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Dynamic phases in the two-dimensional underdamped driven Frenkel-Kontorova model
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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. When driving force increases, the system
transfers from a disorder locked state to an ordered sliding state corresponding to a moving crystal. By varying
the values of the effective elastic constant, damping, and temperature, we found different scenarios and
intermediate phases during the ordering transition. For a soft atomic layer, the system passes through a
plastic-channel regime that appears as a steady-state regime at higher values of the damping coefficient. For
high values of the effective elastic constant, when the atomic layer is stiff, the intermediate plastic phase
corresponds to a traffic-jam regime with immobile islands in the sea of running atoms. At a high driving of the
stiff layer, a solitonlike elastic flow of atoms has been observed.
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I. INTRODUCTION < (e, the array is pinned by the substrate and begins to move
A lattice of interacting particles driven over a pinning WNen the applied forcé exceeds a threshold values

rigid sub§trate represents one of the_ most tractablg modegérmr%n Fa.; 't:hse tﬁfaatrlr(]:ozircl)?g?gégg&(;etr:?ogébholdoigz;/ﬁ;rlgivr;lg of
I(r)rnstitiid);:ngir:he r;ageq\lj"'r?”umfbehﬁ\é'orz andd g]yr:?r:uc pr,:a;eelastic instabilities and exhibits a stick-slip behavior. The

as ons : al tt'e a ety of co de tse Ja € ﬁyse ?ocked-to-sliding transition is continuousecond-ordgrand
such as vortex lattices in superconductfr2], Josephson o\ ersible[10]. The moving array preserves its topological
junction, charge-density waves], colloids[4], Wigner crys-

) , order and slides as an elastic manifold. This regime is de-
tals[5], metallic dots[6,7], magnetic bubble array$], and  gcriheq by the collective pinning theory of Larkin and

systems in tribology9]. In numerous experimental and the- o,,chinnikov [11]. The crossover valuey, increases with

oretical studies, particular interest has been focused on thgqeasing system size and eventually vanishes for an infinite

behavior, motion, dynamical phases, and structure of the Iats'ystem[lz] (in the context of tribology, this question was

tice when d_riving force is varied. It was four_1d that the sys-51s0 considered by SokoloffL3]). When the driving force
tem dynamics depends strongly on the main model parampcreases; the stick-slip regime continuously changes to a
eters such as atomic concentration, pinning strength, anghgime of smooth sliding. The low-temperature dynamics of

geometry of the substrate. ) an elastic manifold driven through random media was de-
A number of studies are devoteddwerdampednotion of . ined by Vinokuret al. [14].

an array of(repulsively interacting particles over eandom
(quencheg potential of the substrate, first of all because thisyp,,
model describes an array of vortices in a dirty type Il super
conductor. The main control parameter in this case is th

In the case of a soft arrag<gy, the system passes
ough three dynamical steady phases as the driving in-
‘creases: the locked statefat F, the regime of plastic flow
) &t Fs<F<Fgy and finally the regime of a homogeneously
elastic constang of the array(or the strength of the substrate g|ijing array. In the plastic flow regime, the array splits into
potential if the interparticle interaction is kept fixedror a trapped regions separated by channels in which the particles
very stiff layer,g>ge (or a very weak pinning potential of g, piastically [15,16. The flow channels in an otherwise
the substrate the array is unpinned and begins to slide as g,e(fect pinned lattice may be described with the help of the
whole at any applied dc force. For a less stiff [aygfi<9  generalized Frenkel-Kontorova modgl7]. The transition
between the locked state and the plastic phase is continuous
(second-order at zero temperature and smooth a& T
*Electronic address: obraun@iop.kiev.ua <Tm When the locked state corresponds to thermally acti-
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vated creep motioiiT,, denotes the melting temperature of going an ordering transition from the plastic regime to the
the 2D array. elastic distorted triangular moving latti¢27].

The transition from the plastic phase to the sliding or- For a high concentrationd>1, Reichhardtet al. [26]
dered phase, predicted by Koshelev and Vindi@], occurs  observed for the square substrate potential the following se-
due to a decrease of a “shaking temperaturg® 1/v that  quence of phases during the force increasing pro¢gstie
emerges because of fluctuations of the array during its mgpinned phaseii) the phase where interstitial atoms begin to
tion over the random potentidherev is the sliding veloc- move between the pinned atomic rowsi) the motion of
ity). This last transition is sharffirst-orde) and hysteretic interstitial atoms becomes chaotic, and the pinned atoms be-
[19]. According to Giamarchi and Le Dousd4&0], the slid-  gin to take part in the motion too, with any atom moving for
ing phase corresponds to a “moving glass” phase, where the time and then being trapped agaiiy) the phase with
particles move along highly correlated static channels. Therdered solitonlike one-dimensional flow due to kirkescal
static structure factor demonstrates quasi-long-range translaempressionsmoving along the pinning channels; and, fi-
tional order in the transverse directiqwith a power-law nally, (v) the sliding crystal phase. A similar and even more
decay of the peak heighbut only a short-range order in the rich behavior exhibits an array driven over the rectangular
longitudinal (driving) direction, probably due to slips be- substratd28].
tween neighboring moving elastic domaird]. An interesting phenomenon has also been found when the

