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Atomic-scale friction, as accessed in tip-based experiments, is investigated theoretically in the full range of
surface corrugations, temperatures, and velocities. Emphasis is given to the regime of thermal drift, when the
regular stick-slip behavior is completely ruined by thermal effects. The possibility of nearly vanishing friction
(“thermolubricity”) is predicted even for strongvercritica) surface corrugations, when traditional models
would predict significant friction. The manifestation of this effect in recently published experimental data is
demonstrated.
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The seemingly simple phenomenofriction, remains in positions of the slip events seen in FFM scésee, e.g.,
poorly understood. Generally, friction is concerned with dis-Fig. 1(a)], and to explain a weak logarithmiclike decrease of
sipation of momentum. However, a variety of dissipationfriction with decreasing velocity7]. However, the existing
channels can be in action, depending on the time and spatkeory tacitly neglects the possibility of thermally activated
scales concerned. Friction force microscdpfM) [1] al-  slips over “high” potential barriers experienced by the tip at
lows direct atomic-scale access to the friction force: an obmost of the positions of the support. Actually, this is reason-
ject (the tip) is dragged along a surface by an external “arm”aple only for sufficiently strong surface corrugation and/or
(the cantilevey, which is at the same time used to measuréeiow temperature, and/or high velocity, but little if anything is
the friction force experienced. known about what the actual restrictions are.

Avery recent and really remarkable discovery in this field  |n our work, atomic friction is for the first time investi-
is concerned with direct observatiof 3] of nearly vanish-  gated theoretically in the full range of surface corrugations,
ing friction. This phenomenon, predicted theoretically undettemperatures and scanning velocities. Analysis of all possible
the name superlubricitf4], can be understood using a regimes will be given in a full size paper. In this letter we
simple mechanistic approach to the problem, referred to agoncentrate on the regime of thermal drift, when the regular
the Tomlinson modelfor details, see, e.g[5]). When the  stick-slip behavior is completely ruined by thermal effects.
effective lateral corrugation of the tip—surface interaction isps the main result, we predict the possibility of nearly van-
reduced to a certain critical value, the model predicts theshing friction in the case of a relatively stroiigvercritica)
transition from tip motion with stick-slip charactéypically  surface corrugation, when the traditional mechanistic ap-
observed in FFM experimentso nondissipative continuous proach would prescribe a sizable friction. As an alternative to
sliding along the surface. The experiments of R8f.seem  the “mechanistic” superlubricity, the effect can be called
to be consistent with the theory: reducing the normal loadthermolubricity We demonstrate the manifestation of this ef-
and hence the lateral surface corrugation, one observesfact in the experimental data of R¢R]. Finally, having ob-

transition from nearly regular stick-slip behavior to a nearlytained the value of the only free parameter of the theory from
continuous sliding. In contrast, experiments of Re&fl ex-
hibit a larger degree of irregularity even in the stick-slip 400. —_— (@)
regime[see Fig. 1a)], and an absolutely irregular, stochastic = 04
behavior of the tip in the nearly frictionless regirrsee Fig.
1(b)]. This suggests a very pronounced role of thermal ef—E 01
fects in the second case. O
An important role of temperature in friction was antici- 8'200'_
pated many decades a@@l, but is still far from being un- 5, - .
derstood. Recent investigations have been restricted to thg | (b)
stick-slip regime[5,7-10 and the transition to the viscous & 200+
drag regime at higher velocitie]. Thermally activated S
jumps of the tip over small potential barriers preceding the 0
“mechanistic” slips were shown to lead to a certain variation
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frictionless. Note that for larg& this situation can occur
even for strong surface corrugation.

On a more microscopic level, one should explicitly con-
sider interaction of the tip with thermal excitations of the
substrate(e.g., with phonons introducing an element of
nonequilibrium statistical mechanics. Particular trajectories
of the tip can be simulated using Langevin dynamics, while
average behavior of the system can be described by a kinetic
equation(e.g., of the Fokker-Planck tydd1]) for the prob-
ability density to find the tip at a certain time at a certain
position x and in a certain energy state. However, at the
modest velocities used in FFM, the problem can be substan-
tially simplified by the fact that the inherent motions of the
00 05 y 15 5 25 3 tip are fast with respect to the scanning velocity. This allows

