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Low-field transport relaxation measurements in superconducting Y1Ba2Cu3O7Àd

K. Kiliç , A. Kiliç , H. Yetiş, and O. Çetin
Abant Izzet Baysal University, Department of Physics, Turgut Gulez Research Laboratory, 14280 Bolu, Turkey

~Received 11 November 2002; revised manuscript received 11 August 2003; published 13 October 2003!

This paper demonstrates the details of the vortex dynamics correlated to the penetrated state by means of the
evolution of time dependence of voltageV for both at low and moderate dissipation levels. The transport
relaxation measurements (V-t) have been carried out in a bulk superconducting Y1Ba2Cu2O72d sample as a
function of the current~I!, temperature~T!, and external field~H!. It has been observed that the evolution of the
V-t data strongly depends onI, T, andH in the investigated regions, and exhibit several interesting features
revealing the details of the penetrated state correlated to the motion of flux lines. The unusual data observed in
V-t curves have been explained in terms of the plastic flow of the vortices by considering the disorder in the
coupling strength between the superconducting grains. In addition, the time evolution of theV-t curves have
been discussed in terms of the current and field induced organization of the vortices and it has been shown that
the driving current works as an effective temperature by annealing dynamically the corresponding metastable
states.

DOI: 10.1103/PhysRevB.68.144513 PACS number~s!: 74.72.Bk, 74.25.Qt
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INTRODUCTION

The magnetic and transport properties of high-Tc super-
conductors~HTSC’s! exhibit many interesting and fascina
ing behaviors. One of them is the observation of the ra
relaxation of the magnetization. Much effort has been
voted to the study of this phenomenon in order to underst
irreversible properties of HTSC’s together with the pinni
of vortices, vortex dynamics, and structure of the critic
state.1–26 It is well known that high operating temperatur
and low pinning energy lead to easy flux creep or flo
Those result in a high rate of magnetization decay, and ca
a negative influence on the practical applications
HTSC’s.27–32 It is also well known that the flux dynamic
and magnetic relaxation of HTSC’s are different than tho
of low-temperature superconductors~LTSC’s!. For instance,
the time decay of magnetizationM (t) is approximately loga-
rithmic for LTSC’s which is consistent with the classic
Anderson-Kim flux creep model33 while, for HTSC’s, in ad-
dition to the logarithmic behavior, a nonlinear logarithm
time decay of magnetization has been reported.32,34 There-
fore, some original models such as vortex glass,2 vortex lat-
tice melting,3 and the collective-creep model5,6 have been
proposed to explain the unusual high relaxation rates or fu
tional form of M (t) in HTSC’s. A general review on the
dynamic of the vortices and flux pinning can be found in t
review articles of Blatteret al.,35 and also of Brandt.36 The
relaxation effects in transport measurements have not b
attracted much attention as much as the magnetization m
surements. However, several studies have been performe
the transport relaxation measurements by ma
authors.21–23,25,37,38In those studies, superconducting gla
model,37 modified flux flow and resistive-weak link
models,38 two kind of flux creep model,21,22 have been pro-
posed in order to explain the unusual time effects in trans
measurements. Furthermore, the recent studies have e
lished the presence of several interesting phenomena as
ated with the vortex dynamics such as history-depend
time effects,39 memory effects associated with the amplitu
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and frequency of the applied current, different respon
against to alternating or dc currents,40,41low frequency noise,
etc.42–44 We note that those observations are not compat
with the physical explanations based on the usual vortex
namics. Nevertheless, a generic model which accounts
these observations has been proposed by Paltielet al. by
considering the experimental studies on a single crystal
sample of 2H-NbSe2 .45 In this model, it is shown that a
competition between the injection of a disordered vor
phase at the sample edges and the dynamic annealing o
metastable state of the disorder by the transport current p
a key role. In addition, this remarkable model explains
rectly the influence of the dc and alternating current on
vortex dynamics, and can also be applied for HTSC’s
investigating the vortex dynamics.

