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Dynamic transition in driven vortices across the peak effect in superconductors
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We study the zero-temperature dynamic transition from the disordered flow to an ordered flow state in driven
vortices in type-Il superconductors. The transition curigris marked by a sharp kink in thé(l) character-
istic with a concomitant large increase in the defect concentration. On increasing magnets; fredd ,(B)
follows the behavior of the critical currehd(B). Specifically, in the peak effect reginhg(B) increases rapidly
along withl.. We also discuss the effect of varying disorder strengtt on

DOI: 10.1103/PhysRevB.67.052507 PACS nuniber74.25.Qt, 74.25.Sv

The model of driven interacting particles in presence of Recently, we showed that the PE occurs in a system of 2D
quenched disorder captures essential features of the dynawertices close td,, at zero temperaturé.In this paper, we
ics occurring in many condensed matter systems. Of specifieevisit the dynamic transition, particularly across the PE. We
interest is the dynamics of vortices above the criticm  find thatl ,(B) increases rapidly in the field range in which
depinning currentl . in type Il superconductors. Early nu- the I¢(B) shows the PE. The dynamic transition lat is
merical simulation of the transport characteristics in two di-characterized by hysteresis ¥f(I) and a sharp peak in the
mensions(2D) showed that the topological defects are gen-dynamic resistancRy(l). The topological defect concentra-
erated close td., and are annealed at high driving force. tion also shows a jump a,. We present the dynamic phase
This suggested a dynamic transition from the disordered floB diagram, and discuss the effect of increasing the disorder
to an ordered flow at a curre>1.. Theoretically, Ko- strengthA on ;. _
shelev and Vinokur(KV) considered this transition dt, Consider a 2_D cross section of a b“_lk type-li supercon-
similar to an equilibrium “melting” transition of a clean sys- ductor perpendicular to the magnetic fief=Bz. Within
tem in the moving reference frarid@he effect of quenched London’s approximation, the dynamics of vortices are gov-
disorder on the moving vortices is included in the theory€Med by the overdamped equation of motion
through an effective shaking temperatufigge<l ~1. In dr
Koshelev-Vinokur theory, the recrystallization currégtin- ﬂd_tl =— E VUuU(ri—r;)— E VUP(r; = Ry) + Foy.
creases asT(,,— T) ! on approaching the equilibrium melt- 17 K

ing temperaturd gw?f the static system. Later calculatidn®  Here y is the flux-flow viscosity, and the first term represents
and simulation$™® identified the free flowing state aboVg  the intervortex interaction given by the potential’(r)

as the smectic phase. In the smectic phase, the particles moge((ﬁ(z)/swz)\z) Ko(T/\), whereK, is the zeroth-order Bessel
in static channels with quasi-long-range order perpendlcula{unction andf=(r2+2£2) Y2 ) and ¢ are the penetration

:ﬁethcehfalltr)]\:]veclgornpared with liquidiike short-range order within depth and coherence length of the superconductor, respec-
’ tively. ¢, represents the flux quantum. The vortex pinning is

The dynamic transition in driven vortices was first studied S S
. . added through the second term which is an attractive inter-
experimentally in the transport measurements by Bhatta-

charya and HigginéBH) 12 and was later observed in neu- action with parabolic potential wellgP(r)=Uo(r?/rj—1)
tron scatteringf and Bitter decoratiol experiments. BH 07 F<p, and 0 otherwise, centered at the randRyyloca-
studied the behavior of transition currdptas a function of ~ tions. The third ternfe,=(1/c)JX ¢,z is the Lorentz force
the magnetic fieldB, particularly in the peak effectPE) due to transport current densify The length is in units of
regime. The PE is marked by a rapid increase,(B), gen- A(B=0)=\o, and J is in units of cfo/¢po where f,
erally close to the upper critical fieB,. BH found that the = #5/8m°\g. The timet is in units of n\/f, whereas the
I,(B) increases rapidly in the field range in which the PEVelocity v of vortices is in units offy/ 7. _

occurs. This behavior df,(B) in the PE regime is similarto ~~ We use the reduced magnetic fidda=B/Bc, with B,

the behavior of ,(T) aroundT,, as observed in simulation = ®o/2mé?, and it is calculated from the lattice constant
by KV in Ref. 2. The similarity can be traced to the softeningag/\ = (4/3)*%1/x?b)*2. The B dependence oh is

of the shear modulusgg of the vortex lattice. But an impor- A (b)=X\q/(1—b?)2 with a similar expression fo¢. The
tant difference separates the two: unlike BH, KV do not seesimulation is for the Ginzburg-Landau parameter\/§
any corresponding increase ip(T), i.e., no peak effect in =10 which is typical of the lowF, materials. The number of
the I(T) is observed in the simulation. This makes it diffi- vorticesN, was chosen in the range of 800-1200. The pref-
cult to correlate the increase in(T) close toTy, to the  actorU, of the pinning potential is distributed randomly be-
enhanced coupling of the vortex lattice to the quenched distveenA =0.01. The results presented below are for the pin
order. The increase ih,(T) could very well be due to in- densityn,=2.315. We calculate the transport characteristics
creased thermal fluctuations on approaching thus requir- ~ V(l), where the currerit<J, , and the voltag®/«(v,). The

