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We study the nonlinear dc response of a two-dimensional underdamped system of interacting atoms subject
to an isotropic periodic external potential with triangular symmetry. We consider various values of the effec-
tive elastic constant of the system, two different atomic interaction potentials, and different concentrations of
atoms. In the case of a closely packed layer, when its structure is commensurate with the substrate, there is a
locked-to-running transition as a function of the driving force, whose mechanism depends on the effective
elastic constant. For a low elastic constant, where the layer is weakly coupled, the transition is achieved via the
creation of an avalanche of moving particles that leaves a depleted region in its wake. On increasing the
effective elastic constant the depleted region becomes less marked and there is a crossover to a scenario in
which an island of moving particles nucleates the transition. In the case of a partially filled atomic layer,
several dynamical phase transitions between states with different atomic mobility are observed. The mobility of
atoms as a function of the external force can vary nhonmonotonically with increasing force. For the case of a
small external damping, the system can be trapped at a large force in an immobile metastable state, thus
demonstrating a “fuse-safety device” on an atomic scale.
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[. INTRODUCTION to a time-independent Schmoluchowsky equafioh As in
the single particle case, hysteresis is present in the response
The nonequilibrium dynamics of simple systems of inter-Of the system, but only at zero temperature.
acting particles subject to an external periodic potential, A recent study of the one-dimensionalD), under-
damping, a thermal bath, and a driving force is a rich andi@mpedrFK model[8,9] has shown hysteresis in the locked

interesting problem. As well as proving of theoretical inter- [ running transition even atonzerotemperature. The h_ys-
teresis was shown to result from a distinct difference in the

) L L . . Mechanisms of the forwardocked-to-running and back-
important applications in fields such as dislocation theory, 4 (running-to-locked transitions. The forward transition,

[1], plastic flow of a solid 2], tribology [3], Josephson trans- seen on adiabatic increase of the driving force, is initiated by
mission lines, mass transport, and conductivétyg., sed4]  the instability of a fast moving kinkthe topologically stable
and references thergin quasiparticle describing local compression of the one-
The pioneering work on this subject, the case of one didimensional chainleading to an avalanche of kink-antikink
mension and noninteracting atoms, was summarized in theair production[8,10. The kink becomes unstable upon
monograph of Riskefi5]. For a small applied forc€&, the  reaching some critical velocity. which may be higher than
total potential felt by a Brownian particle possesses an arraff!e sound speed in the case of anharmonically interacting
of local minima. Hence, at zero temperature the mobility of&0Ms[8]. The collision of the newly created kink and anti-
the particles, defined &= (v)/F (whereu is the drift ve- kink initiates the growth of a domain of running atoms,

locity of the atom3; vanishes and for low temperatures thewhich is characterized by a cosine density profile and ex-
"y ) vanisne W temperatu pands with the sound spegti0]. This scenario is quite dis-
mobility will be exponentially small. This is called the

o > _ tinct from the reverse transition for adiabatically decreasing
lockedstate. At some critical forc€&, the minima in the  force, where intermediate steady states were observed to ex-
total potential vanish and the particle will slide over the cor-ist between the running and locked stai@b

rugated total potential with a maximum mobility d One can define the coverageof such a FK system as the
=(m») !, wheremis the mass of the Brownian particle and ratio of the number of atoms to the number of minima in the
7 is the viscous damping coefficient. This is known as thesubstrate potential. For commensurate coveraged/m,
running or sliding state. In the underdamped case the systemvith m integer, it is first necessary to nucleate a kink-
may possess a running solution even before the minima adntikink pair via a thermal fluctuation. Then the instability of
the total potential vanish because the momentum of the pasuch topological kinks at high speeds will initiate the transi-
ticle can help it overcome the existing barriers. tion to the running state. Whew 1/m, residual(*geometri-
The overdamped case of interacting atoms, the overeal”) kinks are already present in the undriven system and

damped commensurate Frenkel-Kontor@#) model[6],  they become mobile before the transition to the running state
is also well understood, thanks to work reducing the problenf11,12. In this case the transition has a multistep character.

Additionally, if the interatomic interaction is anharmonic, the

system passes through the nonuniform “traffic jam” steady

*Electronic address: obraun@iop.kiev.ua state[9].
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The two-dimensional2D) Frenkel-Kontorova model is so the straight river of running atoms grows until it occupies
obviously much more complicated than the 1D one. First, fothe whole system.
2D models we have no simple guide as we had in the 1D FK By contrast, investigations of thisotropic 2D under-
model, namely, the exactly integrable sine-Gordon equatiordampedvectorFK system are very limited. In the context of
Practically all variants of the 2D model are not integrabletribology, Perssor{18] studied a partially filled ¢<0.5)
even in the continuum limit. Second, even the ground statéyer adsorbed on a substrate with square symmetry, and
(g.s) of the 2D model is often quite complicated. Dependingobserved a hysteretic dynamical phase transition, similar to
on the substrate symmetry, interparticle potential, concentrdl€ T=0 one-particle case. However, there are still a number
tion, and temperature, the g.s. may be either crystallin®f open questions, in particulafi) How does the transition
(commensurate with the substrgtdloating (incommensu- Pegin for the commensurate=1 system; does it start with
rat®, liquid, or even totally chaotic as will be mentioned the creation of a DW-anti-DW paifdislocation loop or
below in Sec. IIl. The g.s. problem was widely studied in theWith the emergence of a running island® How does the
context of surface physicée.g., see[13] and references transition proceed after the nucleation evefiit? How does
therein. Third, the topological excitations of the 2D system, the mechanism of the transition depend on the atomic con-
which, analogously to kinks in the 1D FK model, are respon-Centration and on the layer structuré®) If a DW already
sible for the mobility, may be of different kinds; e.g., they Preexists in the system, is its motion §table, and_up_ to what
may correspond to spatially localized excitations calledvelocity? (v) Does a spatially nonuniform “traffic jam”
“crowdions” (extra atoms inserted into the layer for the sim- Steady state appear during the transition? _
plest 9=1 structure or to linear objects known as domain  he current study extends our understanding of the
walls (DW’s; sometimes the terms dislocation, discommen-0ocked-to-running  transition to the underdamped two-
suration lines, or plane solitons are useMoreover, the d!mens!onal isotropic system. Here we shalll_con5|der a two-
DW'’s themselves may be of different types, e.g., partial oidimensional layer of particles with position vectots
total dislocations, edge or screw, etc. =(uy,uy), subject to a periodic substrate potential. We use