’ . L ’ us to average over these fast processes by going over from
Tip position x/a the probability density to the simple probabilitipst) to find
the tip at a certain time in a certain wél{see Fig. 2 In this
way, the kinetic equation is reduced to a system of continuity
equations foip;(t) in discrete space:

dp

V== (rr 4+ +r D+ raDin. 3
comparison with experiments, we indicate two puzzling ax =~ TP TP+ TP @

guestions, stimulating further theoretical and experimenta’_|ere the role of time is plaved by the support coordinate
work towards understanding the microscopic mechanisms qf,_, . pay y PP

dissipation %=Vt The number of wells involved in the problem in-
Describing motion of the FFM tip along the surface, we CI‘GI?IS(IEES W(I;ET)/;NiS r?:\?eb:siﬁfr?g dd(ter:g/tegrl:lro?ﬁ le iUmbs to

follow the usual assumption that the measuring system can . 9. Ny + gie jJump

be characterized by one effective spring const&ntwhich neighboring We."S can take place. _Coefﬂue_q sandr; are

accounts for both the flexibility of the cantilever and that of Itgf? r?;gsggt%(g;va\t;ﬂ éﬂ”;gi f{)%mw\:ﬁg%tgs right and to the

the tip. Implying one dimensional motion, assuming the tip— " P Y

surface interaction potential to be sinusoidal, with amplitude . p( U#)

i =rgex ,

-
- B

N @

Total potential U/U.

FIG. 2. Total potential vs tip positionx, for y=10 and for two
support positionsX=1.5a (solid) andX(®=1.82a (dasheil Arrows
(a, b, 9 show different types of slips.

Uy and perioda, and introducing the tip and support coordi- (4)
nates,x and X, respectively, we write the total potential ex-
perienced by the tip as with Ugi andUy; the potential barriers from welllto the right
and to the left, which depend on the support positiofsee
Ulxt) = ﬂ){l B cos(zix)} N EK(x—X)Z, 1) Fig. 2. Expressions folJp;(X) follow from (1) in a straight-

2 a 2 forward manner.

B i . i ) The prefactorry in (4) is not known in advance. One
whereX=Vt, with V the scanning velocity. The instantaneous ¢4 follow transition state theory and relate it to the fre-

lateral force isF=-K(x-X), while the friction force is given quency of vibrations in the wellig=%. Then the depen-
by its time average. Introducing the dimensionless, relativgjence ofy, on X could be derived directly fronfl) although
surface corrugation absolute values would not be obtained since the effective
U mass is not known. Actually, the prefactor canlteer than
y= 2m—2 (2) v;, as predicted by kinetic theories of activated processes
a (see, e.g., Refl12]) which explicitly take into account the
one distinguishes between two essentially different cases. fiouPling with the substrate bath. On the other hand, in our
y>1, the total potential1) contains several wellsee Fig. Case the prefactor can be substantiafigreasedby a ther-

2), which periodically appear and disappear due to the moModynamic factor concerned with a colleqtiv_e eff¢t8], )
tion of the support, while ify<1 there is only one well, at dependent on the number of atoms of the tip in contact with

any position of the support. This is the origin of the transition® surface. With this in mind, we leave the prefacipio be
from the dissipative stick-slip motion to the case of superlu-he only free parameter of the theory. We assume here that it
bricity at the critical corrugation,=1, within the Tomlinson S independent of the support positioh(and hence, of),
model. Withy>1, the tip sticks in its original well until it ~[though this is not necessarily correct.
disappears at a certain critical position of the support, and the Equation(3), with initial conditions  pj|x=o= &, With o

tip slips to the neighboring wellFig. 2(@)], etc. Assuming enoting the starting well, completely determines the behav-
complete dissipation of the excess of energy in every slig?" Of the system. The ensemble averaged lateral force as a
event, one finds a nonzero averaged lateral force, i.e., fridunction of the support position can be found s —K(x

tion. With y<1, the tip exhibits continuous sliding along the —X), with the mean position of the tE:Exﬂq)inpi. Herexﬂfm

surface; the mean lateral force is zero and the motion isre theX-dependent minima of the total potentid). The
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® Experiment [2]
4 - - —Tomlinson model
This work

friction force Fy,; is found by averaging_over X.
In addition to the Tomlinson parametgr Eq. (3) brings 300+
out another dimensionless parameter of the system

_V Yo
A= ar, eXp< kBT)' )

the ratio of the characteristic values of the left-hand silig

and right-hand sidérhs) in (3). This parameter shows how
fast or slow the scanning process is with respect to the char-
acteristic rate of thermally activated jumps as shown in Fig.
2(c). Clearly, the stick-slip regime corresponds to the case
B> 1. In this regime a first approach is to completely neglect F|G. 3. Friction force as a function of relative surface corruga-
thermal effects. Withr{=0, (3) leads top;=const. This tion yfor V=30 nm/s,a=0.25 nm, anck=1.8 N/m. Solid curves:
means that the tip residesvith probability unity in the  present theory forfrom left to right V/ary=7.5x 10" with n
original well as long as the well exists, then it moves to the=1,2,3,4. ashed curve: Tomlinson model. Experimental points
adjacent well, etc. This is just the description of the mecharetrieved from Ref[2]. Inset: experimental points retrieved from
nistic Tomlinson model. However, this approximation is Ref.[3] (V=3 nm/sK=1.3 N/ma=0.5 nm.

