Correlating the d eperf encies presentél in these works
with Fig. 19a, one can note the same irregular character of
experimental points at small loaf ing forces. In this case the
irregularities are more pronouncel at small raf ii of the probe
when thed iscreteness of the atomic structure manifests itself
more clearly. It shoutl” be notel that without consff ering the
d eformation of the contact area, the theoretical ‘friction-loat’
d epertf ences are smooth ard resemble the run of similar
curves for the contact-mechanics mafels (see Fig.19). The
results of calculation [66] at R = 10 nm ard thed ata for Si—
NbSe> [35] at R=12 nm are in qualitative agreement,
whereas in a quantitative sense the theoretical values of
friction forces are two-three times larger. This d istinction
may be connect&l with the presence of d ifferent types of
interacting atoms arf’, correspordf ingly, with thed ifference in
the force characteristics of tribosystems as well as with the
inaccuracy of formula (4.17) ard Jor experimental errors.

The conclusion that the friction force is proportional to
the rafius of curvature of the probe is supportel by
experimentald ata [35, 43]. Irff es | for the Pt—mica contact
(R = 140 nm) [43] the friction forces are an off er higher than
those in the case of the Si—NbSe, contact (R = 12nm). As
was mention&l in Section 4.1, in experiments [72] one
obtain&@ anomalously low values of friction forces at a large
probe rafius (110 nm) as well as too low (for such a stiff
contact) a value of the shearing stress (238 MPa), calculateé in
the DMT approximation. It is likely that the rafius of
curvature of an outwafl -projecting part was about 10 nm.

As was mention& at the erd of Section 3.1, the & hesive
mdT el gives a qualitative picture of the atomic peridf icity of
the SS effect. Thed etailé” quantitative calculations of lateral
forces as well as the investigation of the energy threshofl for
occurrence of slip still remain to bed one. The success of the
phenomenological approach usé in work [48] (See Section
3.1) also counts in favour of the key role of geometry in
occurring the SS effect. The peridf icity of normal forces ar®
the inversion of normal force contrastd epert ing on the ratio
a/d (a is the ralius of a nanowire) were obtainel in
calculations of the interaction of single ard multilayer
nanowires with a surface [53].

A theory outling® in work [75] leai's to a new (macro-
scopic) relation between the shearing stress (the shear
maT ulus) ard the surface energy of solff s (see Fig. 6). In the
case of a plane contact of two bdiies with an area 4, the
4l hesion energy is W = yA, where y is the 4f hesion work
d eterming by formula (3.2). In a sufd en microslip over the
d istance d such energy goes into the breaking arf making of
new 41 hesive bord's, that is,d issipates into heat. Therefore
the friction force is

_4
=
Taking into account formulas (4.18) ant (2.5), we obtain for
the 4 hesive friction force

F (4.18)

(4.19)

=
For the contact of homogeneous materials, with consif era-
tion for expression (3.2) ari relation 7,, = 0, formula (4.19)
takes the form © =20/d, where o is the specific surface
energy. In £Id ition, by virtue of the proportionality between
the macroscopic shear maf ulus G ari the shearing stress t,
the last result can be transformeéf into an equivalent form
Gr o< ¢, where r = d/2 is the atom r4l ius. Figure 6 supports
the conclusion that this correlation in fact hotf's.

4.5 Dynamical friction forces

When a probe moves with a velocity V over the surface of a
sample, the energy of its onwal movement can d issipate
throughd ynamical mechanisms giving no contribution to the
friction force in the static case. Among the most important
mechanisms of this type are the fluctuation-electromagnetic
interaction as well as the processes of excitations of electrons
ard phonons [8, 9]. We willd ifferentiate fluctuation-electro-
magnetic arf electron processes, assigning to the latter the
effects which ared eterming! by the short-range excitations of
electron plasma ar by the formation of electron-hole pairs,
whereas the fluctuation-electromagnetic interaction will be
consil erél” asa long-range effect taking place in the case when
a probe ard® a surface are separatél by a vacuum interlayer.
This viewpointd iffers from the interpretation us&l in a recent



566 G V Dedkov

Physics— Uspekhi 43 (6)

paper by Tomassone ard Wil om [107] who consil erel
electron processes in a wil er sense combining them with
fluctuation-electromagnetic ones.

