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Dynamical transitions and sliding friction in the two-dimensional Frenkel-Kontorova model
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The nonlinear response of an adsorbed layer on a periodic substrate to an external force is studied via a
two-dimensional uniaxial Frenkel-Kontorova model. The nonequlibrium properties of the model are simulated
by Brownian molecular dynamics. Dynamical phase transitions between pinned solid, sliding commensurate
and incommensurate solids and hysteresis effects are found that are qualitatively similar to the results for a
Lennard-Jones model, thus demonstrating the universal nature of these fd&0i&3-18209)04707-4

[. INTRODUCTION Recently, Brauret al.” have studied the nonlinear mobility
of an adlayer based on a generalized vector Frenkel-

In recent years, there has been an increasing effort aimdgontorova model. They have also observed a strong hyster-
at trying to understand the frictional force between two macesis effect in the transition between the pinned and running
roscopic sliding surfaces at the microscopic 1eVéllt is state, while the nature of the running state and the ratio of the
now understood that in the case of boundary lubrication, thétatic to sliding friction threshold they obtained are quite
tightly bound monolayer in the regions of closest contactdifferent from the corresponding results of Persson. How-
between the two surfaces plays a crucial role in determiningVer, itis difficult to make a direct comparison between these
the macroscopic sliding friction. At the same time, new ex-Studies. Persson focused mainly on an initial pinned state
perimental techniques such as the quartz-crystaihat is commensurate with the_s_u_bstrate, Whl|_e _BraUaI.
microbalanc® (QCM) and atomic force microscopéAFM)  focus almost exclusively on an initial state that is incommen-
allow the direct probing of frictional force at the atomic Surate with the substrate. In the latter case, the sliding motion
level. Thus, the central theoretical issue in understandiné® dominated by the response of the kinks or antikinks to the
boundary lubrication and atomic-scale friction is to deter-€xternal force. _ _ .
mine how an adsorbed layer responds to an external driving 10 facilitate a more direct comparison with Persson’s
force. In the linear regime, the response is characterized bgtudy and address the question of universality in the salient
the collective diffusion constant, which is itself an important féatures, we present in this paper the results from a study
transport coefficient in determining surface dynamics such aaseéd on a uniaxial Frenkel-Kontorova model that is differ-
growth of thin films'* The nonlinear regime is the one rel- €nt from the one employed by Bragt al. In particular, the
evant for actual conditions of macroscopic sliding motion.Particles in our model have harmonic springlike interactions
Perssof has made a series of pioneering studies on thighat prevent them from moving away from each other. This
problem based on a model of an adlayer of particles interaciMplies a fixed coordination number for each adparticle and a
ing with Lennard-Jones potentials. The central result is thayery different nature of the liquid phase from the correspond-
there are intriguing dynamic phase transitions betweefd phase for the Lennard-Jones system. Moreover, the par-
pinned solid, sliding solid, and liquid phases. Strong hysterI'?|e dlsplacemgnt is a scalar variable in con.trast'to the vector
esis effects exist in the transitions between these phasedisplacements in the other models. Also, in this paper we
leading to the “stick and slip” motion often observed in the fo_cus mainly on an initial _p_mned state that is commensurate
sliding motion between two macroscopic flat surfaces undeWith the substrate. Surprisingly, we find that almost all the
an external driving spring. In addition, Persson has used fgatures of the dynamic phase transitions and hysteresis ef-
general hydrodynamic argument to predict that the ratio ofects found in the Lennard-Jones system are present also for
the static and sliding friction threshold should take a univer0ur generalized Frenkel-Kontorova model. The only notable

sal value of approximately 2 for all systems with strong cou-difference between the models is in the value of the ratio of
pling to the substrate. the static to sliding friction threshold. We present below the

