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History effect in inhomogeneous superconductors
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A model was proposed to account for a different kind of history effect in the transport measurement of a
sample with inhomogeneous flux pinning coupled with flux creep. The inhomogeneity of flux pinning was
described in terms of alternating weak pinnifigwer j.) and strong pinning regiongigherj.). The flux
creep was characterized by logarithmic barrier. Based on this model, we numerically observed the same
clockwiseV-I loops as reported in references. Moreover, we predicted behaviors ¥fltHeop at different
sweeping rates of applied curredt/dt and magnetic field8,, etc. Electric transport measurement was
performed in Ag-sheathed Bi,Ph Sr,CaCu;0, tapes immersed in liquid nitrogen with and without magnetic
fields. AV-I loop at certairdl/dt andB, was observed. It is found that the area of the loop is more sensitive
to dl/dt than toB,, which agrees well with our numerical results.

DOI: 10.1103/PhysRevB.66.144510 PACS nuniber74.60.Ge, 74.72.Bk

[. INTRODUCTION from those with uniform and weak quenched disorders at low
temperatures. First, at higher temperatures, such as liquid-
Recently the so-called history effe¢iE) of vortex matter  nitrogen temperatures, thermal fluctuation should be impor-
has been frequently observed by a variety of methods such @ant and flux creep could influence the property of vortex
electric transport measurement, dc magnetization hysteresisatter apparentl}? In fact the influence of flux creep on the
ac susceptibility, and torque techniques, and has drawn muol-1 curve and transport property of Bi2223 have been con-
more attentiort=*° HE refers to that critical current density firmed by earlier experimental and numerical restir8
j c of a superconductor has different values at a same(@®ld Second, the quenched disorders or flux pinnings are inhomo-
temperaturgfor either thermal, magnetic, or current cycles. geneous in polycrystalline high-temperature superconductors
The earlier observed hysteresisRAT curves in the thermal  (4Ts's). There are weak links and grains in sintered samples
cycle in fact is a kind of HE caused by first-order phasegch as polycrystalline Bi2223. And the flux pinning strength
transition of vortex mattemelting or freezing ™ Different (¢ the weak links at grain boundaries is very different from

mechanisms have been proposed to account fot Mand o1 ot the graing? In view of these two points, any models

a typical ex_pla_nation cont_ains two assumptions: relativelyconcerning the system with homogenous quenched disorders
weak flux pinning and uniform small quenched disorders

Then HE is explained with a theory of disorder-order transi—W'thOUt flux creep could not be used to understand this in-

tion of vortex matter. The disordered vortex matter pinnedterisut?]g hys;rertlasm bghlav:jor mﬂc.(el curve. ibl lectri
more strongly(higherj.) is supercooled to low temperature t.eorg 'Ea _mo ef escr tlng |rr.(ta;]/er.3|h € electrc-
where it is in a metastable state and then a process such adhggnetic benaviors of -a system with IN0MOgeneous

bias current anneals the metastable disordered state into gHenched disorders has already been prop85ethfortu-
ordered and stable one with lowgr. An important point is nately, flux creep was omitted there. Moreover, this model