The dynamics of the 2D FK model was studied mainly inPeriodic boundary condl'qons in b_oth spatial directiorsnd
the context of dislocation theofyl], when dislocation lines Y- Although we do not intend either to develop a general
or a dislocation grid already preexist in the system. In theheory of the locked-to-running transition in 2D systems or
framework of thescalar 2D FK model, where the atoms are {0 consider some specific experimentally studied system, we
allowed to move in one dimension only, the DW motion is have tried to choose a generic model which could exemplify
essentially the same as in the 1D FK mofit,15. Only at ~ @nd clarify the mechanism _of the_ transition in the isotropic
high driving forces does the DW become unstable againstystem. Namely, any two-dimensional periodic substrate po-
spontaneous roughening, and the nucleation of additiondential can pe constructed as a combination of four functions
wall-antiwall pairs behind the primary wall occurs. For a S1AXY)=sinKy 2 r) andcy Ax,y) =cosk, > r), wherek;
more realisticvector2D FK model, where atoms can move are the corresponding reciprocal vectors. In the present work
in both x and y dimensions, there are only a few studiesWe chose the triangular lattice as typical of isotropic 2D sys-
devoted to its dynamics. Notably, a 2D FK model with har-t€ms, so the reciprocal vectors deg=(27/a, - w/a,) and
monic interactions between the atoftise so-called “spring  k»=(0,27/a,), wherea,=a\/3/2. Similarly to the 1D FK
and ball’ mode) was studied ifi16]. Here the emphasis was model, where one take¥{x)=3&[1—cos(2rx/a)], we
on dislocation generation and motion and the locked-towill use the simplest symmetric combinatiovs,{X,y)
running transition was not studied. Besides, in this model=z&{3—cosk;-r)—cosk,-r)—cog(k;+k,)-r]} or
only the interaction of nearest neighboring atoms was in-
cluded. Thus the layer must keep its ordered state, and the

model can be used for small mutual atomic displacements 1 27X Ty
only. Veud X, Y) = 5€ 1-co§ —|co a_y
A truly 2D FK model with the atoms able to move in all
three dimensions, the atoms being subjected to the 3D exter- 1 _ 2wy
- N ) . o +=|1—cog —|||. D
nal potential periodic in two dimensions and parabolic in the 2 ay

third dimension, was studied ifl11,17] for an anisotropic

rectangular substrate symmetry. The anisotropy of the sys-

tem was established by the periodic part of the external poThe function (1) gives isotropic minima organized into a
tential, which was chosen as a set of “channels” with cor-triangular lattice and separated by isotropic energy barriers
rugated bottoms, oriented parallel to the direction of theof heighte, as shown in Fig. 1. The frequency of atomic
applied force. In[17] the authors concentrated on studying vibration near the minima is also isotropia,= w,= wq

the mobility of the system as a function of the atomic con-=(e/2m)¥3(2x/a). The function(1) has flat maxima of
centrationd, while in [11] the locked-to-running transition heighte (i.e., the same as the barripmmganized into a hon-
was considered. In the anisotropic 2D system the interactioeycomb lattice. Generally, introducing additional parameters
between neighboring FK channels was found to lead only tmne may construct a more complicated substrate potential,
minor changes of the behavior compared with the 1D syse.g., one with nonflat maxima. However, because the precise
tem. Namely, when one of the channels passes to the runnirghape of the electronic density is not known for most sur-
state, it carries the nearest neighboring channels into motiofiaces, we prefer to use the simplest functidn. Similar
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face, one is typically in the limit of lovges [20]. A lubricant

layer between two blocks of material corresponds to the limit
of largege¢. The fact that one has a block of material and
not simply a free monolayer means that the layer immedi-
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@ﬂ‘\‘x"’ﬁﬁs\ ately above the interface has a much larger effective elastic
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Vi 1 l‘:i\\‘_\‘\‘ ;ééiii\_\‘\!o,%sxg\&_\,%égx\\\\ constant. Although the disturbances are limited to the layer
0 L& "‘;‘Q"‘Q’}:“““Q"ﬁzz‘;“;‘.O o of the block at the sliding interface, the other layers above
“Q,iéi\\‘”’,iﬁ%‘\“’ help maintain the separation between the first layer and the
"/ ‘\§§\.“,6g6;0:\\\\\‘$‘ lower block, reducing the effective substrate potential depth.
v \\’”’ 1 X Also, the other layers tend to lock the structure of the first
“” layer, making it more rigid than a single monolayer.
AN We use a dimensionless system of units, where the atomic
2 mass ism=1, the periodicity of the substrate potentialais
FIG. 1. The substrate potential with triangular symmetty,,, ~ — 27, and its height i&=2, so that the characteristic fre-
plotted fors=2. The coordinates are scaled so tatx/a and ~ quency iswo=1. It will also be helpful to define a time scale
Y=yla. for the problem in terms of the oscillation period of a particle

in the substrate potentiat,=27. One can also define a time
forms of the substrate potential have been typically used iscale in terms of the oscillation period of the particles in the
studies of atomic layers adsorbed on isotropic triangular anthyer, ro= 74/ @f
hexagonal substrat¢43,19. The equations of motion for the displacement vectors of
The atoms interact via a pairwise potentiér), wherer  the N atomsu;(1<i=<N) are given by
is the interatomic separation. We have considered the cases

of an exponential repulsion bt 7o+ o -(Z‘-) V(U= )+ Uguf ) | = Fo 4 Flg,
U=t
V(r)=Voexp(—r), ) (4
with the choicey=a"1, and the Lennard-Jonég&J) inter-  wherev=u, or uy, F'=F, orF, is the externally applied
action force, andF;,,4is the random force required to equilibrate

