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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-II superconductors. The transition currentI p is marked by a sharp kink in theV(I ) character-
istic with a concomitant large increase in the defect concentration. On increasing magnetic fieldB, the I p(B)
follows the behavior of the critical currentI c(B). Specifically, in the peak effect regimeI p(B) increases rapidly
along with I c . We also discuss the effect of varying disorder strength onI p .
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The model of driven interacting particles in presence
quenched disorder captures essential features of the dy
ics occurring in many condensed matter systems. Of spe
interest is the dynamics of vortices above the critical~or
depinning! current I c in type II superconductors. Early nu
merical simulation of the transport characteristics in two
mensions~2D! showed that the topological defects are ge
erated close toI c , and are annealed at high driving force1

This suggested a dynamic transition from the disordered fl
to an ordered flow at a currentI p.I c . Theoretically, Ko-
shelev and Vinokur~KV ! considered this transition atI p

similar to an equilibrium ‘‘melting’’ transition of a clean sys
tem in the moving reference frame.2 The effect of quenched
disorder on the moving vortices is included in the theo
through an effective shaking temperatureTsh}I 21. In
Koshelev-Vinokur theory, the recrystallization currentI p in-
creases as (Tm2T)21 on approaching the equilibrium mel
ing temperatureTm of the static system. Later calculations3–5

and simulations6–9 identified the free flowing state aboveI p

as the smectic phase. In the smectic phase, the particles m
in static channels with quasi-long-range order perpendic
to the flow compared with liquidlike short-range order with
the channels.10

The dynamic transition in driven vortices was first studi
experimentally in the transport measurements by Bha
charya and Higgins~BH!,12 and was later observed in neu
tron scattering11 and Bitter decoration13 experiments. BH
studied the behavior of transition currentI p as a function of
the magnetic fieldB, particularly in the peak effect~PE!
regime. The PE is marked by a rapid increase inI c(B), gen-
erally close to the upper critical fieldBc2. BH found that the
I p(B) increases rapidly in the field range in which the P
occurs. This behavior ofI p(B) in the PE regime is similar to
the behavior ofI p(T) aroundTm as observed in simulation
by KV in Ref. 2. The similarity can be traced to the softeni
of the shear modulusc66 of the vortex lattice. But an impor
tant difference separates the two: unlike BH, KV do not s
any corresponding increase inI c(T), i.e., no peak effect in
the I c(T) is observed in the simulation. This makes it dif
cult to correlate the increase inI p(T) close to Tm to the
enhanced coupling of the vortex lattice to the quenched
order. The increase inI p(T) could very well be due to in-
creased thermal fluctuations on approachingTm , thus requir-
ing larger currents to anneal the lattice defects.
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Recently, we showed that the PE occurs in a system of
vortices close toBc2 at zero temperature.14 In this paper, we
revisit the dynamic transition, particularly across the PE.
find that I p(B) increases rapidly in the field range in whic
the I c(B) shows the PE. The dynamic transition atI p is
characterized by hysteresis inV(I ) and a sharp peak in th
dynamic resistanceRd(I ). The topological defect concentra
tion also shows a jump atI p . We present the dynamic phas
I-B diagram, and discuss the effect of increasing the disor
strengthD on I p .

Consider a 2D cross section of a bulk type-II superco
ductor perpendicular to the magnetic fieldB5Bẑ. Within
London’s approximation, the dynamics of vortices are go
erned by the overdamped equation of motion

h
dr i

dt
52(

j Þ i
¹Uv~r i2r j !2(

k
¹Up~r i2Rk!1Fext.

Hereh is the flux-flow viscosity, and the first term represen
the intervortex interaction given by the potentialUv(r )
5(f0

2/8p2l2)K0( r̃ /l), whereK0 is the zeroth-order Besse

function andr̃ 5(r 212j2)1/2. l and j are the penetration
depth and coherence length of the superconductor, res
tively. f0 represents the flux quantum. The vortex pinning
added through the second term which is an attractive in
action with parabolic potential wellsUp(r )5U0(r 2/r p

221)
for r ,r p , and 0 otherwise, centered at the randomRk loca-
tions. The third termFext5(1/c)J3f0ẑ is the Lorentz force
due to transport current densityJ. The length is in units of
l(B50)5l0, and J is in units of c f0 /f0 where f 0

