
PHYSICAL REVIEW B 67, 184509 ~2003!
Numerical analysis of the inhomogeneous current transport properties
of AgÕBi2Sr2Ca2Cu3O10 tapes

Kazuhiro Ogawa* and Kozo Osamura
Department of Materials Science and Engineering, Kyoto University, Sakyo, Kyoto 606-8501, Japan

~Received 24 December 2002; published 8 May 2003!

The numerical analysis based on the two-dimensional weak link network model is carried out to investigate
the influence of the microscopic inhomogeneities onI -V characteristics of the Ag/Bi2223 tapes. The depen-
dence ofI -V curves on the various parameters of the model~system size, effective coordination number,
volume fraction, and connectivity! is calculated and statistical matters are discussed. It is revealed that the
lattices having larger coordination numberZ show better properties and volume fraction of superconducting
~SC! phase is very important to have finite~nonzero! I c . This indicates that it is very effective for improving
the properties of the tapes to fabricate the tapes consisting of largeZ grains and having high volume fraction
of SC phase.

DOI: 10.1103/PhysRevB.67.184509 PACS number~s!: 74.81.2g, 74.72.Hs
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I. INTRODUCTION

Superconducting Ag/Bi2223 tapes are eminently suita
for many power applications and electric devices and a
ally, they have appeared on the market in recent years. H
ever, because of many difficulties in manufacturing proce
it is hard to say that the products make the most of
potential of the superconductor. TheirI -V characteristics are
regarded as one of the performance indicating factors of
tapes. It has a feature that the electric field is modera
generated in the vicinity of its critical current (I c), suggest-
ing that the transition from superconducting~SC! state to
nonsuperconducting~non-SC! state is not sharp. In a pract
cal point of view, this transition is desired to be an abru
one. Therefore it is important to elucidate the mechanis
leading the characteristics to such behavior. This featur
suggested to be affected by a complicated microscopic
rent transport over the tapes which is related to the lo
non-SC transition caused by the inhomogeneities in
tapes. In order to improve the property, it is important
clarify the microscopic current transport properties of t
tapes in detail. In other words, we must find how the mic
scopic inhomogeneities affect and change the overall cur
transport.

Weak links at homophase grain boundaries are rega
as one of the factors limiting the transport properties of A
Bi2223 tapes. At those boundaries, the local current is l
ited by de-coupling of Cooper pair and flux flow. It is know
that the weak links form various shapes of network in
tapes and the strength level ofI c at each weak link is widely
distributed because of the inhomogeneities~for example, dif-
ferent orientation angles at tilt and twist grain boundaries! in
the sample. Sivakovet al. reported the investigated results
the spatial distribution of critical current densities in the fi
ments of Ag/Bi2223 multifilamentary tapes using low
temperature scanning laser microscope.1 In their report, they
concluded that Josephson weak links are one of the cur
limiting factors of the tapes.

The current is thought to be fond of flowing through t
route that makes the least loss. In such an inhomogen
system, in what manner does the current flow? How do
0163-1829/2003/67~18!/184509~8!/$20.00 67 1845
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number and location of the weak links determine the curr
flowing path and the generation of voltage over the samp
Thus it is very interesting to investigate how the weak lin
affect the generation of electric field or theI -V characteris-
tics of the tapes. Indeed, many researchers have studie
behavior of the weak links in Ag/Bi2223 tapes. By theore
cal approaches, many researchers studied the inhomogen
current distribution of the Bi system so far. The brick-wa
model,2,3 the railway switch model,4,5 and the freeway
model6 are some of the examples.

Many oxide superconductors have anisotropic curr
transport properties and supercurrents flow preferentially
the ab plane. Particularly in tape-shaped samples, cry
grains havec aligned, perpendicular to the tape surface m
crostructures and their homophase grain boundaries ac
weak links. Taking these into account, it is suggested that
current transport in tape samples gives quasi-tw
dimensional behavior with weak link network along th
broad face of the tape. For example, in Ag/Bi2223 tap
platelike grains with dimensions of 1031031 mm3 are in-
cluded by 43106 in the sample volume of 1034
30.02 mm3, which we usually use with respect toI -V mea-
surements. There exist so many grains in the tapes th
statistical treatment is highly requested. Making use of the
and owing to the recent great progress in computers, num
cal analysis ofI -V characteristics of oxide superconducto
with presumptive space lattices are performed by many
searchers. The representative of the lattices used in suc
ports are square,7–13 hexagonal,14–17 and simulated real lat-
tice based on electron backscatter diffraction patt
map.18,19 The examined matters in those reports a
various—calculation ofI -V characteristics, evaluation ofI c ,
scaling law, etc. However, there are few systematized rep
exclusively focused on Bi system.