The effect of the current sweep rate and the flux creep
the transport properties have been recently investigated
Zhanget al. by solving numerically the nonlinear diffusio
equation in one dimension.25,28 The numerical results ob
tained by them and their experimental observations, and
that of Kiliç et al.46,47support that there are remarkable tim
effects in transport measurements. Our previous study47 has
revealed that further detailed experimental studies are nee
to investigate such time effects associated with the vor
dynamics in polycrystalline HTSC’s samples. The aim of t
present study is to investigate the initial stage of the fl
motion in superconducting Y1Ba2Cu2O72d ~YBCO! material
in detail via the transport relaxation measurements as a fu
tion of temperatureT, currentI, and also magnetic fieldH on
both short and moderate time scales. The present study
detailed extension of our previous paper47 and concentrates
mainly on the vortex dynamics developing in the intergran
lar region. It also explores which type of vortices contribu
to the relaxation process due to the dissipation level. It
hibits the details of the effect of the driving current, fiel
and temperature on the evolution ofV-t curves.

EXPERIMENT

The YBCO sample was prepared from the high pur
powder of Y2O3, BaCO3, and CuO by using the conven
©2003 The American Physical Society13-1
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FIG. 1. Evolution of theV-t curves for H
510 and 20 mT at 86.5 K for the currents ofI
55, 10, and 20 mA. Note that theV-t curves
which correspond toI 55, 10 mA atH510 mT
and also theV-t curve taken atI 55 mA for H
520 mT decrease with time and exhibit sever
instabilities such as small drops and jumps. T
inset shows theV-t curves for I 55, 10 mA at
86.5 K for H50. The lines in the figures are
guides for eye.
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tional solid state reaction. dc electrical measurements w
carried out using standard four point method, and perform
in a closed cycle refrigerator@Oxford Instruments~OI!
CCC1104#. The temperature stability better than 10 mK w
maintained during the measurements~OI, ITC-503 tempera-
ture controller!. In the experiments, Keithley-182 with
resolution 1 nV and Keithley-220~programable curren
source! were used in measuring the sample voltage and
applying of the current, respectively. The measurements
ried out under the magnetic field were performed by using
electromagnet~OI, N100 electromagnet!, and, in all mea-
surements, the field was oriented perpendicular to the tr
port currentI. The details concerning the sample preparat
and the experimental setup can be found in the Refs. 46
47.

RESULTS

Figure 1 shows theV-t curves measured as a function
the transport currents ofI 55, 10, and 20 mA for different
fields of H510 and 20 mT in a time interval of 0–60 s
T586.5 K. At this temperature range, at low currents, su
as I 55 and 10 mA, it is observed that theV-t curves taken
at H510 mT decrease with time and represent some sm
jumps, drops together with the several plateaus. Note tha
decrease inV-t curves becomes more smooth forI
510 mA. At this field and temperature range, we also n
that the behavior of theV-t curve forH510 mT changes its
form with increasing current, i.e., atI 520 mA, and exhibits
an inverse effect as compared to that of observed for
currents ofI 55 and 10 mA. In order to examine further th
effect of the external field on the evolution of theV-t curves,
the field was increased from 10 to 20 mT. TheV-t measure-
ments have been performed atT586.5 K for the same cur-
rent values~i.e., I 55, 10, and 20 mA!, which is illustrated
on the right side of Fig. 1. It is seen that the voltage foI
55 mA decreases again with time, and theV-t curve shows
some small instabilities with several plateaus. On the ot
hand, note that, at this current value, the variation of volta
is fairly smooth up to;10 s. ForI 510 and 20 mA, however
it is observed that the shape ofV-t curve changes dramat
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cally with an inverse effect as compared to that observed
I 55 mA ~a similar case is observed for theV-t curve for I
520 mA at H510 mT): The voltage increases with tim
from the start of the measurement up to;10 s. Hereafter, the
voltage shows a tendency to increase with time with sev
plateaus, in particular, forI 510 mA. The tendency of in-
creasing in voltage with time implies that the system s
continues relatively to enter into the dissipative state. A sim
lar behavior is also observed more smoothly in theV-t curve
for I 520 mA at H520 mT. It can be suggested that th
instabilities, such as jumps or drops observed inV-t curves,
may arise from the measurement system and can be an
fact. In order to test this possibility, the measurements w
repeated in the absence of the field (H50) for the currents
of I 55 and 10 mA. The data associated with this are p
sented in Fig. 1 as an inset which shows the gradual ev
tion of the penetrated states as a function of time.