the system to a given temperatufeWe chose the driving
(E force to act only in thex direction, i.e.,F,=F, F,=0. We
r typically used »~0.1, which is well underdamped, and
choseT such that it was small compared £oand the layer
Notice that these two interactions are very different. ThestiffnessV"(r,) in order to obtain clearer pictures. Then,
exponential case is purely repulsive with no minimum in thebelow the transition the mobility of the system is very small.
potential. This situation corresponds, in particular, to atoms The numerical procedure for solving the equations was
chemically adsorbed on a metal surface, when, due to breakhe same as used in previous repdsli]. First the atoms
ing of the translational symmetry in the direction normal towere thermalized at zero force; then the force was slowly
the surface, the atoms have a nonzero dipole moment whictadiabatically increased, allowing a time of several (or
leads to their mutual repulsigi20]. For the LJ interaction 7, if 7> 7.) to equilibrate at each new value of the force.
there is both attraction and repulsion, with a minimum in theln this way the force was increased until one had moved
potential at the atomic separatiosa. When the atoms are through the transition. At each new value of the force the
closely packed and experience only the repulsive branch aéquilibrated configuration of positions and velocities was
the interaction as, for example, in the case of a lubricant filmstored, allowing one to restart the simulation with a finer
confined between two substrates, both potentials are qualitferce step. Once the transition had been located for the sys-
tively the same. But when the layer has expanded regionsem size and temperature the trajectories of the particles were
where the interatomic separation exceeds the equilibriunexamined carefully to allow the identification of the scenario
distancer =a, the LJ potential may lead to first-order phasefor the transition.
transitions. To avoid this complication, in most of our simu-  The paper is organized as follows. First, in Sec. Il we
lations we use simple exponential repulsion. study the locked-to-running transition in the perfectly com-
To characterize the system it is helpful to define the ef-mensurated=1 case, where the layer structure coincides
fective elastic constang.s=a?V"(ro)/27%, wherery is  with the substrate one. We show that the transition begins
the mean interatomic distandd,21]. This single number not with creation of a linear object such as a DW or dislo-
gives an indication of the strength of the elastic constant otation loop, but with creation of lacalizeddisturbed region,
the layer of atoms relative to the strength of the substrateither a domain of running atoms for a stiff layer or a
potential. A value ofge¢s much smaller than 1 indicates a “melted” island for a weakly bound layer. These domains
relatively weakly coupled layer, whereas a value much largegrow and finally overlap. In relatively small systems this
than 1 describes a stiff atomic layer compared with the subleads to aiver of running atoms. The width of the river then
strate depth. Both large and smglls correspond to physi- grows linearly with time until the whole system passes to the
cally relevant systems. For a monolayer adsorbed on a surunning state. For larger systems, the domains have longer to
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develop before the periodic boundary conditions cause then
to join up on themselves, and so the resulting structures art
more complex. In Sec. Il we present the results of an inves-
tigation of a specific but interesting case of the half-filled
layer, 6=1/2, when the system demonstrates new addltlonar
regimes such as a “fuse safety” scenario and a “mirror
switching” steady state. Finally, Sec. IV concludes the paper

W|th diSCUSSion Of the reSUItS. 0 10 20 i(/)aleo 50 60 0 10 20 i(/)axw 50 60 0 10 20 i(/)axw 50 60
Il. CLOSELY PACKED LAYER FIG. 2. Snapshots of the mechanism of the locked-to-running

transition for the LJ interaction withg.=0.9, »=0.141, T

First we consider the case of a closely packed atomic=0.05, and==0.9933. The positions of the particles are indicated
layer, =1, when in the ground state the atomic layer has ay circles. Thex component of the particle velocity is shown in a
triangular structure commensurate with the substrate. In thgrey scale by the color of the circle: black corresponding to zero
simulations we mostly studied a system Nf=N, N, =64 velocity and the lightest grey to velocities over a certain velocity
X 64=4096 atoms. To study system size dependence weutoff. Snapshotgb) and (c) are taken 0.2% and 0.54r¢ after
looked at systems of up t=112x 112 atoms, as well as Shapshota).
systems with different aspect ratios.

Below, we analyze the locked-to-running transition for interactions. However, the value gf above which the de-
several values ofges for the two choices of the scribed scenario is observed is different for the LJ and expo-
interatomic potential. The spectrum of the ideal triangulaential interactions. The LJ layer behaves more rigidly than
lattice is described by the function&)i(k)—wé[g the exponential case for the same valueggf. We found

—2 cos@k)—cos@k/2)cosgk)] and  wj(k)=3 wi[1 that 0.)g; <1 for the LJ case ang;~1 for the exponen-
— cos@k/2)cosak)], wherew Vgerr anda,=ay/3/2, so tial case.
2 gating The size of the island nucleated was found to increase

Lor:tgt)e t;ﬁzsvgerrosjpwi\é?oggp?g‘Zm'lg"r'rr: bhd'rdejt'?k';;'di with i.nereasingge.ﬁ. As one i.ncreasegeﬁ further the char-

T K0 X%y acteristic nucleation island size increases towards the system
=\3awy/2y2, while for the longitudinal wave the group size. For a very stiff layer of particleg.q>g,, the transition
velocity ISUL—“mk _o doy(k)/dk,=\3v7. occurs via the whole system of atoms beginning to move.

Because in the g.s. all atoms lie in substrate minima, thdhe value ofg, naturally depends on the system size as well
layer is strongly pinned. To initiate the motion, a topologicalas on the details o¥/¢{X,y) and V(r). In particular,g,
defect(either a localized defect like crowdion or a disloca- increases withN, so that one can mediate the transition with
tion loop) has to emerge first. The size of this defect must bdarger and larger islands by increasing the system size. For
of orderd~a\/§, so one could expect different scenariosthe same system size and temperature, the LJ interaction
for small and large values daf.. Indeed, we found that again proved stiffer than the exponential interaction, having
around some threshold value @fs= g, there is a crossover a smaller value of,.
from one characteristic scenario to another in the early stages
of the transition. B. Weakly bound layer

) For a weak interatomic interactian<g,, we found that
A. Stiff layer the locked-to-running transition was mediated by the forma-

In the regimegq+>g; the transition from the locked to tion of an avalanche of moving particles leaving behind a
running state is mediated by the formation of an island ofdepleted, low-density regiofhe atoms in the disturbed re-
moving atoms in a sea of essentially stationary particles. Thgion do not show a regular structuréo we may speculate
size of the moving island grows quickly in the direction of that the beginning of the locked-to-running transition is
the driving force and somewhat more slowly in the perpen-caused by the nucleation of a “melted” island. The exact
dicular direction.Inside the island the atoms largely main- scenario was slightly different for the two different interac-
tain their triangular structuredue to the stiffness of the tion potentials.
atomic layer. Hence one sees areas of essentially perfect tri- First let us consider the exponential interaction. Snapshots
angular lattice surrounded by a loop of partial dislocationsof the system at three times during the transition are shown
Due to the periodic boundary conditions, the island eventuin Fig. 3 for the case of=0.1. A thermal fluctuation starts
ally joins up on itself. There is then a strip, oriented parallela small number of particles moving in the direction of the
to the driving force and bounded in the direction perpendicudriving force. This fluctuation persists long enough to locally
lar to the driving force, in which particles move along the destroy the triangular ordering of atoms and allows the atoms
periodically continued system. Outside this strip the particle$o escape the substrate minima. The moving atoms are accel-
are immobile. We shall denote such a state awer. The  erated by the driving force, leaving a depleted region behind
river then broadens perpendicular to the driving directionthem. The size of the disturbed region quickly grows in the
until all atoms are moving. direction of the driving force as the moving atoms impinge