Without question a self-consistent quantum theory must
take into account all possible types of excitations in a unifiel
way, however, at the present time it is still in the initial stage of

d evelopment. In any case the specification of i ivil ual
mechanisms is essential for a more furff amental urd erstar -
ing.
It shoull be notel that a typical scan velocities in an AFM
are much less than the sours velocity arfi the Fermi velocity
of electrons, therefore, in the absence ofd amping of phonon
ard plasmon mdf es, the processes of one-particle excitations
are forbifiden by the law of conservation of energy—
momentum. For example, the generation of single acoustic
phonons by a moving atom (probe) is possible for V' > V;
(where Vj is the sourd velocity). In this case phonons are
emittel within the Cherenkov cone cos 6 = V/V. With finite
d amping, particles may loss their energy by excitation of
quasi-particles at arbitrarily small velocities.

As was mentiondl in Section 4.4, elementary excitations
always accompany the finite stages of tribosystem-energy
d issipation in stick-slip processes, that is, in the contact mai e
of an AFM, but in this case we mean onlyd issipative (viscous)
velocity-proportional forces acting between the probe ar the
surface which can be consif erel as relatively weak. Irff el , in
the case of the contact maT e, the total work performeél by
these forces (if we use an estimate on the basis of subsequent
analysis)d oes not excedd 1 pH x2 x 10719 m=2x 1072 ],
whereas the 41 hesive friction forces are three-four off ers of
magnitul e larger. However, this estimate is bas&f on an
average value of the probe velocity of I m s ~! ard if a
microslip takes place in a time of 10712 s, this value shouli be
increas&l by two off ers of magnitif e, arf then the viscous
force may be comparable with the static friction force. In any
case @ ynamical friction has to play a large role in quartz
crystal microbalance arf SFA experiments arf in the
ma! ulation maf e of AFM.

Fluctuation-electromagnetic fiiction forces. Despite the sim-
plicity of the main & ea (a moving fluctuatingd ipole irf uces
surface electrical currents, whose Jouled amping is the final
result of friction), so far, when calculating the corresport ing
forces, there is no clarity in respect to a number of main
factors, such as the d eperf ences of these forces on the
velocity,d istance, temperature arf so on (see, for example,
works [9, 108 —112] arfi references in these works). It is the
author’s opinion that the most common approach to the
solution of this problem is given by the Lifshitz fluctuation-
electromagnetic theory, therefore we use below the results
obtaindl in the framework of this theory [108 - 110].

Assuming that a neutral atom having a velocity ¥ moves
parallel to a surface on ad istance z from it (z excedl s typical
atomic sizes), for the lateral (friction) force acting on this
atom (in the linear approximation with respect to the velocity)
one can write

. 3hVJ°°d_w{2 [a,,(w)@"(w) - A”(w)cw(w)]

81z’ ), dw dw
d»ZA//(w) d»Za//(w) oh
" I S " T\ o
+w {oc (@) For A" (o) Fo? ” coth (2kBT)’
(4.20)

where o(®) is the atomic polarizability, 4(w) = [¢(w) — 1]/
[e(w) + 1], &(w) is thed ielectric function of the meF ium, ar
kg, i ar T are the Boltzmann contact, Planck constant ard
the temperature, respectively. The quantities with two primes
correspord to the imaginary parts of the correspord ing
functions. For the normal (to the surface) movement of a
neutral particle, a formula similar to Eqn (4.20) is not
available.

It follows from formula (4.20) that at 7= 0 the friction
forced oes not equal zero, which is a physical result of the
existence of zero fluctuations of an electromagnetic fiell in
the substance. At T = 0, formula (4.20) can be transformef
into the simple-form usel in work [75]:

35V (> d A" (w)
=- d wao” . .
4nzd JO ws() adow

(4.21)

Assume that the strongest line in the absorption spectrum of
an atom has a frequency wy. Then, assuming thed amping
coefficient to be zero, for the imaginary part of polarizability
we obtain

a//(w) _ nesz

= o (4.22)

o(w — ay),
where e, m, f; are the electron charge, the electron mass ar
the oscillator strength, respectively. Using the stard ag
Lorentz—Drui e maiel approximation for the d ielectric
function of metal ard substituting Eqn (4.21) in Eqn (4.22),
we obtain [110]

