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Peak effect in a driven lattice gas model
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We study the peak effe¢PE), i.e., a sharp peak observed in the critical current as a function of the particle
density, discovered in transport properties of a driven lattice gas model. We show that the PE corresponds to a
first-order phase transition found in the undriven system at equilibrium, which in turn gives rise to an “anoma-
lous” second peak in magnetic hysteresis loops. We also explain the “history” dependent phenomena observed
in the PE region by investigating the system characteristic time scales, which divergeTaatairhave a broad
maximum as a function of the external field around the PE. The model we consider can be related to a coarse
grained description of vortex lines in superconductors and we discuss the relations of the PE described here and
the one experimentally observed in these systems.
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I. INTRODUCTION Il. THE MODEL

. . . We consider a square lattice model characterized by a
Driven lattice gases have been an important area of re- ) . .
e : ield n; representing the total particles charge present on site
search for nonequilibrium phenomena in recent yéarg|. .

: . : : i; n; is an integer number bounded by a given valNg;:
Here we consider a model of driven repulsive particles on @ 9 yag €2

lattice subject of a Monte Carlo dynamics and discuss, th i € {~Nez, - ’.NCZ}' The Hamiltonian qefmmg the.model
presence of an important phenomenon, known as the pe E?”ed a restrl|cted occupanpcy mopeis ' Ref. [3]: M
effect (PE), found in the system. This is a sharp peak ob-zﬁziinip‘iinj._EE‘A”.lnil_EiAi Ini|. The first two terms
served in the “critical current” when plotted as a function of describe the interaction b_etween.the p'art|cles and thglr ;elf-
the particle density. We investigate the physical mechanismgn€rgy, and the last the interaction with a random pinning
underlying the PE and show that in the present model, the PEackgrognc(see Ref[3] _for details. Fpr sake of simplicity,

is the manifestation in thelriven system of a first-order W€ consider here the simplest version7sf we chooseA;

phase transition found @quilibriumin the absence of drive —A0=1; Aj=A1<Aq if i and] are nearest neighboray;
and associated to a “second peak’ in magnetization mea=0 Otherwise; the random pinning i distributed P(Af)
sures. The origin of the strong “memory effects” observed in = (1~ Pp) 8(A) + pS(Af—Af) [15]. Such a model can be
the region of the PE traces back, instead, to the nontriviafonsidered as a schematic representation of a system of
behavior of the system relaxation times as a function of thétraight parallel vortex lines in type-Il superconductors
particle density and temperature. coarse grained on a scdlgof the order of the London pen-
Interestingly, our model was originally derived as a coarseetration length\ in the plane orthogonal to the fie[8]. The
grained representation of a system of straight parallel vortegharge of vortices on thith coarse grained cell is mapped
lines described by Ginzburg-Landau equations in the Londointo the lattice fieldn; and the upper critical field 8.,
approximation[3]. In vortex physics of type-lIl supercon- =Nc,¢o/l5, Wherep,=hc/2e is the flux quantum unit.
ductors, the peak effect, i.e., a sharp peak observed in the In analogy with computer investigations of dynamical
critical current(or a dip in resistivity as a function of the processes in fluidf14], the time evolution of the model is
applied field[4—7] is known to be an ubiquitous phenom- simulated by a charge conserving Monte Carlo—Kawasaki
enon. In this research area, in recent years, relevant theoretynamics on a square lattice of sizeat a temperaturd
ical [8—10Q and experimental5—7,11 activities have been [15]. The system is periodic in thedirection. The two edges
devoted to such an issue. However, important questions agarallel to they axis are in contact with a charge reservoir,
still open, as those concerning the origin of the strong dyi.e., an external “magnetic” field, of given charge density
namical anomalies discovered in the PE region, includind\.,;. Particles can enter and leave the system only through
“memory” effects, history dependence, and apparent metathe reservoir, which is considered to haveZdrof the same
stability phenomen5,7,12,13. form of the system, but witiAP=0. Vortex-antivortex pair
The present model was already shown to describe a broatteation is not allowed and pairs on the same or nearest
range of phenomena occurring in vortex matter includingneighbor(nn) sites annihilate.
creep dynamics of bean profiles, hysteresis of magnetization, As in standard driven lattice gas€®|, the effect of an
and memory effects ii-V characteristic§3]. In this respect, external drivel is introduced by a bias in the Metropolis
beyond the specific issues related to driven lattice gas theorgoupling of the system to the thermal bath: a particle
the simple physical mechanisms included in our driven latcan jump to a neighboring site with a probability
tice model seem to catch some important aspects of magnetmin{1,exg —(AH—¢€l)/T]}. Here,AH is the change i+
and transport phenomena of vortex physics and, in particulagfter the jump andck=+1,—1,0 (e=—1,+1,0) for a posi-
can clarify the properties of the PE. tive (negative particle trying to hop along, opposite or or-
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FIG. 2. Thel-V characteristic is recorded by rampihgith rate

