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of Ag/Bi,Sr,Ca,Cu;0,, tapes

Kazuhiro Ogawéa 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 inhomogeneitieslevi characteristics of the Ag/Bi2223 tapes. The depen-
dence ofl-V curves on the various parameters of the modgktem size, effective coordination number,
volume fraction, and connectivityis calculated and statistical matters are discussed. It is revealed that the
lattices having larger coordination numb&ishow better properties and volume fraction of superconducting
(SO phase is very important to have fini@onzerg | .. This indicates that it is very effective for improving
the properties of the tapes to fabricate the tapes consisting of Zaggains and having high volume fraction

of SC phase.
DOI: 10.1103/PhysRevB.67.184509 PACS nuni®er74.81-g, 74.72.Hs
|. INTRODUCTION number and location of the weak links determine the current

flowing path and the generation of voltage over the sample?

Superconducting Ag/Bi2223 tapes are eminently suitablehus it is very interesting to investigate how the weak links
for many power applications and electric devices and actuaffect the generation of electric field or theV characteris-
ally, they have appeared on the market in recent years. Howtics of the tapes. Indeed, many researchers have studied the
ever, because of many difficulties in manufacturing processhehavior of the weak links in Ag/Bi2223 tapes. By theoreti-
it is hard to say that the products make the most of thecal approaches, many researchers studied the inhomogeneous
potential of the superconductor. Théiv characteristics are current distribution of the Bi system so far. The brick-wall
regarded as one of the performance indicating factors of thmodel?® the railway switch model® and the freeway
tapes. It has a feature that the electric field is moderatelynodef are some of the examples.
generated in the vicinity of its critical current, suggest- Many oxide superconductors have anisotropic current
ing that the transition from superconductit§C) state to transport properties and supercurrents flow preferentially in
nonsuperconductingnon-SQ state is not sharp. In a practi- the ab plane. Particularly in tape-shaped samples, crystal
cal point of view, this transition is desired to be an abruptgrains havec aligned, perpendicular to the tape surface mi-
one. Therefore it is important to elucidate the mechanismgrostructures and their homophase grain boundaries act as
leading the characteristics to such behavior. This feature i§eak links. Taking these into account, it is suggested that the
suggested to be affected by a complicated microscopic Cugsrrent transport in tape samples gives quasi-two-
rent transport over the tapes which is related to the localimensional behavior with weak link network along the

non-SC transition _caused by the inhom_og_en_eities in t¢)road face of the tape. For example, in Ag/Bi2223 tapes,
tapes. In order to improve the property, it is important toplatelike grains with dimensions of Q10X 1 xm® are in-

clarify the microscopic current transport properties of theCluded by 4x10° in the sample volume of 104

tapes in detail. In other words, we must find how the micro- ; i

. - % 0.02 mn?, which we usually use with respect tev mea-
scopic inhomogeneities affect and change the overall currerit i o
transport surements. There exist so many grains in the tapes that a

Weak links at homophase grain boundaries are regardeﬁaﬂsnc,al treatment is highly requested.. Making use of thesg,
as one of the factors limiting the transport properties of Ag/2nd owing to the recent great progress in computers, numeri-
Bi2223 tapes. At those boundaries, the local current is lim£al analysis ofl -V characteristics of oxide superconductors
ited by de-coupling of Cooper pair and flux flow. It is known With presumptive space lattices are performed by many re-
that the weak links form various shapes of network in thesearchers. The representative of the lattices used in such re-
tapes and the strength level lofat each weak link is widely ~Ports are squar€,'® hexagonal'~*” and simulated real lat-
distributed because of the inhomogeneities example, dif- tice based on electron backscatter diffraction pattern
ferent orientation angles at tilt and twist grain boundaries map*®*® The examined matters in those reports are
the sample. Sivakoet al. reported the investigated results of various—calculation of-V characteristics, evaluation bf,
the spatial distribution of critical current densities in the fila- scaling law, etc. However, there are few systematized reports
ments of Ag/Bi2223 multiflamentary tapes using low- exclusively focused on Bi system.

temperature scanning laser microscope their report, they Therefore, in the present paper, the object of our analysis
concluded that Josephson weak links are one of the curreiig fixed to Ag/Bi2223 tapes and numerical analysis is carried
limiting factors of the tapes. out on the basis of the two-dimensional model. In the model,

The current is thought to be fond of flowing through the we regard grain boundaries as weak links and tapes are re-
route that makes the least loss. In such an inhomogeneoggrded as SC and non-SC elements connected by weak links
system, in what manner does the current flow? How do thevith coordination numbeZ. On the basis of the model, cur-
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FIG. 1. Schematic figure of the weak link network. Symbols and L
straight lines represent SC or non-SC elemdgtsy: SC; black:
non-SQ and weak links(thin: SC; bold: insulating respectively.
The current runs to the right.