As is seen from the zero fieldV-t data given in the inset
there is not any significant instability as compared to that
observed in the presence of the field forI 55 and 10 mA,
despite the fact that there is at least one order differenc
magnitude of the voltage between them. Within this pictu
such instabilities can be correlated to the increase or decr
in the number of the mobile flux lines, respectively, or attr
uted to the change in the average effective velocity of
flux lines. At the plateau regions ofV-t curves, it can be
suggested that the vortex motion becomes relatively m
stable. In other words, the moving state locks to a metast
state for a while, during the redistribution process. The te
metastable state is used here to describe the motion o
flux lines entering into a state whose properties are de
mined by the driving current, field, and temperature. On
other hand, at first sight, the most interesting feature s
from the direct comparison between theV-t curve measured
at H510 mT and the one atH50 ~see the inset in Fig. 1! for
the same current values is that there is a remarkable di
ence in the shape of theV-t curves. As is seen from the inse
at zero field, the voltage increases with time, which impl
that the moving state dissipates energy, and reaches a m
stable state. However, atH510 mT, theV-t curves mea-
3-2
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sured for the same current values exhibit an inverse eff
which will be discussed later.

Figures 2~a! and 2~b! shows the influence of the temper
ture on evolution of theV-t curves under the constant fie
of 10 mT and the constant current of 50 mA. A dissipati
state is seen for theV-t curve atT580 K @Fig. 2~a!# while,
at T573 K @Fig. 2~b!#, the shape ofV-t curve changes dra
matically with an inverse effect, as is seen in theV-t curves
depicted in Fig. 1 depending on the field and current. He
the inversion phenomena associated with the change in
shape ofV-t curve towards the less dissipative state appe
with reducing temperature. In thisV-t curve, the decrease i
voltage over time also shows that the pinning mostly do
nates the relaxation process.

Figure 3 represents the long time evolution~0–300 s! of
the voltage for different currents~i.e., I 550, 60, and 65 mA!
at 80 K for H50. A smooth decrease is observed in volta
as a function of time for all current values, and the syst
goes into a less dissipative state. Note that,t>50 s, the volt-
age becomes approximately independent of time foI
565 mA; while, for the other current values, a slight dep
ture is seen. Furthermore, for this temperature range, the
laxation process is relatively slower in theV-t curve for 65
mA as compared to that of observed for other currents. It
be suggested that, in one hand, the self-magnetic flux l
induced by the current are forced to move resulting in
flux motion and, on the other hand, the flux lines are pinn
Whereas, for the current values ofI 550 and 60 mA, due to
the lower magnitude of driving force, the competition b
tween pinning and depinning of the self-magnetic flux lin
results mostly in favor of their pinning, and, thus, differe
relaxation rates and behaviors for theV-t curves are ob-

FIG. 2. Influence of temperature on the evolution of theV-t
curves atI 550 mA and H510 mT ~a! for T580 K, ~b! for T
573 K. Note the change in the shape of theV-t curve with reduc-
ing the temperature.
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served. As is shown in our previous study,47 the behavior of
theV-t curves at high temperature nearly close to the criti
temperature are quite different. A typical example is given
Fig. 3 as an inset. The inset shows a set ofV-t curves in a
time interval of 0–60 s for different constant currents~i.e.,
I 520, 30, 40, 50, and 60 mA! at 88 K and at zero field (H
50). As is seen, first, the voltage increases nonlinearly w
time and, then, becomes approximately stable for all curr
values, although a slight increase in voltage is observed
the high current values of 50 and 60 mA in this region.
comparison between data given in Fig. 3 at 80 K and the d
given in inset at 88 K~for instance, for the currents of 50 an
60 mA atH50) reveal the influence of the temperature
the evolution of theV-t curves, as observed in theV-t
curves depicted in Fig. 2 under the external field.

