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Depinning of interacting particles in random media
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We study the overdamped motion of interacting particles in a random medium using the model introduced
by Pla and Nori[Phys. Rev. Lett67, 919 (1991)]. We investigate the associated depinning transition by
numerical integration of the equation of motion and show evidence that the model is in the same universality
class of a driven elastic chain on a rough substrate. We discuss the implications of these results for flux line
motion in type-Il superconductors.

[. INTRODUCTION the front of flux lines propagates only partially, giving rise to
a flux profile denoted as the Bean stHtéinder the effect of
The dynamics of flux lines in type-Il superconductors hasan external current or because of an imposed flux gradient,
attracted a wide interest in the past yehBesides the study the lines will move displaying interesting dynamical behav-
of the equilibrium properties of the vortex lattice, much at-ior. In the simplest case of an infinitely long cylinder, flux
tention has been devoted to the magnetization behavior olihes can be treated as a set of interacting particles moving in
of equilibrium, i.e., when the magnetic flux enters the supera random pinning landscape and can thus be conveniently
conductor. Several interesting dynamical phenomena havgudied by molecular-dynamics simulatighs?!
been observed experimentally, such as hystefesis, Two main contributions are important to describe the
avalanches, flux front roughenind, and fractal growtfl.  overdamped dynamics of flux lines in a type-Il supercon-
These features are reminiscent of dynamic critical phenomductor: the repulsive interaction among flux lines and their
ena commonly observed in disordered systems, as, for irshort-range attractive interaction with pinning centers. The
stance, in interfaces at the depinning transifién. equation of motion for each flux linecan then be written as
Molecular dynamics has been largely used as a modeling
technique to simulate nonequilibrium flux-line propagation - - e - - -
in terms of interacting particles in a random pinning figld? Tvi=2 J(ri—r)+> G[(Ry—r/I, (1)
The particles interact through a long-range repulsive force ! P
that can be computed from electrodynamics and can b

trapped by pinning centers. A vast literature has been des' onds to the vortex-vortex interaction. The sum is over all
voted to these models imM=1 (Refs. 9 and 1P and P ’

A T Y 3 NN
d=2 81112 ith different boundary conditions and external other vorticeg andJ(r) = o/ (8 7\ )Kl(,|r|/)‘)r’ where the
driving modes. Several features seen in experiments haJ/gnction K1 is a Bessel function decaying exponentially for
also been reproduced. [r|>N\, X\ is the London penetration length, adg, is the

In this paper, we study the model introduced by Pla andnagnetic quantum fluX’ The second term on the right-hand
Nori® and analyze its critical behavior. In particular, we side accounts for the interaction between pinning centers
study the time dependence of the average velocity of thémodeled in Ref. 9 as localized trand flux lines. HereG
particles as a function of a constant applied force. We 0bjs the force due to a pinning center locatedRgy, | is the
serve a typical depinning transition and analyze the associznge of the wellgtypically | <)), andp=1, ... N, (N, is

fuherer is the viscosity. The first term on the right corre-

H H H 13,14 . . . ) A
class of elastic strings in random meéi flux lines in one and two dimensions, and for different forms
of disorder, boundary conditions, and external driving
. MODEL modes’ ! In the present study, we will concentrate on a

simple realization of this model id=1.° Assuming that the
In a type-ll superconductor, when the external magnetidorce between particles and the interaction between particles
field reachedH;,'° the magnetic flux penetrates in the ma- and pinning centers can be approximated by piecewise linear
terial in the form of flux lines. Before equilibrium is reached, functions, the equation of motion for partidldecomes
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+B2 (%p=X) 8(| % —Xp| =1), 2 wheren,=N,/L is the number of pinning centers per unit
P length. We expect this result to be qualitatively correct at

wherel; is the range of particle interactions, which should below particle densities and far enough from the depinning
of the order of\, A andB are the strengths of interaction, transition. Close to the depinning transitiég, the velocity
andF is an externally applied force. increases logarithmicallys~ — 1/In(F.—F). In the next sec-