? (®) (b)

rent transport in the tapes was calculated by accounting for FiG. 2. The connectivitC and the voltage generation between
prObabl“ty distribution. Further the influence of the differ- a column and the next. This figure corresponds to the €as@.
ence in the critical current distribution originating from local Hexagonal symbols are SC elements. Bold lines are non-SC weak
inhomogeneities at weak links upon the/ characteristics links or insulating ones(a) Electric field isnot generated. Arrows
over the sample, and current transfer properties in the tapespresent supercurrent pattib) Electric field is generated. Black

are investigated. arrows mean the current detour to Ag sheath.
Il. MODEL distribution, weak links are divided into SC ones and non-SC
ones according to a certain probability when the current is
A. System applied. We express this probability of transition to non-SC

In order to simplify the discussion, we treat a single grainState asp. After all links are divided into SC and non-SC
as an element in the system of the model. Further we regar@€s according tp, whether the voltage is generated or not
Ag/Bi2223 tapes as the systems consist of a large number & determined as follows.
elements linked by weak links. The shape of the elements is, AS illustrated in Fig. 2, we focus on the column of weak
for the simplicity, assumed to be regular hexagon because {#ks connecting elements along current flowing direction
has the maximum angle among the regular polygon by whictimore accurately, 30° inclined directiors the applied cur-

a plane can be laid all over. In the systemdselements are in  'ent increases, the number of the links that state become

a column andN ones are in a row. The schematic figure of NON-SC increases. When fairly large number of weak links
the systems is presented in Fig. 1. break, all links included in a column happen not to be super-

This figure represents an overlooking view of the tapescurrent paths and the current cannot flow from one column to
The current runs to the right and the reverse current flow ighe next(from left to righy without dissipation. In short, an
not taken into consideration. In the experimental samplesglectric field is generated. In the calculation, we assume that
there are not only SC phasd®i2223 but also voids, the voltage generated in the system is caused by the Joule
cavitie$® or non-SC phases like CuO. In order to take this€nergy loss following the detour of current into Ag sheath
into consideration, we introduce the probability whether eacfihat has less resistivity than normal state oxide. Here, we
element is SC or not, namely the volume fractivip of  leave energy dissipations by flux flow out of consideration.
Bi2223 phase. According td;, each element is divided into Strictly speaking, the resistivity is regarded as the summation
SC oneggray symbols in the figujeand non-SC oneflack ~ Of the resistance of Ag sheath and the contact resistance at
symbols in the figure In addition, since there exist perfectly the interface with superconducting layer. However, because
non-SC (insulating links because of its bad alignment or _of the fol_lowmg reason, the C_or_ltnbunon from the mte_rface is
residual carbon around there, we introduce the effective cdgnored in this study. When it is supposed that the interface
ordination numbetZ. It represents the averaged number ofarea §) is 4x 10" cn? (the width of the tape times the
SC links come out from one element and(EB)/6 of the all ~ diameter of grains the contact resistanqe/S; [contact re-
links are suggested to be insulating link®Id lines in the ~Sistivity pi=10 ** Q-cn? (Ref. 21] is estimated to be the
figure). This is the system we use in numerical analysis. ~Same order with the resistance of the Ag she@tscribed
elsewhere in Sec. IEand the exact value 0§ is very
difficult to assess qualitatively.

In the actual current flow, when the current concentrates

In this subsection, how the voltage generation is considen narrow spaces, the current density at such position is lo-
ered in the model is stated. When the transport current isally increased and the transition from the SC to the non-SC
applied to the sample, at the weak links where the currenstate would occur. In order to take this into consideration, we
exceeds the. of the links, the transition from SC state to introduce the connectivitfC (which corresponds to the in-
non-SC state occurs. In other words, since théhave a verse of the current carrying capagitgsnd judge whether

B. Voltage
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3 E //'\ .
30 5_ _5 FIG. 4. Schematic figure of grain boundary. The grain boundary
S = 3 width w is illustrated. Effective barrier thickneskis defined asl
H| s 3 =W+2\,p-
0 E
E 3 D. Conversion ofp into |
10 3 E In this and the next subsection, the way to convert the
E 3 p-W curve into thel -V curve is proposed. In this subsection,
= 3 p is converted td and the next subsectioW is converted to
- g 3 V.
ezt I 1 1 1 1 I 1 1 1 1 I 1 1
0 0 5 10 15 90 The transition probabilityp would be regarded as the
T[A] function of transport current temperaturel, and magnetic

field B. In this report,T andB are assumed to be fixed apd
FIG. 3. Experimental curve and the fitted WDF. Circles are mea—COUId _be expres_seq 5= P(I)' Since crltlpal currents at .
sured data and the thin line is once integrated WBE. (4)]. weak links are distributed in accordance with some probabil-

ity distribution functionf(l), P(l) is expressed as

voltage is generated or not. For example, we explainGhe [
=2 case. When more than tw€&2) SC weak links along P()= fof(|)d|- (1)
transverse direction are connected like Fig)2the voltage

is not generated. When such patterns do not exist, like Figrherefore, if we fixf(l), we can converp into | from the
2(b), the current detour into Ag and the voltage is generatedequation