The two-step transition from the locked state to an or-direction of driving was varief30]. For example, for certain
dered sliding state has been observed experimentally for sulirections of the driving, a spontaneous symmetry breaking
perconducting flux lattices, although there is a debatavas observed for the overdamped system of repulsively in-
whether the strongly driven ordered state corresponds to awracting atoms on the triangular substrate. The atomic flow
ordered moving crystdl22] or a moving glass with smectic is not in the direction that is aligned with the external force
order[23] or both, depending on the driving for¢4] and  but in one of the symmetry directions of the substrate. In the
the stiffness of the arraj25]. case of a square lattice, the change of the force direction can

In recent years, particular interest has been focused on th®oduce the series of dynamical mode-locking phases which
dynamics of an array driven overperiodic substrate. These forms the devil's-staircase structur@l].
systems show a richer variety of dynamical plastic flow Contrary to a large number of studies of the overdamped
phases than those with a random substrate. The locked-t@DFK model at zero temperature, a relatively small number
sliding transition in theoverdampediriven two-dimensional  of papers is dedicated to drivemderdampedystems, espe-
Frenkel-Kontorovg 2DFK) model with different symmetries cially at nonzero temperatures. The main new issue of the
of the substratéwith the square or triangular potenfidlas  underdamped systembgstability: now an atom may possess
been studied by Reichhareit al.[26—29. Now the behavior a running state even before the minima of the total potential
of the driven system depends first of all on the dimensionlessanish because the momentum of the atom can help it to
concentratiory (the so-called coveragewhich is defined as overcome the barriers. The behavior of the underdamped
the ratio of the number of atoms to the number of minima ofsystem is strongly affected by one more model parameter, the
the substrate potential. damping coefficientn in Langevin equations, which de-

In the commensurate case, whérns a rational number, scribes the rate of energy exchange between the moving ar-
the critical depinning force is larger than in the incommen-ray and the substrate.
surate case, and the locked-to-sliding transition occurs in one The locked-to-sliding transition in the one-dimensional
step. This was shown, in particular, for the concentrationgK model has been studied in a series of papadps-34. It
=1, 6/7, 2/3, 1/3, 1/4, 1/6, and 1/7 driven over the tri- was shown that the transition to the running state occurs due
angular substrate, where the locked phase has an ordergsldynamical instabilityof topological excitationgkinks) at
structure achieved after annealing an initial random configuhigh velocities[33,37,3§. A similar behavior exhibits the
ration, while the sliding phase corresponds to the movingnisotropic 2DFK model, which may be treated as a system
crystal (the “elastic flow” phasg[27]. of weakly coupled 1DFK chains. As for thsotropic 2DFK

For an incommensurate coverage, when the annealedodel, it was studied for highly commensurate concentra-
locked state is typically disorderefR7], the locked-to- tions only[39]. For a closely packed layer @& 1 with a low
sliding transition proceeds through several plastic flowelastic constant, the transition to the sliding state is achieved
phased26,28. These phases depend strongly on the subvia the creation of an avalanche of moving particles that
strate geometry and result from the interaction of the interdeaves a depleted region in its wake, while for a stiff layer, an
stitial atoms with the atoms at the commensurate positiondsland of moving particles nucleates the transition. In the
In spite of their complexity, two general types of flow can becase of a half-filled layerf=1/2, the scenario is more
identified: an elastic flowa stable channel flowof the sub-  subtle. Several dynamical phase transitions between states
lattice of interstitial atoms and a chaotic or mixing flow with different atomic mobility were observed, and the mo-
when the motion of interstitial atoms is disordered. The tran-bility of atoms as a function of the external force can vary
sitions between these phases exhibit a hysteretic behavimonmonotonically with increasing force.
and are characterized by jumyggips) in the v(F) depen- The aim of the present work is a detailed study of the
dence. At a low concentratio®,<1, first vacancies or inter- locked-to-sliding transition in the underdamped isotropic
stitial defects depin and move in one-dimensional channel£2DFK model with the triangular substrate potential for a
this corresponds to the plastic flow phase. Then with theartially filled layer with ~0.75 when the 1DFK system
increase of driving, the whole lattice starts to move, underdemonstrates the highest mobil[#0]. We will show that in
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P ,.iigg%!;g%iii;\%‘v',c;:," wherey™! is the radius of interaction. The repulsive interac-
) éf{{\\“"é22({\\\"0;2g{\\‘Q:’égs\ tion corresponds, for example, to atoms chemically adsorbed
b 1 "‘§§§\¥¢3.463;\’%2‘3«53:§§\\‘§3¢’$v;§:3\\§\ on a metal surface when, due to breaking of the translation
° ‘\“Q:OZ2({\\“0‘0}22({\\\"0 L symmetry in the direction normal to the surface, the atoms
\F "%}%&t«f‘i“‘\&" have a nonzero dipole moment which leads to their mutual
Y 3 \“Q:f 1 X repulsion[43]. In the simulation we chosg=a!, so that the
\’ interaction is short-ranged.