Fe 3nefor? V y? (12x4 — 4x2y? + 4x? —yh)
x(4x* — 4x2y? + 452 +y4)2 ’

oS (4.23)

where x = wot, y = wpt, Wp and 7 are the plasma frequency
ard the relaxation time of metal electrons, respectively. The
analysis of formula (4.23) shows that the sign of Fd eperd’ s on
the relation between the absorption frequency of an atom art
the plasma frequency. The force is braking for w, > V2.
For metals, typical values of parameters t arf w,, are about
1074 —10"s arf 5-10 eV, respectively. In this case the
above corfl ition is fulfillel | however, for the high-frequency
lines of atomic absorption, the opposite situation is possible,
anf the lateral force may become accelerating. However, it
shout benotet that the absolute values of the spectra-overlap
integrald eterming by the x, yd@ epertd ent factor in formula
(4.23) d ecrease with increasing g, therefore, to estimate
correctly the total force F, it is necessary to take into account
ind etail the absorption spectrum of the atom in a narrow
frequency region near w,/ /2. Calculations show that for a
typical QCM experiment [21, 22] in the case of &f sorption of a
krypton atom on goll, the value of the spectra-overlap
integral, being @ eterminél by the x, yd eperd ent factor in
formula (4.23), is close to —0.1. Then at z = 0.04 nm the
motiond amping time is At = MV/F = 0.6 ns (M is the mass
of a krypton atom), which is close to the experimental value.

In the «iditive approximation [108, 109], the lateral
friction force acting on a moving parabolic probe with a
d istance h between the apex arfl the surface can be obtaing®
from formula (4.20). Expressing o(w) via the d ielectric
function of probe material & (w) with the use of the
Clausius — Mossotti formula arfl integrating over the volume
of the probe, we obtain

3 RV

= J(01(0).60), (4.24)
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where R is the rafius of curvature of the probe, arf the
frequency integral J(gj(w),e(w)) coincif es with that in
formula (4.20) with replacing atomic polarizability by
A"(w) =Im{[e1(w) — 1]/[e1(w) + 2]}.

As follows from formula (4.24), the temperatured epen-
d ence of the friction force becomes essential for w# < 2kg T,
when coth x — x~!. At room temperatures 2kgT = 0.05 eV,
therefore, the processes of low-frequency absorption, such as
dipole relaxation (ind ielectrics) arfl infrar¢l absorption in
ionic ar® corf ucting crystals, contribute prél ominantly to
the friction force.

The numerical estimates of the friction force from formula
(4.24) performe® for different combinations of materials
show that for typical probes with R = 10—20 nm, at V' =1
ms~!, z=0.2-0.3 nm arf at room temperatures the values
obtaingl fall in the range 0.1 to 10 pN. Such forces can
materially contribute to the d amping coefficients of the
lateral oscillation of AFM cantilevers, if these latter have Q
of the off er of 10*—10°. The Q-value relatel to thed ynamic
friction force can be estimatel with the use of the following
formula: Q = k;V/2Q,F, where k; is the stiffnessd efinel by
formula (2.2) arff the frequency € is likely to be an o er
higher than the normal-oscillation frequency [see expression
(2.3)]. For stiffness 100 N m~!, frequency 10°—107 Hz,
velocity 1 m s™! amf force 1-10 pN, one obtains
0 =5x 10°—5 x 107, therefore, the measurement of the Q-
shift resulting from an electromagnetic link between a probe
ard a surface is a real experimental task.

Electron friction. The mechanism of electron frictiond ue to
the generation of electron—hole pairs was first analyzel by
Persson (see references in work [89]) in connection with the
problem ofd amping the lateral oscillation of films af sorbet
on a metallic substrate. An interrelation between the friction
force resulting from the scattering of corl uction electrons by
oscillating & sorbate atoms ari the change of resistance of a
metal was usel . Designate the inversed amping time of the
lateral oscillation of an « sorbate atom as 1/ta, then the
d ynamic equation for corff uction electrons will inclf e an
aid itional contribution to the friction force equal to
MnaV/mndta, where M is the mass of a surface atom art
na is the surfaced ensity of atoms in a film, 2, n arf d are the
mass of the film, thed ensity of corfl uction electrons ard the
film thickness, respectively. The velocity-proportional coeffi-
cient can be consif er¢l as the inverse relaxation timed ue to
an #1d itional mechanism of electron scattering, 1/te. As a
result, resistivity is increasef by a factor of
Ap = m/ne’t, = Mnp /n’e*tp, ard the requiréd d amping
time 7, 1S

MI’ZA
A= by (4.25)
This theory gives an 4l equate estimate of the lateral-motion
d amping time for molecules in the case of physical ard
chemical af sorption, however, it is too simple arff d oes not
take into account the structure of the film ardf the character of
the electrond istribution near the film surface.