that flux creep in the models is omitted for the low tempera-1as not been used to explain any HE, including the clockwise
tures. In this case, the property of vortex matter is governed-! 100p. Experimentally, A. M. Campbell’s group did many
only by the competition between interactions of vortices-important works on inhomogeneous superconductors. They
vortices and vortices-quenched disorders. did observe the hysteresis| curves before, however, only a
However, a different kind of HE has been observe@ihe  qualitative explanation was given. And what interests us now
hysteresis loop of V- curve of polycrystalline is how to simulate the clockwis€-1 loop.
Bi,_«PbSr,CaCu;0, (Bi2223) at liquid-nitrogen tempera- Considering flux creep and inhomogeneous flux pinning,
ture was measured the(geee also Fig. 6 in this papeft is  we proposed a model to explain this different kind of HE. We
clear that such &-1 loop is a different kind of HE and very carried out numerical simulation with this model. Upon ex-
different from theV-l loop in low-temperature supercon- plaining the clockwise loop of th¥-I curve reported in Ref.
ductors reported beforeThe difference between these two 12, we further predicted some interesting phenomena. To test
kinds of HE is that the direction of thé-1 loop is anticlock- the predictions, electric transport measurement was con-
wise in Ref. 1 while clockwise in Ref. 12 and this paper.ducted for a characteristi&/-I curve of silver-sheathed
Despite that the anticlockwise loop has been explained veri, PhSr,CaCu;0, tapes(Ag-Bi2223) immersed in lig-
well, the clockwise one interested us very much. uid nitrogen with or without applied fieldB,. The clock-
Note that this kind of HE takes place in a system differentwise loop of theV-l curve at certaindl/dt and B, was
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system from the surfaces into the weak pinning chagvél
and then diffuse into the strong pinning regio8)( so W
surroundsS. In other wordsSis inside the slablike sample.

As an example, the model may be proper to polycrystal-
line samples of HTS’s, such as silver-sheathed
Bi,_«PbSr,CaCu;0, (Ag-Bi2223). The grain boundaries
in polycrystalline HTS’s form a weak link network of flux
pinning and thus can be consideredvdswhereas the intra-
grain region isS It is well known that the weak link network
suppresses substantially the critical current density of HTS’s
such as Ag-Bi2223. When current or magnetic field is ap-
plied, flux density will enter intergraifW) at first and then
penetrate gradually into the intragrai® by means of flux
creep. Another example that the model may be applicable to
is the low-temperature superconductors, such agSNbne-
tallic compounds, where flux lines may be pinned by a grain
boundary(S whereas the intragrain is a weaker pinning re-
gion (W).%

Certainly, one cannot expect that numerical results by
such a simplified phenomenological model can quantitatively
represent experimental data of a sample. For example, the
one-dimensional geometry assumption in the model is not
fulfilled for a real sample. And, the flux pinning is more
d complex by far than the two model parametgrsandj -

Nevertheless, our model accounts for the experimental

FIG. 1. A schematic sketch of the one-dimensional model: aclockwiseV-I loop, which was observed very recently. The
superconducting slab consisting of periodic strqS8y and weak  effectiveness of this model was demonstrated by the electric
(W) pinning regions. Vortex lines enter the system first from thetransport measurement of the hysterasis loop.
surfaces into th&V region, and then diffuse from thé& into the S
regions, so th&V region surrounds th& region.

Ill. SIMULATION

observed and is dependent difdt andB,, confirming the A. Basic equation

numerical result. . e . .
Consider a slab with infinite length along thexis, thick-

nessd along thex axis, and widthw along thez axis. The
Il. MODEL current is applied along thg axis. In view ofw>d, we

The model consists of two basic assumptions: there exist:clsOCUS on the one-dimensional case for simplicity. The non-

flux creep in a sample and the flux pinning is inhomoge-Mear diffusion equation describing the macroscdpiar j is
P P X pINnIng 1S INNOMOGE~, o'y hown 2526 With a logarithmic dependence &f on j:
neous. The complex inhomogeneity of flux pinning is sim-

plified by a periodic strong pinning regici®) with large . :Jeg )a; Uolnlj./jl, the diffusion equation of flux can be writ-
(jc9) and a weak pinning regiofw) with smallj; (j.w); see

Fig. 1. The flux diffusion is characterized by collective creep

of vortex glass, which has been discussed widkljo sim- IB Vo 9
plify the calculation, we use a logarithmiig(j) relationship, =
which is the special case of the vortex glass model with very
small glass exponeni.?

