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This paper demonstrates the details of the vortex dynamics correlated to the penetrated state by means of the
evolution of time dependence of voltaefor both at low and moderate dissipation levels. The transport
relaxation measurement¥{t) have been carried out in a bulk superconductin®%Cu,0;_ s sample as a
function of the curren(l), temperaturé€T), and external fieldH). It has been observed that the evolution of the
V-t data strongly depends dnT, 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\6fttharves 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.
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INTRODUCTION and frequency of the applied current, different response

against to alternating or dc currefifs**low frequency noise,
The magnetic and transport properties of h]@hsuper- et_C.42_44WG npte that thOS_e observations are not Compatible
conductorsHTSC's) exhibit many interesting and fascinat- With the physical explanations based on the usual vortex dy-

ing behaviors. One of them is the observation of the rapid@mics. Nevertheless, a generic model which accounts for

relaxation of the magnetization. Much effort has been del€Se observations has been proposed by Paitial. by
onsidering the experimental studies on a single crystalline

voted to the study of this phenomenon in order to understan 15 . L
irreversible properties of HTSC's together with the pinnings""mple.mc 2H-NbSe™ In this model, it is shown that a
competition between the injection of a disordered vortex

of vortices, vortex dynamics, and structure of the critical , .
statel =2 It is well kngwn that high operating temperatures phase at the sample edges and the dynamic annealing of the
q I > lead f f metastable state of the disorder by the transport current plays
aﬂ ow pllnr]lng he_nﬁrgy e? 0 €asy Tlux creep or Tow., key role. In addition, this remarkable model explains di-
Those resultin a high rate of magnetization decay, and causg iy the influence of the dc and alternating current on the

a negative influence on the practical applications ofygrtex dynamics, and can also be applied for HTSC’s in
HTSC's*~* 1t is also well known that the flux dynamics jnyestigating the vortex dynamics.

and magnetic relaxation of HTSC’s are differen.t than those  The effect of the current sweep rate and the flux creep on
of low-temperature superconductdtS'SC’s). For instance, the transport properties have been recently investigated by
the time decay of magnetizatidvi(t) is approximately loga-  Zhanget al. by solving numerically the nonlinear diffusion
rithmic for LTSC’s which is consistent with the classical equation in one dimensidii:?® The numerical results ob-
Anderson-Kim flux creep mod& while, for HTSC's, in ad-  tained by them and their experimental observations, and also
dition to the logarithmic behavior, a nonlinear logarithmic that of Kilic et al***” support that there are remarkable time
time decay of magnetization has been repotted. There-  effects in transport measurements. Our previous $fuys

fore, some original models such as vortex glzdgsrtex lat- revealed that further detailed experimental studies are needed
tice me|ting? and the collective-creep modé&lhave been to investigate such time effects associated with the vortex
proposed to explain the unusual high relaxation rates or funcdynamics in polycrystalline HTSC’s samples. The aim of the
tional form of M(t) in HTSC’s. A general review on the Present study is to investigate the initial stage of the flux
dynamic of the vortices and flux pinning can be found in theMmotion in superconducting Ba,Cu, 0O, 5 (YBCO) material
review articles of Blatteet al.% and also of Brandi® The N detail via the transport relaxation measurements as a func-
relaxation effects in transport measurements have not bedP" ©f temperaturd, currentl, and also magnetic field on
attracted much attention as much as the magnetization me oth short and moderate time scales. The present study is a

surements. However, several studies have been performed ﬁt_a"ed extension of our Previous pa‘B_emnq concentrates
the transport relaxaton measurements by man ainly on the vortex dynamics developing in the intergranu-

author-232537.38n those studies, superconducting glass ar region. It also explores which type of vortices contribute
model37‘ modified flux flow and resistive-weak  link © the relaxation process due to the dissipation level. It ex-
model's38 two kind of flux creep modet“?2 have been pro- hibits the details of the effect of the driving current, field,

posed in order to explain the unusual time effects in transpof2Nd (eMperature on the evolution it curves.
measurements. Furthermore, the recent studies have estab-
lished the presence of several interesting phenomena associ-
ated with the vortex dynamics such as history-dependent The YBCO sample was prepared from the high purity
time effects’® memory effects associated with the amplitudepowder of Y,05, BaCQ;, and CuO by using the conven-