In work [113], an expression for the braking losses of a
hyd rogen atom by excitation of the electrons of metal was
obtaing@ on the basis of the quantum perturbation theory.
Corff uction electrons were consil eré in the ‘elly’ maf el
with a sharp jump of potential at the bourtary. On the
assumption that for heavy atoms of mass M the braking force

remains the same, one obtains the following formula for the
lateral motiond amping time:

MV 2nM

At=—=—""101,
F  27ha}k}

(4.26)

where kr is the Fermi vector of the electrons of metal, ap is the
Bohr rafius. Assuming that krp=10% cm™! ard
M = 1.4 x 10~> kg (krypton), one obtains At =1.1x 10! s,
This value is two off ers of magnituf e less than experimental
values. Two factors, however, must result in an «d itional
d ecrease of At: first, for atoms with a large nuclear charge, the
losses of energy must be larger, since the effective charge of
heavy atoms is greater than unity; secorsi , for films with a
regular peridfic structure, Ard ecreases N times (N is the
number of atoms in a film [114]). Thus, the theory being
consil erdl gives too large values for the electron friction force
ard small values for the motiond amping time for 4 sorbel
films.

Another approach to the problem of electron friction was
proposél in work [75]. The correspord ing mechanism is
bas&l on a phenomenological theory of braking losses of
slow ions in solif' s (see references in work [75]): the losses of
energy result from a hypothetic exchange of electrons
belonging to a moving atom, on the one harf, ar to an
atom of the target, on the other (in the case of AFM, an
exchange of atoms takes place between the probe ard the
surface). Each electron of the probe passing through the
equipotential surface of the ‘probe-surface’ system loses the
relative-movement momentum m V. In fact, this argumenta-
tion is close to the Persson mdi el relating the braking force
with the process of electron scattering. In accof ance with
this theory, the loss of energy of a neutral atom with nuclear
charge Z; arfl velocity V flying at a sightingd istance b from a
surface atom with nuclear charge 7, is

me  035(Z + 2,)°

AE = — v
R [140.16(Z) + Z2)' b /ag)’

(4.27)

Assuming that the sample has a uniformd istribution of atoms
with ad ensity n arff the moving atom is ad istance z from the
surface, upon integration of formula (4.27) over all possible
sighting parameters, we firf

dr
dx

2
3 me
B gy

F(z) = —0.7(Z) + Z»)

y Joo barccos(z/b)d b (4.28)

: [140.16(Z1 + Z5)'bjag])’

For a Kr atom on the golf surface formula (4.28) gives
F(z) = 1.7 x 10712724} nN (z is measuré in angstroms, V/
in m s~!), hence it follows that the d amping time at
z=0.35 nm approximates Ins, in gosi agreement with
experiment.

From this theory one can also easily obtain a braking
force acting on an AFM probe with the use of the ‘jelly’ mad el
artl the locally-plane approximation for the electrond istribu-
tion within a uniform metallic contact formeéT by a parabolic
probe with a raf ius of curvature R arfl a plane surface [75]:

3n

(R+ h/2)?
— K+ nj2)

1/3
(31%) / ﬁl/nﬁ/3 PR

Fx~ (14 bR)exp(—bh),

(4.29)
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where h is thed istance of the probe apex from the surface, ard
ne is the electrond ensity in metal. In the case of the Al—Al
contacth ~ 1.19nm~', thenat R =20nm, 4 = 0.2nm, V' = 1
m s~! from formula (4.29) one obtains F ~ 0.67 pN. In the
case of the contact of noncorfl ucting baf ies, the role of this
mechanism is likely to be insignificant.

Phonon friction. There is also no commonly acceptel view-
point regafl ingd ynamic phonon friction. This is connecte®
to some extent with the fact that the corresporf ing mechan-
ism manifests itself on the backgrourd of structural effects,
whose role was mentionél above arf which may be irff ucel
by the mechanism of the breaking of & hesive borfl's.

Sokoloff, using the perturbation theory, obtainel the
following formula for the braking force of a single af sorbef
atom in a film [114]:

1 KAk |
F=— - KLUt )‘2V , (4.30)
M S [Qo(k)* — K2V2]" +92k2 12

where Qy (k) is the phonon frequency, y is the inversed amping
time, k, is the projection of the phonon wave vector k onto the
d irection of movement, V arf M are the velocity arf mass of
the atom, respectively, arf f(k) is the twod imensional
Fourier transform of the force of interaction with the
surface. For a peridfic force, f(k) is proportional to kg,
where G is the twod imensional vector of the reciprocal
lattice. In the limit y — 0 formula (4.13) r&f uces to

F:%;kxlf(k)fé((zﬁ(k) — V). (4.31)