We should emphasize that our model is not a simplifiedvheren=U,/kT andvo=uwn. v, is the attempt velocity
version of the "brick wall” model, which has been widely Of the thermal-activated vortex motion,is the hopping dis-
discussed befor& There are some resemblances betweeri@nce, ando, is the microscopic attempt frequency.
them. However, there are at least two points that distinguish
our model from the previous one. First, the brick wall model
is a static critical state model without flux creep. Obviously,
in any static models, the transport properties studied here In the V-I curve measurement, the current is always ap-
will be independent of the sweeping rate of applied currenplied with a certain sweeping ratd/dt. The boundary con-
di/dt, contrasting with the experimental observation. Secdition of Eq. (1) can be obtained from the current conserva-
ond, in the brick wall model th& and W regions are con- tion equation: (?/&t)f‘(’)vfgjdxdz:dlldt. Substituting
nected in series along the direction of current, while in ourdB/dx=—pu,j into it, one obtains B(d,t)—B(0t)=
model, they are connected in parallel. — pol/w. Due to antisymmetry, one hd&xd,t)=—B(0}),

In our one-dimensional model, flux lines first enter thethus the boundary condition is

n
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B. Boundary and initial conditions
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the Sregion @) is smaller than that of th&/ region @).
2) In our calculationj . is fixed, i.e.,v,, is fixed. By changing
the j.s/jcw ratio, namelyj.s, we adjustvg only.

For a large ratio j;s/j.w=10), i.e., high inhomogeneity
of flux pinning,v¢ is small compared witl,,. And in such a
B(x,0)=0. 3) case, there is no enough time for current diffusion in re-
sponse to both the ascending branch of \he curve [Fig.
2.1(b)] and the descending on€ig. 2.1c)]. Consequently,
no obviousV-l loop can be detectedrig. 2.1a)].

Such kind of nonlinear diffusion equation can be numeri- For a medium ratioji.s/j .w=4), i.e., @ medium inhomo-
cally solved with the finite difference method. First, the tem-geneity of flux pinning and a Iarge?s, it is shown that the
poral and spatial variances are discretized with differenrea of the loop is very largiFig. 2.2a)]. In this case, al-
steps, respectively. Since the temporal and spatial steps afifough current has already penetrated intoSivegion dur-
very important for the stability of the calculation, we take jng the ascending brandrig. 2.2b)], much more current
pains to choose suitable steps to avoid a divergence problergenetrates int@® during the descending branghig. 2.2c)].
Second, the equation is discretized and rewritten in an |m=|'hat is to say, the current diffusion of t}&region has more

plicit difference scheme, which is better than the explicittime in response to the descending branch than to the ascend-
difference scheme in the stability of calculation. Finally, ing one. As a result, th¥-I loop is obvious.

based on the initial condition, the calculation by iteration gqr a smallj.s/j cw ratio, low inhomogeneity of flux pin-
will obtain the temporal and spatial magnitude of physicalnmg'v_S is very large and approacheg,. And there is little
quantity, namelyB(x,t), j(x.t), and E(x,t). The voltage ifference between the distributions of current during the two
can be obtained by integration d&(x,t). Note that the  prancheqdFigs. 2.3b) and(c)]. The minor difference is only
boundary condition plays a role of constraint in every timeseen when the current is small and the corresponding voltage
step during current ascending and descending, se€2Eq. s too small to be detected. Hence there is almost no hyster-
It is easy to see thatl(j)=Uoln|jc/j| combined WithE  egjs |oop [Fig. 2.3a)]. Especially at the uniform case
=Eqexp(—U/KT) leads to the power dependence of thg (jes/iew=1, ve=0y), there will be no loop at all.
curve E=Eqy(j/j)" with n=Uy/kT. This power-lawE-| cSTiew S Bs Tl
curves are observed frequently in transport measurements
and can be used to determine the parameférCertainly,n 2. Effect of ds/dyy ratio on the hysteresis loop