never justified. The terms on the rhs are small with respect to

the lhs almost everywhere but not in the vicinity of the criti- vided scanning is sufficiently slow. Somewhat analogous
cal positions of the support, where the barri@ﬁ are small  physics was discussed earl[@6] with respect to static fric-
and the jump rates become large. Hence the activated slips fion.

the vicinity of the critical point§as shown in Fig. @)] are To first order in B, the friction force is close td:glif:
always important. This is the origin of both a weak velocity ~V(K/rg)(Uy/ksgT)exp(Uy/kgT). In the thermal drift regime
dependence of friction and a statistical distribution in posi-friction increases linearly with/, and the increase is very
tions of slips in the stick-slip regime, as was already dis-steep. This is in contrast to the weak logarithmic increase
cussed ir5,7,8,1Q on the basis of an approximate solution characteristic for the stick-slip regimés,7,8,1Q. Further-

of an equation of the typ€3). more, there is a strong, exponential dependencéJgi.

In the opposite limiting caseB<1, while the support Consequently, even a small decrease in surface corrugation
passes one lattice spaciagthe tip exhibits many activated or a small increase of temperature will lead to a substantial
jumps, back and forth, between the potential wells. This redecrease in friction. In this low-velocity regime temperature
gime can be callethermal drift. The tip drifts with a mean acts as a lubricant.
positionx which moves withX. The differenceX—x) deter- Realization of a certain regime—stick-slig>1), inter-
mines the mean lateral force. Meanwhile, instantaneous lamediate (8~ 1), or thermal drift (8<1)—depends orlJ,
eral force exhibits rapid fluctuations of the order of the maxi-and T, and also onv, a, andr,. Variable-temperature and
mum surface force, since the change in the tip position inow-velocity FFM experiments are still lacking in order to
one jump, i.e., the distance between the wells, is of the ordedirectly address all the regimes predicted. However, variation
of the lattice spacing. In the intermediate case, say @t of the effective surface corrugation in a wide range has been
~1, the tip exhibits on average one activated jump per inthe subject of recent experimeris3]. To visualize the pos-
teratomic distance passed by the support. The behavior of theble role of thermal effects for different surface corruga-
instantaneous lateral force in this case should be regarded @sns, the friction force is plotted in Fig. 3 as a functionyf
irregular or stochastic stick slip. (values ofT, V, a, andK are taken from the experimef&]).

Since the stick-slip regime is relatively well understood, The dashed curve is the prediction of the Tomlinson model
we first of all concentrate on the thermal drift regim@, (thermal effects completely ignoredrhe solid curves repre-
<1. If Bis small, the system of Eq3) can be solved ana- sent our numerical solution to Eq&) and (4) in the entire
lytically, expandingp; in a power series if. In this way, in  range of 8 for four values of the prefactor,, each time
any order ing, the problem is reduced to a system of linearincreasing by one order of magnitude. Our calculations show
algebraic equations, and solution is straightforward. Leavinghat even at low values af, the friction force is decreased
details for a full-size paper, we briefly report the most im-noticeably with respect to the Tomlinson validashed
portant results of our calculations. First of all, one observegurve. At no y value do our results approach the dashed
that in the zeroth-order approximation i the friction force  curve, but the ratio between our results and the Tomlinson
is exactly zeroFESf;O. This means that friction vanishes in value does approach unity in the limit of high
the limiting case of zero velocity,Fgicly_.o=0. The result is From Fig. 3, we conclude that friction can be negligibly
important, since earlier simulatio44,15 for the caseT  small even when the surface corrugation is large enough to
=0 suggested a nonzero friction in the zero velocity limit. produce substantial friction in traditional mechanistic theory.
The effect of temperature observed here is that at norizero In analogy withsuperlubricitythat takes place ag<1, the
for any givenU,, the activated slips of the tip will have effect of substantial reduction in friction at> 1, due to the
enough time to completely destroy the stick-slip motion, pro-transition from the stick slip to the thermal drift regime, can

200+
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be calledthermolubricity We predict that upon decreasing period passed, as should be expected in the intermediate re-
the surface corrugation, thermolubricity should occur prior togime, 8~ 1. In the lower scan one can see several large
superlubricity. At higher temperatures and/or at lower veloci-fluctuations of the lateral force per atomic period. This sug-
ties the y range of thermolubricity will be wider. At low gestsgB to be on the order of 0.1, close to the thermal drift
temperatures, high velocities, and/or low prefaatgrthe  regime. Both observations are in agreement with the posi-
system will switch nearly directly from the stick slip to the tions of the corresponding points in Fig. 3. In summary, the
superlubric regime without a distinguishable, intermediateexperiments of Ref[2] seem to clearly demonstrate “ther-

role of thermal effects.

