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Metastability and transient effects in vortex matter near a decoupling transition
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We examine metastable and transient effects both above and below the first-order decoupling line in a
three-dimensional~3D! simulation of magnetically interacting pancake vortices. We observe pronounced tran-
sient and history effects as well as supercooling and superheating between the 3D coupled, ordered and 2D
decoupled, disordered phases. In the disordered supercooled state as a function of dc driving, reordering occurs
through the formation of growing moving channels of the ordered phase. No channels form in the superheated
region; instead the ordered state is homogeneously destroyed. When a sequence of current pulses is applied we
observe memory effects. We find a ramp rate dependence of theV(I ) curves on both sides of the decoupling
transition. The critical current that we obtain depends on how the system is prepared.
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Vortices in superconductors represent an ideal system
which to study the effect of quenched disorder on ela
media. The competition between the flux-line interactio
which order the vortex lattice, and the defects in the sam
which disorder the vortex lattice, produce a remarkable
riety of collective behavior.1 One prominent example is th
peak effect in low temperature superconductors, which
pears nearHc2 when a transition from an ordered to
strongly pinned disordered state occurs in the vor
lattice.2–8 In high temperature superconductors, particula
BSCCO (Bi2Sr2CaCuOy) samples, a striking ‘‘second peak
phenomenon is observed in which a dramatic increase in
critical current occurs for increasing fields. It has been p
posed that this is an order-disorder or three-dimensional~3D!
to 2D transition.9–13

Recently there has been renewed interest in transien
fects, which have been observed in voltage response ve
time curves in low temperature superconductors.5–7,14–17In
these experiments the voltage response increases or d
with time, depending on how the vortex lattice was prepar
The existence of transient states suggests that the disord
phase can besupercooledinto the ordered region,18 produc-
ing an increasing voltage response, whereas the ord
phase may besuperheatedinto the disordered region, giving
a decaying response. In addition to transient effects, p
nounced memory effects and hystereticV(I ) curves have
been observed near the peak effect in low tempera
materials.2,4–7,16,17,19–21Memory effects are also seen
simulations.22 Xiao et al.7 have shown that transient behavi
can lead to a strong dependence of the critical current on
current ramp rate. Recent neutron scattering experimen
conjunction with ac shaking have provided more direct e
dence of supercooling and superheating near the p
effect.23 Experiments on BSCCO have revealed that the h
field disordered state can be supercooled to fields well be
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the second peak line.24 Furthermore, transport experiments
BSCCO have shown metastability in the zero-field-coo
state near the second peak as well as hystereticV(I )
curves,25 and magnetooptic imaging has revealed the co
istence of ordered and disordered phases.26 Hysteretic and
memory effects have also been observed near the se
peak in YBCO (YBa2Cu3O72d).27–29

The presence of metastable states and superhea
supercooling effects strongly suggests that the order-diso
transitions in these different materials arefirst order in na-
ture. The many similarities also point to a universal behav
between the peak effect of low temperature superconduc
and the peak effect and second peak effect of high temp
ture superconductors.

A key question in all these systems is the nature of
microscopic dynamicsof the vortices in the transient state
particularly, whether plasticity or the opening of flowin
channels are involved.6 The recent experiments have made
clear that a proper characterization of the static and dyna
phase diagrams must take into account these metas
states, and therefore an understanding of these effects
microscopic level is crucial. Despite the growing amount
experimental work on metastability and transient effects
vortex matter near the peak effect transition,5–7 these effects
have not yet been investigated numerically.