FIG. 1. Inset: In the absence of drive-0, the magnetizatioM y=dl/dt=5X%10"% at T=0.1 for the shownN,. The dashed
is plotted as a function of the applied field density,;, which is lines are the power law fit described in the text. Inset: the differen-
cycled from and back to zero at=0.3 with the shown sweep rate tial resistivity p=dV/dl for the same data of the main panel.
v=dNgy/dt. Notice the appearance of a “second magnetization
peak,” whose location isy dependeniNg (). Main frame: The particular, on the sweep rate of the external field,
equilibrium value ofM (i.e., the one fory—0) shows an apparent =dN,,./dt, as shown in Fig. 1. As soon as the inverse of the
jump associated with the second magnetization pégk0) signal-  sweep rate is smaller than the system characteristic relax-
ing a first-order phase transition. The logarithmic horizontal scale igtion time 7y (to be defined in detail belowstrong hyster-
used in order to outline the small,,, region. esis effects are, in fact, present. Although the second-peak

o _ _ _ position Ny, does depend ory [i.e., Ngo=Ngy(¥)], it is
thogonal to the direction of the drive. Vortices in supercon-related to a new first-order equilibrium phase transition: in
ductors carry a magnetic field and thus they are coupled to aghe y—0 limit (i.e., when the external field is ramped qua-
applied electrical curreritby the Lorentz force. Under such sistatically, its locationNg( y=0)=13.5 is associated with
a drive, vortices start moving ata velocity which is in turn a Sharp Jump in the equi"brium magnetizatidm,eq(Next)
proportional to the voltage droy, generated at the sample =lim, oM(¥,Nex), as shown in Fig. 1. Fok* >, par-
boundarieqsee Ref[16]). Thus, in presence of a drivea ticles with the same charge strongly repel each other and
voltageV is generated. As discussed in REE6], V is de-  tend to be disposed in such a way to have no nearest neigh-
fined byV(t)=(v(t)). Here,v(t) is an average vortex “ve- bors on the lattice. However, sindd., is finite, such a
locity” in a small interval around the time [this is to im-  “staggered” configuration is no longer possible above a
prove the statistics oV(t)] and v(t)=Z,v,(t)/L is the given value of the external densily;,;. This corresponds to
“instantaneous velocityTv;(t)= £ 1,0, as above, if the vor- the transition inM.
texi at timet moves along, opposite or orthogonallfo In the same region where we found the second magneti-
zation peak, we now record theV characteristics. The-V
characteristics are here measured as in real experiments: after
fixing the working conditiongi.e., temperaturd and exter-

We first analyze the model properties in absence of amal field Ng,y, the functionV(l) is recorded by ramping
external drive, i.e., by now we sét=0. The system, origi- from zero upwards at a given ratg=dl/dt. Again, when
nally empty, is prepared at a givanby increasing the exter- y,>7,%, V(I) depends on the system history simply be-
nal field Ng,; from zero at a constant ratg=dN,/dt. cause the system has not been able to follow the applied
While rampingNe,;, we record the magnetization defined asdrive [3]. In fact, it is now experimentally well established
M (t) =Nin(t) — Ney(t). Here, N;,==;n;/LY is the charge thatl-V characteristics in superconductors show this kind of
density inside the sample and the Monte Carlo tireemea- memory phenomenésee, for instance, Ref§7,12,13, and
sured in units of complete Monte Carlo lattice sweeps. Durreferences thereinWe show in Fig. 2 the appearance of the
ing the whole process, the drive is zelte;0. |-V characteristicsV(l) and differential resistivityp(l)