is dependent on flux pinning strength, magnetic field, and with a fixed total thickness, the spatial distribution of the
temperaturé®?” The weaker flux pinning and higher tem- s and W regions, i.e., the thickness ratio of them is also
perature bring about smaller. In fact, many experiments important for theV-I loop. The numericaV-I loops with
including the present work show that for the Ag-Bi2223 in gifferent ds/d, at fixedd/dt and|.s/j .y are displayed in
liquid-nitrogen temperature=6 is a typical value. Fig. 3. It is found that the smaller thi/d,y, the smaller the
As for the velocity of the thermal-activated vortex motion grea of the loop.
and the critical current density, typical and reasonable mag- Fqr ds/dy=0.857 and other parameters given here, the
nitudes were employed based on the earlier theoretical anglickness of thes region, i.e., the distance for current diffu-
experimental work, for example we toak=uwn=1 m/s  sjon in theSregion is so long that current diffusion in tige
(if u~107°m, wu~10°s%) and jow=2%10° AIM?. It  region has less time to respond to the ascending brifigh
should be pointed out that our numerical result is not sensigll(b)] than to respond to the descending ¢fe. 3.1c)],

B(0t)=

pol _ (1o dl),
2w (2w dt)

As for the initial condition, there is no currentiat 0 in the
sample, hence

C. Numerical method and the choice of parameters

tive to the choice oh, vy, andjew. so the area of th¥/-I loop is large[Fig. 3.1a)].
For dg/dy=0.222, theS region is thinner, i.e., the dis-
D. Numerical results and discussions tance of current diffusion in th8 region is shorter, resulting

that compared with thes/d,,=0.857 case, the current dif-
fusion in theS region has more time in response to the as-

Sincej . represents the pinning strength, the ratig/j.ww  cending currentFig. 3.2b)]. In other words, for such param-
can be considered as a parameter reflecting the ratio of theters given here, the response time of current diffusion in the
two pinning strengths. Shown in Fig. 2 is our numerical re-S region to the two branches of thé-1 loop shows little
sult of the dependence of HE ofis/j.w at fixed jew, difference. As a result, the area of thel loop becomes
ds/dy, anddl/dt. Itis very clear that th&-I loop is clock-  smaller[Fig. 3.2a)].

1. Effect of j.s/j.w ratio on the hysteresis loop

wise as reported in Ref. 12. To understand hw/j . af- As for dg/dy=0.105, theS region is too thin and the
fects theV-I loop, the corresponding current distributions in distance of current diffusion in th& region is too short.
the sample were also calculated. Hence there is enough time for current diffusion in response

Note that the velocity of flux diffusion, namely the veloc- to both current ascending and descending at the given param-
ity of current diffusion in transport measurements, can beeters[Figs. 3.2b) and(c)]. That is to say, there is no obvious
written as:v =vgexp(—U/kT)x(j/j)" for logarithmic U(j). V-1 loop [Fig. 3.3a)]. As ds/dyy approaches 0, namely the
Hence, for the samg the larger thg., the smaller the. uniform flux pinning case, the hysteresis loop will disappear
Generally speaking, the average speed of current diffusion ithoroughly.

144510-3



LIU, LUO, LENG, WANG, QIU, DING, AND LIN PHYSICAL REVIEW B 66, 144510(2002

(1) @)
0.10 -
008 L (a) J /J =10 ] P (a) J /J =4 /. 7
E 0.06 L 06/ cW / ] > | cs/ oW // |
L £ oo} i
E oot {1 =
> 002 J/// 1 > i v’//.Z// ]
r e 1 000l m—u—n—n—n—a=0" -
0.00 |- n ’_l.l_l.l_l.l—_l.l—_l-l PR I I T | ] M NI NP BT ENU SR R N S R N |
2 0 2 4 6 8 10 12 14 16 18 20 2 0 2 4 6 8 10 12 14 16 18 20