In this work we numerically study magnetically interac
ing pancake vortices driven through quenched point disor
As a function of applied field, temperature, or interlayer co
pling the model exhibits a sharp 3D~coupled, ordered phase!
to 2D ~decoupled, disordered phase! transition, consistent
with theoretical expectations,12,13 that is associated with a
large change in the critical current.30 Near the disordering
transition, we find strong metastability and transient effec
A metastable state is a thermodynamic state that is ou
equilibrium, which persists for a time longer than the ch
©2003 The American Physical Society23-1
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C. J. OLSONet al. PHYSICAL REVIEW B 67, 184523 ~2003!
acteristic relaxation time of the system at equilibrium.31 By
supercooling or superheating the ordered and disord
phases, we find increasing or decreasing transient vol
response curves, depending on the amplitude of the d
pulse and the proximity to the disordering transition. In t
supercooled transient states a growing ordered channe
flowing vortices forms. No channels form in the superhea
region but instead the ordered state is homogeneously
stroyed. We observe memory effects when a sequenc
pulses is applied, as well as ramp rate dependence and
teresis in theV(I ) curves. The critical current we obtai
depends on how the system is prepared.

We consider a 3D layered superconductor containing
equal number of pancake vortices in each layer, interac
magnetically. We neglect the Josephson coupling, which
reasonable approximation for highly anisotropic materia
The overdamped equation of motion for vortexi at T50 is

f i52(
j 51

Nv

¹iU~r i j ,zi j !1f i
vp1fd5hvi . ~1!

The total number of pancakes isNv , andr i j andzi j are the
distance between vortexi and vortexj in cylindrical coordi-
nates. We impose periodic boundary conditions in thex andy
directions and open boundaries in thez direction. The mag-
netic interaction energy between pancakes is32,33

U~r i j ,0!52de0S S 12
d

2l D ln
R

r
1

d

2l
E1D , ~2!

U~r i j ,z!52sm

d2e0

l S exp~2z/l!ln
R

r
1E2D , ~3!

where

E15*r
`dr8exp~2r8/l!/r8,

E25*r
`dr8exp~2Az21r82/l!/r8,

R522.6l, the maximum in-plane distance, e0

5F0
2/(4pl)2, d50.005l is the interlayer spacing as i

BSCCO,sm is the coupling strength, andl is the London
penetration depth. The viscosityh5Bc2F0 /rN , whererN is
the normal-state resistivity. Time is measured in units
h/ f 0* . For example, in the case of a BSCCO sample 2mm
thick, taking l5250 nm, j51.8 nm, andrN52.8 mV cm
gives the value of a single time step as 0.4 ns. We mode
pinning asNp short range attractive parabolic traps that a
randomly distributed in each layer. The pinning interaction
f i
vp52(k51

Np( f p /jp)(r i2r k
(p))Q@(jp2ur i2r k

(p)u)/l#,
where the pin radiusjp50.2l, the pinning force isf p

50.02f 0* , and f 0* 5e0 /l. We fix the temperatureT50. To
vary the applied magnetic fieldH, we fix the number of
vortices in the system and change the system size, the
changing the vortex densitynv . The pin density remains
fixed. We useL516 layers throughout this work, and exce
where mentioned, we focus on a system that ranges f
12.9l312.9l to 14.8l314.8l, with a pin density ofnp
51.0/l2 in each of the layers. We have also studied a sam
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with stronger, denser pinning ofjp50.1l, f p50.08f 0* , and
np58.0/l2, of size 5.1l35.1l to 6.9l36.9l. In each case
there areNv580 vortices per layer, giving a total of 128
pancake vortices.

For sufficiently strong disorder, the vortices in this mod
show a sharp 3D-2D decoupling transition as a function
coupling strength sm , vortex density H,30,34 or
temperature.34,35 A dynamic 2D-3D transition can also
occur.30 There are actually two disordering transitions th
occur in the model: a decoupling transition from 3D to 2
and an in-plane disordering transition. In our studies, we fi
that these two transitions always coincide, and appear
single transition from a 3D state that is ordered in the pla
and coupled between planes, to a 2D state that is decou
and disordered in the plane. We denote the magnetic fiel
which the static 3D-2D transition occurs asnv

c , and the cou-
pling strength at which the transition occurs assm

c . For the
main system considered here, a transition from ordered
flux lines to disordered, decoupled 2D pancakes occur
sm

c 51.2 with nv50.3/l2 or at nv
c50.38 with sm50.7. The

coupling/decoupling transition occurs twice as a function
field,8 once at low fields when the vortex lines form as t
effective pinning strength begins to decrease away from
single vortex pinning regime, and a second time at hig
fields when the magnetic interactions among vortex panca
in a given plane cause the pancakes in different plane
decouple. We examine the higher field transition in t
sample with strong, dense pinning, wherenv

c53.0 at sm

50.7. The same effects described here also appear on e
side of a temperature-induced 3D-2D transition.

We illustrate the difference in critical current between t
coupled and decoupled vortex phases in Fig. 1. As a func
of interlayer couplingsm , we show the critical currentf c ,
obtained by summingVx5(1/Nv)(1