As is seen from formula (4.31), equality Q(k) =k, V
d etermines the corf ition for phonon generation ard cannot
obviously be fulfillel at velocities lesser than the sourd
velocity. However, at y # 0, the more general formula (4.30)
gives a finite friction force, though its value must be small,
being proportional to yV/Q4(G) (at ¥ — 0). To obtain a
realistic (for QCM experiments) estimate of the braking time
of an «f sorb& film forming a structure incommensurable
with af sorbate, Sokoloff conceives of this structure as being
partiallyd isof erel , that violates its translational symmetry
ard contributes significantly to friction, or uses the over-
estimat&® phonond amping time (1073 s). In the latter case
from formula (4.31) follows

where N is the number of atoms in the film, V; is the sourtt
velocity, arf G is the minimum vector of the reciprocal lattice.
In this case, as we have seen, the friction force @ oes not
d eperti on the velocity. Obviously, its valued eperl s to a large
d egree on poorly known parameters N, Vs, f(G), therefore,
estimation of the role of this mechanism requires #id itional
analysis. It is known, for example, that the phonon velocity in
small-size films is closer to 100 m s~! rather than to 1000 m s~
(the value us&@ in work [114]). On the other han, the value of
the Fourier-factor f{G) must be essentiallyd epertf ent on the
d istance z between the film arff the surface,d ecreasing with
increasing z.

Dynamic phonon friction, however, also arises in motion
of irfl ivil ual atoms as well as AFM probes. Estimates of the
corresporff ing forces may be maf e in the framework of the
quantum perturbation theory [115]. In this case the processes

of scattering of surface phonons are of primary importance.
For the high-temperature acoustic spectrum of phonons
corresporfl ing to temperature 7 arl confition V/V <1,
the friction force turns out to be

_ S(keT)? .
xSy 1V

» V
7 (4.32)
where Ug(z) is the twod imensional Fourier-factor of the
atom-surface interaction potential, arf S is the area of the
unit cell. The z4 epert ence of the friction force isd eterminet
by the concrete form of the Fourier-factor Ug(z), and the
quat ratic temperatured epen ence isd eterminel by the two-
d imensional nature of the phonon spectrum of the surface.
Figure 20 illustrates the A¢(z)d epert ence for braking a
krypton atom on the silicon (111) surface [115] obtaing on
the basis of formula (4.32) at different temperatures. In
calculations an interatomic potential of the form V(r) =
—Cer 81 — 0.5(1’0/}’)6] with  parameters Cg = 3.75%
10-78J m®, ry = 0.38 nm was usél . Fig. 20 shows that the
phonon mechanism may provil e the braking time of Ins
observeél in QCM experiments, if the atom is &l sorb&l at a
realisticd istance of 0.3—0.35 nN from the surface.

T, ms
100 7 T=100K _/
2—T=200K ay
102 | s
3—T=300K R
10!
100
10~
10-2
10-3
| | | | |
028 030 032 034 036 038 znm

Figure 20. Theoreticald eperff ence of the braking time for a krypton atom
4 sorb&@ on a Si(111) surface on thed istance from the surface arf the
temperature. Phonon mechanism of friction. (From work [115].)

In work [75] the problem of phonon friction was
consil erél in connection with braking an AFM probe. In
the accepted maf el the presence of a vacuum interlayer (of
atomicd imensions) between the probe arf sampled oes not
impel e the passage of phonons transferring momentum ard
is taken into account through the change of the sourd
velocity. Then, in the Debye (low-temperature) approxima-
tion, the friction force acting on a probe with raf ius R is

m (ksT\* v,
F=—— RVt
45(Vsh) "y

(4.33)

where V; aff Vs are the sourfl velocities for the tribocontact
art in the volumes of balies, respectively. At R =20 nm,
V=1ms"!, V5 =6600 m s~! (silicon), V;/V ~ 0.1-0.01,
T=300 K, the estimate of the friction force gives
F=0.5-5 pN. This value is comparable with values
d eterming® by other mechanisms ofd ynamic friction. Stone-
ham, however, callel attention to the d rawback of this
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approach, in which contacting baiies are consilerel as
phonon reservoirs [116].

4.6 Other theories
Closing the review of theoretical maf els, we will briefly touch
on some other mdi els of nanostructural friction.

Persson [117] stuli€ the mechanism of lubrication
friction for the purpose of interpreting experiments per-
form& with the use of an SFA. It was assumél that
tangential stress appli€f to the interface layer of molecules
sarf wichel between the plates of the SFA is a function of the
slip velocity: ¢ = (V). This relation was supportél by
numerical experiments. It was also postulatel that the
& sorbel film may be in the solil or liqufl state, alternately
‘oscillating” between these statesd uring the motion of the
upper plate in the stick —slip regime, arf the thermda¥ ynamics
of the corresporf ing phase transition are characterizel by a
phased iagram in the variables temperature -@ egree of coat-
ing.