The qualitative features of the results from this isotropicdetails of the m_odel and .the results. Preliminary. results have
Lennard-Jones system are very encouraging. Besides the r&€€n reported in an earlier conference proceetling.
evance for the boundary lubrication problem, the dynamic
phase transitions that have been observed are of intrinsic
interest and very different from the more familiar equilib-
rium transitions. However, actual adsorbate layers usually We consider a two-dimensional version of the Frenkel-
have strong anisotropies and complicated many-body inteiKontorova (FK) model, which is the simplest extension of
actions among the adatoms. The question then arises as ttee one-dimensional mod&l, obtained by coupling linear
how universal are the results for the Lennard-Jones systerharmonic chains along the additional dimension. The particle
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ber of local minima of the periodic substrate in thelirec-
tion. In the other direction, periodic boundary condition
means that(i,NyH:xi,l. The average distance between par-

ticles b in each chain is determined through the boundary
condition and is given byp=Nga/N and therefore the over-
layer coverage, or atomic concentration, can be defined as
6=N/Ng=a/b. With this set up,# andb cannot be changed
independently. With free boundary conditions in thdirec-
tions, the ratiob/a can assume arbitrary nonrational values.
The system now can remain commensurate for a gi#en
only up to a critical values, of the misfit parametét &
=(b—a)/a. This boundary condition is particularly useful
to study incommensurability effects.

An important feature of the model is that the particles
have a fixed number of neighbors. So, even at high tempera-
tures, where a liquid phase with particles diffusing around
independently is usually expected, there is some crystalline
order although the correlations decay as a power'fawe
shall, nevertheless, refer to this phase as a “fluid,” keeping
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in mind its distinct nature. At low temperatures, the periodic
potential is able to pin the overlayer and true long-range

order prevails leading to a finite static friction. The low- and

FIG. 1. Snapshot pictures of the adsorbate above and below tHiigh-temperature phases are separated by a commensurate
depinning temperatur€,. (a) T=3 and(b) T=0.5. solid to fluid transition at a critical temperatufe where the

overlayer at high temperatures becomes disordered and is
displacement is always along the same direction, whictgffectively depinned from the substrate. We shall also refer
makes it particularly convenient for numerical computations o this transition as “melting” although topological defects,
This model is clearly more appropriate to describe uniaxia®S dislocations, are not allowed due to the fixed-neighbor
systems of adsorbed layefshowever, we believe that the constraint. In the absence of a periodic potential, disorder
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main features of the dynamical behavior that we consider iPlays an important role in pinning the overlajfef® and
this work should be independent of this type of anisotropy9lassy behavior is expected. . .
We have in fact checked that the dynamical transitions and The periodic potential in Eq(1) arises from an adiabatic
hysteresis effects remain essentially the same if a more is@verage over the substrate degrees of freedom. The nonadia-
tropic version of the mod# is used. batic excitations of the substrate provide energy exchange
The model is described by the Hamiltonian between the substrate and the adlayer and lead to damping
and fluctuation in the motion of the adatoms. In our model,
02 K K this effect is described by the usual Markovian-Langevin dy-
H= D | o =2 (X g = Xii —0)2+ —L(Xi 41— Xi1)? namics. The substrate acts as a heat bath at an equilibrium
i [2m 2 o 2 ! temperatureT and the coupling of the substrate excitations
and adlayer is characterized by a friction parameteNote
—Uocos< 277Xij> (1) that in the absence of the periodic potential, the adatom in-
a teractions do not affect the collective response of the adlayer
and the macroscopic sliding friction is equal to the micro-
wheremis the mass of the particleb), the amplitude of the scopic coupling parametey.
periodic potential with period; K, andK, are elastic con-
stants in thex andy directions, and is the average distance IIl. GENERAL PROPERTIES OF SLIDING FRICTION
between the particles in the absence of the external potential.
The second term in the brackets represents the elastic inter- To characterize the response of the adlayer to the external
action within a chain and the third term the interaction be-driving force, we define the sliding friction coefficienj
tween adatoms on different chains. Note that the indéx through the relation
labels the particles within a chain with integdi(i o
=1,... N)) and the chain with integey (j=1,...N,), vq=F/mny, (2
so that the system consists of a total numberNg& N, i ) i
particles. In the simulations we have considefég=N, whereu,, is the average velocity of all the adparticles repre-
=N andK,=K,=K. Typical equilibrium particle configu- senting the drllft- velolcrfyll the dlrectlo-n of the force. In
rations above and below the depinning temperafiyeare ~ general, the sliding frictiomy has a complicated dependence
illustrated in Fig. 1 forb/a=2. on the external forcd= in the nonlinear regime. First, we
We use periodic boundary conditions in most of the Ca|_remark on a number of qua”titive features of the drift veloc-
culations. This is obtained by requiring that the particleity v4 and the sliding frictions that can be readily under-
(N+1,j) is a periodic image of the particle (},in the  stood without detailed calculatiod®In the presence of the
same chain and SQy,+1j= X1+ Nsa, whereNg is the num-  external force, the potential is tilted like a washboard with
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local minima which become weaker as the strength of thdorce that is related to the microscopic friction paramejer
force is increased. Beyond a critical force vakig, the ef- by the fluctuation dissipation theorem
fective potential minima disappears. For the present model,