Figure 4 shows theV-t curves measured systematical
for higher current values ofI 573, 74, 75, and 78 mA at 80
K for H50. Here again, several current induced metasta
states are observed. More interestingly, we see from this
ure how theV-t curves evolve with increasing of the curren
For instance, theV-t curve corresponding to 73 mA firs
decreases with time and, then, at around 15 s~marked by an

FIG. 3. Long time evolution ofV-t curves measured forI
550, 60, and 65 mA at 80 K forH50. The inset shows the time
evolution of the voltage (V-t) at different constant currents, i.e.,I
520, 30, 40, 50, and 60 mA, at 88 K for zero field (H50).

FIG. 4. Influence of the transport current on the evolution ofV-t
curves forI 573, 74, 75, and 78 mA, at 80 K forH50. The lines in
the figure are guides for the eye.
3-3
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K. KILIÇ , A. KILIÇ , H. YETIŞ, AND O. ÇETIN PHYSICAL REVIEW B 68, 144513 ~2003!
arrow! in the figure, it tends to turn up by giving a trace
that the shape ofV-t curve will change, and, finally, become
approximately constant. TheV-t curve for I 574 mA de-
creases with time and passes through a minimum at aro
;10 s. Then, it tends to increase with time by entering fr
a less dissipative state to more dissipative one, and, final
reaches almost a stable state. ForI 578 mA, theV-t behav-
ior becomes totally different as compared to that of obser
for I 573 mA. It can be suggested that the system ente
more dissipative state as in someV-t curves given in Fig. 1,
and theV-t curves given in Fig. 2~a! and in the inset of Fig.
3. When theV-t curves in Figs. 3 and 4 observed at the sa
temperature region in the absence of the field are evalu
together, we clearly see the influence of the transport cur
on the evolution of the form of theV-t curves, which is
another important observation in this study.

Finally, the influence of the external field onV-t curves at
constant current ofI 570 mA atT577 K is shown in Fig. 5
for different fields ofH54, 6, 7, 11, and 16 mT. This time
we see a gradual evolution ofV-t curves as a function o
external field. At lower fields (H54, 6, and 7 mT!, the
sample voltage generally decreases with time for a cons
field value@Fig. 5~a!#. At the beginning of the relaxation, a
abrupt voltage drop is observed especially for the field va
of H54 mT. More interestingly,V-t curves at low fields
show a quasipeak behavior in a relatively narrow time int
val, and, then, the voltage decays with time. We suggest
the quasipeak effect can be explained in terms of the t
sient redistribution effect in the flux configuration.14 On one
hand, for a very short while, the flux lines will easily dep
along the weakly pinning centers which allow the formati
of the easy motion channels and, on the other hand, the
ning centers and also the pinned flux lines will cause

FIG. 5. Influence of the external field onV-t curves under the
constant current of 70 mA at 77 K~a! for H54, 6, and 7 mT,~b! for
H511 and 16 mT. Note the gradual change in the shape of theV-t
curve with field. The lines in the figure are guides for the eye.
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vortices to slow down and further prevent their motion.
the onset of the relaxation process, such a competition res
in a transient effect in flux configuration so that the pinni
and depinning processes do not dominate each other. H
ever, as is seen in Fig. 5~b!, this behavior totally disappear
at high field values together with the change of the shape
the curves and, here, we again seeV-t curves with two
stages. This time, under the constant current and temp
ture, the external field causes an effect on the evolution
the V-t curves, which is similar to that of the current an
temperature as is seen in other figures given above.

DISCUSSION

Let us first return to the behavior of theV-t curves forI
55 and 10 mA atH510 mT and for I 55 mA at H
520 mT in Fig. 1, which are different than those of the oth
current values. This difference may be explained within
granular picture as follows.