Therefore, in the present paper, the object of our anal
is fixed to Ag/Bi2223 tapes and numerical analysis is carr
out on the basis of the two-dimensional model. In the mod
we regard grain boundaries as weak links and tapes are
garded as SC and non-SC elements connected by weak
with coordination numberZ. On the basis of the model, cur
©2003 The American Physical Society09-1
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KAZUHIRO OGAWA AND KOZO OSAMURA PHYSICAL REVIEW B 67, 184509 ~2003!
rent transport in the tapes was calculated by accounting
probability distribution. Further the influence of the diffe
ence in the critical current distribution originating from loc
inhomogeneities at weak links upon theI -V characteristics
over the sample, and current transfer properties in the ta
are investigated.

II. MODEL

A. System

In order to simplify the discussion, we treat a single gra
as an element in the system of the model. Further we reg
Ag/Bi2223 tapes as the systems consist of a large numbe
elements linked by weak links. The shape of the element
for the simplicity, assumed to be regular hexagon becau
has the maximum angle among the regular polygon by wh
a plane can be laid all over. In the systems,M elements are in
a column andN ones are in a row. The schematic figure
the systems is presented in Fig. 1.

This figure represents an overlooking view of the tap
The current runs to the right and the reverse current flow
not taken into consideration. In the experimental samp
there are not only SC phases~Bi2223! but also voids,
cavities20 or non-SC phases like CuO. In order to take th
into consideration, we introduce the probability whether ea
element is SC or not, namely the volume fractionVf of
Bi2223 phase. According toVf , each element is divided into
SC ones~gray symbols in the figure! and non-SC ones~black
symbols in the figure!. In addition, since there exist perfect
non-SC ~insulating! links because of its bad alignment o
residual carbon around there, we introduce the effective
ordination numberZ. It represents the averaged number
SC links come out from one element and (62Z)/6 of the all
links are suggested to be insulating links~bold lines in the
figure!. This is the system we use in numerical analysis.

B. Voltage

In this subsection, how the voltage generation is cons
ered in the model is stated. When the transport curren
applied to the sample, at the weak links where the curr
exceeds theI c of the links, the transition from SC state t
non-SC state occurs. In other words, since theI c have a

FIG. 1. Schematic figure of the weak link network. Symbols a
straight lines represent SC or non-SC elements~gray: SC; black:
non-SC! and weak links~thin: SC; bold: insulating!, respectively.
The current runs to the right.
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distribution, weak links are divided into SC ones and non-
ones according to a certain probability when the curren
applied. We express this probability of transition to non-S
state asp. After all links are divided into SC and non-SC
ones according top, whether the voltage is generated or n
is determined as follows.

As illustrated in Fig. 2, we focus on the column of wea
links connecting elements along current flowing directi
~more accurately, 30° inclined direction!. As the applied cur-
rent increases, the number of the links that state beco
non-SC increases. When fairly large number of weak lin
break, all links included in a column happen not to be sup
current paths and the current cannot flow from one column
the next~from left to right! without dissipation. In short, an
electric field is generated. In the calculation, we assume
the voltage generated in the system is caused by the J
energy loss following the detour of current into Ag shea
that has less resistivity than normal state oxide. Here,
leave energy dissipations by flux flow out of consideratio
Strictly speaking, the resistivity is regarded as the summa
of the resistance of Ag sheath and the contact resistanc
the interface with superconducting layer. However, beca
of the following reason, the contribution from the interface
ignored in this study. When it is supposed that the interfa
area (Si) is 431024 cm2 ~the width of the tape times the
diameter of grains!, the contact resistancer i /Si @contact re-
sistivity r i510211 V•cm2 ~Ref. 21!# is estimated to be the
same order with the resistance of the Ag sheath~described
elsewhere in Sec. II E! and the exact value ofSi is very
difficult to assess qualitatively.