5f0
2/8p2l0

3. The time t is in units of hl/ f 0 whereas the
velocity v of vortices is in units off 0 /h.

We use the reduced magnetic fieldb5B/Bc2 with Bc2
5f0/2pj2, and it is calculated from the lattice consta
a0 /l5(4p/A3)1/2(1/k2b)1/2. The B dependence ofl is
l(b)5l0 /(12b2)1/2, with a similar expression forj. The
simulation is for the Ginzburg-Landau parameterk5l/j
510 which is typical of the low-Tc materials. The number o
vorticesNv was chosen in the range of 800–1200. The pr
actorU0 of the pinning potential is distributed randomly b
tweenD60.01. The results presented below are for the
densitynp52.315. We calculate the transport characterist
V(I ), where the currentI}Jy , and the voltageV}^vx&. The
topological defect concentrationf d(I ) is obtained by De-
©2003 The American Physical Society07-1
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FIG. 1. ~a! TheV(I ) characteristics forD50.04 andb50.7. Inset: the defect concentrationf d(I ) and the dynamic resistanceRd(I ). ~b!
Hysteresis inV(I ) and f d(I ) ~upper inset! acrossI p . The lower inset shows (dychnl)/a0

' , wherea0
'5(A3/2)a0 anda0 is the lattice constant.
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launay triangulation of the real space configuration.
choose the free flowing vortex lattice at high driving curre
as the initial configuration, and decrease the current to
small steps acrossI c . This particular method of preparin
the system minimizes the influence of nonequilibrium d
fects which are present in field cooled simulations. The eq
tion of motion is time integrated by standard techniques. T
V(I ) and f d(I ) are time averaged in the steady state. Para
algorithms were employed to speed up the simulation at h
densities.15

Figure 1~a! shows theV(I ) curve for b50.7 and D
50.04. Broadly, three current regimes can be identified:~a! a
pinned state forI ,I c , ~b! a disordered flow state betwee
I c,I ,I p where some vortices remain immobile and lar
transverse excursions of the active channels are present
~c! an ordered flow state forI .I p with all vortices moving
and interchannel hopping takes place with, at most, ne
boring channels. Thef d(I ), and the dynamic resistanc
Rd(I )5dV/dI is plotted in the inset of Fig. 1~a!. The current
I p is marked by a sharp peak inRd(I ) and a large change in
f d . The response functionV(I ) shows a kink atI p , as evi-
dent from Fig. 1~a!. We find thatV(I ) and f d(I ) are also
hysteretic acrossI p , as shown in Fig. 1~b!. The kink and the
hysteresis in the response functionV(I ) suggests that the
dynamic transition occurs atI p . The transition is of first
order nature, as was identified in Ref. 2.

In Fig. 2, real space configurations are shown for curre
above and belowI p corresponding to parameters in Fig.
The instantaneous configuration shows a relatively orde
lattice aboveI p . The vortex trajectories are well separat
channels aligned parallel tovx . The average transverse wa
dering of the channel̂dychnl&,aa0

' , wherea0
'5(A3/2)a0

anda0 is the lattice constant anda'0.05. Just belowI p , a
becomes'0.3, as shown in the inset of Fig. 1~b!. The slow-
ing down of vortices effectively couples the transverse
locity componentvy to the quenched disorder. This induc
large scale dislocations, and the dynamic friction (}Rd) in-
creases. The increase in transverse wandering of vortic
also reflected in the dense braiding of the active chann
The behavior of̂ dychnl& acrossI p is similar to the Linde-
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mann criterion for thermal melting. Note that some of t
vortices appear as immobile forI 50.555 in Fig. 2~b! ~right
panel!. The region of immobile vortices grow with decrea
ing I until I c is reached when the whole system is pinned

The Rd(I ) has been used previously to identify the pha
boundary. In Ref. 12, the transition from the disordered fl
to the ordered flow state is identified as the current at wh
Rd(I )'RBS where RBS is the asymptotic Bardeen-Stephe
flux-flow resistance. This current is marked asI cr in Fig.
1~a!. In Ref. 8, the state betweenI p and I cr is identified as
the smectic phase, whereas aboveI cr , the state is defined a
a transversely frozen phase. The later state is distinguis
from the smectic phase by the absence of transverse ju
by vortices between adjacent channels.

We note that neitherV(I ) nor f d(I ) shows any feature a
I cr . Therefore, a more appropriate description of the st
betweenI p and I cr is possible in terms of fluctuation whic
allows occasional transverse excursions of the vortices
tween adjacent channels. The rate of such transverse ju
can be calculated by employing Arrhenius relation which

FIG. 2. Instantaneous vortex configuration~left! and vortex tra-
jectories~right! for ~a! I 50.06.I p and ~b! I 50.055,I p . The b
50.7 andD50.04.
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conventionally used to describe thermal activation over
ergy barrier, but with temperature replaced byTsh.16 Such a
description can account for the suppression of transv
jumps aboveI cr , and also for the experimentally observe
Rd(I ) curves. To summarize, the dynamic transition in t
moving lattice occurs atI p at which the dynamic resistanc
Rd(I ) shows a peak. The flowing state aboveI p is a smectic
phase with small longitudinal correlation and quasi-lon
range order in the transverse direction.