The experimental data retrieved from Re] (see inset of

Fig. 3 follow the stick-slip regime down toy=1, without

molubric” behavior in the range o> 1.
The values of the prefactop obtained from the compari-
son with experiments are puzzling, at least in two respects.

any visible manifestation of thermally activated slips. TheFirst, what is the reason for the order of magnitude differ-
same can be inferred from the very regular stick-slip behavence between the prefactors for the two experiments? One

ior of the lateral forcd=(X) seen in the scans with=5 and

v=3 in Ref.[3], and at lowery [17]. We are forced to con-
clude that the prefactor of activated jumpg, in the system

used in these experiments was belovw 207 s™1. We will
return to this value later.

Figure 3 also shows data from the experiments describe
in Ref. [2]. Like our calculations, these experimental data
deviate strongly from the Tomlinson model—more than a
factor 2 at lowy—and suggest a pronounced role of ther-
mally activated jumps. From the comparison with the calcu
lated curves, we find that there is excellent agreement bq

possible answer involves a collective, entropic effect of the
type proposed in Ref13] for the gliding diffusivity of large
atomic clusters. There was a graphite flake attached to the tip
in Ref.[2], and hence the number of atoms in contact with
the surface was indeed considerably larger than in F3gf.
Second, the effective spring constant in both cases
9~1 N/m) was of the order of the stiffness of atomic bonds,
suggesting that the flexible part of the tip is formed by a
small group of atoms at the apex. This means that the effec-
tive mass which actually probes the surface is atomically

‘small. Consequently, one would expect the prefactor to be in

he range of atomic frequencies, rather than the kHz regime.

tween theory an experiment over the full experimentallygther theoretical and experimental work is needed to solve

addressed range of values for a prefactor ofy=1.6
X 10° s7! (second solid curye

these puzzles, which will contribute to a full understanding
of the truly microscopic mechanisms of dissipation.

Additional support for these conclusions can be drawn

from the shape of the scans in Fig.(\hich correspond to

one of the higher and one of the lower points in Fig. I8

The authors are grateful to R. Bennewitz for fruitful dis-
cussions. This work was supported by the Foundation for

the upper scan one can clearly see irregular stick slips, witffundamental Research on MattfOM research project
on average about one thermally activated slip per atomi©3PR2272, The Netherlands

[1] R. W. Carpick and M. Salmeron, Chem. RéWashington,
D.C) 97, 1163(1997.

[2] M. Dienwiebelet al, Phys. Rev. Lett.92, 126101(2004).

[3] A. Socoliucet al, Phys. Rev. Lett.92, 134301(2004).

[4] K. Shinjo and M. Hirano, Surf. Sci283 473(1993.

[5] E. Gnecceet al, J. Phys.: Condens. Mattelr3, R619(2001).

[6] L. Prandtl, Z. Angew. Math. Mech8, 85 (1928.

[7] E. Gneccceet al, Phys. Rev. Lett.84, 1172(2000.

[8] Y. Sang, M. Dube, and M. Grant, Phys. Rev. Lei7, 174301
(2002.

[9] O. K. Dudkoet al., Chem. Phys. Lett352 499 (2002.

[10] E. Riedoet al, Phys. Rev. Lett.91, 084502(2003.

[11] H. Risken, The Fokker-Planck EquatiortSpringer, Berlin,
1996.

[12] S. Yu. Krylov, J. J. M. Beenakker, and M. C. Tringides, Surf.
Sci. 420, 233(1999.

[13] S. Yu. Krylov, Phys. Rev. Lett83, 4602(1999.

[14] M. O. Robbins and M. H. Muser, itHandbook of Modern
Tribology, edited by B. BhushafCRC, Boca Raton, FL,
2007).

[15] R. Prioli et al, Appl. Phys. A 76, 565 (2003.

[16] M. H. Miser and M. O. Robbins, Phys. Rev. B1, 2335
(2000.

[17] R. Bennewitz(private communication

065101-4