2 One of the main parameters of FK-type models is the

H 7 — 2\ 2 H
FIG. 1. The substrate potential with triangular symme¥fy, effective elastic constamky=a’V"(ro)/ 2m"e, wherer, is the

plotted fore=2. The coordinates are scaled so tKatx/a andY average interatonjic _dis'gan@@Z]. This single dimenSion,less
=yla. number gives an indication of the strength of the elastic con-

stant of the atomic layer relative to the strength of the sub-

the underdamped system, the scenario of the Iocked—tos-tr"’ltle potlennal. ﬁvalue clgeoflf lmuch _T_rr?allgr thgn 1 indicates
sliding transition strongly depends on the value of the dampfj1 relatively weakly coupled layer. This situation may corre-
ing coefficient. On the contrary, with an overdamped s sterﬁc’pond’ for example, to a monolayer adsorbed on a crystal
wﬁere elastic i‘low appears fory,the commensuratg casg or fsrurface. A valueger=1 describes a stiff atomic layer com-

v app . ?)ared with the substrate depth. For example, the case of dry
the structures with an ordered locked state, in an under;:.

. . . f(gction between two blocks of material corresponds to this
damped system even in an incommensurate dlsorderqlmit

locked state the system transfers to the sliding state of a . . _

; : o ; The equation of motion for the displacement veaigi
moving crystal at high driving forces. The plastic flow re- —i=N) is given by the Langevin equation
gime, commonly observed in overdamped systems, now may = 9 y 9 q '

disappear or may exist as a transient state only. Novel phases . d

may emerge for some range of model parameters, such as a W; + pw; + —W[ 2 V(|u; - uj|) +Vau| =F" + Flang
disordered flow of atoms among the areas of immobile ones TLiG#0)

for a soft layer, or solitonic phases for a stiff layer. Finally, (3)

our simulation shows that the sliding state in the under- . ) )
damped system always corresponds to a crystalline configi¥herew=u, or u,. We use dimensionless system of units,
ration. These results are especially important for tribologicalvhere the atomic mass =1, the periodicity of the sub-
systems, where the mechanism of the locked-to-sliding transtrate potential i@=2a, and its height is=2, so that the
sition determines frictional properties of a lubricant film characteristic frequency is;=1. The time scale that we use
[9,41,42. in the problem is defined in terms of the oscillation period of

The paper is organized as follows. The model is intro-& particle in the substrate potential=2w. The time scale
duced in Sec. II. Simulation results are presented in Sec. llicould also be defined in terms of the oscillation period of an

Fina“y, Sec. IV concludes the paper. atom in the |ayer7'0= TS/ \@ The forceFV=F* or FY is the
externally applied force, whil&}},,is the random force re-
Il. MODEL quired to equilibrate the damped system to a given tempera-

tureT. In the present work, we consider a driving force act-
We consider a two-dimension&2D) layer of particles ing in thex direction only, so thaE*=F and FY=0.
with position vectoru=(uy,u,) subjected to a periodic sub-  The damping coefficient; strongly determines the dy-
strate potential with the triangular symmetry as a generigqamics of the systerfB2—40. For a small applied forc€,
example of isotropic 2D systems. The substrate potential ighe total potential experienced by a particle possesses an ar-

chosen in the simplest form, ray of local minima. Hence the particles are in the locked
1 state and the system mobiliB=(v)/F vanishes at zero tem-
VeoudX,y) = —s{ 1 - cog2mx/a,)cog my/a) perature and is exponentially small at low temperatiinese
2 v is the drift velocity. When F increases, the system will

1 behave in different ways depending on the value of the
+§[1—005{27Ty/ay)] : (1) damping coefficient. In the overdamped casgs w., at
-~ some critical forcd=. the minima in the total potential vanish
where a,=a and ay:a\s’3/2 are the lattice constants. The and the particle begins to slide over the corrugated total po-
function (1) is characterized by the isotropic minima orga- tential with a maximum mobility o8=(mz»)™! so that the
nized into the triangular lattice and separated by isotropicystem is in the sliding state. In the underdamped case,
energy barriers of height, as shown in Fig. 1. The frequen- < w,, the system may possess a sliding solution even before
cies of atomic vibrations at the minima are isotropig,  the minima of the total potential vanish.