=P Y(p). ®)
C. Calculation procedure ) . .
) ) Thus thep-W curve is converted into the-W curve. This
The calculation procedure is as follows: . curve expresses the proportion of the columns which have no
(i) The number of elementsl andN, effective coordina- gc paths against the transport current.
tion numberz, and connectivityC are voluntarily fixed and Since the exact shape of the functib(l) is uncertain
(6—2)/6 of the all links are set to insulating links spatially at now, we assume a$(l) the Weibull distribution function
random. (WDF),?2 which means the distribution of critical currents in

(i) Volume fractionV of SC elements is fixed. In accor- a one-dimensional weak link chain. The expression of WDF
dance withV;, SC elements and non-SC elements are spais
tially distributed at random.

(i) The probability of being non-SC linkp, is deter- . _

. - _ . . g(l)=m (I_Imln)mflex _ (l_lmln)m .
mined (initially p=0.0 and increased as calculation pro- Lolla[m c Lollam c
. , . N ollol ollol
ceed$ and in accordance with, weak links are divided into @)
SC ones, and non-SC ones spatially at random. ,

(iv) It is examined whether supercurrent penetrates frontlere, the parametens, 1¢", andL/L|lo|™ denote shape
theith weak link column perpendicular to the current direc-factor, minimum critical current, and a constant, respectively.
tion to the next column or not according to the manner ex¥When the mechanism of the voltage generation is assumed to
plained in the previous subsection. This is executedifor be the Joule energy loss,
=1 to N and the proportion of voltage generating colukivh

is calculated. n(l) ' min

The procedure mentioned above is repeated as follows. N Iming(l)dlzl_exi{_ Lo/l |m(|_|c )™ (4)
(i) — (i) — (iii )— (iv) — (add Ap to the probability p) ¢ oo
— (iif) —(iv) — (addAp to p) (iii) —(iv)—--- . Finally, we  (N: number of weak linksn(l): number of weak links in

obtain ap-W curve. The initial value op is set to 0.0 and non-SC state whehis applied is satisfied. Making use of
Ap is set to 0.001. The calculation is performed umgil this equation, the parameters are obtained from the experi-
comes to 1.0. In the calculation, the process is assumed to lmeental curve. Since

non-Markov one. Once a weak link becomes non-SC state, it

never returns to be SC state until the calculation will be n(l)

completed. In this report, this set of calculation is repeated V=R(HI=rn(h)! =IN—! ®)

50 times and averaged data are converted intb-¢ncurve

according to the method described in the next subsections.s satisfied, from the equation
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100 T TABLE I. |, andn value dependence dv.
i M le (A) n
80
I 46 17.1 64.4
94 17.3 74.0
= 60 186 17.4 76.2
=Y 372 17.5 69.1
> 40
the non-SC column, we calculate the voltage using the resis-
tivity of Ag, pag at each column. In this case, it is a question
20 of to what extent the current flows spatially, or how long is
the effective barrier widtld of the grain boundaries. There is
0 a report about current distribution between Ag and oxide in

Ag/Bi2223 tapes using the one-dimensional two-layered
model?* Chaet al. said that the ratio of the current flowing
in Ag and oxide is very sensitive to the ratio of interfacial
FIG. 5. Calculated results dfV characteristics for the systems esistance and Ag resistance, and they referred to the relax-
with different number of rows. ation distance just like an effective barrier width. However,
in our report, the interfacial resistance is neglected and this is
nl) 1V not applicable. We think therefore thdtis expressed as the
N INT 1-exg — Lpm (6) summation of the grain-boundary width and the penetra-
ol ol tion depth of Bi2223 along thab direction\ ,,~200 nm?®
we can execute fitting by least-squares method. We mad€he absolute value ofv is estimated as follows. From the
monocore Ag/Bi2223 tapes and todk/ measurements by analysis using the x-ray pole figure, it is estimated that the
the method described elsewhere in Ref. 23. As a result, waveraged misorientation angle of Bi2223 grains alongcthe
got the parametersl Z“”z 8.34 A, m=1.37, L/Lg|lo|™ axisin our samples is nearly equal to 9°, so we propose the
=0.040 for a sample measurement. In this paper, we usaveraged structure depicted in Fig. 4. As defined in the fig-
these parameters for the calculation. The experimental andre, the grain boundaryw has maximum valuewp,y
fitted curve are displayed in Fig. 3. The other properties of=2t sin¢, wheret is the thickness of grains and is the
the sample are as followd, determined with the usual misorientation angle. In this studg=9° andt=1 um lead
1-uVicm criterion is 7.62 A and tha value calculated by t0 Wp~0.31um, and the minimum valugvy,;,=0 pum.
the slope of the log-log-V curve between 0.1 and AV is Hence we take an average and estimate(W .+ Wmin) /2