If the film is in the liquil phase, the slip velocity of the
upper plate of the SFA may bed istinct from zero at arbitrarily
small values of the shearing stress. If the film congeals, then
o # 0ard V' = 0. Thus, the lack of sticking is connect&l with
the formation of a twod imensional liquil interlayer. This
agrees with experiment. If the film is in the solif phase ar has
a structure commensurable with that of the substrate, this
structure retains until o reaches a critical value o at which the
film transforms into the liqufl phase. However, ond ecreasing
od own to values less than gy, friction remains low until the
shearing stress reaches some new critical value at which the
film congeals again. Thus, this mdf el explains the hysteresis
of friction forces observel in the SFA experiments.

Sokoloff [64]d iscuss& the con itions ofd isappearance of
friction in finite-size systems using ad ynamic mdi el of an
isolate atomic chain. Since the phonon mdf es of a finite-size
solif bal'y are separatél from each other by a relatively wil e
interval, it may occur that thed istance between these maf es
exced s a natural linew{l th. In this case the transformation of
a translational motion into vibration mdi es (ard eventually
into the thermal energy) is hamperd ard this motion may
continue without losses for a long time. For a three-

d imensional cubiform sample, in the acoustic limit the
corresportl ing corf ition has the following form (Na = L is
the cubed imension, « is the lattice constant) [64]

2
(Vsm/Na) -
w

Then at Vs =10° m s=!, L =1 cm this corfition gives
v < 10'1 572 that can be valii for low-frequency acoustic
mdf es.

Using the metha® of inelastic scattering of molecular
helium beams, the authors of work [118] measur& the
oscillatory-motiond amping constants (for motion along the
normal to the surface) for molecules of typical lubricating
materials (octane arf hyd rocarbons) ond iamord (111), lead
(111), ruthenium (001) are copper (111) substrates. In the far-
infrarel region (< 15 MeV), the measurel d amping con-
stants were fourf to be 0.2—1.1 MeV. Hence, in this case we
obtain an estimate wy = 10**—10% s=2. The half-wil th of
absorption lines turnél out to be in godi agreement with the
theoretical formula

_ Mg
T ApVy’

v

where M is the mass of a sorbate, wq is the oscillation
frequency, A4 is the surface space occupi¢l by «f sorbate, p
an ¥ are the massd ensity of the substrate ari” the velocity of
transverse phonons, respectively. The results of work [118]
show that thed amping of the translation motion of molecules
in the direction of the surface normal are a equately
explaing by the phonon mechanism, if: first, the frequency
of the oscillation of molecules is much less than the frequency
of volume phonon mdfes; secord, even weak chemical
interactions capable of lealing to the occurrence of a
d ominating contribution of electron excitations are absent.

Persson [119] propos& a new theory of the friction of
rubber (polymer) on a solif surface. Accod ing to this theory
the greatest contribution to the friction force is from internal
frictiond etermin& by the fluctuation character of surface
stresses acting on the rubber from the microril ges of a solff
surface.

Another contribution is connectdf with the af hesive
force. At low slip velocities, the af hesive forcesd eform the
surface of rubber in such a way that it fills the valleys of the
surface relief. At very low velocities, the first mechanism is
d ominant, since most polymer materials exhibit consif erable
internal friction even at very low frequencies (of the off er of
0.1s7h.

The main conclusions arf problems of a theoretical
nature to emerge from Section 4 can be summarizél as
follows:

On the whole, the level of theoretical urd erstar ing of
friction mechanisms remains rather low because of a lack of a
unifiéf quantum theory taking into account all types of
elementary processes occurring in the contact area. So far
there is no universally accept&l viewpoint regafiing the
quantitative characteristics ar relative role of electron,
electromagnetic arf phonon excitation mechanisms, ard a
cleard ifferentiation is lacking. At the same time it can be sail
with assurance that there are two types of nanostructural
friction: static, irf epertl ent of (or weaklyd epert ent on) the
velocity, ard thed ynamic, proportional to the velocity. The
microscopic theory of static friction is so far phenomenologi-
cal in character. Dynamic mechanisms have been st i¢l in
mored etail, but also call for further examination.

Macroscopic contact mechanics proviies an af equate
interpretation of experimental ‘friction-lo#t * typed epert en-
cies aif the results of measurements of the area of elastic
nanocontacts, however, the simple extrapolation of the
mechanical properties of materials to the nanostructural
level may result in markel errors, since such parameters as
the area of a contact, the shearing stress arf the 1 hesion
work may urff ergo consil erable changes. Besifes, contact
mdTelsd o not allow one tod escribe more complex effects
associat€@ with atomic ar electron structures, chemical
composition arf microscopic mechanisms, ar in the case
of friction on the surfaces of alkaline-halofl crystals they are
not effective at all.