In the actual current flow, when the current concentra
on narrow spaces, the current density at such position is
cally increased and the transition from the SC to the non-
state would occur. In order to take this into consideration,
introduce the connectivityC ~which corresponds to the in
verse of the current carrying capacity! and judge whether

FIG. 2. The connectivityC and the voltage generation betwee
a column and the next. This figure corresponds to the caseC52.
Hexagonal symbols are SC elements. Bold lines are non-SC w
links or insulating ones.~a! Electric field isnot generated. Arrows
represent supercurrent paths.~b! Electric field is generated. Black
arrows mean the current detour to Ag sheath.
9-2
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NUMERICAL ANALYSIS OF THE INHOMOGENEOUS . . . PHYSICAL REVIEW B 67, 184509 ~2003!
voltage is generated or not. For example, we explain thC
52 case. When more than two (C52) SC weak links along
transverse direction are connected like Fig. 2~a!, the voltage
is not generated. When such patterns do not exist, like
2~b!, the current detour into Ag and the voltage is genera

C. Calculation procedure

The calculation procedure is as follows:
~i! The number of elementsM andN, effective coordina-

tion numberZ, and connectivityC are voluntarily fixed and
(62Z)/6 of the all links are set to insulating links spatially
random.

~ii ! Volume fractionVf of SC elements is fixed. In acco
dance withVf , SC elements and non-SC elements are s
tially distributed at random.

~iii ! The probability of being non-SC link,p, is deter-
mined ~initially p50.0 and increased as calculation pr
ceeds! and in accordance withp, weak links are divided into
SC ones, and non-SC ones spatially at random.

~iv! It is examined whether supercurrent penetrates fr
the i th weak link column perpendicular to the current dire
tion to the next column or not according to the manner
plained in the previous subsection. This is executed foi
51 to N and the proportion of voltage generating columnW
is calculated.

The procedure mentioned above is repeated as follo
(i)→(ii) →( i i i )→(iv)→(add Dp to the probability p)
→(iii) →(iv)→(addDp to p) (iii) →(iv)→••• . Finally, we
obtain ap-W curve. The initial value ofp is set to 0.0 and
Dp is set to 0.001. The calculation is performed untilp
comes to 1.0. In the calculation, the process is assumed t
non-Markov one. Once a weak link becomes non-SC stat
never returns to be SC state until the calculation will
completed. In this report, this set of calculation is repea
50 times and averaged data are converted into anI -V curve
according to the method described in the next subsectio

FIG. 3. Experimental curve and the fitted WDF. Circles are m
sured data and the thin line is once integrated WDF@Eq. ~4!#.
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D. Conversion ofp into I

In this and the next subsection, the way to convert
p-W curve into theI -V curve is proposed. In this subsectio
p is converted toI and the next subsection,W is converted to
V.

The transition probabilityp would be regarded as th
function of transport currentI, temperatureT, and magnetic
field B. In this report,T andB are assumed to be fixed andp
could be expressed asp5P(I ). Since critical currents a
weak links are distributed in accordance with some proba
ity distribution functionf (I ), P(I ) is expressed as

P~ I !5E
0

I

f ~ I !dI. ~1!

Therefore, if we fixf (I ), we can convertp into I from the
equation

I 5P21~p!. ~2!

Thus thep-W curve is converted into theI -W curve. This
curve expresses the proportion of the columns which have
SC paths against the transport current.

Since the exact shape of the functionf (I ) is uncertain
now, we assume asf (I ) the Weibull distribution function
~WDF!,22 which means the distribution of critical currents
a one-dimensional weak link chain. The expression of W
is

g~ I !5m
L

L0uI 0um
~ I 2I c

min!m21expF2
L

L0uI 0um
~ I 2I c

min!mG .

~3!

Here, the parametersm, I c
min , and L/L0uI 0um denote shape

factor, minimum critical current, and a constant, respective
When the mechanism of the voltage generation is assume
be the Joule energy loss,

n~ I !

N
5E

I c
min

I

g~ I !dI512expF2
L

L0uI 0um
~ I 2I c

min!mG ~4!