=3
=3
[=3
M
=}
=
[=3
o
=
-3
-
=1
=3
o
o
[
o
iy
o
[
o
[
-
=3

| NV PR (PN SU NI U S|
4 6 8 10 12 14 16 18 20

 x/d

FIG. 2. Numerical results, showing the effectjgg/]j .\ ratio on theV-I loop (a) and the distribution of current during the ascendiby
and descending brandh) of the loop. The arrows indicate the increasing and decreasing of current, i.e., the time evolution. The dot lines
represent the boundary between giandW regions.ds/dy=1/2, dl/dt=1 Als, jow=2x10 A/m?. (2.1) j.s/jew= 10, high inhomoge-
neity of flux pinning. Average speed of current diffusion in tBeegion is too small compared with that of thié region, so that in th&
region there is not enough time for current diffusion in response to both the ascending sweeping and the descending one at the given
parameters. There is no obviods loop. (2.2) j.s/j.w=4, medium inhomogeneity of flux pinning and larger than average speed of current
diffusion in theSregion, so that more current has penetrated intothegion during the descending branch than the ascending one at the
given parameters. An obviod | loop is observed2.3) j.s/j.w=1, uniform flux pinning, equal average speed of current diffusion in the
two regions. There is little difference between the distributions of current during the two branches. There is no\éhvioap.
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FIG. 3. Numerical results, showing the effectdyf/dyy ratio on theV-I loop (a) and the distribution of current during the ascendiby
and descending brandh) of the loop.j.s=4jcw, dl/dt=1 A/s, jow=2X10° A/m2. (3.1) ds/dy,=0.857, the thickness of th@region is
proper, so that in th& region there is enough time for current diffusion in response to current descending, but the current diffusion is too
busy to respond to current ascending for the given parameters, and the aread/elf thep is large.(3.2) ds/dy=0.222, theS region is
thinner, and the distance of current diffusion in Bieegion is shorter, so that in tigregion there is much more time for current diffusion
in response to current ascending at the given parameters, and the are¥ df th@p becomes smallef3.3) ds/dy,=0.105, theSregion is
too thin, and the distance of current diffusion in tBeegion is too short, so that in tH&region there is enough time for current diffusion
in response to both the current ascending and descending at the given parameters. There is n¥ dblgiops
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FIG. 4. Numerical results. Current sweeping rate dependdnipbop (a). The corresponding distributions of current during the ascending
(b) and descending brangh) were also showrds/dy=1/2, j.s/icw="2, jcw=2X10° A/m?. (4.1) d1/dt=0.01 A/s, the current sweeping
rate is so slow that in th& region there is enough time for current diffusion in response to both the ascending and descending current
sweeping at the given parameters. There is no obwéldoop. (4.2) dlI/dt=2 AJs, the current sweeping is faster, so that in $megion
there is not enough time for current diffusion in response to current ascending at the given parametersVahébteis larger.(4.3
dl/dt=10 A/s, the current sweeping is so fast that in $iegion there is not enough time for current diffusion in response to both the
ascending and descending current sweeping at the given parameters. There is no\éhvioap.
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FIG. 5. Numerical results. Magnetic-field-depend®nt loop, |(A)
where the area of the loop is insensitivejtq, while the transport
Je 18 strorzwgly affected by magnetic fieldls/dy=1/2, j.s=8 FIG. 7. ExperimentaV-I loops of the Ag-Bi2223 tape at differ-
x10° Alm?, di/dt=1 As. ent applied magnetic fields, which is qualitatively with the numeri-

cal curves shown in Fig. 5. It is noted that the area of the loop is
insensitive toB, whereas the value of thg is strongly affected by

The numerical result of current sweeping rate dependermagnetic field, which supports the present model further.
V-l loops at fixedj.s/j.w anddg/dyy is illustrated in Fig. 4.