Nvvx and identifying
the drive f d at which Vx.0.0005. Also plotted is a meas
ure of the z-axis correlation, Cz512^@ ur i ,L2r i ,L11u/
(a0/2)]Q(a0/22ur i ,L2r i ,L11u&, wherea0 is the vortex lat-
tice constant, and the average is taken over all pancake
the system. The ordered phase has a much lower cri
current, f c

o50.0008f 0* , than the disordered phase,f c
do

50.0105f 0* .
To observe transient effects, we supercool the lattice

FIG. 1. Critical currentf c ~filled squares! and interlayer corre-
lation Cz ~open circles! for varying sm in a system with 16 layers
nv50.3/l2, and f p50.02f 0* , showing the sharp transition from
coupled behavior atsm<1.2 to decoupled behavior atsm.1.2.
3-2
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METASTABILITY AND TRANSIENT EFFECTS IN . . . PHYSICAL REVIEW B67, 184523 ~2003!
annealing the system atsm,sm
c into a disordered, decouple

configuration. Starting from this state, we setsm.sm
c such

that the pancakes would be ordered and coupled at equ
rium, and att50 we apply a fixed drivef d for 400000 steps.
Application of a driving current is only one possible way
which the equilibrium configuration can be regained. T
equilibrium state can also be reached via thermal fluct
tions, through gradients in the magnetic field,24 or by apply-
ing a rapidly fluctuating magnetic field.36 In Fig. 2 we show
the time-dependent voltage responseVx for several different
drives f d for a sample which would be coupled in equilib
rium, with sm52.0, that has been prepared in a decoup
state atsm50.5. For f d,0.005360.0001f 0* the system re-
mains pinned in a decoupled disordered state. Forf d

*0.0053f 0* a time dependent increasing response occursVx

does not rise instantly but only after a specific waiting tim
tw . The rate of increase inVx grows as the amplitude of th

FIG. 2. Increasing transient voltage response curvesVx vs time
for supercooled state, forsm52.0 and f d / f 0* 5(bottom) 0.0053,
0.0055, 0.006, 0.0065, 0.007, and 0.0075~top!. Vx50 for all times
for f d / f 0* ,0.0053.

FIG. 3. ~a! and~c! Transient voltage response curvesVx vs time.
~b! and ~d! Corresponding transient interlayer correlation respo
Cz , for a superheated and a supercooled sample. Panels~a! and~b!
show the increasing response of a supercooled sample withsm

52.0 and~upper light line! f d50.006f 0* , ~lower heavy line! f d

50.005f 0* . Panels~c! and ~d! show the decreasing response of
superheated sample withsm50.7 andf d50.010f 0* .
18452
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df d increases. As shown in Figs. 3~a! and 3~b! the z-axis cor-
relationCz exhibits the same behavior asVx , indicating that
the vortices are becoming more aligned in thez direction as
time passes. If the vortices move in response to thermal
tivation, a voltage response of the formVx(t)5V0(1
2e2Wt) should appear.15 Since our simulation is atT50,
we would not expect thermal activation to apply. Instead,
response we observe can be fit by an exponential form o
at long times, such ast*30000 in Fig. 3, whenVx is begin-
ning to saturate. At intermediate times@5000,t,30000 in
Figs. 3~a! and 3~b!# the increase inVx and Cz is roughly
linear with time. As we will show below, this linear increas
indicates that an ordered regime is growing at a constant r
The amount of time required for the system to reach a ste
voltage response level is indicative of the fact that we ha
started the system in a metastable state. If we prepare
lattice in its equilibrium configuration of coupled lines an
then apply the same currents shown in Fig. 2, the volt
response reaches its full, steady value within less than
steps, whereas in Fig. 2, 10000 to 50000 steps are requ