It is commonly accepted that a weak link can be cons
ered as a type-II superconductor with its own Josephson p
etration depthl j , its own first critical fieldH j (H j;Hc1

W ,
the first critical field of the weak link! having the same
meaning as the critical fieldHc1 , a decoupling fieldHc2

W with
the same meaning as the critical fieldHc2 , and finally its
own edge and surface currents~equivalent to the London
current! given by Ambegaokar-Baratoff equation, provide
that the length of the junction is sufficiently greater th
l j .48–54 When the Josephson barriers are very large and
homogeneous with vortex trapping regions, so that this k
of junction is closer to the real situation, it will be possible
identify temperature-dependent junction parameters suc
Hc1

W , Hc2
W , etc.48,53–55It is well known that the field penetra

tion is extremely complicated in polycrystalline sample
since fields with a strength of less thanHc1 can penetrate the
sample in the intergranular region along the grain bounda
and the places where the superconducting state is w
However, when the field strength in the grain boundar
exceedsHc1 , this causes a partial penetration into the int
granular regions, and the number of vortices in the int
granular region begins to decrease. Under constant cur
and magnetic field, this process can result in a decreas
sample voltage, because the vortices in the grains are
dissipative with respect to the ones in the intergranular
gion. The experimental results forI 55 and 10 mA atH
510 mT and also forI 55 mA at 20 mT in Fig. 1 seem to
suggest that this kind of physical case is dominant. In t
process, note that such a behavior is also current depen
~in addition to the temperature and field strength! since the
shape of theV-t curves changes dramatically with increasi
of the current. A similar case associated with the change
the shape of theV-t curve given in Fig. 2~b! appears as an
influence of the temperature. On the other hand, the diss
tive state observed in theV-t curves presented in Figs. 1 an
Fig. 2~a! suggests that the transport current exceeds the c
cal Josephson currentJs . We note thatJs depends strongly
on the features of the random weak link network and it d
creases with increasing the temperature and, furthermor
is strongly suppressed by the external field. From this po
3-4
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of view, in Fig. 2, reducing of the temperature from 80 to
K would improve the features of the multiply connected n
work of weak links and would increase its current carryi
capability. This case can be evaluated as a suppression o
flux motion and, thus, as an enhancement in magnitude
Js . In addition, note that some of theV-t curves under the
magnetic field given in Fig. 1 clearly reveal the same eff
due the increase in the magnitude of the transport curren
in the magnitude of the external field. On the other hand
zero applied field~see inset in Fig. 1!, it is seen that the
current or associated vortices try to penetrate into the in
granular region for this temperature range, and dissipate
ergy. Thus, a dissipative state is established in this proc
That is, an increase in the sample voltage develops at e
times within this picture, and, later, a metastable state is s
for long time values as mentioned previously.

We now focus on the voltage jumps, drops, and plate
appearing inV-t curves given in Fig. 1. In order to unde
stand the vortex dynamics in an inhomogeneous envir
ment, many extensive numerical studies concerning the
rent driven molecular dynamics simulations for differe
pinning regimes have been performed by solving num
cally the overdamped equation of motion in 2D.56–75Accord-
ing to these many realistic computer simulations,56–75 at
large currents~or under high driving force!, there are no
plastic deformations, while, at low currents~or under low
driving force!, vortex configuration becomes highly defe
tive, and it has been shown that the vortex motion follow
channel-like pattern by exhibiting several different plas
flow phases due to the pinning strength.66,71,72,75Using the
large-scale molecular dynamic simulations, Olsonet al.66