EXPERIMENT
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tional solid state reaction. dc electrical measurements wereally with an inverse effect as compared to that observed for
carried out using standard four point method, and performe#i=5 mA (a similar case is observed for thet curve forl

in a closed cycle refrigeratofOxford Instruments(Ol) =20 mA at H=10 mT): The voltage increases with time
CCC1104. The temperature stability better than 10 mK wasfrom the start of the measurement up+d0 s. Hereafter, the
maintained during the measureme(®, ITC-503 tempera-  yoltage shows a tendency to increase with time with several
ture cqntrolle}. In the experiments, Keithley-182 with a plateaus, in particular, for=10 mA. The tendency of in-
resolution 1 nV and Keithley-22Qprogramable current creasing in voltage with time implies that the system still
sourcg were used in measuring the sample voltage and theqntinyes relatively to enter into the dissipative state. A simi-
?pp'y'”g of the current, re_sp_ectlvely. The measurements Cay; . papavior is also observed more smoothly in\hé curve

ried out under the magnetic field were performed by using Ay, 1 =20mA atH=20mT. It can be suggested that the

electromagnetOl, N100 electromagngtand, in all mea- instabilities, such as jumps or drops observe®ih curves
surements, the field was oriented perpendicular to the trand” ' jump P ’

port currentl. The details concerning the sample preparatio:ray arise from the measurement system and can be an arti-

and the experimental setup can be found in the Refs. 46 a gct. In order to test this possibility, the measurements were
47. repeated in the absence of the field=€0) for the currents

of =5 and 10 mA. The data associated with this are pre-
sented in Fig. 1 as an inset which shows the gradual evolu-
tion of the penetrated states as a function of time.

Figure 1 shows th&/-t curves measured as a function of ~ As is seen from the zero fieM-t data given in the inset,
the transport currents df=5, 10, and 20 mA for different there is not any significant instability as compared to that of
fields of H=10 and 20 mT in a time interval of 0—60 s at observed in the presence of the field for5 and 10 mA,
T=286.5 K. At this temperature range, at low currents, suctdespite the fact that there is at least one order difference in
asl=5 and 10 mA, it is observed that thét curves taken magnitude of the voltage between them. Within this picture,
at H=10 mT decrease with time and represent some smabuch instabilities can be correlated to the increase or decrease
jumps, drops together with the several plateaus. Note that th@ the number of the mobile flux lines, respectively, or attrib-
decrease inV-t curves becomes more smooth fdr uted to the change in the average effective velocity of the
=10 mA. At this field and temperature range, we also noteflux lines. At the plateau regions d&f-t curves, it can be
that the behavior of th¥/-t curve forH =10 mT changes its suggested that the vortex motion becomes relatively more
form with increasing current, i.e., =20 mA, and exhibits  stable. In other words, the moving state locks to a metastable
an inverse effect as compared to that of observed for lovgtate for a while, during the redistribution process. The term
currents ofl =5 and 10 mA. In order to examine further the metastable state is used here to describe the motion of the
effect of the external field on the evolution of thet curves,  flux lines entering into a state whose properties are deter-
the field was increased from 10 to 20 mT. TW& measure- mined by the driving current, field, and temperature. On the
ments have been performed Bt 86.5 K for the same cur- other hand, at first sight, the most interesting feature seen
rent values(i.e., | =5, 10, and 20 mA which is illustrated from the direct comparison between tfet curve measured
on the right side of Fig. 1. It is seen that the voltage lfor atH=10 mT and the one & =0 (see the inset in Fig.)Tor
=5 mA decreases again with time, and ¥ curve shows the same current values is that there is a remarkable differ-
some small instabilities with several plateaus. On the otheence in the shape of thé-t curves. As is seen from the inset,
hand, note that, at this current value, the variation of voltaget zero field, the voltage increases with time, which implies
is fairly smooth up to~10 s. Forl =10 and 20 mA, however, that the moving state dissipates energy, and reaches a meta-
it is observed that the shape Wft curve changes dramati- stable state. However, & =10 mT, theV-t curves mea-

RESULTS
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FIG. 3. Long time evolution ofV-t curves measured for
107 H=10 mT, 1=50 mA =50, 60, and 65 mA at 80 K foH=0. The inset shows the time
evolution of the voltage\(-t) at different constant currents, i.é.,
=20, 30, 40, 50, and 60 mA, at 88 K for zero field €0).