When periodic boundary conditions are imposed, thdion, we will show that, when the repulsion between particles
model displays a depinning transition as a functiofr SfFor  is taken into account, the behavior is changed o (F,
F<F., the particles are trapped, while fér>F, the av- —F)#, in analogy with the depinning transition in other sys-
erage particle velocity is nonzero. Close to the depinningems.
transition, the particle velocity responds with avalanches to
small changes in the applied forgdsinally, when simula- IV. COLLECTIVE EFFECTS: NUMERICAL RESULTS
tions are performed witk =0 and a constant density of flux
lines at the boundaries, the model shows a nonlinear Bean Although the dependence of the depinning force on vari-
profile 1° which has been compared with experimentdle ~ ous model parameters in the one-dimensional model has
note that these features are common to two-dimensiondleen extensively studied in the original work by Pla and
simulationst! In this case, however, a much richer phenom.Nori,9 the scaling relation between velocity and force, a char-
enology, related to the formation of plastic channels for flow,acteristic of the depinning transition, has not been investi-

can be observetf. gated there.
Here, we perform the numerical integration of Ef) in
IIl. SINGLE-PARTICLE PROBLEM order to study the associated depinning transition. We test

the effect of system size simulating systems with
As an illustration of the behavior of the model, we first =50,100,200,400 particles antl,=10,20,40,80 pinning
analyze the single-particle problem. Even with this simplecenters, respectively. We use periodic boundary conditions
system, we show that one can already obtain some qualitand a system of length =N/100 in order to keep constant
tive information on the effect of the microscopic pinning both the particle and the pinning center densities. The width
field on the particle dynamics. of the pinning potential id=10"% and its strength iB
The equation of motion for a single particle is given by =10°, so that the pinning force for the single particle prob-
g lem is F,=IB=1. In all simulations, the partitz:le-particle
X interaction is characterized by fixing=2x10"“ and A
FEZF"'B% (Xp=X) 0| x =%, =1). @ s Finally, the results are averaged over several realiza-
tions n, of the disorder , =500 for N=50, n,=50 for N
When the particle is not interacting with a pinning center, it=100,200, anch, =20 for N=400).

moves with constant velociti?/T". The following equation We study the decay of the average particle velocity as a
describes the motion of the particle as it enters in the ranggunction of time(v (t))=(Z;v;), where the average is taken
of a pinning center welli.e., x(t=0)=x,—1]: overn, . For large forces(v(t)) reaches a finite steady value

vs>0, while for small forcesp,=0. The accurate evalua-

dx tion of F. is very important since even a small error in its
I =FFBOG=x)  x<xp+l, 4 value can strongly affect the determination of the scaling
exponents. As a standard practice in the study of absorbing
with the solution given by state phase transitions and other dynamical critical
phenomend® we determiné=, using finite-size scaling, ana-
X(t)=xp+F/B—(F/B+1)e "I (5 lyzing the decay ofv(t)) for different values of andN.

In Fig. 1, we show the decay @b (t)) for a system with
N=400 particles and different values I6f We see that there
is a drastic change of behavior betweEr 0.515 andF
=0.514. In addition, we study the behavior @f(t)) for
these values of the applied force as a functioNoFigure 2
shows that the velocity reaches a steady valyéndepen-
dent of N for F=0.515, whilevs decreases as N/for F
=0.514. We thus conclude th&t.=0.5145. In Fig. 3, we

The total timeT to cross a system of lengthwith N, pin-  Plot the value ofus as a function ofF —F. and observe a
ning centers is given by power-law behavior

For F<IB and in the limitt—o, the particle remains
trapped, while forF>1B, the particle escapes the pinning
center, so that we can sét.=I1B. The force-velocity dia-
gram can then be computed by noting that, For 1B, the
particle spends in each trap a timegiven by’

=T In[(F+F)/(F=F¢)]. (6)