=w,=ws=(e/2mY%(2/a). Flat maxima of the potentidl) The numerical procedure used for solving the equations

are organized into a honeycomb lattice. was the same as in our previous wof88-35. The atoms
We consider the case of an exponential interaction bewere first thermalized at zero force; then the force was adia-

tween the atoms, batically increased with the stefd~=0.005, allowing a time
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FIG. 2. Locked state of the system for the concentratton FIG. 3. Crystalline structure of the sliding state féx3/4, »

=3/4 atT=0.001 for two values of the effective elastic constéat: =0.1, andT=0.001 atF=0.8 for two values of the effective elastic
0e1r=0.0857 andb) ge=0.857. Atoms are indicated by black dots constant:(a) ge=0.0857 andb) ge.=0.857. Atoms are indicated
and pinning sites by open circles. by black dots and pinning sites by open circles.

of several hundreds ofs (or 7y if 79> 75 to equilibrate at the scenario of the locked-to-sliding transition, because they
each new value of force where the equilibrated configuratiorare the first ones that start to move and initiate the transition
of positions and velocities was stored, allowing one to restardf the whole layer to the sliding state.

the simulation with a finer force step. In this way, the force For higher values of the elastic constant, e.g., dig¢

was increased until one had moved through the transition=0.857 shown in Fig. @), the structure of the locked state is
Once the transition had been located for the given systermore homogeneous, since due to the stronger interatomic
parameters, the atomic trajectories were examined with thimteraction with respect to the substrate potential, the atoms
help of the visual molecular dynami€gMD ) technique 44] may adjust their mutual positions by taking interstitial sites.
to allow the identification of the scenario for the transition. At high driving force the system is in the sliding state and
takes an ordered homogeneous configuration as shown in
Fig. 3. In both cases of the weak or stiff layer, the sliding
phase forms a moving crystal which consists of ordered do-
We modeled the atomic |ayer W:768 atoms p|aced mains and dislocation lines between them. When the inter-

randomly onto the triangular substrate of sike=M,M, atomic interaction is stronger, the crystalline structure is
=32Xx32=1024, so that the dimensionless concentration ignore ordered. For example, for thg=0.857 case shown in
6=3/4. Therandom initial configuration was then annealed. Fig. 3(b), one can clearly distinguish large ordered domains
We analyzed the locked-to-sliding transition for different val- of different orientations.

ues of the elastic constam (gey=0.0857, 0.257, and For the underdamped system we always observed a tran-
0.857), the damping coefficieny (=0.1, 0.3, and ), and sition from a disordered locked state to an ordered sliding
two choices of the temperatu(@=0.001 and 0.1 All quan-  State of a moving crystalThis is clearly seen from Fig. 4,

Ill. RESULTS

tities that we use are dimensionless. where we plot the static structure factor
Figure 2 shows typical atomic configurations at the locked a1 .
k)=A explik -[uj(t) —u;(t)]} ), (4)
state for two values offg. Sk) % plik - [ui(t) = u; ()]}

When the interatomic interaction is weak, as, e.g., for the
Jerr=0.0857 case shown in Fig(&, almost all atoms lie at WhereA is the area of the system aKd ) stands for aver-
the substrate minima. Among the areas with the perfect triaging over time.
angular structure, there are regions with vacancies and a As we can see, in both casg&) changes significantly in
small number of interstitial atoms. The interstitial atoms liethe sliding state. Although the appearance of two peaks at
at positions between the pinning sites, where they aréargek, in Fig. 4c) may be considered as an indication of a
trapped due to the repulsion of interstitial atoms with those asmectic order, in the VMD simulation we have clearly ob-
the pinning sites. These interstitial atoms play a key role irserved the crystalline floy5].
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FIG. 5. The mobilityB as a function of driving force for
=3/4 for thesoft layer withge=0.0857 and two values of damping
coefficient:(a) »=0.1 and(b) »=0.3 at low temperatur&=0.001
(solid triangle$ and at high temperaturE=0.1 (open triangles

FIG. 4. (Color onling Structure factor for the soft(ges
=0.0875 and stiff (ge=0.857 layers for »=0.1 andT=0.001 at
two values of the force(a) and(b) for F=0.11(the locked state, see
the configurations in Fig.)2and(c) and(d) for F=0.8 (the sliding

state, see the configurations in Fig. 3 )
A. Ordering transition of the weakly bound layer