showed that the pinning strength causes a transition f
plastic flow to semielastic flow. Their study also gives th
voltage noise spectrum which is measurable may cha
with decreasing or increasing the pinning strength. In ano
detailed study of Olsonet al.,69 it is shown that the large
voltage noise is obtained due to the softness of the vo
lattice and the magnitude of the driving force when the v
tices are in a plastic flow regime. Therefore, we suggest
the instabilities seen in theV-t curves given in Fig. 1@see
also theV-t curve ofH54 mT in Fig. 5~a!# originate from
the symptomatic transitions between different metasta
states, and are an indication of the different plastic flo
This implies that the moving state is not unique as a resu
the plastic flow of the vortices.39,40,76,77In addition to these
instabilities, several plateau regions appear inV-t curves.
The drops and jumps inV-t curves can be correlated to th
defective flow of the vortices. In this picture, although t
driving force is constant, the jumps can be considered a
sudden depinning of some fraction of the flux lines, while t
drops can be evaluated as their pinning. At the plateau
gions, it can be suggested that the dynamic process rem
stable by locking to a short-lived metastable state and
causes evolving of the plateau regions for a short while. S
a physical case associated with the drops, jumps and plat
could be observed experimentally inI -V curves carried out
for different current sweeping rates (dI/dt).46,47 A typical
example which includes the differentdI/dt values of 0.45,
0.18, and 0.09 mA/s is given in Fig. 6 atT588 K and at zero
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field. In Fig. 6, several jumps and plateaus which manif
themselves as a discontinuity inI -V curves are seen as
function of dI/dt. Note that the instability of the moving
state decreases with decreasing thedI/dt and, finally, disap-
pears for the CSR of 0.09 mA/s. We suggest that there m
be a correlation between the physical effects~jumps, drops,
and plateaus! appearing inI -V curves measured for differen
values ofdI/dt46,47 and that of theV-t curves. In fact, fast
current ramps used in measuring theI -V curves are crucial
for probing the metastable states, and such measurem
show directly a snapshot of the instantaneous of the flux
configuration before the system can reorganize itself. On
other hand, at slow ramps, the flux lines find enough time
reorganize themselves since the experiments are carried
on large time scales. InV-t measurements, at constant dri
ing current, the pinning potential seen by the vortices is
duced over time, which leads to gradual depinning of
vortices. Here, it can be suggested that the driving curr
serves as an effective temperature by annealing dynamic
the corresponding metastable state. A similar discussio
given in a recent study in the frame of a generic model
Paltiel et al.,45 and it is shown that the competition betwee
the contamination effect along the grain boundaries and
nealing process due to the driving current can also ca
such instabilities.

We return to theV-t data given in Fig. 4. In this figure, a
remarkable change in the shape of theV-t curves as a func-
tion of current can be evaluated as a direct evidence of
dynamic annealing effect of the driving current. Here, t
driving current has a deterministic property in the evoluti
of theV-t curves. We would like to note that a phenomen
associated with the deterministic property of the transp
current was reported in a recent study in single crystall
sample of 2H-NbSe2 by Xiao et al.41 In that study~although
it considers a different sample and regime!, it is shown that
the transport current enables the vortices to organize th
selves into a new accessible state and has an effective d
ministic property in vortex dynamics. Further, the determ
istic property of the applied current is argued by Henders
et al.39 and also in detail by Paltielet al.45 It is shown that
the applied current causes two main effects: one is the in
tion of the disordered vortex phase at the sample edge

FIG. 6. Evolution of theI -V curves atT588 K as a function of
different sweep rates:dI/dt50.45, 0.18, and 0.09 mA/s. Note th
disappearance of the voltage jumps and plateaus with decrea
dI/dt.
3-5
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called contamination effects~in our case, the sample edg
corresponds to the grain boundaries in a polycrystal
sample!, and the other is the annealing of the metasta
disorder, while the current flows in the bulk, so called
annealing process. In the present study, with increasing
current, the functional form of theV-t curves in Fig. 4
gradually changes, in particular, the one atI 578 mA be-
comes similar to that of theV-t curves measured atT
588 K for H50, which are given in the inset of Fig. 1. Th
proves that the driving current serves as an effective t
perature in the usual sense as in the statistical mechanic
that the results are in favor of the recent model proposed
Paltiel et al.45

Furthermore, similar annealing effects are observed
field dependence of theV-t curves presented in Figs. 5~a!
and 5~b!. These results can also be interpreted in terms of
field driven organization of the vortices. At constant curre
this time, the external field anneals dynamically the cor
sponding metastable state as in the case of the driving
rent. In this scenario, at low fields, the pinning of the vortic
is still effective and this case manifests itself as a decreas
the effective vortex velocity, while, with increasing the fiel
the pinning potential is gradually smoothed out, which
sults in provoking of the depinning of the vortices and, a
relatively more ordered vortex motion. Thus, this dynam
process created by the field which serves an effective t
perature causes to change in the form of theV-t curve. Note
that the form of theV-t curves measured atH511 and 16
mT are similar to that of theV-t curves given in the inset o
Fig. 3. On the other hand, we also note that the dynamic
the flux lines through the sample depends on the quality
the sample together with the disorder in the coupling stren
between the superconducting grains~i.e., Josephson couplin
effects!, and also the macroscopic dimensions of the sam
to be investigated.46–48