0-00 1'0 2'0 3‘0 4'0 5'0 6'0 70 served. As is shovx_/n in our previous stifdyhe behavior o_f_
theV-t curves at high temperature nearly close to the critical
t(S) temperature are quite different. A typical example is given in

Fig. 3 as an inset. The inset shows a seWef curves in a
time interval of 0—60 s for different constant currefits.,
I =20, 30, 40, 50, and 60 mAat 88 K and at zero fieldH
=0). As is seen, first, the voltage increases nonlinearly with
time and, then, becomes approximately stable for all current
sured for the same current values exhibit an inverse effectalues, although a slight increase in voltage is observed for
which will be discussed later. the high current values of 50 and 60 mA in this region. A
Figures 2a) and 2b) shows the influence of the tempera- comparison between data given in Fig. 3 at 80 K and the data
ture on evolution of th&/-t curves under the constant field given in inset at 88 Kfor instance, for the currents of 50 and
of 10 mT and the constant current of 50 mA. A dissipative60 mA atH=0) reveal the influence of the temperature on
state is seen for the-t curve atT=80 K [Fig. 2(@)] while, the evolution of theV-t curves, as observed in the-t
at T=73 K [Fig. 2(b)], the shape o¥/-t curve changes dra- curves depicted in Fig. 2 under the external field.
matically with an inverse effect, as is seen in ¥he curves Figure 4 shows thé&/-t curves measured systematically
depicted in Fig. 1 depending on the field and current. Herefor higher current values df=73, 74, 75, and 78 mA at 80
the inversion phenomena associated with the change in tHé for H=0. Here again, several current induced metastable
shape ofV-t curve towards the less dissipative state appearstates are observed. More interestingly, we see from this fig-
with reducing temperature. In this-t curve, the decrease in ure how thev-t curves evolve with increasing of the current.
voltage over time also shows that the pinning mostly domiFor instance, the/-t curve corresponding to 73 mA first

FIG. 2. Influence of temperature on the evolution of W«
curves atl=50mA andH=10mT (a) for T=80K, (b) for T
=73 K. Note the change in the shape of W curve with reduc-
ing the temperature.

nates the relaxation process. decreases with time and, then, at around 1farked by an
Figure 3 represents the long time evoluti@+-300 $ of
the voltage for different currentse., | =50, 60, and 65 mA 28

at 80 K forH=0. A smooth decrease is observed in voltage 26
as a function of time for all current values, and the system
goes into a less dissipative state. Note thath0 s, the volt-

age becomes approximately independent of time for S 225
=65 mA; while, for the other current values, a slight depar- & 20R
ture is seen. Furthermore, for this temperature range, the re- i

—— =73 mA
H=0 T=80K —=—I=74mA
—o— =75 mA

laxation process is relatively slower in thet curve for 65 18

mA as compared to that of observed for other currents. It can 1.6F A

be suggested that, in one hand, the self-magnetic flux lines 4 ,[ 1 s

) C 14

induced by the current are forced to move resulting in the 12

flux motion and, on the other hand, the flux lines are pinned. “0 10 20 30 40 50 60 70 80
Whereas, for the current values lof 50 and 60 mA, due to t(s)