(N: number of weak links;n(I ): number of weak links in
non-SC state whenI is applied! is satisfied. Making use o
this equation, the parameters are obtained from the exp
mental curve. Since

V5R~ I !I 5rn~ I !I 5rN
n~ I !

N
I ~5!

is satisfied, from the equation

-

FIG. 4. Schematic figure of grain boundary. The grain bound
width w is illustrated. Effective barrier thicknessd is defined asd
5w12lab .
9-3
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KAZUHIRO OGAWA AND KOZO OSAMURA PHYSICAL REVIEW B 67, 184509 ~2003!
n~ I !

N
5

1

rN

V

I
512expF2

L

L0uI 0um
~ I 2I c

min!mG ~6!

we can execute fitting by least-squares method. We m
monocore Ag/Bi2223 tapes and tookI -V measurements by
the method described elsewhere in Ref. 23. As a result,
got the parametersI c

min58.34 A, m51.37, L/L0uI 0um

50.040 for a sample measurement. In this paper, we
these parameters for the calculation. The experimental
fitted curve are displayed in Fig. 3. The other properties
the sample are as follows.I c determined with the usua
1-mV/cm criterion is 7.62 A and then value calculated by
the slope of the log-logI -V curve between 0.1 and 1mV is
20.4.

E. Conversion ofW into V

In this subsection, the way to convertW into V is ex-
plained. When the current makes a detour into Ag sheat

FIG. 5. Calculated results ofI -V characteristics for the system
with different number of rowsM.

FIG. 6. Calculated results ofI -V characteristics for the system
with different number of columnsN.
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the non-SC column, we calculate the voltage using the re
tivity of Ag, rAg at each column. In this case, it is a questi
of to what extent the current flows spatially, or how long
the effective barrier widthd of the grain boundaries. There i
a report about current distribution between Ag and oxide
Ag/Bi2223 tapes using the one-dimensional two-laye
model.24 Chaet al. said that the ratio of the current flowin
in Ag and oxide is very sensitive to the ratio of interfaci
resistance and Ag resistance, and they referred to the re
ation distance just like an effective barrier width. Howev
in our report, the interfacial resistance is neglected and th
not applicable. We think therefore thatd is expressed as th
summation of the grain-boundary widthw and the penetra-
tion depth of Bi2223 along theab directionlab'200 nm.25

The absolute value ofw is estimated as follows. From th
analysis using the x-ray pole figure, it is estimated that
averaged misorientation angle of Bi2223 grains along thc
axis in our samples is nearly equal to 9°, so we propose
averaged structure depicted in Fig. 4. As defined in the
ure, the grain boundaryw has maximum valuewmax
52t sinu, where t is the thickness of grains andu is the
misorientation angle. In this study,u59° andt51 mm lead
to wmax'0.31mm, and the minimum valuewmin50 mm.
Hence we take an average and estimatew5(wmax1wmin)/2
'0.16mm. Taking this into account, we use the effecti
barrier thicknessd5w12lab and d'0.56mm. Thus the
resistivity of each column is

r[rAg

d

SAg
. ~7!

Here, rAg52.931027 V cm ~at 77 K! ~Ref. 26! and the
cross section of Ag sheath perpendicular to the applied
rent SAg52.031023 cm2 lead tor 58.131029 V.

We definen(I ) as the number of columns which cann
pass through the supercurrent thereforeR(I ) becomes

R~ I !5rn~ I !5rN
n~ I !

N
5rNW. ~8!

TABLE I. I c andn value dependence onM.

M I c ~A! n

46 17.1 64.4
94 17.3 74.0
186 17.4 76.2
372 17.5 69.1

TABLE II. I c andn value dependence onN.

N Ic ~A! n

135 17.7 97.2
269 17.6 77.5
539 17.6 73.0
1077 17.5 69.1
9-4
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NUMERICAL ANALYSIS OF THE INHOMOGENEOUS . . . PHYSICAL REVIEW B 67, 184509 ~2003!
On the other hand, the generated voltage of the systemV
5R(I )I . From those equations,

V5rNWI ~9!

is derived. By use of this Eq.~9!, we convertI -W curve into
I -V curve. From the converted curve,I c is calculated using
1-mV/cm criterion and then value is calculated by the slop
of the log-logI -V curve between 0.1 and 1mV.