The evolution of this scenario is shown in a series ofon stationary particles in front of them. Thermal fluctuations
snapshots in Fig. 2. The same scenario was observed for bo@ind the unbalanced repulsive interaction left by the atoms
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(@) (b) (c)

: e i
0 10 20 30 40 S0 60 0 10 20 30 40 50 60 0 10 20 30 40 S0 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
x/a, x/a, x/a, x/a, x/a, x/a,

FIG. 3. Snapshots of the locked-to-running transition for the F|G. 5. Snapshots for the exponential interaction with one in-
exponential interaction wittg.=0.1, »=0.1, T=0.01, andF serted atom foges=0.3, »=0.1, T=0, andF=0.55. The posi-
=0.94. The positions of the particles are indicated by circles.XThe tions of the particles are indicated by circles. BTheomponent of
component of the particle velocity is shown in a grey scale as inhe particle velocity is shown in a grey scale as in Fig. 2. Snapshots
Fig. 2. Snapshotgb) and (c) are taken 6.3 and 12.3rs after  (b) and(c) are taken 3.6 and 14.4r, after snapshota).
snapshota).

effect of the moving particles creating a traffic-jam-like,

that have moved off their lattice sites cause stationary atomdenser region is different for the LJ interaction than for the
adjacent to the depleted region to be easily set into motion. &Xponential interaction. In the latter case a very dense region
dense region of atoms is created at the leading edge of tHermed and produced a bulging out of the disturbed region.
disturbance as the mobile particles are able to move fastéS can be seen in Fig. 4, for the LJ interaction the increased
than the leading edge can propagate. Mobile particles ar@ensity causes the disturbed region to grow not only in the
therefore slowed down as they approach the leading edgéirection of the driving force, but also preferentially along
producing a dense region of slower particles, in much théhe other two slip planes of the triangular lattice. The density
same way as traffic slows down on approaching a hindranc@! the leading edge of the disturbed region does not become
on a road. We shall call this kind of situationtraffic-jam  as large as for the exponential interaction, and instead of
effect. The bulge at the leading edge of the disturbanc®ulging out the disturbed region develops “barbs” at angles
grows both parallel and perpendicular to the driving force™ 7/3 relative to the driving direction. At later times the
until the domain of moving atoms joins up on itself due to disturbed region joins up with itself due to the periodic
the periodic boundary conditions. The formation of the bulgeboundaries.

is clearly visible in the two later snapshots of Fig(ridtice

that in this particular simulation a second nucleation event C. One extra atom

also takes plage _ L For the commensurate case described above, the first
_The scenario observed for the LJ interaction is slightlye,en in the forward transition is the creation of the disturbed
different. Snapshots for the LJ interaction wigg=0.023  region due to thermal fluctuations. The rate of this process is
are shown in Fig. 4.. Again, a thermal flugtuathn al_lows Acontrolled by the Boltzmann factor expb../T), where the
small number of particles to start to move in thelirection.  ,ctivation energy is determined by the driving force, for ex-
For the case shown in Fig. 4 this was four to five ne'ghbor'ngample,sactoc(l— F)¥2in the goy<1 case. In the simulation
particles in the samg= const plane. The disturbed region ;o ;sed low temperatures to reduce “noise” in the snap-

quickly expands in the direction of the driving as in the casegpts and, thus, we had to use forces very close to the maxi-
of the exponential interaction and again a depleted region ig, m value,F=1. In order to check whether the scenario is
formed. In the LJ case the atoms in the wake of the disturbegigtarent for lower forces, we also made simulations with one

region are set into motion by the attractive interaction bey iy atom inserted into the commensurate structure. In the
tween the particles at separations in excess®&. The  1p Fk model such a situation corresponds to one “geometri-
cal” kink which easily moves through the lattice. In the iso-
tropic 2D model studied in the present work, the configura-
tion with one inserted atom surrounded by the “distortion
cloud” (due to shifting of neighboring atoms around the in-
serted ong produces a localized configuration called a
“crowdion.” Similarly to the 1D model, the crowdion
moves much more easily than atoms of the background com-
mensurate structure. At smdil the crowdion performs di-
rected random walks in thedirection, but sometimes it may
also jump to the nearest neighboringhannel and push the

FIG. 4. Snapshots of the mechanism of the locked-to-runningtoms from their ideal positions. With increasing force, at
transition for the LJ interaction withgey=0.023, »=0.2, T ~ Some moment an additional crowdion-anticrowdion pair is
=0.0025, andF=0.9901. The positions of the particles are indi- created, and subsequently the avalanche starts to grow. The
cated by circles. Th& component of the particle velocity is shown Subsequent scenario was found to be the same as described
in a grey scale as in Fig. 2. Snapsh@isand(c) are taken 0.45,  above for the fully commensurate case and is shown in the
and 1.17, after snapshota). snapshots of Fig. 5 fog.=0.3. The critical force=. when
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- FIG. 7. Snapshots of the later stages of the locked-to-running
transition for the 11X 112 system, with the exponential interaction
(9e=0.3, T=0).