To determine how the vortex lattice is moving whenVx is
nearly zero~during tw), linearly increasing, and saturatin
exponentially, we show the vortex positions and trajector
in the supercooled sample in Fig. 4. Here a series of ima
have been taken from a sample in Fig. 2 withsm52.0 for
f d50.007f 0* for different times. In Fig. 4~a! at t52500 the
initial state is disordered. In Fig. 4~b! at t57500 significant
vortex motion occurs through thenucleation of a single

e

FIG. 4. Pancake vortex positions~circles! and trajectories~lines!
for the supercooled phase atsm52.0 andf d50.007f 0* , seen from
the top of the sample, at times:~a! t52500, ~b! t57500, ~c! t
512500, and~d! t520000. Pancakes on a given layer are rep
sented by circles with a fixed radius; the radii increase from the
layer to the bottom. An ordered channel forms in the sample
grows outward. The coexistence of the ordered and disorde
phases occurs in panels~a! through~c!.
3-3
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C. J. OLSONet al. PHYSICAL REVIEW B 67, 184523 ~2003!
channel of moving vortices. At lower drives the chann
gradually appears during the waiting timetw , but at f d

50.007f 0 the channel nucleates relatively rapidly. Vortic
outside the channel remain pinned. In Fig. 4~c! at t512500
the channel is wider, and vortices inside the channel are
dered and have recoupled. The pinned vortices remain in
disordered state. During the transient motion there is acoex-
istenceof ordered and disordered states. If the drive is s
off the ordered domain is pinned but remains ordered,
when the drive is re-applied the ordered domain mo
again. The vortices inside the ordered channel tend to a
their lattice vector in the direction of the drive.37 The in-
crease in bothVx andCz is roughly linear in time during the
period when the fully formed channel is expanding outwa
Since the velocity of the moving vortices is constant, a lin
increase inVx indicates that thenumberof moving vortices
is also increasing linearly in time. Vortices do not begin
move until the edge of the ordered channel reaches th
Therefore, the linear increase inVx indicates that the out
ward growth of the ordered channel is proceeding at a c
stant rate. In Fig. 4~d! for t520000 almost all of the vortice
have reordered and the channel width is the size of
sample. After this time slow rearrangements of the vorti
into a more ordered configuration occur, andVx switches
over to an exponential saturation with time. Thus in the
percooled case we observenucleationof a microscopic trans-
port channel, followed byexpansionof the channel. We note
that in recent scanning Hall probe38 and magneto-optic39 ex-
periments, coexisting ordered and disordered vortex ph
have been imaged, and are associated with history eff
and anomalous voltage responses of the vortex lattice.

As illustrated by the lower curve in Fig. 5, the waitin
time tw decreases rapidly as the applied driving forcef d

increases, until forf d.0.0065f 0* there is no measurabl
waiting time. Since a channel is opening along the length
the system during the waiting time,tw should be proportiona
to the amount of time required for vortices to move alo
this channel. This is given by

FIG. 5. Squares~lower curve!: Waiting time tw as a function of
applied drive f d for the superheated sample illustrated in Fig.
Dashed line indicates a fit totw}1/f d . Circles ~upper curve!: Re-
sponse saturation timets for the same sample. Dotted line indicat
a fit to ts}( f d20.0053)21.
18452
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tw}Lx / f d , ~4!

whereLx is the system size along the length of the chann
A fit of tw to 1/f d is shown in Fig. 5 by the dashed line.