T=N,7+(L—2IN,)T/F, (7) vs~(F—Fo)’. ©)

so that the average velocity of the particle can be calculate@he best fit to the data yieldg8=0.22+0.05. We note that
as this value is consistent wittB=0.25 found in numerical
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FIG. 1. Log-log plot of the decay of the average velocity with
time for a system oN =400 particles andN,=80 pinning centers.
The velocity is averaged over 20 realizations of the disorder. The (b)
applied forces range frorl =0.550 toF =0.500(from top to bot- 107 L \\\
tom) and the sharp crossover occurs betwéen0.515 andF \\\\
=0.514. The dotted line has a slope-6D.4. \A " \\
— N\
A \ N
. . . . . . = 0.02
simulations of driven elastic chains on disordered z 9 \
substraté®* and in the depinning of interfaces in random 102 L
media® oot % 1 y
Finally, we observe that, close ., it is possible to fit §§
the decay of the average velocity using a power law, o 001 ooz 1N
(v(t))~t~? with #=0.4. This exponent is conventionally
measured in absorbing state phase transitirsit to our 10° L - _ .
knowledge it has not been estimated at the depinning transi- 10 10 10 10

tion. Using scaling relations, one can readily show that
=zp/v, where v determines the scaling of the correlation  FIG. 2. Log-log plot of the decay of the average velocity with
length[i.e., lco~(F—F¢) "] and z is the dynamic expo- time for systems of N=50,100,200,400 particles andN,
nent relating the correlation length to the correlation time,=10,20,40,80 pinning centers, respectively. The velocity is aver-
tco”:|§0”_ The renormalization-group results for driven aged over 5020) realizations of the disorder fdi=50,100,200
interface§”’ gives §=4/9=0.44 (usingv=1, z=4/3, andg  (400. The applied force iga) F=0.515 and(b) F=0.514. In the
=1/3), but the numerical simulatiohy® seem to imply a inset we show that the steady-state velocity scales Mséds it is
lower value of #=0.36 (v=1, z=1.42, andB=0.25). In  expected for a subcritical state.

view of the limited scaling regime observed in our simula-

tions and the absence of direct measure9 d@br interface

depinning, we cannot still draw firm conclusions about this 107 : :
point.

V. DISCUSSION

In this paper, we have analyzed the depinning transition
of interacting particles in a random force field, using the
model developed by Pla and Nofor flux-line dynamics in 8
type-ll superconductors. We first noticed that the model dis-
plays a depinning transition in the dilute limit, when interac-
tions between particles can be neglected. In this case, th
force-velocity diagram is logarithmic close to the transition.

Numerical simulations are then used to investigate the
role of interactions on the transitions. In order to obtain an
accurate phase diagram, we have used finite-size scalin 107 L 102 10"
methods similar to those used to analyze absorbing stati F-F
phase transition The force-velocity diagram is turned into ¢
a power law, as it is commonly found in other depinning  FiG. 3. Log-log plot of the steady-state average velocity as a
transitions® The critical exponent appears to be in numericalfynction of the reduced forcE —F., with F,=0.5145¢0.0005.
agreement with the one computed for elastic strings in ranThe best fit to the data givgg=0.22+0.05.
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dom medid®***or “linear” interface depinnind’ It would be  known with good precision. In particular, the exponents for
interesting to compare these two classes of models in twavalanche scaling obtained in this framework could be com-
dimensions and check whether universality also holds in thipared with those measured in the experiments on type-ll
case. superconductors Similarly, flux front rougheninjcould be

Plastic flow, a phenomenon that is not present in one distudied in the same way. In order to carry out this investiga-
mension, could possibly change the behavior of such intertion, however, it is necessary to understand the precise nature
acting particle models, since at the depinning threshold thef the boundary conditions and driving modes in the experi-
dynamics occurs through well localized channels. This bements, since, for instance, boundary scaling can be different
havior can accurately be reproduced with two-dimensionafrom the bulk scaling studied here. Finally, the analysis per-
versions of the model studied here, as the literaturdormed here could be directly compared with current-voltage
shows!'*2but analytical results are difficult to obtain for the curves measured in type-1l superconductdrs.
plastic case.

In the parameter region correspondingdiastic depin-
ning (i.e., a collective and homogeneous mojione expect
to observe universality with driven interfaces. This phenom- We thank CNPq and FUNCAP for financial support. S.Z.
enon has been widely studied numerically and bywishes to thank the Physics Department of UFC, where this
renormalization-group metho@<, so that exponents are work has been initiated, for the hospitality.
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