We now consider the behavior ofI p as the magnetic field
b5B/Bc2 is changed, particularly across the PE inI c(b).
For D50.04, the onset field for PE isbop'0.75 whereas the
peak occurs atbpeak'0.9. Figure 3 shows theV(I ) curves
for four values ofb between 0.5 and 0.8. TheI p can be easily
identified by the sharp kink in theV(I ) curves. With increas-
ing b, the I p first decreases before increasing rapidly in t
PE field regime. Thef d(I ) and Rd(I ) characteristics acros
I p are similar to that shown in Fig. 1 for all values ofb. In
the inset of Fig. 3, the effect of increasing disorder stren
D on I p is shown forb50.6. Other than the expected in

FIG. 3. V(I ) curves forD50.04 for fields across the PE. Inse
V(I ) curves for increasing disorder strengthD for b50.6. The
curves in the inset are shifted horizontally by 0.01. The arrows m
the transition currentI p .
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crease inI p with increasingD, we find that the transition a
I p is broadened forD>0.05. Also, the hysteresis inV(I )
acrossI p is too small to be distinguished. This suggests t
the first-order nature of the dynamic transition atI p does not
survive forD>0.05.

Figure 4~a! shows the dynamic phase diagramI-B for D
50.04 which summarizes the main result of the paper. T
I p(b) and I c(b) shows similar behavior asb approaches the
upper critical field value. Particularly, the rapid increase
I p(b) coincide with the peak effect inI c(b). The region
betweenI p(b) and I c(b) constitutes the disordered flow re
gime, whereas aboveI p vortices flow in ordered channels
For D50.04, theI p(b)5k(b02b)21 with b050.92 andk
50.015 gives a reasonable fit forb.bop , as shown by the
thick line in Fig. 4~a!. This form of I p(b) was motivated by
the behavior ofI p(T) on approaching the equilibrium melt
ing transition in Ref. 2. TheI-B plot in Fig. 4~a! thus sup-
ports the picture that both the static and the dynamic frict
of the vortex system increases rapidly in the field range
which the peak effect occurs. As shown in Ref. 14, the PE
the critical currentI c is driven by the softening of the vorte
interaction on approaching the upper critical fieldBc2. Soft-
ening of the vortex interaction also reduces the shaking t
peratureTsh}I 21 required for the dynamic ordering~or re-
crystallization! of the vortices which explains the increase
I p(b) in the PE regime. Thus, an increase inI c ~as a function
of B or T) implies an increase inI p . We emphasize that the
reverse does not hold, i.e., increase inI p does notimply an
increase inI c . This can be seen from the behavior ofI p(T)
andI c(T) in Ref. 2 where thermal depinning causesI c(T) to
decrease monotonically even asI p(T) increases on ap
proaching the equilibrium melting temperatureTm . Overall,
we find the behavior ofI p(B) and I c(B) in good agreemen
with the experimental observation.12

Figure 4~b! shows theI c and theI p as a function ofD for
b50.6. For the system size used in the simulation (Nv
;1000), the depinning transition is elastic forD<0.03
~hence,I p5I c), whereas forD>0.05, I p}D. The two dis-
order regimes can be identified as the weak pinning and
strong pinning regime, respectively. The crossover fr

rk
FIG. 4. ~a! The dynamic phase diagram showingI p(b) and I c(b) for D50.04. The thick line is a fit toI p(b);(b02b)21 in the peak
effect regime.~b! The I p and I c as a function ofD for b50.60. The dashed line is a linear fit to the data in the rangeD>0.05.
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weak to strong pinning occurs forD between 0.03 and 0.05
and is also the range in which a sharp dynamic transitio
observed. We find that for the intermediate pinning the r
space configuration atI 50 show domains of ordered lattic
separated by domain walls. The presence of ordered re
ensures that the distribution ofvx}1/Tsh is narrow which
consequently gives a sharp dynamic transition. On the o
hand, increasingD above 0.05 decreases the domain size
;2 –3a0. This leads to a broader distribution ofvx which in
turn broadens the dynamic transition. Thus, a sharp dyna
transition atI p implies the existence of ordered regions w
a narrow distribution of the domain size. In Ref. 17, t
coexistence of the ordered and the disordered regions
shown to underlie the shape of theV(I ) curves in the vicinity
of the PE. The disordered state in Ref. 17 is thought to
pear due to the injection of vortices across the surface
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