0.2

0.0 5!5555“«m“««m.«m“‘

) the driving force. This can be seen in the snapshots of Fig. 7.

time At T=0 the leading, approximately semicircular, edge of the

FIG. 6. The dependence of the mobilit, on time for the moving domain was found to both grow in diameter at a rate
locked-to-running transition for the initial configuration with one v @nd to propagate at speedBothv andc were found to be

inserted atom in a 6464 size system foge;=0.3, »=0.1, T  @pproximately equal to the longitudinal group spegdof
=0, andF=0.55. the layer. As the moving domain then gains area by transla-
tional motion and growth we expect that the mobility should
the avalanche begins, however, is now much lower than iincrease as$?. The data for the 112112 system are shown
the fully commensurate case. For example, for the exponenn Fig. 8 along with the quadratic fitted at early times.
tial interaction withg.¢=0.3 we foundF .~0.55 atT=0.
Also, we checked the scenario of the locked-to-running E. Backward transition
transition for a high enough temperatuwe,: 1/3, chosen so It has been observed for the 1D systg8h that spatially
that the background structure is still commensurate, but the .
: .. Ihhomogeneous stable states may exist when one decreases
crowdion and also other atoms can move at small drivin

o . Yhe driving force adiabatically from the running state. One
forcesF<O._3. We fom_md that the only quall_t:_;\tlve d|ff_erence might expect to find analogous stable states in the 2D system
from the T=0 case is that now the transition begins at a

on the backward transition between running and locked
smaller forceF.~0.35. states.
_ We have performed simulations of the running-to-locked
D. Later times transition (force decreasingfor the LJ interaction for the

In all cases, the disturbed region eventually joins up orfully commensurate case and for three different values of
itself, due to the periodic boundary conditions. For relativelyQes -
small square systemd\& 64x 64) the moving domain did (i) ger="10. For the very stiff layer we show in Fig. 9 a
not have much opportunity to grow perpendicular to the driv-plot of the mobility of the layer as a function of decreasing
ing force before joining with itself and soraver of moving  driving force. It is clear that stable states, with nonzero mo-
particles was formed. The width of the river was found tobility, do exist between the running statehich exists for
grow approximately linearly with time, at a rate that de-
creased with increasing damping or temperature, until the
whole system was in the running state. This scenario is quite
general, because even in an infinite system, neighboring dis
turbed regions arising from thermal fluctuations will overlap
with each other when they reach some critical size, as usua
in percolation problems.

A typical snapshot of the atomic configuration during the
river growth atT=0 is shown in Fig. &) for the forceF, =
=0.55, where we used the initial configuration with one
crowdion. In the middle of river the atoms move with almost
the maximum velocity=./» and keep the ordered triangular
structure. However, the boundary between the running anc
locked regions of the layer, which takes about ten atomic
channels, is totally disordered. The rate of river growth, as ‘ ‘
seen from Fig. 6, may be approximated by a linear law o 50 100 150 200

05

B(t)=pB(t—t,) with 3=0.0095. From these data we can time
find the velocity of the river front asg=N, a, B/2. This FIG. 8. The crosses show the mobility as a function of time for
givesvg~1.65, which is approximately equal tq /2. the locked-to-running transition for the 1212 system, with the

For larger square systems we see that the moving domaikponential interactiong,z=0.3, T=0). The quadratic form fit-
in fact grows considerably both perpendicular and parallel taed to the early time data is shown as the solid line.
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% “ FIG. 11. Snapshots at various times through the running-to-
AR locked transition for the LJ interactiorg{s=1) with fully com-
mensurate coverage. The particles are color coded according to the
x component of their velocityblack (slow) to light grey (fasb].

) . . step, the width of the moving stripes of particles generally
0 0.0 0.1 0.15 02 broadened. Examples of these three kinds of spatially inho-
F mogeneous states observed are shown in Fig. 10. On con-

FIG. 9. Mobility as a function of decreasing driving force for tinuing to decrease the driving force the mobility dropped
the fully commensurate case, with LJ interactiggy=10. Interme-  Sharply as a four-blob state was reached. Again this appeared
diate stable states are clear between the running stel and to be unstable to a diagonal striped state, this time with a
the locked state;B=0. slope of 1/2. Then the middle step with states of two hori-

zontal stripes was observed. Finally we noted a two-blob
F>0.15) and the locked stafgvhich exists forF<0.06).  state, followed by a diagonal stripe with unit slope, and then
For the system size studietl & 64x 64) we observed three @ single horizontal stripe of more mobile atoms.
large steps in the mobility curve, which correspond to spa- We expect that it may be possible to predict the locations
tially inhomogeneous states. These states are characterizetithe steps in the mobility curve by developing a linear
on each step by the number of horizontal stripes of morétability analysis about the running state, as can be done for
mobile atoms present. The lowest mobility step was comthe 1D system, using the approach of Ref2]. However,
posed of states with orfer possibly a doublestripe of very ~ the analysis is severely complicated by the complexity of the
mobile atoms, the middle step consisted of states with tw@D phonon spectrum and the nonorthogonal lattice vectors of
(or two doublg stripes, and the upper step corresponded tghe triangular lattice. As with the 1D system, one expects
states with threéor three doublestripes. that increasing the system size would increase the number of

On decreasing the force just below the stability of thesteps present on the mobility curve. It would seem, from the
running state £ =0.15), we first observed a state inhomoge-emergence of the blob states, that the linear stability analysis
neous in both spatial directions. Six small regions were obselects a particular unstable wavelength of the 2D system.
served where the velocity of the particles parallel to the driv-The nonlinearity appears to force the system to saturate into
ing force was C|ear|y |arger than average. We shall call eack stable Striped state, rather than maintaining a state periodic
of these regions &alob and the state witim such regions an in bothx andy directions.
n-blob state. The observed six-blob state is shown in Fig. (i) gef=1. For this value of effective elastic constant no
10(a). Although reasonably long-lived~100r,) this six-  stable intermediate states were observed. However, one
blob state became unstable to a diagonal striped state, whe¢guld observe the transient behavior between running and
the stripes of mobile atoms had a slope of 1/3. These statd@cked states. At first one could observe small regions of
only appeared in a small range®before the step with three stationary or slow moving particles in a sea of mobile ones.

horizontal stripes developed. Moving along the mobility Initially these regions appeared completely randomly posi-
tioned; however, they soon began to cluster until the entire

system was in the locked state. Although the system studied
was fully commensurate, the final state of the simulations
was not completely locked, due to the presence of vacancies
and corresponding crowdions. These would have eventually
disappeared to leave the completely locked, low-temperature
state; however, the time scale for the mobile crowdions to
diffuse perpendicular to the driving force and annihilate with