F,=2mU,, the same result as for the one-dimensional (fij(OFi ) (t"))=2n9mkeT &8 ;. 6(t—t"). (4
case!* At T=0 and for a commensurate value of coverage , . . ) i
9, vy remains zero for any applied force less thig. We have studied the sliding friction by simulating the

above equations using methods of Brownian molecular
- . . dynamics.’ which treat accurately the effect of the system-
Ifg((::'ttlonnzzczapt\)t Io;vszﬁjélrlglt?e:ﬁgpfirrigr‘isi'm?egrgt Vt?;e atic and stochastic forces in the problem. The calculations
nuclzl)éa:tiorl: and )r/’nobilit of Xdefects in thle clzorlnmen)s/urateWere performed at a commensurate coveragel/2 (b/a
: Y . =2). Typically, the time variable was discretized with time
structure. In one dimension, these defects are kinks and an:

o . . Step 8t=0.02-0.06r where r=(ma?/U,)Y? and 4-10
tikinks (local compression or extension of the commensurat%< 10° time steps were used in each calculation allowingj 10
atomic configurationand can always be excited at any finite P

i . i time steps for equilibration. Calculations were performed as
temperature leading to a finitg at anyT+0. In two dimen-  fnction of temperature and external force on systems con-
sions, however, the corresponding excitations are linear d%ining NxN adsorbate particles, where typically= 10,
fects(domain wallg that have a nonzero free energy per unit 4 the elastic constant was setkte: 10.

length for temperatures below the melting transition M- | the calculations, the system was allowed to evolve into
peratureT.. As thermal fluctuations, these defects can only, steady state such that the time average of physical quanti-
be nucleated as closed loops with an activation energy prajes, jike the drift velocityvy, approached a constant. The
portional to its length and therefore do not contribute signifi-oftactive temperaturd* of the overlayer during sliding was

cantly to the linear mobility of the system, limovq/F, i gpiained by two different methods. Using the fluctuation of
the thermodynamic limit and one expects that, for a p'nneq)article velocities from the average as

solid, 1/;is essentially zero fof <T in this regime. When
the external force is increased from zero, activated nucle- kT* =m((v?)—(v)?) (5

ation and growth of commensurate domains induced by the i
external force can contribute to a finite mobility, leading to a2d Dy €quating the energy transferred to the adsorbed sys-
tem by the external force to the energy transferred to the

substrate, which givés

When F>F,, the layer slides as a whole with a sliding

nonlinear friction > 7 with a complicated dependence on
the external forc&. Eventually, in the limit of large external

force such that the effect of the periodic potential is negli- * F2 .
gible altogether;; again reduces to the microscopic friction T = 1+ ——1- :) , (6)
parameter. mynyT 7