The timets required for the response to saturate decrea
with f d for f d,0.0065f 0* , as indicated by the upper curve i
Fig. 5. For tw,t,ts , the ordered channel begins to spre
through the sample in the direction transverse to the app
driving force. The motion of this ordered front resembles t
transverse depinning of a longitudinally driven interface. T
faster the interface is moving in the longitudinal directio
the lower the transverse depinning force is, since the in
face becomes less rough. In a model for the transverse
pinning of a longitudinally driven elastic string,40 the trans-
verse depinning forcef dp

T was found to decrease asf dp
T

}( f d2 f dp)
2a with a52/3. In the case of the moving fron

of ordered vortices, an effective transverse forcef eff
T on the

front is provided by the interactions between the pinned a
moving vortices. If we assume that these interactions do
change withf d , since f d is not being applied in the trans
verse direction, thenf eff

T remains constant whilef dp
T de-

creases with increasing applied drivef d . As a result, the
ordered front propagates outward more quickly asf d in-
creases, and the saturation timets required for the ordered
channel to fill the entire sample decreases. In Fig. 5 the
ted line indicates a fit to

ts}~ f d2 f d
0!21, ~5!

with f d
050.0053. Forf d,0.0053f 0* , there was no voltage

response to the applied current over the time period we c
sidered ~indicating that tw.400000) and the vortices re
mained stationary in the supercooled state. The apparent
continuity in tw from a finite to an unmeasured value aris
only because our simulations were performed for a fin
amount of time.

We next consider transient effects produced by superh
ing the lattice. In Fig. 6 we show a superheated system
sm50.7 prepared in the ordered state by artificially placi
the vortices into perfectly aligned columns att50. Here we
find a large initialVx response that decays. With largerf d the

.
FIG. 6. Decreasing transient voltage response curvesVx vs time

for a superheated state, forsm50.7 and f d / f 0* 5 ~bottom! 0.006,
0.007, 0.008, 0.009, 0.010, and 0.011~top!.
3-4
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METASTABILITY AND TRANSIENT EFFECTS IN . . . PHYSICAL REVIEW B67, 184523 ~2003!
decaytakes an increasingly long time. The time scale for the
decay is muchshorter than the time scale for the increasin
response in Fig. 2. As illustrated in Figs. 3~c! and 3~d!, the
z-axis correlationCz decays more rapidly than the overa
voltage responseVx , indicating that vortex motion continue
to occur even after the vortex lines have been broken a
into individual pancakes. The form ofVx cannot be fit by any
simple function over a significant period of time. The dec
of Cz , however, is nearly linear with time before saturati
at t'3500. For f d>0.011f 0* the voltage does not deca
completely away to zero, but the vortices continue to mo
in the disordered state.

The decaying response of the superheated vortex stat
sembles the yield drop curves observed in crystalline sol
as first noted in low-Tc materials by Good and Kramer.16 In
a yield drop, the stress required to maintain a constant s
strain rate decreases with time. Such a drop occurs when
crystalline solid has a low initial concentration of defec
and the drop is associated with a proliferation of dislocatio
inside the crystal. In the case of the superheated vortex
tice, a transition from the ordered to the disordered s
occurs and the vortex velocity drops. Good and Kramer fi
that the total drop in the response of the vortex lattice
creases linearly with the applied voltage.16 To paraphrase
their argument, the voltage response of the lattice can
written Vx5FmRf f d , whereFm is the fraction of the vortex
lattice that is moving, andRf is the flux flow resistance, o
the slope of theV(I ) curve at high currents. The change
voltage response from the initial peak, whereFm

0 51 and the
entire lattice is moving, to the saturated plateau whereFm

f

50 and all of the vortices have repinned, can then be writ

Vx
02Vx

f 5~Fm
0 2Fm

f !Rf f d , ~6!

or DVx5Rf f d . In Fig. 7 we plot the differenceDVx between
Vx at the peak and plateau as a function of applied drivef d ,
and find a linear relation with slopeRf50.93, in good agree
ment with the expected valueRf51. There is a deviation

FIG. 7. Total voltage dropDVx between the peak and platea
values of the decreasing response curves as a function of the
plied drive f d .
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from linearity for f d.0.010 because at higher drives,Fm
f