F. Default parameters

In this subsection, we describe how to determine the
fault value of the five parametersM, N, Z, Vf , C before
starting calculation. The broad surface of the sample use
be fabricated is about 1034 mm2 and platelike Bi2223
grains are about with dimension of 10310 mm2. Therefore
we fix the element area which represents a single grain
10310 mm2, resulting in the regular hexagon with one si
(200/3A3)1/2 mm. The elements are laid all over the ar
1034 mm2, and M and N are determined by executing
division. Namely,M5372 andN51077 are used as the de
fault parameters.

For the effective coordination numberZ and the connec-
tivity C, the ideal situation (Z56 andC51) is chosen for
the default. For the volume fractionVf , the averageVf of our
samples, usually 0.90 is the default.

FIG. 7. Calculated results ofI -V characteristics for the system
with different effective coordination numberZ.

TABLE III. I c andn value dependence onZ.

Z Ic ~A! n

3 11.3 18.6
4 14.1 39.7
5 16.1 53.0
6 17.5 69.1
18450
e-

to
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III. RESULTS AND DISCUSSION

In the following subsections, the calculated results ofI -V
curves and the effects of the change in each paramete
summarized.

A. System sizeM and N

In Figs. 5 and 6, the calculated dependence ofI -V curves
on the number of the rowsM and on the number of the
columnsN are indicated. Moreover,I c and then value of
each curve are listed in Tables I and II in detail.

In Fig. 6, the curves are normalized toN51077 for com-
parison because they must be compared in the same vo
tap separation.

When the current increases, the electric field is mod
ately generated in the vicinity of itsI c for all curves. This
behavior is qualitatively coincident with the experimen
one. As seen in Fig. 5, it is revealed that the slope of
curves become more gradual~but then value is not mono-
tone decreasing! and I c become higher in accordance wit
increasingM. It is the consequence of the fact that largeM
systems have many SC paths compared to the smallM ones
in the same column if the transition probability at each we
links is the same.

On the other hand, as shown in Fig. 6, the curves
similar for differentN, apparently. However looking at th
result Table II carefully, it can be found thatI c and then
values decrease in accordance with the increase inN. This
tendency of the decrease inI c is originated from the equiva
lence of the decrease inN and the relative increase inM.
However, the opposite tendency inn values is inconsisten
with what is expected by the relative increase inM. The
reason might be that the absolute value of the generated
age becomes larger with decreasingN when a column be-
comes non-SC and this effect is stronger than that cause
the relative increase inM.

FIG. 8. Calculated results ofI -V characteristics for the system
with different volume fractionsVf .
9-5
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B. Effective coordination number Z

The calculatedI -V characteristics for the systems wi
different coordination numberZ are shown in Fig. 7. I c and
n values of each curves are listed in Table III in detail.
shown in the figure, largerZ system have steeper slope in t
I -V curve and higherI c . This is because the amount of th
total current flowing without dissipation becomes larg
when there are a lot of SC paths in the system. When fi
possibility p is given, it can be expected that the largeZ
elements have more SC paths than smallZ ones have. Here
it would be noted that the important factor is not the to
number of the links but the number of paths rooted from o
grain. For example, the systems with (Z56,M5186,N
51077), (Z56,M5372,N5539), and (Z53,M5372,N
51077) have almost the same number of the total links,
the characterisitics of the former two systems are extrem
different from that of the latter one.

From the results, one would notice that bothI c and then
value are more sensitive to the parameterZ than to the pa-
rameterM or N. This indicates that it is important to mak
well-aligned grains, less carbon-resided and less precipit
grain boundaries for the improvement of the performance
the tapes.

C. Volume fraction V f

The calculatedI -V curves for the systems with four dif
ferent volume fractionsVf is shown in Fig. 8 and detailed

TABLE IV. I c andn value dependence onVf .