In the nonlinear regime, the behavior of drift velocity

for increasing external forde is expected to depend strongly WNer€ #7=F/muq. The two methods agree within the esti-
on the initial phasgat F = 0. If the adsorbate, wheR=0, is mated errors, for calculations expected to be equilibrated in a

a fluid, v 4 will be nonzero for arbitrarily small external force. ?tea(i{iz Stt?te’ ??ﬁ pro‘ﬂ'.detfidd't'?r:ﬁl supptl)rt for the zéss%mp-
This result is also true for the present model. In the fluid lon that focal thermalization ot the overlayer can be de-

phase abovd ., the overlayer is essentially depinned andSCrIbed by an effective temperature.

any small force leads to nonzerq. Moreover, the relation

vq=f(F) should show no hysteresis. For an initial state at V. RESULTS AND DISCUSSION
F=0 that is incommensurate, the critical value of the force
for finite mobility can be much lower as shown in previous
works of Perssohand Braunet al.’

In this section we present results from our molecular-
dynamics simulations. We use units in whiak1, m=1,
and Uy=1, which sets the scales for length, mass, and en-
ergy, respectively. The corresponding time scale 7is
IV. MOLECULAR-DYNAMICS SIMULATION =(ma?/Uy)"? and the temperature scaleTig=Uq/kg . It
is also convenient to normalize the external force by the
To analyze the nonlinear sliding friction of the model pre- zero-temperature critical value, .
S-ented -in Sec. Il, we have per_formed a mOIeCU-Iar'dynamiCS To obtain an estimate of critical temperatm@, we cal-
simulation study of the Langevin equation resulting from theculated;, as a function of temperature for a small value of

model. An external driving forcg, representing the effect of h f IE - | Y
the other surface in the boundary Iubrication problem, is asth€ external forcef-/F,=0.035. At low temperatures, 4/

sumed to act on each of the adsorbates. The equation gpsentially zero and the adlayer is in a pinned state. As the

motion for the particle with coordinate; is given by the temperature is increased 7/remains zero unfil T;~2.3,
Langevin equation, beyond which it increases significantly and should approach

1 at high enougfT. The value ofT, correspond to the com-

N oU mensurate soli_d—fluid transition. Abovi,, the overlayer is

- , 3) effectively depinned from the substrate.

IXjj I N In Fig. 2 we show the behavior af; and the effective
temperature of the layef*, obtained at a temperatuie

where U is the periodic potentialV is the adsorbate- =3 which is aboveTl,. In this case, the adlayer is in a fluid

adsorbate harmonic interaction potential, dpds a random  state at zero external force. The resultsfdncreasing from

mXij+m77Xij =—
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function of external forcé= for =0.6 andT=0.5 and periodic
FIG. 2. Drift velocity vy and effective temperaturé* as a  boundary conditions. Squares correspond to data for incre&sing
function of external forceF for »=0.6 andT=3. Dotted lines and circles for decreasing. The arrow indicates the minimum
correspond to free overlayer behavior. velocity vy, .

zero and decreasing from its highest value are the sam@revails wherf=0, a critical forceF, is necessary to depin

showing a total absence of hysteresis effects. The effectiv@nd initiate sliding. It was found for the Lennard-Jones
. = . systen that in this case the nonlinear sliding friction exhib-
friction coefficienty is finite even at vanishingly small val-

o Z its hysteresis as a function &, i.e., the relation between
ues ofF. In the absence of the periodic potentigk=» and  yg|ocity and external force depends on whetRencreases