.0 since all of the vortices do not repin.
The vortex positions and trajectories for a superhea

sample withsm50.7 and f d50.006f 0* , as in Fig. 6, are
shown in Figs. 8~a!–8~d!. In Fig. 8~a! the initial vortex state
is ordered. In Figs. 8~b!–8~d! the vortex lattice becomes dis
ordered and pinned in ahomogeneousmanner rather than
through nucleation. Each vortex line is decoupled by
point pinning as it moves until the entire line dissociates a
is pinned. Since all of the vortex lines decouple simul
neously, this decaying response process occurs much m
rapidly than the increasing response of the supercoo
sample, which required nucleation and growth of a chan

In Fig. 9 we demonstrate the presence of amemoryeffect
by abruptly shutting offf d at t5400 for 400 time steps. The
vortex motion stops when the drive is shut off, and whenf d
is re-appliedVx resumes at the same point. We find su
memory on both the increasing and decreasing respo
curves. Since we are at zero temperature, it is the app
current, and not thermal effects, that is responsible for
vortex motion, and thus the vortices cannot adjust their
sitions in the absence of a driving current. The respo
curves and memory effect seen here are very similar to th
observed in experiments.7,16

We next consider the effect of changing the rated f d at
which the driving force is increased onV(I ) in both super-
heated and supercooled systems. Figure 10~a! showsVx ver-
sus f d , which is analogous to aV(I ) curve, for the super-
cooled system atsm52.0 prepared in a disordered state.Vx
remains low during a fast ramp, when the vortices in t
strongly pinned disordered state cannot reorganize into
more ordered state. There is also considerable hyste

ap-

FIG. 8. Vortex positions~circles! and trajectories~lines! for the
superheated phase atsm50.7 and f d50.006f 0* , at times: ~a! t
5500, ~b! t51500, ~c! t52500, and~d! t54500. Each vortex line
breaks apart into pancakes as it encounters the pinning sites.
3-5
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C. J. OLSONet al. PHYSICAL REVIEW B 67, 184523 ~2003!
since the vortices reorder at higher drives producing a hig
value ofVx during the ramp-down. For the slower ramp t
vortices have time to reorganize into the weakly pinned
dered state, and remain ordered, producingno hysteresisin
V(I ).

In a superheated sample, the reverse behavior occurs.
ure 10~b! showsV(I ) curves at differentd f d for a system
with sm50.7 prepared in the ordered state. Here, the
ramp has ahigher value ofVx corresponding to the ordere
state while the slow ramp has a low value ofVx . During a
slow initial ramp in the superheated state the vortices gra
ally disorder through rearrangements but there is no net

FIG. 9. Memory effect in theVx response of a superheate
system withsm50.7 andf d50.009f 0* . The current is shut off for
400 time steps beginning att5400, and is turned back on att
5800.

FIG. 10. ~a! V(I ) for a supercooled system atsm52.0. Top
~light line!: slow d f d of 0.0001f 0* every 2000 time steps. Bottom
~heavy line!: d f d50.001f 0* . ~b! V(I ) for a superheated system
sm50.7. From left to right,d f d5 ~fast! 0.02f 0* , 0.01f 0* , 0.005f 0* ,
0.002f 0* , 0.001f 0* , 0.0002f 0* , and 0.0001f 0* ~slow!.
18452
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tex flow through the sample. Such a phase was propose
Xiao et al.7 and seen in recent experiments on BSCC
samples.24 At the slowerd f d , we findnegative dV/dI char-
acteristics which resemble those seen in low-14,41–44 and
high-45 temperature superconductors. HereV(I ) initially in-
creases as the vortices flow in the ordered state, but the
tices decouple as the lattice moves, increasingf c and drop-
ping V(I ) back to zero, resulting in an N-shape
characteristic.