It is reasonable to assume that the time decay of the v
age appearing inV-t curves given in Figs. 1, 2~b!, 3, and
5~a! and also someV-t data of Fig. 4 arises from the flu
lines which lose their capability of moving during this pr
cess due to the magnitude of the applied current toge
with the field and temperature range. This is significant,
particular, at early times of the relaxation measurement
this complicated process, some of the vortices are mov
while some of them remain gradually pinned in time. That
the pinning and depinning process of the flux lines take pl
together, but develops in favor of the pinning process at e
times of the relaxation. Thus, the number of the mobile fl
lines drops significantly. After reaching a metastable st
the ratio of the number of the flux lines pinned to the num
of the ones depinned~mobile flux lines! becomes almos
constant. In the temperature and field region to be inve
gated, this naturally leads to the suggestion of the prese
of the several dynamical phases of the vortices, which
related to the plastic flow, immobile, or pinned flux config
ration so that those will have dramatic effects on transp
measurements such asI -V curves, magnetoresistanc
etc.23,25,28,46,47

We now discuss the type of the vortices which contrib
to the transport relaxation process. As is well known,
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intergranular currents can be determined by means of
transport measurements~resistivity technique! since the in-
tergranular current densities are rather low and, theref
easy to measure directly without excessive Joule heat
The intergranular currents can also be measured by the
field magnetization measurements. For HTSC’s, it is co
monly accepted that the Josephson vortices can be natu
generated in the weak link structure of the granular materi
and, even in single crystals, the vortices lying between Cu
layers are in Josephson character.35,36,46–48,54The most char-
acteristic feature of Josephson vortices is that they have
normal core, whereas, inside the grains, the vortices evo
in the form of Abrikosov.35,36,46–48,54 Experimentally, in
granular samples, the relaxation of Josephson vortices a
vestigated by the low-field hysteresis cycle is extrem
weak, and difficult to measure.48,54 The reason can be ex
plained as follows. In the usual flux creep model~applied
mostly for the Abrikosov vortices! the jump distance~or the
hopping distance! of the vortex is very short so that it i
about the order parameter. For Josephson vortices, it mu
of the order of the Josephson length, hence much larger
for the usual case. Therefore, we suggest that the time eff
observed inV-t curves given in this paper originate effe
tively from the intergranular region and should reflect na
rally the relaxation of the Josephson vortices.

We note that such flux dynamics described above can
confirmed by the direct imaging methods. One of them is
magneto-optical measurements.78–81 As is well known, the
local behavior of the magnetic flux and the flux patterns
determined directly from the magneto-optical imaging me
surements with a high spatial resolution. In a recent stu
Bobyl et al. have investigated the flux and current dens
profiles in YBCO thin film grown on LaAlO3 substrate by
using the magneto-optical imaging method and analy
their data within the critical state model.81 In their experi-
ments, the pulse current with different duration times ha
been used. Their experimental observations concerning
flux profiles support that there is nonstationary flux distrib
tion inside the sample and also significant time effects
lated to the relaxation phenomenon as a function of b
amplitude of current and duration time.

Finally, in addition to the usual transport measureme
such as temperature dependence of resistance,I -V character-
istics, magnetoresistivity, etc., we would like to express t
the V-t characteristic is a candidate to be another powe
measurement method in characterizing the superconduc
samples. Thus, in addition to theM irr-t measurements, the
transport relaxation measurements concerningV-t curves
will help us to understand the irreversible properties of
perconductors and the details of vortex dynamics.

CONCLUSION

In this paper, we have measured the transport relaxa
(V-t) of a bulk superconducting YBCO sample as a functi
of transport current, temperature, and the external field.
pending on these parameters, it is observed that, in s
cases, the developing voltage increases nonlinearly with t
which is an indication of the pinning and depinning of th
3-6
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flux lines and then becomes nearly stable which is ca
metastable state, while, in some cases, the voltage decre
as the time progresses. The unusual data observed inV-t
curves have been explained in terms of the plastic flow of
flux lines by considering the disorder in the coupling stren
between the superconducting grains. In addition, the t
evolution of theV-t curves has been discussed in terms
the contamination and annealing effects induced by the
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