vq should depend linearly of as indicated by the dotted from zero or decreases from a high value. We find the same
line in Fig. 2. In the present case, the net motion of thepenavior in our model for sufficiently low temperatures. In
oyerlayer is I|m|_ted_ by defe(_:t eXC|ta_\t|ons induced by the COUg. 4, we show the results fory and the effective tempera-
p_Ilng to the periodic potential leading to an enhancement of e of the adlayeT* as a function of for »=0.6 obtained
n over the microscopic friction parametgrand an increase at a temperaturd=0.5, which is much less thaf,. This
of T* over the equilibrium temperatur€ asF increases. temperature is also considerably below the amplitude of the
The sliding friction % approachesy only for largerF. The  periodic potential,. As will be discussed below, we find
calculation of the effective temperatufé assumes that the thatT<U, seems to be necessary in order that a sharp hys-
particle velocities have a Maxwellian probability distribution teresis feature appears in thgX F characteristics. The cal-
of width kgT*. In fact, as shown in Fig. 3 the velocity dis- culation was performed with the adlayer initially in a pinned
tribution can be well described by a Gaussian distribution. state, then the external force was increased to different val-
For T<T., however, where a commensurate solid phasales. An hysteresis loop is clearly seen in Fig. 4 and shares
the same features as found in the simulations of the Lennard-
7 — Jones systents.
In Fig. 4, it is shown that the initial sliding phase, when
the applied force is increased beyond the static thredhg|d
has almost the same temperature as the substrate and the
substrate potential provides no additional resistance. This is a
= sliding solid phase. It corresponds to the floating or incom-
mensurate solid phase in the equilibrium situation. It is im-
portant to note that this phase is dynamically generated by
the external field since the initial temperature is beldw
and a commensurate solid phase would be the equilibrium
state. With the choice of periodic boundary conditions in our
model, the misfits is zero and the configuration of the slid-
ing incommensurate solid phase in Fig. 4 is indistinguishable
FIG. 3. Probability distributior{circles of particle velocities in ~ from a commensurate phase. However, using free boundary
the stead state fd¥/F,=0.35 in Fig. 2. Solid line is a Gaussian fit. conditions and varying the misfit parameter we can confirm
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FIG. 5. Structure factoB(q) for b/a=2 andb/a=1.9 with
=0.6 andT=0.5 and free boundary conditions, in the slidi(a FIG. 6. Drift velocity vy and effective temperaturé* as a
and pinnedb) phases. function of external force= for »=0.6 andT=1.5. Circles and

crosses correspond to calculations using equilibration times differ-
that this phase corresponds to a sliding solid phase inconirg by a factor of 10.
mensurate with the substrate. In Fig. 5 we show the structure
factor S(q) for two values of the overlayer lattice spacing, can still be defined. In addition, a smooth sliding fluid to
b/a=2 andb/a=1.9, and at two different limits of the ex- solid transition takes place &,>F,. At this higher tem-
ternal force,F/F,=0.1 in the pinned phasd-ig. 5b)] and  perature, the system is able to relax in a short enough time to
F/F,=0.7 in the sliding phas¢Fig. 5@]. In the sliding a stable single velocity, independent of the history of force
phase,S(q) is peaked at the wavevector2b independent variation. The behavior does not depend significantly on the
of the substrate while it remains locked to the commensurateate of change of the force since calculations with different
value 7 in the pinned phase. Thus the external force inducegquilibration times give the same result as indicated in the
a pinned commensurate solid to sliding incommensuratéigure. The hysteresis observed at low temperature is also not
solid transition aF=F,. As the force is decreased from its affected significantly. However, we cannot exclude that for
highest value througlfr,, there is a jump inT* accompa- large enough equilibration times the range of temperature
nied by a simultaneous decreasevipat a critical forceF. . where hysteresis is observed is much smaller. The behavior
This corresponds to an overheating of the overlayer to aof F,,F,, andF. as a function of temperature is shown in
effective temperature that is aboWe, dynamically “melt-  Fig. 7. Within the present model, hysteresis disappeafs at
ing” the sliding solid phase. This can be regarded as a slid~U,<T, in contrast with the argumenritssuggesting that
ing solid to fluid transition. Finally af =F,, the fluid phase smooth sliding only occurs abovk, .
condenses into a pinned commensurate solid phase and the An important feature of thé& Xvy curve in Fig. 4 is the
temperature of the adlayer and the substrate become the