To demonstrate the effect of vortex lattice disorder on
critical current, in Fig. 11 we plot the equilibriumf c along
with f c obtained for the supercooled system, in which ea
sample is prepared in a state withsm50.5, and thensm is
raised to a new value abovesm

c before f c is measured. The
disorder in the supercooled state produces a value off c be-
tween the two extrema observed in the equilibrium sta
Note that the sharp transition inf c associated with equilib-
rium systems is now smooth. A similar increase in the criti
current when the vortex lattice has been prepared in a di
dered state, rather than in an ordered state, has also
observed experimentally as a history effect.15,46–51

We find the same metastable and history-dependent
fects described above on either side of a magnetic-fi
driven disordering transition. To demonstrate this, in F
12~a! we showVx for several different drivesf d for a sample
with dense, strong pinning (f p50.08f 0* , np58.0/l2) at nv
52.5/l2, where a field-induced decoupling transition occu
abovenv53.0/l2. The sample shown in Fig. 12~a! would be
coupled in equilibrium but has been prepared in a decoup
state. Forf d>0.009f 0* we observe a time dependent increa
ing response similar to that shown in Fig. 2. The rising
sponse is associated with the formation of a channel of
dered, coupled vortices as illustrated in Fig. 13. In Fig. 12~b!
we showVx for the same sample in a superheated state
nv53.1/l2, where the sample would be disordered in eq
librium but has been prepared in an ordered state. Here
find a transient decreasing response as the lattice disor
similar to the response in Fig. 6. Images of the sample be
and after the current pulse is applied are illustrated in F

FIG. 11. Effect of supercooling onf c . Filled squares: equilib-
rium f c . Open diamonds:f c for samples prepared in a disordere
decoupled state.
3-6
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14, showing the transition from an ordered to a disorde
state. The presence of transients also leads to a ramp
dependence of theV(I ) curve, and in Fig. 15 we illustrate
the appearance of N-shaped characteristics in the su

FIG. 12. Transient voltage response curvesVx vs time. ~a! In-
creasing response for supercooled state, fornv52.5 and f d / f 0*
5 ~bottom! 0.008, 0.009, 0.010, 0.011, 0.012, 0.013, and 0.0
~top!. ~c! Decreasing response for superheated state, fornv53.1 and
f d / f 0* 5 ~bottom! 0.0016, 0.0017, 0.00175 and~top! 0.0018.

FIG. 13. Pancake vortex positions~circles! and trajectories
~lines! for the supercooled phase atnv52.5l2 and f d50.009f 0* ,
seen from the top of the sample, at times:~a! t55000, ~b! t
57500, ~c! t510000, ~d! t512500, ~e! t515000, and~f! 20000.
An ordered channel forms in the sample and grows outward.
18452
d
ate

er-

heated system when the current is ramped at increasing
for the same sample.

Our simulation does not contain a surface barrier wh
can inject disorder at the edges. Such an effect is propose
explain experiments in which ac current pulses induce
increasing response as the vortices reorder but dc pulses
duce a decaying response.6,8 We observe no difference be
tween ac and dc drives.

In low temperature superconductors, a rapid increase
z-direction vortex wandering occurs simultaneously w
vortex disordering,23 suggesting that the change inz-axis cor-
relations may be crucial in these systems as well. Our res
along with recent experiments on layered superconduct
suggest that the transient response seen in low temper
materials should also appear in layered materials.

In summary we have investigated transient and metast
states near the 3D-2D transition by supercooling or sup
heating the system. We find voltage-response curves
memory effects that are very similar to those observed
experiments, and we identify the microscopic vortex dyna
ics associated with these transient features. In the su
cooled case the vortex motion occurs through nucleation
channel of ordered moving vortices followed by an increa

4

FIG. 14. Vortex positions~circles! and trajectories~lines! for the
superheated phase atnv53.1 and f d50.016f 0* , at times~a! t50
and ~b! t51500. Each vortex line breaks apart into pancakes a
encounters the pinning sites.

FIG. 15. V(I ) for a superheated system atnv53.1/l2. From left
to right, d f d5 ~fast! 0.01f 0* , 0.005f 0* , 0.002f 0* , 0.001f 0* ,
0.0002f 0* , and 0.0001f 0* ~slow!.
3-7



t
o

v

S
is

-
i-
nd
5-

C. J. OLSONet al. PHYSICAL REVIEW B 67, 184523 ~2003!
in the channel width over time. In the superheated case
ordered phase homogeneously disorders. We also dem
strate that the measured critical current depends on the
tex lattice preparation and on the current ramp rate.
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