the lower magnitude of driving force, the competition be-

tween pinning and depinning of the self-magnetic flux lines  FIG. 4. Influence of the transport current on the evolutiol &f
results mostly in favor of their pinning, and, thus, different curves forl =73, 74, 75, and 78 mA, at 80 K fat =0. The lines in
relaxation rates and behaviors for thMet curves are ob- the figure are guides for the eye.
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1.5 o H=4mT vortices to slow down and further prevent their motion. At
—a—H=6mT the onset of the relaxation process, such a competition results
—_ —%—H=7mT in a transient effect in flux configuration so that the pinning
>11'0 and depinning processes do not dominate each other. How-
Y I=70 mA T=77K ever, as is seen in Fig(19, this behavior totally disappears
0.5 at high field values together with the change of the shape of
(a) the curves and, here, we again séet curves with two
L stages. This time, under the constant current and tempera-
0-00 L10 20 30 40 50 60 70 8C ture, the external field causes an effect on the evolution of
t(s) the V-t curves, which is similar to that of the current and
temperature as is seen in other figures given above.
20 . —eo—H=11mT DISCUSSION
>115 —o—h=temT Let us first return to the behavior of thét curves forl
Y =70 mA T=77K =5 and 10 mA atH=10mT and forI=5mA at H
10 =20 mT in Fig. 1, which are different than those of the other
(b) current values. This difference may be explained within the
5¢ . granular picture as follows.
0 10 20 30 40 50 60 70 80 It is commonly accepted that a weak link can be consid-
t(s) ered as a type-1l superconductor with its own Josephson pen-

etration depth\;, its own first critical fieldH; (HpH!{,

the first critical field of the weak link having the same
meaning as the critical field ., , a decoupling field-l‘é‘é with
the same meaning as the critical figt.,, and finally its
own edge and surface currensquivalent to the London
arrow) in the figure, it tends to turn up by giving a trace of curren} given by Ambegaokar-Baratoff equation, provided
that the shape of -t curve will change, and, finally, becomes that the length of the junction is sufficiently greater than
approximately constant. The-t curve for I=74mA de- \;.**">*When the Josephson barriers are very large and in-
creases with time and passes through a minimum at arourftbmogeneous with vortex trapping regions, so that this kind
~10 s. Then, it tends to increase with time by entering fromof junction is closer to the real situation, it will be possible to
a less dissipative state to more dissipative one, and, finally, itlentify temperature-dependent junction parameters such as
reaches almost a stable state. Fer78 mA, theV-t behav-  HY, HY, etc®53>It is well known that the field penetra-
ior becomes totally different as compared to that of observedion is extremely complicated in polycrystalline samples,
for I=73 mA. It can be suggested that the system enters since fields with a strength of less thBlR; can penetrate the
more dissipative state as in soiet curves given in Fig. 1, sample in the intergranular region along the grain boundaries
and theV-t curves given in Fig. @) and in the inset of Fig. and the places where the superconducting state is weak.
3. When theV-t curves in Figs. 3 and 4 observed at the saméHowever, when the field strength in the grain boundaries
temperature region in the absence of the field are evaluatezkceedd, this causes a partial penetration into the intra-
together, we clearly see the influence of the transport currergranular regions, and the number of vortices in the inter-
on the evolution of the form of th&/-t curves, which is granular region begins to decrease. Under constant current
another important observation in this study. and magnetic field, this process can result in a decrease in
Finally, the influence of the external field afit curves at  sample voltage, because the vortices in the grains are less
constant current of=70 mA atT=77 K is shown in Fig. 5 dissipative with respect to the ones in the intergranular re-
for different fields ofH=4, 6, 7, 11, and 16 mT. This time, gion. The experimental results for=5 and 10 mA atH
we see a gradual evolution &f-t curves as a function of =10mT and also fot =5 mA at 20 mT in Fig. 1 seem to
external field. At lower fields i=4, 6, and 7 m7, the suggest that this kind of physical case is dominant. In this
sample voltage generally decreases with time for a constaftrocess, note that such a behavior is also current dependent
field value[Fig. 5a)]. At the beginning of the relaxation, an (in addition to the temperature and field strengtmce the
abrupt voltage drop is observed especially for the field valueshape of thé/-t curves changes dramatically with increasing
of H=4 mT. More interestinglyV-t curves at low fields of the current. A similar case associated with the change in
show a quasipeak behavior in a relatively narrow time interthe shape of th&/-t curve given in Fig. &) appears as an
val, and, then, the voltage decays with time. We suggest thanfluence of the temperature. On the other hand, the dissipa-
the quasipeak effect can be explained in terms of the trartive state observed in thé-t curves presented in Figs. 1 and
sient redistribution effect in the flux configuratiéhOn one  Fig. 2a@) suggests that the transport current exceeds the criti-
hand, for a very short while, the flux lines will easily depin cal Josephson curredt. We note thatl; depends strongly
along the weakly pinning centers which allow the formationon the features of the random weak link network and it de-
of the easy motion channels and, on the other hand, the pircreases with increasing the temperature and, furthermore, it
ning centers and also the pinned flux lines will cause thds strongly suppressed by the external field. From this point