However, the scenario of the locked-to-sliding transition ; ;
A ; ; . F h&(F for th k
and the intermediate phases through which the lattice passes lgure 5 presents th&(F) dependencies for the wea

; . i . eratomic interactiom.=0.0857 and two values of damp-
during the ordering transition are strongly determined by the € .
value% of Getty 7 gnd T In the simulagglns, we observyed ing »=0.1 and 0.3 at low and high temperature. We observed

several phases that we define as follows several intermediate phases during the locked-to-sliding tran-

(i) The locked phasef immobile particles that is disor- Sition- _
dered and with homogeneity that increases with As the force increases, at the low temperaflire0.001,

(i) The plastic phasewhere different portions of the lat- the system undergoes a sharp transition from the disordered
tice are moving with different velocities, or some are movingPinned phase to the moving crystal phase. In the case of low
while others remain pinned. The plastic phase can be in thdamping,»=0.1[see Fig. §3)], the system transfers directly
form of immobile regions in the sea of running atoms that wefrom the locked state to the sliding state without any inter-
call the “traffic-jam” (TJ) plastic phase or in the form of mediate steady-state regimes. At the fixed value of force that
channels that we call thplastic channel phasdn the TJ  corresponds to the critical valig~0.415, we observed the
plastic phase all particles are mobile, but at any moment ahole process of transition during the time interval of our
subset of particles spends some short time pinned and thesimulations. The atomic motion starts first in the regions with
continues to move again. In the VMD simulations, thesevacancies while the rest of the lattice is immolis]|. The
pinned regions appear as entities that migrate in the directiomobile regions grow and spread mainly in the direction of
opposite to the driving force. On the contrary, with the TJdriving force forming channels with very disordered flow of
plastic phase where all particles participate in the motion, irparticles in the driving direction. This stage represents a typi-
the plastic channel phase only one part of the particles isal example of plastic phase with channels of disordered
mobile while the other remains pinned for an extremely longflow separated by the regiorishannels of immobile par-
time. In the simulation, one can observe the channels of crydicles. Further, the moving channels broaden in yhdirec-
talline or disorder flow separated by a channel of immobiletion. During this process, the atomic structure inside the
particles. For some values of the system parameters, thmoving regions becomes more and more crystalline. The or-
channels of crystalline flow separated by the channels of disdering starts first at the middle of a moving channel and then
order or TJ flow can also appear, but by changing the framéroadens in thg direction. At the same time the particles in
of reference one can go back again to the channels of mobiliae immobile channels begin to move chaotically. At the next
and immobile particles. stage of the plastic phase we observed a channel of ordered

(i) The solitonic phasewhere the motion of particles elastic(crystalling flow and a channel with disordered flow
inside the row is not continuous but in the kink like or pulse-of particles. With a further increase of time, the ordering

like fashion. spreads over the whole lattice and the system reaches the
(iv) The moving crystathat represents an ordered homo- sliding state of a moving crystal. The whole lattice flows
geneous sliding phase. elastically and its structure is preserved during motion.
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FIG. 6. (Color online Snapshot configuration of the plastic for different values of the local densify (calculated as an average
channel phase & =0.645 forg.4=0.0857,7=0.3, andT=0.001.  over a circle of radius & for the system parametegz¢=0.0857,
Solid curves show atomic trajectories. The channel of moving at#%=0.3, andT=0.001 in the plastic channel regime at the foFce
oms is separated by the wide region of immobile atéthe middle ~ =0.645 for the configuration of Fig. 6.

part of the figurg

Finally, at large driving the system transfers to the crys-
tIalline sliding phase.

At the high temperatur@=0.1, the plateau on thB(F)

At the high temperaturd=0.1, due to thermal fluctua-
tions the locked-to-sliding transition starts at a lower value o
the depinning force as one can see from Fi@).5W\hile in : : . :
the low-T case the atoms in the locked state were immobiledeloemjence with a channel-like plastic steady state is de

. ; : troyed. The locked-to-sliding transition is smooth as shown
at the high temperature the drift of atoms starts in the seaq Fig. 5(b). On increasing the driving force, the particles

thermally fluctuating particles. Then the scgnario i_s similar ®first start to move chaotically in the regions with vacancies.
that of the low-temperature case. The moving regions aIOpe%mong the areas with chaotic motion, there are immobile

cies allow the atoms to move in the driving direction. Then gslands with thermally fluctuating particl¢d5]. As one can

river of running atoms is formed, and its width grows. Fi- see from Fig. 8, the immobile islands resemble two-
9 ' . grows. dimensional “traffic jams'{TJ’s) in the sea of running atoms.
nally, the system transfers to the crystalline sliding state

passing through the plastic phase Note that a local concentration in the running regions is