same again. The fact that there is a condensation from the — T T T T 1
“melted” phase is confirmed by noting that the temperature I —O0— Fa |
of the adlayer at this condensation is almost identical to the \ —o0— Fp |
. - 08 |- -1
equilibrium critical temperaturd .. Perssof has observed [ o --a-- Fo |
very similar dynamical transitions for Lennard-Jones sys- | - 1
. . . . 0.6 sliding
tems, showing that these features are universal in the nonlin- ¢ I g ]
ear response of overlayers and not just for specific models. In 04k A\A— ————— s 4
fact, other versions of the Frenkel-Kontorova model also ﬁ:g:o————ﬁ :
show some of these featuretn addition the present results 02 . \D\ E
show that a conventional “liquid” phase is not required and - pinned o
a high-temperature thermally disordered phase with nonzero P e e—
linear mobility is sufficient to show some of these effects. T

We now consider the behavior of the nonlinear sliding

friction at a higher temperatufe= 1.5 but still less thaiT . FIG. 7. Critical forces, ,F,,, andF as a function of tempera-
As can be seen from Fig. 6, the hysteresis disappears put ture for =0.6.
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FIG. 8. Time evolution of thery and F when the system is FIG. 9. Time evolution of thery and F when the system is
pulled by a spring at constant velocitg=0.01, belowvy, for »  pulled by a spring at constant velocity=0.1, abovev,, for 3
=0.6, T=0.5, andK,=0.5. =0.6, T=0.5, andK,=0.5.

existence of a “velocity gap,” 8v<u,, which leads to W€ have confirmed throggh direct ca]culation tr_]at when the
stick-and-slip motior?. In the gap region, the overlayer can- inértial term is dropped in the equation of motion, E8),

not sustain a constant sliding velocity and stick-and-slip molysteresis effects disappear argl/F,=1 even for the low-
tion is expected when it is driven by a spring moving with est temperature in Fig. 11. This should be contrasted to the
constant velocity lying in the gap, as measured in S”dingresults obtained by Perssofor the Lennard-Jones system
friction experiments. Smooth sliding is possible only for WhereF,/F, seems to saturate for largeat ~0.6 for tem-
vs>vy,. We have confirmed this behavior by calculating thePeratures belowr.

time dependent drift velocity4(t) and forceF(t) when r y T - T - T T

each particle of the overlayer is subject to an elastic external (a) o~

force of the form 06 6555900 7

o
F(t):Ks(Xcm_Ust)a (7) LE 04r f&?c 7]
2 L .

whereK is the spring elastic constant arg, is the position ook i

of the center of mass of the overlayer. Indeed, stick and slip I 2

motion is obtained fov <v}, as shown in Fig. 8 and smooth Ve ~2b a

sliding motion forvg>vy, as shown in Fig. 9. O 0 o 06

We have also studied the effects of varying the micro-

scopic friction parameter; on the nonlinear mobility. The 5 . . , : , .

FXwvq4 characteristics is shown in Fig. 10 for a larger value I (b) w

of #=0.9. In this case, the sliding fluid to solid transition 4k S i 4

occurs at~.>F, and the return to the pinned solid phase at I 4 ]

Fp occurs at an effective temperature of the overlayé&r 3+ (L ) -

belowT., so the results are qualitatively different from that T* /T ¥

for »=0.6. Perssohhas argued, based on hydrodynamical 2+ 3 -

considerations that whenevér <T, is satisfied af, the - o .

ratio F,/F, between the kinetic and static friction forces 1 ——0——0-000000— 0o oo—o-o

should be a universal value 1/2. For the present model, we 00 > ” > o

find instead that the rati¢,/F, depends ony and T as
shown in Fig. 11. The ratio approaches 1 fpr-3 at T F/Fo