At low temperatures, pronounced hysteresis magnetiza=dV/dl, recorded for applied fields spanning a decade
tion loops are seen wheM is parametrically plotted as a around the second peak valtig,(0).
function of N, (which is here cycled back to zero, see inset At low T, thel-V characteristic appears to have the typi-
Fig. 1). Furthermore, when the parametetr=A,/Aq of H  cal S-shaped form, experimentally found in vortex matter
is above a critical threshola,.=1/4[3,17], as in the present and, as a matter of fact, to be definitely dependent on the
case, a definitsecond peakthe so-called “fish-tail” struc- ramp ratey,. For finite y,, the -V characteristic is non-
ture of experiments on vortex matter, see Ref, and refer-  Ohmic with a power law behavior at loWw(the dashed lines
ences therejnappears irM. The shape of loops depends, in in Fig. 2):

Ill. RESULTS
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- eff _
0.22 "'-._ﬁ e () —(1+y,/y?)Al’ (2)
027  om| * where forT=0.1 andNg,=10, 19=0.7, 7°=10"5, and
g O . ext ,10=0.7, ¥, , and the
— i exponentA,=0.2.
s 0.18 A The above effects ofy, on the critical current of the
o, T, driven system are the analog of the effectsyafn the mag-
- 016 I N— : 5 netizationM, discussed above in the undriven system. Inter-
0.1 1071010~ 10 estingly, time dependent critical currents with properties
N Npg similar to those of the present model are indeed observed in
experiments on vortex mattésee Ref[12], and references
therein.
It is important to consider these history dependent effects

10 when analyzing the PE. The typical dependencé&6f on
N the applied fieldNgy; in the low T region is shown in the
ext main panel of Figf.f 3 for a givery, value. Different from
o ) . .

FIG. 3. The critical current®'" is plotted as a function of the standard modeel?fc (Ney) is not a monotonic functiof20].
applied fieldN,, (in the main panel, aT=0.1 andy,=5x 10%) At low fields, I ¢ slovyly decreages WItNext., but abovef a
and current ramp ratg,=dI/dt (in the inset, af=0.1 andN,,, % dependent turn point, a drastic change is observed n
=10; here the superimposed dotted curve is the fit discussed in th¢hich has a broad peak, analogous to the peak effect experi-
text). The so-callecheak effectPE) in 12" as a function oN,,is ~ mentally found in vortex mattg@—7,12,13. In fact, a slow
clearly observable. It corresponds to the second magnetization pealependence dféff(Nexo on the current ramp ratg, is found
Ns, found in hysteresis loops. Also notice the nonequilibrium ef-as explained above. The location of the maximum in the PE,

10

fects observed at loW, as shown by they, dependence oft"  Npg, is dependent ony,, but most important is that it is
plotted in the inset. very close to the values of the second magnetization peak
found in magnetic loopsiNg,; for y,—0, Npg is numeri-

V=pol“, 1) qally equal toNs,(y=0). Finally, in the present m_odel we

find that the second peak M and the corresponding peak
effect in I§” are also present when the pinning potential is
turned to zeroAP=0. We considered here the more general
situationAP=0 because this is the typical case in real super-
conducting samples, but, as a consequence of the above re-
mark, we can predict that the peak effect should be presentin
very clean samples too.

where the exponent is, for instance, about 1.3 foy,;=5
X 1073, Ney=10, andT=0.1. In generala is field and
temperature dependeft9]. At larger values of, an Ohmic
behavior is observed 8,19. As a matter of fact, the S shape

tends to disappear whew—0, i.e., when the drive is e anove discussion we have stressed the importance

ramped without altering the equilibrium conditions of the ot history effects on the PE structure. In order to rationalize

system, and thé-V characteristics become linear. We notice ipese phenomena, we now discuss the system characteristic

that since the system equilibration time at |dwdiverges equilibration time scale.

exponentially(see below, it may be very difficult to reach At low T, upon applying to the system a driveits volt-

the purely linear regime found indeed at stationarity. age respons¥ slowly relaxes in time towards a stationary
From thel -V characteristics the critical current is derived, value [3]. In particular, as much as experiments in vortex

which we now discuss in more detailed focusing, in particu-matter(see Ref[12], and references thergjrone finds that

lar, on its dependences on applied fiBlg,; and current ramp for long times, the slow relaxation &f(t) can be well fitted

rate y, . As much as in experiments, we define #féective by stretched exponential8]: V(t)=exp(—t/n,)?. The above

critical current! ¢ by a so-called “voltage criterion”I¢""is  long time fit defines the characteristic asymptotic scale of

the drive value wherd&/ gets larger than a given threshold relaxation,r,, which we discuss now. As a function of the