Itis seen that idl/dt is very small, such as 0.01 A/s, flux Now, it is clear what the effect adl/dt on theV-I loop
lines will have enough time to respond the changing appliegneans. With fixed distance and average speed of the current
current and thus can penetrate into bdtlandSregions. The  diffusion, to changell/dt is equivalent to shift our observ-

3. Current sweeping ratédl/dt) dependent V¥ loop

difference of current distribution during the ascendjf@.  ing time window. When we choose the time window by us-
4.1(b)] and descending bran¢hig. 4.1(c)] is very small. As  ing dI/dt as 10 A/s, the observing time is so early that there
a result, the area of thé-1 loop is also smal[Fig. 4.1@]. s not enough current inside ti®region by means of diffu-

As dl/dt reaches a moderate value, sélydt=2 A/s, the  sjon even when the applied current sweeping has been fin-
difference between the current distributions during the asished. Of course there is no detectabld loop. If we use
cending and descending branch is larger, and the area of thg/dt=0.01 A/s, we shift our time window so late that there
V-l loop becomes larger topFig. 4.2a)]. Nevertheless, s always enough current diffused into tBeregion during
whendl/dt is too large, sayll/dt=10 A/s, the area of the poth the ascending and descending branches. It is natural that
V-l loop decreases dramaticallffig. 4.3a)]. It is easy to  no obviousV-I loop exists at all. Only when we choose a
understand that in such a case, compared @itdt, v4is SO proper observing window, i.e., a propeil/dt such as 2 A/s,
small that the current cannot penetrate into $tegion dur-  is there much more current in ti&region during the de-

ing both the ascending and descending branch, and the caseending branch than the ascending one. In other words, only
responding current distributions during the two branches din such a case can the current diffusion in Sieegion have

not show a visible differenciFigs. 4.3b) and(c)]. So there  more time to respond to the descending branch than the as-

is no obviousV-1 loop. cending one, and th¥-1 loop will be obvious.
In conclusion, if there is more time for current diffusion
0.06 of the S region to respond to the descending branch than to
0 05_‘ T=77K,B,=200Gs respon_d to the ascending one, the hysteresis loop iN{_he
"7 | | di/dt (sweeping rate) curve, i.e., the HE, will be obvious. On the other hand, if the
0.044 | —=1As current diffusion time of the&s region is similar or the same
{ | —*—05As for the ascending and descending branches, there will be no
< 0.03+ obviousV-I loop, namely no HE. The observation of HE can
£ 0.02- be controlled by adjustingl/dt ( the observing time win-
= dow) or dg/dyy (the distance of current diffusigmr j.s/jcw
0.01 / (the average speed of current diffusion
0.00- - . R 4. Magnetic-field-dependent ¥ loop
g & 4 &8 8 10 12 It is well known thatj . is dependent on the magnetic field

B,. Commonly,j. decreases with increasimy, . Therefore
FIG. 6. ExperimentaV-l loops of the Ag-Bi2223 tape with Studying the effect of; on the V-l loop is equivalent to
different current sweeping ratel/dt, which is qualitatively witn ~ Studying the effect oB, on it. For the inhomogeneous pin-

the numerical curves shown in Fig. 4 and is a conformation of ouing case,j.y iS more sensitive td, thanj.s, especially
model. whenB, is not very hight® Thus we simulated th¥-I loops
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in different applied field8,, namely differentj ., at fixed transport critical current densify. decreases with increasing
jes, dl/dt, andds/dy,. Shown in Fig. 5 are the numerical applied field very sensitively. This experimental dependence
results. It is clearly seen that the loop shifts towards smalleconfirms the above numerical results and thus supports
current with decreasing., while the area of the loop is strongly our model. Furthermore, the agreement between the
insensitive toj.,. In other words, the area of the loop is numerical and experiment&®-l shifting by applied field im-
weakly affected by magnetic field. plies that the critical current density. of a sample with
As mentioned above, the existence of HE depends on thgpatially nonuniform flux pinning strength, such as the silver
current diffusion of theSregion having different responding sheathed Bi2223 tapes, is governed mainly by the weaker
times for the two sweeping branches of tid loop. Only  flux pinning region(the region with smallej.). Hence for
changingj .y, i.€.,B,, would not affect the responding time these HTS materials, which have potential for technical ap-
of the Sregion. As a result, the area of thel loop will not  plications, the point to enhance their critical current density
change acutely. is to improve the flux pinning strength of weak pinning re-
gion.
IV. EXPERIMENT We are unable to measure mdrd curves to test all the
numerical curves for the limited ability of our instrument.