5% % & 6 10 20 3 - the pinned vacancies was very long. Snapshots showing the
x/a Xa, N . . . .
progression through the transition are shown in Fig. 11.
FIG. 10. Snapshots ofa) the six-blob state(b) the three- (ii) ger=0.023. When the layer is weakly coupled com-

diagonal-stripe state, ar(d) the three-horizontal-stripe state for the Pared with the substrate strength, we observed that the
LJ interaction jox=10) with fully commensurate coverage. The locked-to-running transition occurred via a different sce-

particles are color coded according to tkecomponent of their  nario. Namely, a disordered band of particles formed parallel
velocity [black (slow) to light grey (fast]. The blob state, although to the driving force, which contained the slow moving par-
long lived, seems unstable to the diagonal-striped state. ticles. Apart from a few vacancies, the region outside the
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FIG. 12. Snapshots at various times through the running-to-0) %69 195® 696202 0% 6 e 0 Lo Co"C
locked transition for the LJ interactiong{s=0.023) with fully ~hisagy KIS

commensurate coverage. The particles are color coded according t OO0+ D DD +OLO +O +O O + O
the x component of their velocitjblack (slow) to light gray (fast]. &P %" P00 8% 'S ' E+F+ S
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which point the slow particles were mainly clustered in a 9595955 G 08 PP °

band parallel to the driving direction. The width of the band

of slow particles then grew to span the whole system. Again, type: || configuiration-DW of “fieavy ™ Kinks
generally one obse_rved a few vacancies and cr_owdions in thi 08{%{%{0}20580}30}0 :og{c%{(%ﬂc%{c%
final state of the simulation that had not had time to anneal oo oo (eI e ol oo++o'+.o++20 + O+ .0

. .. . + +
out of the_system. The scenario of the transition is illustrated Q5+, Q3+, Q3+ +OO:+OO+:O.+.%iOO{O%:O&+o;+<28}ég
in the series of snapshots of Fig. 12. O+o+O0+0+0+0O+ ©

FIG. 13. Atomic structure at thé,= 1/2 background coverage.
ll. HALF-FILLED LAYER Atoms are denoted with gray circles, atoms in the kink regions are

. . . denoted with black circles, and minima of the external potential are
Now let us consider again the commensurate atomic layer . né
denoted with crosse$a) c(2X2) structure(minimum energy con-

bUtdW'ltthhe conqentrat|()|ﬂ=h1/2. Recall tgzlt n theFlD EK figuration and p(2x 1) structure(metastable configuration(b)
model this case is exactly the same asd one. Forthe types of kinks, “light” kinks and “heavy" kinks;(c) configu-
|so”trop|c 2D model the situation, however, differs drasti- ation with the domain walls of “light” kinks atg= 21/40.
cally.

In this simulation we studied the case of exponential re- ]
pulsion only, in order to avoid formation of closely packed the framework of a lattice-gas model, where the atoms can
islands. The exponeng was chosen larger than that in the be placed only at the minima of the substrate potential, the
simulations described abovg=0.37, and the effective elas- Most energetically favorable structurepg2x1). However,
tic constant was chosen to be smglly=0.15, because such for the continuous model under study here the situation is
values are more typical for adsorbed lay28]. Besides, we inverted: for the chosen set of parametersd{@x 2) struc-

also allowed the atoms to move in the direction normal to thdure provides the absolute minimum of energy. Indeed, in the

surface, using the 3D substrate potentid{>Y(x,y,z) continuous model the atoms in the “zigzags” of2Xx2)

=V (%,Y)+Lw,2? with ,=1.67. These parameters are structure are slightly shifted from the positions of the sub-
the same as used in the study of the anisotropic rectangul&t'ate minima, thus lowering the energy of repulsion between
2D FK model[11,17, so we can compare the behavior of thethem, and the decreasing of the interaction energy exceeds

anisotropic and isotropic models. The temperature was chdh€ increase of energy due to atomic displacements from the
sen to be very small as above=0.0022. substrate minima. Note that this relaxe(? X 2) structure

may more easily be translated along the substrate; i.e., it
experiences a lowered effective barrier due to shifts of some
atoms.

To find the minimum energy configuration, we started Now let us consider possible structures of kinks and do-
with different typical initial configurations, allowed the sys- main walls on the background of thg2 < 2) structure. The
tem to relax aF=0 andT—0, and then compared the en- c(2Xx2) structure for the triangular substrate is 12-fold de-
ergies of the final configuration®3]. Although this tech- generate: there are three rotational variants of the structure,
nigue cannot guarantee the true ground state, we believe thaach of them has additionally two translational types, and
in combination with qualitative arguments, it can be used taeach translational type has also two mirror-image variants.
find the ground state of the system. Therefore, when the concentration slightly deviates from the

There are two plausible atomic arrangements in the neighbackground valué,=1/2, there exist a number of different
boring rows for the concentratiof,=1/2. The first is the types of DW’s which link different types of the(2x2)
p(2X1) structure, and the second corresponds to atoms adomains. For concreteness, in the simulation we chose the
ranged in a zigzaglike fashion, so that the configuration has(2x2) domain which is symmetrical relative to the driving
the “distorted” c(2x2) structure shown in Fig. 18). In force, as shown in Fig. 18), and inserted an incommensu-

A. Ground-state configuration
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rability in the direction along the force. The two possible a) 6=21/40 7n=0.15
minimal incommensurabilities are shown in Fig.(43 In o e e e
the first configuration, the center of a kink in one row is
placed in front of the occupied site in the nearest neighboring 0.8\
row, and for the second configuration the kink center op-
poses an empty site in the neighboring row. The kinks of the 4L
first kind may be named the “light” kinks, because, as we S
explicitly checked, they have a smaller energy than the kinks i
of the second kindthe “heavy” kinks).

For kinks constructed on the background af@a< 1 struc-
ture, the kinks in the nearest neighboringows always at-
tract each other according (x)=|x| and, therefore, they [ p
have to be organized into linear domain wal$he DW 0.0 bbbty e
lines should be tilted with respect to tlyedirection due to
short-range kink-kink repulsiorV o x) = exp(—yx), which
arises from the repulsion of extra atoms contained in the
kinks.] The attractionV(Xx) emerges because of an ener-
getically unfavorable atomic arrangement between the kinks
[17]. However, for the case of the(2x2) structure, the
amplitude of attraction is lower than that for the rectangular
substratg 17], because now the kinks are inserted not into 98
eachx row but into every second row, and the atomic ar- &
rangement in the rows lying between the rows with kinks is 0.4
similar to that outside the kinkisee Fig. 18)]. Note that
the domain wall can contain kinks of one type oiigither 0.2
“light” or “heavy” kinks ), providing that the commensu-
rate structure between the pair of walls is the minimum en- |
ergyc(2X2) structure, and not the energetically unfavorable 0.0
p(2x1) structure. Analogously to single kinks, we will call

such dom_ain_ walls “light” and “heavy" W_a"S' . FIG. 14. The mobilityB versus the external forcé for 6