FIG. 5. Influence of the external field ot curves under the
constant current of 70 mA at 77 (&) for H=4, 6, and 7 mT(b) for
H=11 and 16 mT. Note the gradual change in the shape dfthe
curve with field. The lines in the figure are guides for the eye.
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of view, in Fig. 2, reducing of the temperature from 80 to 73 5

K would improve the features of the multiply connected net- _ ;l
. . : . 4  T=88K

work of weak links and would increase its current carrying T

capability. This case can be evaluated as a suppression of the < 3l ——CSR=0.45mAss

flux motion and, thus, as an enhancement in magnitude of \>5 —o— CSR=0.18 mA/s

Js. In addition, note that some of thé-t curves under the 2l —*—CSR=0.09 mAs

magnetic field given in Fig. 1 clearly reveal the same effect

due the increase in the magnitude of the transport current or 1t

in the magnitude of the external field. On the other hand, at o

zero applied field(see inset in Fig. )1 it is seen that the i 10 15

current or associated vortices try to penetrate into the inter- I(mA)

granular region for this temperature range, and dissipate en- ) )
ergy. Thus, a dissipative state is established in this process, FIG- 6. Evolution of thd -V curves aff =88 K as a function of
That is, an increase in the sample voltage develops at earfijfférent sweep ratesd|/dt=0.45, 0.18, and 0.09 mA/s. Note the
times within this picture, and, later, a metastable state is seefjsaPPearance of the voltage jumps and plateaus with decreasing
for long time values as mentioned previously. fdt.