The simple phenomenological (oscillator) mat el of the SS
effectd oes not provil e ad eep insight into the nature of the
peridl icity of this process in actual experimental practice,
when the contact area involves a large number of atoms. A
furf amental weakness of this mdfel is that it gives an
incorrectd epert ence of thed issipative friction force on the
contact stiffness.

The MD methd®, as appli& to problems of nanoinf enta-
tion arfl” friction, on the whole gives a satisfactoryd escription
of the energetics, structure arf d ynamics of contacts as well as
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a number of other tribological effects. However, there is a gap
between the MD arfi actual experimental cordl itions, since in
the MD simulation the experiments ultra-short time intervals,
the high velocities of nano-probes ard restrictel statistics of
particles are usél . Increasing the simulation time (or the
number of particles) up to realistic values is furd amentally
impossible because of the enormous experd iture of computer
time ar® accumulation of errors when calculating the kinetic
energy of particles. This d oes not allow one to separate
correctly the part of energy relating to d issipation. There-
fore, the pref iction of friction forces for actual experimental
corf itions when using AFMs still remains problematic. In
this connection thed evelopment of quasistatic-type mad els
basel on the 41 hesive theory of borl breaking is a topical
problem.

As to thed ynamic mechanisms of friction, it shoull be
notel that they all,d espite existingd istinctions, give (in the
case of AFM) closely relatel values of friction forces of the
off er of 1 pN at probe velocities of about 1 m s~'. In QCM
ard SFA experiments arf in the maf ulation maf e of AFMs,
this mechanisms may play an important role, therefore, there
is a ned to performd etail¢l calculations of friction forces for
concrete cond itions. The presence of specific (ford ifferent
mechanisms) @ epertl encies of friction forces on the probe
ral ius, temperature ard other physical parameters of
tribocontacts proviles a possibility for a critical choice
between available mafels by measuring numerical d ecre-
ments in the vibration mai e of an AFM as well as provil ing
the basis for thed evelopment of new norff estructive methai s
for thed iagnostics of nanostructural parameters. In the case
of QCM experiments, the observel d amping time may be
d eterminé® byd ifferent effects, therefore, it is also necessary
to compare theoretical erd experimentald ata.

5. Technological applications

As s evil ent from the foregoing, the nanotribological aspects
of the problem of contact interaction are connectél with a
broal spectrum of physical ard chemical properties of
surfaces arf play a key role in many application areas,
among which the following areas shoulf be primarily notel :
praf uction arf exploitation of magnetic recotf ingd evices;
d evelopment of new surface coatings arf mdf ification of
their tribological characteristics; nanolithography; mechan-
ical engineering; chemical praf uction;d iagnostics of physical
properties, composition, structure arfl relief of the surfaces of
materials arfi so on.

In magnetic recotl ingd evices one of the most important
problems is the fabrication ard d iagnostics of the properties
of protective coatings with the aim of increasing their
reliability ard® exterd ing their life. Bhushan et al. [87] were
the first to lay a fourd ation for application of AFMs for
corn ucting technological arff tribological tests of magnetic
tapes, hatl disks ard different protective coatings. The
authors of work [24]d evelop&l ad epth-sensitive technique
for multiple slip nanoirf entation of surfaces making it
possible to perform a quantitative comparison of the
tribological characteristics of filmsd eposit¢l onto substrates
of the same type. For the material interface in contact
recofl ing @ evices, surface d egraf ation is the most serious
problem. Triboelectromagnetism, causing thed isruption of
the molecular structures of lubricating coatings, is another
severe problem. For these reasons in recent years in the
magnetic irf ustry preference has been given tod isk slif ers

operating in the tapping mdf e [103] in which a stiff contact
with a surface takes place only at the instants of the start ard
stop of slif er motion. In prospect, however, the implementa-
tion of the contact mafe will make it possible to increase
consff erably the writing d ensity, the rate ard quality of
writing arfl’ reaf ing.