Because our numerical simulation has obtained more regor exampleg1/dt cannot be too small because Ohm heat at
sults than the experimental one reported in Ref. 12, such age current contacts will destroy the sample.

the effect ofdl/dt on the area of loops, we measuréeed

curves of Ag-Bi2223 samples in various applied magnetic

fields B, with differentdl/dt to confirm the numerical pre-

diction. It has been pointed out above that the Ag-Bi2223 We have proposed a model to account for a different kind

sample may be proper to test our model. of history effect in an inhomogeneous flux pinning supercon-
The Ag-Bi2223 samples cut from long silver sheathedductor at high temperatures. The model consists of alternat-

tapes come from the National Center for R&D on Superconing weak and strong flux pinning regions whose strength was

ductivity of China. All the samples aeaxis textured. The  depicted by different critical current densitigsy and j s,

axis is perpendicular to the wider surfaces of the samplegespectively. Based on the model, our numerical simulation

Including the outer silver sheath, the average size of theuccessfully observed a hysteresis loop in the characteristic

samples is approximately 4 mxil mmx4 cm. Between V-l curve as reported in references. Our numerical results

each two neighbor points of fotwo voltage contacts and also predicted some interesting characteristics of \the

two current contacjsis 1 cm in length. The transport mea- loop at different sweeping rates of applied currertdt,

surement was carried out for the sample immersed in liquidipplied magnetic field8,, the ratio of the two regions’

nitrogen. The external magnetic field with range 0-200 Gsinning strength, and their thickness.

was applied in the superconducting state. The current range Physically, due to the difference of flux pinning strength

of the supply source is 0—40 A and the sweeping rate rangg the S and W regions, the average speeds of flax cur-

is 0.02—1 A/s. The measurements were made in the case génp diffusion in the two regions are different too. difi/dt

B. parallel to thec axis of the samples. More details of the (or ds/dw, jes/icw) is proper, thev-l loop, i.e., the HE, is

sample preparation and the measurements can be found @gbvious. Otherwise, no obvious-l loop can be observed.

Ref. 18. To confirm the numerical results, electric transport mea-
The V-1 loops were measured by ascending current firssurement was conducted to get the characteristiccurve

and then descending it. Displayed in Fig. 6 are the experipf Ag-sheathed Bi ,PhbSr,CaCu;0, tapes immersed in

mental V-I loops with differentdl/dt and fixedB,. The |iquid nitrogen with or without applied fields. A clockwise

spottiness of the experimental data came from the limiteq,| loop was observed to be dependentdiidt and B,.

picking rate of our measurement system. As reported in Ref4ence we presented a possible mechanism accounting for a

12, a clockwise |00p o¥Y/-1 curve was observed. It is clearly different kind of HE in an inhomogeneous flux pinning Su-
seen thadl/dt affected not only the appearance of tid perconductor.

curve but also the area of the loop. For example, the area of
loop with dI/dt=1 A/s is larger than the area of loop with
d1/dt=0.5 A/s, which is in good agreement with the nu-
merical result. The work was supported by the Ministry of Science and

Shown in Fig. 7 are the experimendl loops in differ-  Technology of ChinaNKBRSF-G1999-0646and NNSFC
ent applied field8, at a fixedd|/dt. It is found that the area (N0.1999401& Numerical simulations were done on the
of the loop is insensitive to magnetic fieR, whereas the SGI Origin 3800 of Nanjing University.

V. SUMMARY
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