ing larger currents to anneal the lattice defects. topological defect concentratiofy(l) is obtained by De-
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FIG. 1. (a) TheV(l) characteristics foA=0.04 ando=0.7. Inset: the defect concentratifg(l) and the dynamic resistan&g(l). (b)
Hysteresis inv(l) andfy(l) (upper insetacrosd ,. The lower inset showsdy/nn)/ag whereaéz(\/§/2)aO anda, is the lattice constant.

launay triangulation of the real space configuration. Wemann criterion for thermal melting. Note that some of the
choose the free flowing vortex lattice at high driving currentsvortices appear as immobile for 0.555 in Fig. Zb) (right
as the initial configuration, and decrease the current to 0 ipane). The region of immobile vortices grow with decreas-
small steps acrosk,. This particular method of preparing ing | until I is reached when the whole system is pinned.
the system minimizes the influence of nonequilibrium de- TheRy(l) has been used previously to identify the phase
fects which are present in field cooled simulations. The equaboundary. In Ref. 12, the transition from the disordered flow
tion of motion is time integrated by standard techniques. Théo the ordered flow state is identified as the current at which
V(I) andfy(l) are time averaged in the steady state. ParalleRy(l) ~Rgs Where Rgg is the asymptotic Bardeen-Stephen
algorithms were employed to speed up the simulation at higfflux-flow resistance. This current is marked ks in Fig.
densitiest® 1(a). In Ref. 8, the state betwedn and |, is identified as
Figure Xa) shows theV(l) curve for b=0.7 and A the smectic phase, whereas abbyg the state is defined as
=0.04. Broadly, three current regimes can be identifieda  a transversely frozen phase. The later state is distinguished
pinned state foil <I., (b) a disordered flow state between from the smectic phase by the absence of transverse jumps
|<I<I, where some vortices remain immobile and largeby vortices between adjacent channels.
transverse excursions of the active channels are present, andWe note that neithe¥ (1) nor f4(1) shows any feature at
(c) an ordered flow state fdr>1, with all vortices moving |, . Therefore, a more appropriate description of the state
and interchannel hopping takes place with, at most, neighbetweenl, andl, is possible in terms of fluctuation which
boring channels. The4(1), and the dynamic resistance allows occasional transverse excursions of the vortices be-
Ry(1)=dV/dl is plotted in the inset of Fig.(&). The current tween adjacent channels. The rate of such transverse jumps
|, is marked by a sharp peak Ry(l) and a large change in can be calculated by employing Arrhenius relation which is
fq. The response functio¥(l) shows a kink at,, as evi-

dent from Fig. 1a). We find thatV(l) and f4(l) are also i —
hysteretic acrosk, , as shown in Fig. (b). The kink and the e
hysteresis in the response functidffl) suggests that the =
dynamic transition occurs dt,. The transition is of first ® =

order nature, as was identified in Ref. 2.

In Fig. 2, real space configurations are shown for currents
above and below corresponding to parameters in Fig. 1.
The instantaneous configuration shows a relatively ordered
lattice abovel,. The vortex trajectories are well separated
channels aligned parallel ig,. The average transverse wan-
dering of the channe|dyn,) < aag , whereag =(+/3/2)a,
anda is the lattice constant angl~0.05. Just below,, «
becomes=0.3, as shown in the inset of Fig(d. The slow-

A

ing down of vortices effectively couples the transverse ve- : el

i
v AT

locity component, to the quenched disorder. This induces

large scale dislocations, and the dynamic frictiorRy) in-

creases. The increase in transverse wandering of vortices is FIG. 2. Instantaneous vortex configuratigeft) and vortex tra-
also reflected in the dense braiding of the active channelgectories(right) for (a) 1=0.06>1, and (b) |=0.055<I,. Theb
The behavior ok dycnn) acrossl, is similar to the Linde- =0.7 andA=0.04.
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crease inl, with increasingA, we find that the transition at
I, is broadened fo=0.05. Also, the hysteresis iN(I)
acrossl , is too small to be distinguished. This suggests that
the first-order nature of the dynamic transitiorl @does not
survive forA=0.05.