For a higher value of the damping coefficiept 0.3 [see lower than in the regions of TJ's.
Fig. 5b)], the scenario of the transition is in general very e
similar to that of thep=0.1 case. Now the transition starts at PR G CRAA AN E AR
a higher value of the force. When the force increases at the ary
low temperaturél =0.001, the system again transfers first to X
the plastic phase before it reaches the crystalline sliding 25 £
state. However, contrary to the previous casee0.1, now [
the plastic flow appears as a truly steady state. BtE) 20f
dependence shown in Fig(l3 demonstrates a narrow step
(only three pointsat F~0.64. This step corresponds to the &
plastic phase that in the time interval of our simulation ap- = °[%
peared as a steady std#b]. The atomic structure in this
state is shown in Fig. 6. 10[-

One can see a stationary channel of running particles L
(strips at the top and bottom of the figure; recall that we use
periodic boundary conditionsseparated by the channel of
immobile atoms(wide region at the middle of figureThe R
distribution of atomic velocitie®(|v|) for different values of of
the local density is shown in Fig. 7 as a three-dimensional '
map. The distribution has two well-separated peaks, one cor
responding to sliding atoms and another to immobile atoms. FIG. 8. (Color onliné Snapshot configuration of the TJ plastic
Also, this figure shows that immobile regions are characterphase atF=0.57 for g.4=0.0857, »=0.3, andT=0.1, whenB
ized by a slightly higher local concentration of atoms. ~0.2. Solid curves show atomic trajectories.
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FIG. 9. The mobilityB as a function of driving force fom
=3/4, g.=0.257, and two values of damping coefficiefd) 7
=0.1 and(b) »=0.3 atT=0.001(solid triangle$ and T=0.1 (open
triangles.

B. Ordering transition of the stiff layer

The mobility as a function of the driving force for the stiff
) . )  layer with g.4=0.857 for two values of damping coefficient
As the force increases, the areas with disordered motiofy presented in Fig. 12.
spread over the whole lattice, and we observe a very disor- starting from the locked phase, we observed a disordering
dered flow of particles in the driving direction. At a higher of structure when the driving force increases. For the low
derIng force, the process of Orde”ng begInS, and the d|50rdamping 7’:01 at the low temperatur'ézo'ool [See F|g

If we increase the stiffness of the layer to the valig  system goes from the pinned state to the disordered steady
=0.257, the scenario of the locked-to-sliding transition re-siate with low mobility B~0.1. At this phase, the atoms
mains essentially the same, as one can see from Fig. 9. move chaotically around their pinning sites. Looking at

For the case of low damping;=0.1, the only difference  atomic trajectoriegsee Fig. 13 we may suggest that this

from the g¢=0.0857 case is in the structure of channels aistate again corresponds to a TJ plastic regime with immobile
the low temperature: now we observed a formation of four

channels, two channels of moving atoms separated by two

channels of immobile particles. For the case;sf0.3 at the 30l Y e TS,
low temperaturdsee Fig. )], a new intermediate disor- A P A R i
dered phase emerges at the beginning of the transition prio I P P A PPN e A P /el
to the plastic steady state with channel flow.FA& 0.54, the ] T A A S A

ABres B B B B DA D BB B B D B e B B

mobility increases to the valuB=0.12 and remains ap- X
proximately constant with further increase of the force. This g
plateau corresponds to a disordered flow of particles among L
the areas of the immobile ong45], which again is reminis- & [

cent of the TJ regimésee Fig. 10 PR oot

As the force increases further, the disorder phase trans [ st
forms into the plastic-channel one Bt=0.615, which ap- 10 e
pears again as a steady state, at least in the time interval c i
our simulation. At this value of the force, we observed two
moving channel$45], one wider channel of elastically mov-
ing particles and another channel with slower moving and
less ordered atoms as shown in Fig. 11.

Finally, at F=0.62 the system transfers to the state of a
sliding crystal. For the case af=0.3 and the high tempera-
ture T=0.1, the channel-flow regime is absent, and the FIG. 11. (Color online Snapshot configuration of the channel
locked-to-sliding transition proceeds through the TJ plastiglastic phase aF=0.615 for ge4=0.257, »=0.3, andT=0.001.
flow regime. Solid curves show atomic trajectories.
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FIG. 12. The mobilityB as a function of driving force fo® 2
=3/4, g.=0.857, and two values of damping coefficief&) 7
=0.1 and(b) »=0.3 atT=0.001(solid triangle$ and T=0.1 (open

triangles.

islands surrounded by regions of slowly running atd#ts. o [ Entlat
Unfortunately, we were unable to study these TJ regimes irs 15 ¥ ¢.5 €51
detail because of the too small size of our system. i