As the |n|tlgl state for t.he st.udy of non!lnear mobility, We —21/40 at(a) the low friction =0.15 and(b) the high friction
used the configuration with “light” domain walls, although —q 35.
the evolution of the configuration with “heavy” walls will o ) . ) )
be briefly commented on as well. The chosen initial configu-  With increasing applied force, the velocity of running
ration is shown in Fig. 1®). In the simulation we usetl DW's increases, but the subsequent scenario depends on the
= 40X 20=420 atoms, so the coverageds-21/40, and the value of the friction coefficient. For a low friction constant

regions of thec(2Xx2) structure are separated by “light” 7=0.15, at a certain criticallforcédeéo.Z_G the (_:jomain
DW's with average spacing of &0 walls become unstable. This results in disordering of the

whole system, which loses tleg2 < 2) structurglas seen in
the snapshot of Fig. 16)] and becomes a disordered state.
Because a concerted atomic motigmnning DW'S is no

The dependences of the mobilig on the adiabatically longer possible in this disordered state, the system comes
changing force= are shown in Fig. 14 for two values of the back to thelocked state withB=0. Note that this locked
friction constant,p=0.15 andz=0.35. One can see several state ismetastable-it has a higher energy than the initial
intermediate regimes between the locked sBate0 and the ordered configuration. One may recall in this connection the
running stateB=1. First, at F=F,~0.18, the mobility “frustration” problem for a triangular lattice-gar Ising
sharply increases, and with further increase of force the momodel at the coveragé,=1/2 (e.g., sed¢24] and references
bility remains approximately constarB~0.1. Figure 188)  therein. Namely, if the repulsion of atoms in the lattice-gas
demonstrates a typical atomic configuration at this plateaunodel is restricted to nearest neighbors only, the ground
One can see that the atoms perform motion only in the restate atd,=1/2 is infinitely degenerate and therefore disor-
gions of DW'’s, while atoms in the body of the(2X2) dered. In the continuous model, as well as for a larger range
domain are immobile. Thus, this plateau corresponds to thef the interatomic interaction, an ordered ground state does
running state of “light” DW'’s, and the thresholB, is to be  exist[the c(2X 2) structure in our cagebut it may be sur-
interpreted as the Peierls-Nabarro force, at which the barrieounded by metastable-disordered states with only slightly
for translation of DW's is eliminated. Interestinglthe run-  higher energies. Thus, with increasing force, when the sys-
ning domain walls are stabland, moreover, the initially tem energy increases due to kinetic energy of running DW's,
tilted DW's line up perpendicular to the applied force duringthe system may be trapped in such a metastable state. A
the motion. nonzero mobility in the system appears againFatF,,

0.2

LOF=-=--

0.8

B. Nonlinear mobility
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20 000 0. 0-00. 0. 0-00.0:.0:0: 00 000 0 ] not contain residual kinks.
FHO+ 0+ 00 +0+>0+0+0++0+00+ O+ + 0+ 0+ 0+00+000+
[0 R 0600 2002 5086 % %S 1
[0 0000026200 50 .06 0 060 062262622 ] ;
15’000’00‘0* 90 0:0-60:0.0:0°6-56:0:.00°¢0 00 C. Dynamical phase diagram
O e R A A oy N AR Yo et . . L
g 1079Q%d‘d%8d<98@b%.’o‘? O:O*C;Pdgdp 062%% The results of simulations are summarized in the phase
S 8ol etetoon Yaterefet et e et | diagram €,7) shown in Fig. 16, where we plot the forward
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0B S e BT e e B8 %e2 1 Let us first consider the forward transition. At low frictions,
o 10 55 - 40 7<0.1, with increasing of the force the system is transferred
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o} "Wirror switehime” repimns thgre are no steady-stat_e |ntermed.|ate regimes. In more de-
20F PRSP RPN PR RPN A tail, at F,~0.18 there is a transient process, when the
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S 10 006 L O 0.8 O e 0 0% % 0 0 8 tions, this explains why the forward critical forég depends
O O+ +Q+O+ Or Or O+ 90— 9>0>0>0+ - . . .
B R oG :p:.zo%ofgy&.o‘oo.pd 1 on friction in this region, despite the fact that the preceding
5@ ‘OQ'§*O°IM.'9.;.. et e 0% T state is immobile.
F 07050400 0000 O O 090-0°0+0+0- 0 O 9= : : P H
oo 6 000 0:0:0.0-0-0-0 O " 0:0.0"0 0, The interval of higher frictions, 04 #<0.2, is charac-
0[ 707680 0°6"9-10-0-0-0-9-0-¢-00.¢ 0 00" 0 — terized by nonmonotonic change of the mobility with in-
0 10 20 30 40 creasing force. For this friction interval, there are all three
2/a, subsequent intermediate stages described above: the regime
FIG. 15. Atomic patterns at the intermediate stagesB(f) f?f running DW S the disordered immobile state, and the
dependences plotted in Fig. 14 regime of running DW's,(b) mirror switching” regime. The critical forceF4 for de-

locked disordered state, afig “mirror switching” regime. Immo-  Struction of “light” DW’s increases approximately linearly
bile atoms are denoted with gray circles; running atoms and atom#ith 7, which evidences that the critical quantity for deter-
in the kink regions are denoted with black circles; arrows indicatemining stability of the domain walls is their drift velocity
the direction of atomic motion. (veycFgln. This behavior is in agreement with the study of

guasi-1D FK systenmi12], where it has been found that the
~0.32, and aF =F;~0.4 the system evolves to the totally drift velocity of kinks defines the dynamical phase transi-
running state wittB=1. tions between the intermediate stages.