Methdaf's for combatting wear of the components of
instruments ard machines using the ion-plasma ar ion-
stimulate® treatment of surfaces call for comprehensive
information on wear mechanisms: abrasive wear, & hesion,
material fatigue, erosion ard fretting-corrosion. In practice,
d ifferent combinations of these mechanisms, as a rule, are
observel . For example, tribological problems relating to the
wear of the components of mill machines us& for crumbling
plastic materials are concentratél arourd the processes of
41 hesive friction ard @ egraf ation of surfaces, abrasive wear
by the flow of crumble&l materials, corrosion of instruments
stimulatel by gases ard the prof ucts of plasticd ecomposi-
tion. The d'iscussion of these arf many other aspects of
presentd ay irf ustrial tribology can be fourtl in work [120].

In the lastd ecal e consif erable attention has been given to
the probing mdi ifications of surfaces as a methsd of
nanolithography (see work [90] an® the literature citel
therein). Contact of the STM tip with the passivatel surface
of a silicon plate ir uces its ox{ ation, therefore, the process
of fabrication of photomasks may be accomplishe¢l in the
maT e of contact interaction of the probe with the surface.
There are several factors making this technology attractive:
ultra-high resolution, the accuracy of accommd ation ard
orientation of relief d etails as well as high throughput.
However, in off er that this technology becomes commer-
cially profitable, the scan velocity in the ‘scratch’ mal e must
be raisé up to 1 cm s~!. In presentd ay commercial AFMs
the velocities are three-four offers of magnitife lower.
Hence, there is a nedl to investigate nanostructural friction
over a wil er interval of velocities.

Another technological line in nanolithography may open
the way to noncontact ion md¥ ification of materials using
nanobeams focus& onto a surface by nanowires connectel
with the bracket of a scanning probing microscope [121].

Simulation of the d ynamic characteristics of thin-film
lubricating coatings occupies a highly important place in the
solution of a rich variety of technological problems ranging
from the problems of elastic hyd raf ynamical lubrication of
tooth&l gearings arf” slip bearings to the tribology of the next
generation of storage @ evices. Simulation allows one to
réfuce the existing gap between technical friction ard
nanotribiology ard refines the theoretical url erstard ing of
the mechanisms of materiald egrat ation.

The possibilities of commercial use of nanostructural
friction for activization of the process of tribochemical wear
and the self-organization of molecular complexes on friction
bour aries still call for further investigation.

At the present time there can be little @ oubt that the
classical friction coefficient arf” the velocities of material wear
on the nanostructural level are less than those on the
macrolevel, whereas haff ness, on the contrary, is higher.
Hence, the operation of the future generation of microma-
chines may have peculiarities which cannot be pref ictél on
the basis of simple similarity notions [4]. Nanotribological
investigations with the use of AFMsd o not allow one to
pra ict uniquely the values of macroscopic friction ar wear
coefficients, since the d'irect proportionality between the
friction force artl’ the lo4l ing force results from overlapping
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arff interaction of the numerous microcontacts of surfaces,
their elastic arf plastic @ eformation, vibration smoothing
an so on. Nevertheless, test investigations of thed egraf ation
ard wear of surfaces because of friction corfl uctel using the
AFM metha®, which allows one to control the process of
nanoinf entation, have become an inf eperd ent methad for
the engineeringd iagnostics of material surfaces ard d etermi-
nation of a wile range of their physical ar® chemical
properties.

6. Conclusions

The rich variety of experiments ard theoretical mdi els
consif erél in the review d emonstrates the consif erable
potential of nanoprobing microscopy anf gives notions of
the spectrum of available experimental arnd theoretical
problems relatél to nanotribology. Progress in their solution
ard the practical implementation of the results of investiga-
tions will @eperd on the improvement of experimental
equipment ard the quality of new informations obtain& in
experiments, on the one harl, as well as on the efforts of
theorists, on the other. Nevertheless, even téf ay one can
speak of the formation of a new promising line of surface
physics —nanotribology. The mostd ramatic result of these
investigations is the achievel possibility of measuring ultra-
small forces between a nanoprobe ard surface atoms. The
simplicity of the probing element itself is worthy of & mira-
tion: it is a mere sharp jut (hair) on the console, whose
d eformation isd escribeél in #1d ition by one of the simplest
physical maf els — the harmonic oscillator maT el! However,
nanotribology cannot be consil erél a particular line of
investigation associatél only with the use of AFMs. In
combination with nanoirf entation — vertical probing, nano-
tribological investigations allow one to stufy the atomic
structure of matter in three d imensions arf not only to
measure, but also to see it. This was urff reame&f of only a
few years ago, ari tof ay thisd ream has been realize .

In conclusion I woull like to express my gratitife to
A M Stoneham ford iscussion of the aspects of thed ynamic
mechanism of friction arf to K L Johnson, M Salmeron,
H Holscher V V Pokropivny arf B Bhushan for the preprints
of their works arfl figures.
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