=0.5. At lower temperatures, the results indicate that the F|G. 10. Drift velocity vy and effective temperatur&* as a
ratio would asymptotically approach one at larger values ofunction of external forcd for »=0.9 andT=0.5. Squares corre-
7. This behavior is expected since in the largdimit the  spond to data for increasing and circles for decreasing. The
system is overdamped and hysteresis is not expected. In faetrow indicates the minimum velocity, .
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We should note, however, that the nature of the high- .
temperature phase in the FK model is quite different from N . o
the Lennard-Jones system, with power law instead of the ' 10 100
exponential decay of density correlations as a function of N

separation distance This follows from the fixed-neighbor
constraint in the model of Eq1) that excludes topological
defects, such as dislocations. It is well known that thermall
excited dislocations can destroy crystalline order and lead to

exponential decay of density correlatiofisTherefore, in the  limited range of» and T, as shown in Fig. 11, and the
absence of dislocations, the equilibrium high temperature ennard-Jones system simply has a broader crossover region
phase forT>T; and F=0 is a depinned elastic solid and than the present model.

correlations decay as a power law. In the sliding state for

F>0, one thus expect that when the effective temperature of

FIG. 12. Finite-size behavior of the peak in the structure factor
yS(q) for different values of in Figs. 4 and 10.

the overlayerT* is larger thanT, overheating of the over- VI. CONCLUSIONS
layer leads to power-law decay of density correlations,
whereas long-range order should occur wign=T. This Comparing our results for the nonlinear response for the

expected behavior is confirmed in Fig. 12 where the finitefrenkel-Kontorova model to the earlier study based on the
size behavior of the structure factor peak for different values ennard-Jones interactidnwe found that all the important

of F and » is shown, corresponding to the different dynami- features such as the appearance of dynamic sliding solid and
cal phases in Figs. 4 and 10. For density correlations thatuid phases, the transition between these phases , the strong
decay algebraically as™ 7, the normalized peak height of hysteresis effects, and the velocity gap for constant velocity
S(q) at the commensurate wave vectpr 7 should scale as  sliding are common to both models. This indicates that these
a power IaWS(q-r)/NzocN*“‘Z’70 while it should be a constant are robust features that do not depend on the details of the
when long-range order prevai$For the fluid phases where model such as many body interactions among the adatoms
T*>T, corresponding to the value &7F,=0.32 in Fig. 4  and surface geometry or anisotropies. The strong qualitative
andF/F,=0.4 in Fig. 10, the log-log plo§(m) vsN has an  similarity of the results for mobility in these models to the
apparent linear behavior with nonzero slope as shown in Figeffects observed in macroscopic sliding between two sur-
12, consistent with algebraic order. For the pinned solidaces support strongly the idea that the response of the lubri-
phase wherd* =T atF =0, the quantityS(m)/N?is a con-  cant layer to an external force is the key factor in controlling
stant indicating long-range order. For the sliding solid phas%oundary lubrication.

at F/F,=0.7, the corresponding value fd8(m)/N* de- Besides the relevance to the macroscopic sliding friction,
creases very slowly with increasir, indicating that it is  the dynamic phases generated by the external force are of
not a phase with full long-range order in contrast with thejntinsic interest and have no counterparts in equilibrium.
pinned solid phase & =0 but much larger system sizes They are certainly worthy of more detailed study both ex-
would be required to fully confirm this behavior. perimentally and theoretically and may also be relevant to

~ The hydrodynamics arguments used by Per%suggest- other types of driven lattice systetfiss for vortex lattices in
ing a universal valué,/F,~0.5 are based on the existence type-|| superconductors.

of a drag force acting on a nucleating domain of solid phase
surrounded by the fluid phase. Since the nature of the fluid
phases in the FK and Lennard-Jones models are very differ-
ent, this argument is not valid for the FK model and this
could account for the different behavior of the raftig/F . This work was supported in part by a joint NSF-CNPq
However, in view of the many common features shared bygrant, an ONR gran{S.C.Y), and by FAPESRProc. 97/
the two models as shown in Figs. 4 and 10, it is also possibl@7250-8 (E.G). We thank M.R. Baldan for helpful discus-
that the relationF,/F,~0.5 is in fact valid only within a sions.
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