The TJ disordered steady state survives until the driving
force F=0.34. Then the mobility increases and the system
transfers to the ordered state of a moving crystal, passing
through the plastic-channel regime. Contrary to the case of ¢
soft system, in the stiff system the atomic motion in the rows e R v _.’
is arranged in a solitonlikéulsg fashion[45]. The structure _Q!’xnfm:mux«n S N AL A S A
of sliding atoms for the stiff layer is shown in Fig. (4, T A
where the occurrence of a kinfindicated by an arrowis 0 5 T 15 20 2 30
clearly seen. For comparison, Fig.(&¥4{obtained by enlarg-
ing Fig. @] shows the rows of sliding atoms for the soft
atomic layer.

For a larger damping;=0.3, the first plateau &~0.25
for 0.23<F < 0.54 again corresponds to the plastic TJ flow,
but now atomic motion is essentially one-dimensional alongt'k'nkS form domain walls oriented in the direction which
the channels in the driving directigd5). The moving atoms Move in the oppositg direction[45]. With a further increase

strongly oscillate in the transverse direction but remain! the force, the system becomes more and more ordered and

within their rows(see Fig. 15 corresponds to elasticrystalling flow of particles.

The motion inside each row is similar to the 1D TJ motion At the higher temperatur@=0.1, when the transition
in the anharmonic 1D FK modg86]: inside a row, the sys- starts from the state of thermally fluctuating particles, the

tem splits into closely packed immobile 1D islandgaffic scenario remains approximately the same, because the melt-
jams and less dense running domains. We observed that tH89 €mperature of the stiff system is much higher.
less mobile regions are again characterized by a higher local
concentration of atomé&ee Fig. 16

As the driving force increases and reaches the v&lue
~0.6, the system continuously transfers to the next meta- Also we studied the locked-to-sliding transition for the
stable state witlB~ 0.65[the second well-defined plateau on case of the high value of damping coefficiept 1, when the
the B(F) dependenck The atomic structure of sliding rows system is overdamped.
at the second plateau is shown in Fig(d4With the help of In the case of a soft atomic layer that is equivalent to the
the VMD technique, we observed at this stage a formation ofase of strong pinning, the system never reaches the sliding
moving antikinks(local expansionsin each row. These an- state for forcess<1. Due to the mutual action of strong

.@.ﬁ;«

P

O

FIG. 13. (Color online Snapshot configurations of the TJ plastic
phase forge=0.857,7=0.1, andT=0.001 atF=0.165(top panel
andF=0.33(bottom panel Solid curves show atomic trajectories.

C. Overdamped system
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FIG. 14. The two neighboring rows of sliding atoms &t
=0.001 for(a) ge=0.0857,7=0.1, (b) ge=0.857,%=0.1 (an ar-
row indicates a position of the kinkand (c) the rows of sliding
atoms in the intermediate regime a&0.72 for ge=0.857 andy
=0.3. Atoms are indicated by black dots and pinning sites by ope

circles.

pinning and high damping even at high driving for€e
~0.8 and high temperature=0.1, the mobility of the sys-

tem remains quite lonB<<0.4.

For the stiff atomic layer wheg.=0.857 afT=0.001, we
observed the appearance of a plateal-at0.25 with B

~0.35 that corresponds to the TJ plastic flow.

As we can see from Fig. 17, with a further increase of the
force, the system remains in that phase with only a very slo

PHYSICAL REVIEW E 71, 026104(2009
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FIG. 16. (Color onling Distribution of atomic velocitie®(|v|)
for different values of the local densigy (calculated as an average
over a circle of radius & for ge;=0.857,7=0.3, andT=0.001 in
the plastic flow regime at the forde=0.4 for the configuration of
Fig. 15. The inset shows the same figure from a different
perspective.

increase of the mobility at higher driving. Even at the high

driving, when in all previous cases we observed the transi-
tion to the state of a moving crystal, now we found a typical

TJ plastic phase with very slow flow of particles around the
islands of the immobile ones. This could be seen from the
rE)Iot of the static structure factor at maximum driving force

F=0.8 in Fig. 18.

At the high temperature, the situation remains generally
the same. When the driving force increases, the system trans-
fers from the sea of thermally oscillating particles to the TJ
plastic phase with continuously increasing mobility. These
results are in very good agreement with the results of Reich-
hardtet al.[26,27], where a detailed study of the locked-to-
sliding transition for overdamped systems with the concen-
V\t,rationse< 1 was presented. For the triangular substrate, the
system depins elastically for the commensurate atomic con-
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centrations#=1, 6/7, 2/3, 1/3, 1/4, and 1/7, while for the
incommensurate case the motion is plastic.
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FIG. 15. (Color online Snapshot configurations of the 1D TJ FIG. 17. The mobilityB as a function of driving force fol®
plastic phase foge=0.857,7=0.3, andT=0.001 atF=0.4. Solid  =3/4, g=0.857, andn=1 at T=0.001 (solid triangle$ and T

curves show atomic trajectories.