We now focus on the voltage jumps, drops, and plateaus
appearing inV-t curves given in Fig. 1. In order to under- field. In Fig. 6, several jumps and plateaus which manifest
stand the vortex dynamics in an inhomogeneous environthemselves as a discontinuity InV curves are seen as a
ment, many extensive numerical studies concerning the cufunction of di/dt. Note that the instability of the moving
rent driven molecular dynamics simulations for different state decreases with decreasingdi&lt and, finally, disap-
pinning regimes have been performed by solving numeripears for the CSR of 0.09 mA/s. We suggest that there might
cally the overdamped equation of motion in 85"°Accord-  be a correlation between the physical effegtsnps, drops,
ing to these many realistic computer simulatishis)® at  and plateausappearing i -V curves measured for different
large currents(or under high driving force there are no values ofdl/dt**” and that of thev-t curves. In fact, fast
plastic deformations, while, at low currenfsr under low current ramps used in measuring th& curves are crucial
driving force), vortex configuration becomes highly defec- for probing the metastable states, and such measurements
tive, and it has been shown that the vortex motion follows ashow directly a snapshot of the instantaneous of the flux line
channel-like pattern by exhibiting several different plasticconfiguration before the system can reorganize itself. On the
flow phases due to the pinning strenf§tH!’2">Using the  other hand, at slow ramps, the flux lines find enough time to
large-scale molecular dynamic simulations, Olsenal®®  reorganize themselves since the experiments are carried out
showed that the pinning strength causes a transition froran large time scales. IW-t measurements, at constant driv-
plastic flow to semielastic flow. Their study also gives thating current, the pinning potential seen by the vortices is re-
voltage noise spectrum which is measurable may changéuced over time, which leads to gradual depinning of the
with decreasing or increasing the pinning strength. In anothevortices. Here, it can be suggested that the driving current
detailed study of Olsoret al,®® it is shown that the large serves as an effective temperature by annealing dynamically
voltage noise is obtained due to the softness of the vortethe corresponding metastable state. A similar discussion is
lattice and the magnitude of the driving force when the vor-given in a recent study in the frame of a generic model by
tices are in a plastic flow regime. Therefore, we suggest thapaltiel et al,*® and it is shown that the competition between
the instabilities seen in th€-t curves given in Fig. Isee the contamination effect along the grain boundaries and an-
also theV-t curve ofH=4 mT in Fig. 5a)] originate from  nealing process due to the driving current can also cause
the symptomatic transitions between different metastablguch instabilities.
states, and are an indication of the different plastic flows. We return to thev-t data given in Fig. 4. In this figure, a
This implies that the moving state is not unique as a result ofemarkable change in the shape of the curves as a func-
the plastic flow of the vortice®**"®""In addition to these tion of current can be evaluated as a direct evidence of the
instabilities, several plateau regions appeaVit curves. dynamic annealing effect of the driving current. Here, the
The drops and jumps iW-t curves can be correlated to the driving current has a deterministic property in the evolution
defective flow of the vortices. In this picture, although the of the V-t curves. We would like to note that a phenomenon
driving force is constant, the jumps can be considered as associated with the deterministic property of the transport
sudden depinning of some fraction of the flux lines, while thecurrent was reported in a recent study in single crystalline
drops can be evaluated as their pinning. At the plateau resample of 2H-NbSgby Xiao et al*! In that study(although
gions, it can be suggested that the dynamic process remaiitsconsiders a different sample and regimi¢ is shown that
stable by locking to a short-lived metastable state and thighe transport current enables the vortices to organize them-
causes evolving of the plateau regions for a short while. Sucbelves into a new accessible state and has an effective deter-
a physical case associated with the drops, jumps and plateansnistic property in vortex dynamics. Further, the determin-
could be observed experimentally inV curves carried out istic property of the applied current is argued by Henderson
for different current sweeping rateslI{dt).*®*” A typical et al*® and also in detail by Paltiet al*® It is shown that
example which includes the differedt/dt values of 0.45, the applied current causes two main effects: one is the injec-
0.18, and 0.09 mA/s is given in Fig. 6 8&=88 K and at zero tion of the disordered vortex phase at the sample edge so
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called contamination effectén our case, the sample edge intergranular currents can be determined by means of the
corresponds to the grain boundaries in a polycrystallindransport measuremenggesistivity techniqug since the in-

sample, and the other is the annealing of the metastabldéergranular current densities are rather low and, therefore,
disorder, while the current flows in the bulk, so called aseasy to measure directly without excessive Joule heating.
annealing process. In the present study, with increasing thé€he intergranular currents can also be measured by the low
current, the functional form of th&/-t curves in Fig. 4 field magnetization measurements. For HTSC’s, it is com-