Figure 4a) shows the dynamic phase diagrasB for A
=0.04 which summarizes the main result of the paper. The
I,(b) andl.(b) shows similar behavior as approaches the
upper critical field value. Particularly, the rapid increase in
I,(b) coincide with the peak effect im.(b). The region
betweenl ,(b) andl(b) constitutes the disordered flow re-
gime, whereas abovk, vortices flow in ordered channels.
o For A=0.04, thelp(b)=k(b0—b)*1 with by=0.92 andk
0 0.05 7 ol o5 —.0.01.5 gives a reasongble fit for>b,,, as shovyn by the

thick line in Fig. 4a). This form ofl ,(b) was motivated by

FIG. 3. V(1) curves forA=0.04 for fields across the PE. Inset: the behavior ofl ,(T) on approaching the equilibrium melt-
V(1) curves for increasing disorder strengthfor b=0.6. The INg transition in Ref. 2. Theé-B plot in Fig. 4a) thus sup-
curves in the inset are shifted horizontally by 0.01. The arrows mar#0rts the picture that both the static and the dynamic friction
the transition current,, . of the vortex system increases rapidly in the field range in

which the peak effect occurs. As shown in Ref. 14, the PE in
conventionally used to describe thermal activation over enthe critical current is driven by the softening of the vortex
ergy barrier, but with temperature replacedy.® Such a  interaction on approaching the upper critical fi@lgh. Soft-
description can account for the suppression of transversening of the vortex interaction also reduces the shaking tem-
jumps above ., and also for the experimentally observed peratureTg<| ! required for the dynamic orderin@r re-
Rq(1) curves. To summarize, the dynamic transition in thecrystallization) of the vortices which explains the increase in
moving lattice occurs alt, at which the dynamic resistance I,(b) in the PE regime. Thus, an increasd ir(as a function
Rq4(1) shows a peak. The flowing state abdyds a smectic  of B or T) implies an increase ih,. We emphasize that the
phase with small longitudinal correlation and quasi-long-reverse does not hold, i.e., increasd jndoes notmply an
range order in the transverse direction. increase inl ;. This can be seen from the behaviorlg(T)

We now consider the behavior bf as the magnetic field andl(T) in Ref. 2 where thermal depinning caude€T) to
b=B/B., is changed, particularly across the PEIyib). decrease monotonically even ag(T) increases on ap-
For A=0.04, the onset field for PE I%,,~0.75 whereas the proaching the equilibrium melting temperatufg . Overall,
peak occurs abpea=0.9. Figure 3 shows th¥(l) curves  we find the behavior of ,(B) andl.(B) in good agreement
for four values ob between 0.5 and 0.8. Thg can be easily  with the experimental observatidh.
identified by the sharp kink in thé(1) curves. With increas- Figure 4b) shows thd ;. and thel ;, as a function ofA for
ing b, thel, first decreases before increasing rapidly in theb=0.6. For the system size used in the simulatiow, (
PE field regime. The4(1) andR4(1) characteristics across ~1000), the depinning transition is elastic far<0.03
|, are similar to that shown in Fig. 1 for all values kofIn (hence,l,=1.), whereas forA=0.05, I ,<A. The two dis-
the inset of Fig. 3, the effect of increasing disorder strengtlorder regimes can be identified as the weak pinning and the
A on, is shown forb=0.6. Other than the expected in- strong pinning regime, respectively. The crossover from
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FIG. 4. (a) The dynamic phase diagram showihgb) andl(b) for A=0.04. The thick line is a fit tcbp(b)fv(bo—b)’l in the peak
effect regime(b) The |, andl. as a function ofA for b=0.60. The dashed line is a linear fit to the data in the rahge.05.
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weak to strong pinning occurs far between 0.03 and 0.05, rier. Our simulation suggests that the shape of\tfie curve
and is also the range in which a sharp dynamic transition islepends crucially on the distribution of the size of the or-
observed. We find that for the intermediate pinning the reaflered domains in equilibrium.

space configuration at=0 show domains of ordered lattice ~ In conclusion, we have shown that for disordered type-lI
separated by domain walls. The presence of ordered regigiperconductors, the dynamic transition currgniand the
ensures that the distribution f,<1/T, is narrow which ~ Critical currentl, shows similar behavior as the magnetic
consequently gives a sharp dynamic transition. On the othdfeld B is varied.l; decreases witB for fields below the PE
hand, increasing. above 0.05 decreases the domain size td€9ime. In the peak effect regimé,(B) increases rapidly
~2-3a,. This leads to a broader distribution @f which in along with thel (B). The dynamic transition is sharp for the
turn broadens the dynamic transition. Thus, a sharp dynamf@iérmediate pinning strength due to the presence of large
transition atl , implies the existence of ordered regions with omains of ordered vortex lattice in equilibrium.

a narrow distribution of the domain size. In Ref. 17, the M.C. acknow|edges useful discussions with E. Zeldov

coexistence of the ordered and the disordered regions wafuring the course of the work, and thanks the University of
shown to underlie the shape of thi¢l) curves in the vicinity ~ New Mexico for access to their Albuquerque High Perfor-

of the PE. The disordered state in Ref. 17 is thought to apmance Computing Center. This work was supported by Grant
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