=0.1 (open triangles
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disorder flow regimes. We observed two plateaus orBi{#e
dependence. The first steady state corresponds to a disor-
dered TJ plastic phase with the immobile atoms in the sea of
sliding atoms with low mobility. When driving force in-
creases, the system transfers to the state of a moving crystal
where, contrary to the case of soft systems, the atomic mo-
tion inside the rows is arranged in a solitonlike fashion. For
higher damping, a new intermediate solitonic phase emerges
prior to the elasti¢crystalling flow of particles. At this stage

we observed a formation of moving antikinks inside the
rows. These kinks form perpendicularly oriented domain
walls which move in the direction opposite to the external
driver.

At higher temperature, the depinning force decreases and
the drift of atoms starts from a sea of thermally fluctuating
particles. While for the stiff atomic layer the scenario of the
transition remains almost the same, for the soft system and at
the higher value of damping, the plastic channel flow regime
that existed at low temperature is destroyed. When driving
force increases, the system transfers first from the locked
V. CONCLUSION state to the disordered TJ plastic regime and then to the slid-

We have presented a detailed numerical study of thdd crystalline phase. _ ,
locked-to-sliding transition in the underdamped isotropic Wh_en the system is 0verdf_:lmped, the I_attlce can depin
two-dimensional Frenkel-Kontorova model with a triangularOnly in the case of strong interatomic interactidQes
substrate potential for a nontrivial ground st#te3/4. Our  =0.857. For the soft atomic layefgez<1), the mobility
results show that the system parameters, particularly theemains at a low level even at the high value of the driving
damping coefficient, play a crucial role in the scenario of theforce (F~0.8). We observed the transition from the locked
locked-to-sliding transition and determination of the struc-state to the disorder TJ plastic flow which retains this struc-
ture of the sliding state. ture even at very high driving force. Thus, our results for the

When the driving force increases, the underdamped isog=0.75 case are in agreement with previous stuR€s27|
tropic system always transfers from a disorder locked state tand confirm that in the overdamped system at incommensu-
an ordered sliding state of a moving crystal. The scenarigate concentrations the motion is plastic at high driving.
and the intermediate phases passing during the ordering tran- Although we have considered only one value of the con-
sition strongly depend on the values of the system parameentration, our results should be qualitatively valid for a gen-
eters such as the effective elastic constant, damping coefféral case of incommensurate systems with<065< 1. While
cient, and temperature. We found that the followingthe studies of the overdamped motion have applications in
distinctive dynamical phases could be present during the prasuch areas as dynamics of vortex lattices, charged density
cess of the locked-to-sliding transitiofi) the locked phase, waves, colloidal suspensions, and magnetic bubble arrays,
(i) the disorder TJ plastic phaséii) the plastic channel where already a lot of experimental works have been done,
flow, (iv) the solitonic phase, ant) the sliding state of a the studies of underdamped motion are of great importance
moving crystal. for tribology [9,41,49. The studies of the mechanism of the

For the weakly bound layeg.=0.0857, in the case of |ocked-to-sliding transition could give a great contribution to
low damping at low temperature, the system transfers diunderstanding the phenomena of friction and lubrication be-
rectly from the disorder locked state to the sliding state of aween two flat macroscopic surfaces on atomic scale. Since
moving crystal passing the transient plastic-channel regimeolid-state physicists and chemists have only recently begun
that at higher damping appears as a truly steady state.  to study the microscopic friction, new experiments and the-

For the higher value of the effective elastic constagf,  oretical approaches are needed in order to complete these
=0.257, at the low temperature the scenario of the orderingtudies.
transition remains essentially the same. The difference with
respect to the lower values @k is more pronounced at
higher damping. While at the low damping only the structure ACKNOWLEDGMENTS
of the channels in the plastic flow regime is changed, at the
higher value of damping a new intermediate TJ-like plastic This research was supported in part by the Hong Kong
phase emerges at the beginning of the transition prior to thResearch Grants Coun¢RGC) and the Hong Kong Baptist
plastic-channel steady state. University Faculty Research GrafifRG). O.B. was partially

For the stiff atomic layerg.;=0.857, the system passes supported by the NATO Collaborative Linkage Grant No.
during the ordering transition through different intermediatePST.CGL.980044.
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FIG. 18. (Color onling Structure factor for the overdamped stiff
layer (ge=0.857 for =1 andT=0.001 atF=0.8.
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