gradually changes, in particular, the onelat78 mA be- monly accepted that the Josephson vortices can be naturally
comes similar to that of the/-t curves measured af  generated in the weak link structure of the granular materials,
=88 K for H=0, which are given in the inset of Fig. 1. This and, even in single crystals, the vortices lying between Cu-O
proves that the driving current serves as an effective tem@yers are in Josephson characfet’*°~***The most char-
perature in the usual sense as in the statistical mechanics 86teristic feature of Josephson vortices is that they have no
that the results are in favor of the recent model proposed byormal core, whereas, inside the grains, the vortices evolve
Paltiel et al® in the form of Abrikosov>2646=4854 Experimentally, in
Furthermore, similar annealing effects are observed jrlgranular samples, the relaxation of Josephson vortices as in-
field dependence of th¥-t curves presented in Figs(#p  Vestigated by the low-field hys‘tleresis cycle is extremely
and gb). These results can also be interpreted in terms of thé"e?‘K and difficult to measufé:>* The reason can b? ex-
field driven organization of the vortices. At constant current,Plained as follows. In the usual flux creep modapplied
this time, the external field anneals dynamically the corremostly for the Abrikosov vorticgsthe jump distancéor the
sponding metastable state as in the case of the driving cuRoPping distanceof the vortex is very short so that it is
rent. In this scenario, at low fields, the pinning of the vortices2bout the order parameter. For Josephson vortices, it must be
is still effective and this case manifests itself as a decrease @ the order of the Josephson length, hence much larger than
the effective vortex velocity, while, with increasing the field, for the usual case. Therefore, we suggest that the time effects
the pinning potential is gradually smoothed out, which re_qbserved invV-t curves given in this paper originate effec-
sults in provoking of the depinning of the vortices and, alsofively from the intergranular region and should reflect natu-
relatively more ordered vortex motion. Thus, this dynamicrally the relaxation of the Josephson vortices.
process created by the field which serves an effective tem- Ve note that such flux dynamics described above can be
perature causes to change in the form of\¥he curve. Note confirmed by the direct imaging methods. One of them is the
that the form of thev-t curves measured &=11 and 16 Magneto-optical measuremefts® As is well known, the
mT are similar to that of th&/-t curves given in the inset of local behavior of the magnetic flux and the flux patterns are
Fig. 3. On the other hand, we also note that the dynamics diétermined directly from the magneto-optical imaging mea-
the flux lines through the sample depends on the quality ofurements with a_h|gh _spatlal resolution. In a recent stu_dy,
the sample together with the disorder in the coupling strengt0PY! et al. have investigated the flux and current density
between the superconducting graine., Josephson coupling Profiles in YBCO thin film grown on LaAlQ substrate by
effecty, and also the macroscopic dimensions of the sampl&Sing the magneto-optical imaging method and analyzed
to be investigated®—*® their data within the critical state mod&l.In their experi-

It is reasonable to assume that the time decay of the voltMents, the pulse current with different duration times have
age appearing iivV-t curves given in Figs. 1,(®), 3, and been us.ed. Their experlmenta_l observayons concerning the
5(2) and also somé&/-t data of Fig. 4 arises from the flux f!ux proflles support that there is nc_)ns_tgtlonary flux distribu-
lines which lose their capability of moving during this pro- tion inside the sample and also significant time effects re-
cess due to the magnitude of the applied current togethé@ted to the relaxation phenomenon as a function of both
with the field and temperature range. This is significant, inf@MPlitude of current and duration time.
particular, at early times of the relaxation measurement. In Finally, in addition to the usual transport measurements
this complicated process, some of the vortices are movingsUch as temperature dependence of resistari¢echaracter-
while some of them remain gradually pinned in time. That is,SticS, magnetoresistivity, etc., we would like to express that
the pinning and depinning process of the flux lines take placéh€ V-t characteristic is a candidate to be another powerful
together, but develops in favor of the pinning process at earljéasurement method in characterizing the superconducting
times of the relaxation. Thus, the number of the mobile fluxS@mples. Thus, in addition to thé,-t measurements, the
lines drops significantly. After reaching a metastable statelr@nsport relaxation measurements concerrifig curves
the ratio of the number of the flux lines pinned to the numbeMill help us to understand the irreversible properties of su-
of the ones depinnedmobile flux lines becomes almost Perconductors and the details of vortex dynamics.
constant. In the temperature and field region to be investi-
gated, this naturally Igads to the suggestion _of the presence CONCLUSION
of the several dynamical phases of the vortices, which are
related to the plastic flow, immobile, or pinned flux configu-  In this paper, we have measured the transport relaxation
ration so that those will have dramatic effects on transpor{V-t) of a bulk superconducting YBCO sample as a function
measurements such akV curves, magnetoresistance, of transport current, temperature, and the external field. De-
etc23:25.28:46:47 pending on these parameters, it is observed that, in some

We now discuss the type of the vortices which contributecases, the developing voltage increases nonlinearly with time
to the transport relaxation process. As is well known, thewhich is an indication of the pinning and depinning of the
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flux lines and then becomes nearly stable which is calledent and field associated with a recent model proposed by
metastable state, while, in some cases, the voltage decreadesitiel et al*®

as the time progresses. The unusual data observaftin

curves have been explained in terms of the plastic flow of the

flux lines by considering the disorder in the coupling strength
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