(here, Vi, =5x1075). We call 1" an effective critical cur- temperature,r, has a steep increase wifh [3,19], and

rent since we show below that generally it does not represer@ ~ @Pproximate  Vogel-Tamman-Fulcher behaviory,

an “intrinsic” material parameter. In fact for a givehand ~ — 70€XHEo/(T=T)"], where 7o=7 10?, v=0.9, andT,

eff =0.01, whenNg,=10. In the lowT regime, a power law
Next: lc _usually de_pe_nds oy and, more ger_1era||y, on_the fits as well the data, but in all the cases, the best value fit for
sample history. This is apparent from the inset of Fig. 3

eff ; . . T, is practically indistinguishable from zero. This fact con-
where the functionl c"(y,) is shown. In particular, in our fi\q ‘that in the present two-dimensional version of the
model we find that, in the present field and temperaturgnggel the glass transition is pushedTat 0 [3]. More gen-
range, 1" slowly decreases by increasing. The function  erally, we notice that the low-divergence ofr, shows that
12"(y,) is approximately fitted by a power law with a small strong off-equilibrium phenomena are to be found when
exponent, the dotted line in the inset of Fig.(& by an  studying the system at small temperatures, a fact in corre-
inverse logarithmic function spondence with experiments on vortex maftei7,12,13.
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4000 | and approaches a finite plateau forI*, with [I*
=0(1). Thehigher the drive the faster is the approach to
stationarity and, in this sense, an increasé iras an effect
similar to an increase iff. Notice that such a result is in
agreement with experimental findings in vortex mafti?]

and with analogous features of observed in other driven lat-
tice gas[2].

3000

Z 2000

IV. CONCLUSIONS
1000

Summarizing, in the framework of our driven lattice gas
model (a coarse grained description of a system of straight
parallel vortex lineg3]), we observe an important phenom-

1 enon in its transport properties which can be called the peak
10 effect, i.e., a maximum of¢'" as a function oN,. The PE
Next corresponds to a first-order phase transition found in the un-
driven system at equilibrium, which in turn is manifested as

FIG. 4. Main panel: The characteristic time scale of voltage@ Second peak in magnetic hysteresis loops. The important
relaxation, ,, as a function ofN,,, is nonmonotonic. It has a history dependent phenomena observed in the PE region
maximum corresponding to the location of the PE and second mag@riginate from the properties of the system characteristic
netization peakherel =1 andT=1). Inset:n,(1), as a function of time scales, which diverge at loand have a broad maxi-
the applied drive for T=1 andN,= 10. The superimposed curve mum as a function of the external field around the peak of
is a power law fit(see Refs[3,19]). the PE.

In the present scenario, the nature of the analogous PE

Since here we are mainly interested with the PE as g@henomenon observed in vortex matter can be clarified
function of the applied field, we now discuss in detail the theinstance, the debated relations between its “equilibrium” and
dependence of, with N.,;, shown in the main panel of Fig. “dynamical” properties and a broad range of experimental
4. Interestingly,ry, is nonmonotonous witiN.,; showing an  findings in magnetic and transport properties of supercon-
apparent maximum around the value corresponding to the P&uctors reproduced3]. The application of driven lattice
observed in the critical curreMpg. The fact that for a given gases to the study of nonequilibrium properties of vortex
T, 7v(Ney) has a broad maximum around the PE and thephysics opens new intriguing perspectiye
second-peak location iM explains why around the peak
“slushy” regions have been often observese, for instance,
Refs.[5,7,12,13): therery is very large and off-equilibrium
“glassy” features appear whenever the system is observed on | wish to thank Henrik Jensen for fruitful discussions.
time scales too short compared to it. This work was partially supported by the INFM-PRAOP),

Finally, it is important to notice that the characteristic the MURST-PRIN 2002, and the MIUR-FIRB 2002. The al-
time 7y is strongly affected by the value of the drivétself  location of computer resources from the INFM Progetto Cal-
as shown in the inset of Fig. 4;,(1) increases by decreasing colo Parallelo is acknowledged.
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