Vf I c ~A! n

0.60 12.5 21.0
0.75 15.5 45.2
0.90 17.5 69.1
1.0 18.6 86.6

FIG. 9. Change ofI c as a function of volume fractionVf for the
systems with different effective coordination numberZ. Vthr is the
threshold of the volume fraction.
18450
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values ofI c andn values are in Table IV. The higherI c and
the largern values are obtained for the higherVf and this
dependency is the same as theZ dependence. The increase
Vf is suggested to have the same effect as that ofZ on I -V
characteristics in the point of having many paths rooted fr
each grains.Vf has a strong effect onI c and n values in
comparison withM or N do as well asZ. It is revealed that
the increase of the volume fraction makes a great contr
tion to the improvement of the sample.

In order to investigate the effect of the change inVf on the
characteristics from a different point of view, the dependen
of I c on Vf is investigated. The results are shown in Fig.
As is shown in the figure, it is revealed thatI c drops in the
vicinity of a certain thresholdVthr when Vf decreases. At
Vf51.0, all systems haveI c.10 A, but I c drops in the vi-
cinity of Vthr50.81, 0.68, 0.59, 0.54 forZ53, 4, 5, 6 sys-
tem, respectively. It is revealed that the largerZ lattices need
a smaller volume fraction of Bi2223 to have finite~nonzero!
I c than smallZ ones need.

D. Connectivity C

In Fig. 10, the calculated dependence ofI -V curves on the
connectivityC is indicated. The detailedI c and n value of
each curve are listed in Table V. AsC increases,I c decreases
abruptly and then value is nearly the same for each syste
C means the inverse of the current carrying capacity of e

FIG. 10. Calculated results ofI -V characteristics for the system
with different connectivityC.

TABLE V. I c andn value dependence onC.

C Ic ~A! n

1 17.5 69.1
2 13.1 72.0
4 10.8 85.3
8 9.3 81.7
16 2.0
9-6
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NUMERICAL ANALYSIS OF THE INHOMOGENEOUS . . . PHYSICAL REVIEW B 67, 184509 ~2003!
element and this tendency indicates thatI c decreases in ac
cordance with the decay of the ability to endure the curr
concentration.

E. Statistical matters

In numerical analysis with stochastic processes like
calculation in this report, the obtained results are disper
or different in each trial. In order to evaluate the degree
dispersion, we investigate the calculatedI c andn values with
default parameters for 50 times independent trial. Results
shown in Figs. 11 and 12 in histogram. As shown in t
figures, I c and n values are scattered around the maxim
likelihood value. The coefficient of variation which is th
standard deviation divided by the average is 0.0031 foI c
and 0.18 for then value. It is found thatI c have much less
relative deviation than then value. This tendency would b

FIG. 11. Histogram of calculatedI c for 50 times independen
trials.

FIG. 12. Histogram of the calculatedn value for 50 times inde-
pendent trials.
18450
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related to the well-known results thatn values have the large
variability in experimental measurements.

The absolute magnitudes ofn values obtained from the
calculations seem to be generally larger than those obta
by the experiments. In order to discuss this phenomenon
log-log plot of the calculatedI -V curve with the default pa-
rameters is shown in Fig. 13. As appeared in the slope of
curve, then value is largely affected by the range of voltag
where then value is calculated. In the figure, the voltag
range used in the calculation is indicated by the dotted lin
In order to show that plainly, the first-order differential curv
is indicated in Fig. 14. In this figure, the current range
indicated by the dotted lines. Then value is nearly equal to
the average of the ordinates included in the range. There
if the range shifts to the right~to higher current or higher
voltage!, the n value becomes small, and vice versa. T
result that the calculated values are larger than the exp
mental ones suggests the next possibilities:~i! The voltage
value generated when a column becomes to non-SC

FIG. 13. CalculatedI -V curve with default parameters in loga
rithmic coordinates.

FIG. 14. First-order differential curve of logI-log V.
9-7
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KAZUHIRO OGAWA AND KOZO OSAMURA PHYSICAL REVIEW B 67, 184509 ~2003!
smaller, or, the effective barrier thicknessd is thinner in re-
ality than in the assumption we made.~ii ! The real probabil-
ity distribution functionf (I ) has a wider shape than the a
sumed function.

IV. SUMMARY

In order to investigate the influence of the microsco
inhomogeneities like widely distributedI c on I -V character-
istics of the Ag/Bi2223 tapes, we have proposed a tw
dimensional weak link network model and carried out n
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