On the other hand, for a higher frictiop=0.35, the drift At higher frictions »>0.2, the mobility again varies
velocity of domain walls is much lower than for the low ~ monotonically with force, because the critical drift velocity
case, and the ordered running-DW steady state survives uniil, for running domain walls cannot now be reached, and the
the second critical forc& =F,~0.4, so that the intermedi- DW'’s are stable up to the critical forde,,, where the tran-
ate locked state witlB=0 does not appear. Now there are sition to the “mirror switching” regime takes place. The
two intermediate plateaus in tH&(F) dependence, one at dependence of the forward critical forEg on the friction#
F<F<F,, with the mobility B~0.2 corresponding to DW is also very close to a simple linear fora}x 7.
motion and the second plateau in the interval of forEgs Consider now the backward transition. Note that in Fig.
<F<F; (where F;~0.75) with mobility B~0.5. The 16 we showed only the first critical forde,, which corre-
atomic motion at the second intermediate stage is illustratedponds to the first sharp drop of the mobility from the run-
in Fig. 15c). Here the atoms move not only in the regions ofning B=1 state to a state with a lower mobili§<1, al-
domain walls, but in the body of thi2 X 2) structure. Atan though at high frictions the backward transition has a
instant of time, onlyhalf of the atoms in a single(2x2) multistep character, as is shown in Fig. 14. Namely, one can
domain can move, namely, the atoms situated in the center afistinguish three friction regions differing by the scenario of
the c(2x2) unit cell. For instance, all atoms belonging to the backward transition. At low frictiong<0.1, the system
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goes directly from theB=1 state to theB=0 state. At metry of the substrate potential and driven by a dc external
higher frictions 0.k 7<<0.2, the “mirror switching” regime  force in the underdamped limit.
exists during the backward transition, while the regime of For the commensuraté=1 structure we found a cross-
running “light” DW's is absent, because this transition pro- over between two different scenarios aroupg=g;. When
ceeds at a critical force slightly lower thaf,. Finally, at  the atomic layer is rather weakly coupled compared to the
7>0.2 the condition for the stable motion of “light” DW's  sybstrate potential depth the transition occurs via the forma-
is fulfilled at F<Fy,, and the regime of running DW’'s may tjon of a depleted region and an avalanche of moving par-
exist. In fact, we observed that at not too high frictions ijcles results. For larger values gfy the transition is medi-
~0.2-0.25 the system may either choose the “runningyeq py the formation of islands of moving particles, which
DW" attractor during the backward transition or it may g0 maintain an essentially triangular structure. The details of the
directly to the immobile state. But at higher frictions  goanarig for smally, were found to be slightly different for
>.0'2“5.’ th?, systfam always shows the Ia;fc plateau of the ru he two interactions studied. In the case of the LJ interaction
ning “light” DW's a.t the b?‘Ckward transition, and only be- the influence of the moving particles was seen to spread rap-
comes completely 'm"_“’b"e £<Fki - . idly down the slip planes of the lattice and the maximum
Finally, let us describe the evolution of an initial configu- . . .
particle density observed was relatively low. For the expo-

ration with “heavy” DW's. The only difference in th&(F) nential interaction the observed densities were much higher
dependence at the forward transition for the “heavy” DW's al interacti v tes w uch hig
and no indication of the lattice planes was observed in the

is that the running-DW regime does not exist. The Peierls : ) i

Nabarro barrier for the “heavy” kinks is too high, and the Shape of the disturbed region at high forces.

system goes directly to the “mirror switching” regime. For_largegeﬁ the mecha_nlsm of_ the transition was found
However, the scenario of the backward transition does nof© Pe€ independent of the interaction used. One may expect
depend on the initial configuration. At high friction, if one that this is generally true for all interaction potentials, as in
starts from the configuration with “heavy” DW's, during the the case of the rigid layer the particles can only make small
backward transition the system always chooses the attractQteV'at'OnS from their relative positions and thus are insensi-

of the running “light” DW’s. tive to many of the details of the interaction. In the weakly
coupled layer, however, depleted and denser regions form, so
IV. CONCLUSION a wider range of interparticle separations occur, causing dif-

ferences between various potentials to be more apparent. The

We have reported a detailed numerical study of thedensity differences observed are easily explained by the rap-
locked-to-running transition for the isotropic two- idly increasing strength of the LJ interaction at small sepa-
dimensional Frenkel-Kontorova model with triangular sym-rations, compared with the exponential repulsion which re-
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mains finite at zero separation. In all cases the LJ interactiolarge and small in physically relevant systems. For a mono-
behaved more stiffly than the exponential interaction for thdayer adsorbed on a surface one is typically in the limit of
same value 0fq. low ge. So, on forcing, a depleted, low-density region
For the totally commensurate case, the first event in th&hould be observed during the transition. The adsorbed films
forward transition is the creation of the disturbed region duenay also be prepared with any coveratye1, so the “fuse
to thermal fluctuations. The rate of this process is controllecgafetyn scenario and the “mirror switching” regimes could
by the Boltzmann factor exp(e,/ T), where the activation pe gbhserved in these systems.
energy is determined by the driving force,ce(1— f)Y2 Island formation has already been observed in large-scale
prever, if an extra atom preeX|sts'|n the lattice, it performsyglecular dynamics tribology simulatiori6]. Here the
directed random walks at smdill while at large forces the gimyjations are of a two-dimensional interface between two
scenario was found to be the same as for the fully commery|ocks of material, which is characterized by a large effective
surate case. The critical fordg when the avalanche begins, g|astic constant. A comparison of the molecular dynamics
however, is now much lower than in the commensurate casjata with results from a 2D FK model with parameters

A study of the reverse running-to-locked transition indi- matched to the molecular dynamics system shows similar
cates hysteresis and the existence of other stable states, j8gnd formation featuref27).

was found in the one-dimensional c484. The intermediate Finally, we mention an important role of defects in the
stable states between running and locked states were formgghetics of the locked-to-running transition. The defects may
by stripes(either diagonal with slope df, wheremis an  serve as centers for nucleation of moving islands at the be-
integer, or parallel to the driving forg@f mobile atoms.  ginning of the transition or as sources for creation of new
In the case of the half-filled laye#=0.5, for a certain  gjisjocations thus increasing the mobility of the whole layer.
range of frictions the mobility can vargonmonotonically  on the other hand, the DW’s may be pinned by the defects
with force. After the intermediate regime of running domain ¢ decreasing the mobility. These processes have been
walls, the system can be trapped in a metastable disorderggldely considered in the context of dislocation thedy,
immobile state due to destruction of the running domaingrface diffusion[28], and in studies of the magnetic flux
walls when they reach a critical velocity. Such a behavioljines in high-temperature superconducting filfiz9]. All
occurs due to the existence of additional degrees of freedofpese studies are restricted, however, to either the 1D FK
in the 2D FK model and does not exist in the standard FKmodel or to the scalar 2D model, and usually correspond to
model. A nonmonotoni®(F) dependence may also appear the overdamped limit. The investigation of the role of defects

in other generalized versions of the FK model, if there arqn the underdamped driven 2D-isotropic FK model certainly
metastable states with energies close to the ground state, faserves a separate detailed study.

particular, in the FK model with a transverse degree of free-

dom[25].
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