(| _Ignin)m

20.4. ~0.16 um. Taking this into account, we use the effective
barrier thicknessd=w+2\,, and d=~0.56 um. Thus the
E. Conversion of W into V resistivity of each column is
In this subsection, the way to conveff into V is ex-
plained. When the current makes a detour into Ag sheath at d
0 T T T rEpAgS_Ag (7)

Here, pag=2.9x10"" Qcm (at 77 K (Ref. 26 and the

E cross section of Ag sheath perpendicular to the applied cur-
60 |

rentSyy=2.0x10 3 cn? lead tor =8.1x10 ° Q.
We definen(l) as the number of columns which cannot
= pass through the supercurrent therefB(¢) becomes
40
n(l
= R(I):rn(l)er%erW. (8)

20 |
Y TABLE Il. 1. andn value dependence dx.

; N I, (A) n
0k
135 17.7 97.2
T [A] 269 17.6 77.5
539 17.6 73.0
FIG. 6. Calculated results ¢fV characteristics for the systems 1077 17.5 69.1

with different number of columnsil.
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FIG. 7. Calculated results ¢fV characteristics for the systems FIG. 8. Calculated results ¢fV characteristics for the systems
with different effective coordination numbé&: with different volume fractiond/;.

On the other hand, the generated voltage of the systeém is . RESULTS AND DISCUSSION

=R(1)I. From those equations, ) .
In the following subsections, the calculated result$-df

curves and the effects of the change in each parameter are

V=rNWI 9 summarized.
is derived. By use of this Eq9), we convertl -W curve into _
|-V curve. From the converted curvk, is calculated using A. System sizeM and N
1-uV/cm criterion and then value is calculated by the slope In Figs. 5 and 6, the calculated dependence-Wfcurves
of the log-logl-V curve between 0.1 and AV. on the number of the rowM and on the number of the
columnsN are indicated. Moreovel,. and then value of
F. Default parameters each curve are listed in Tables | and Il in detail.

In this subsection, we describe how to determine the de- In Fig. 6, the curves are normalized tb=1077 for com-
fault value of the five parametemd, N, Z, V;, C before parison because they must be compared in the same voltage

. : tap separation.
starting calculation. The broad surface of the sample used tgl . L .
9 b When the current increases, the electric field is moder-

be fabricated is about 304 mn? and platelike Bi2223 _ L . )
grains are about with dimension of X0 xm?. Therefore ately gengrated n t_he vicinity .Of I fqr all curves. .Th'S
we fix the element area which represents a single grain tg€havior is qualitatively coincident with the experimental
10X 10 wm?, resulting in the regular hexagon with one sideOne. As seen in Fig. 5, it is revealed that t.he slope of the
(200/3,3)12 um. The elements are laid all over the areaCurves become more gradu@lut then vglue is not mono-
10x4 mn?, andM and N are determined by executing a tone decreasingand | . become higher in accordance with
division. Namely,M = 372 andN = 1077 are used as the de- increasingM. It is the consequence of the fact that laige
fault parameters. systems have many SC paths compared to the dvhalhes

For the effective coordination numb&rand the connec- iN the same column if the transition probability at each weak
tivity C, the ideal situationZ=6 andC=1) is chosen for llnks is the same.

the default. For the volume fractiory, the averag®/; of our ~ On the other hand, as shown in Fig. 6, the curves are
samples, usually 0.90 is the default. similar for differentN, apparently. However looking at the

result Table Il carefully, it can be found thé and then
values decrease in accordance with the increads. imhis
tendency of the decrease lipis originated from the equiva-
lence of the decrease iN and the relative increase .

TABLE Ill. |, andn value dependence ch

z le (A) n : . o .
However, the opposite tendency imvalues is inconsistent

3 11.3 18.6 with what is expected by the relative increaseMh The

4 14.1 39.7 reason might be that the absolute value of the generated volt-

5 16.1 53.0 age becomes larger with decreasiNgvhen a column be-

6 17.5 69.1 comes non-SC and this effect is stronger than that caused by

the relative increase iM.
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TABLE IV. I, andn value dependence ov. 80 [
Vf Ic (A) n
0.60 125 21.0 60 F
0.75 155 45.2 3
0.90 17.5 69.1 .
1.0 18.6 86.6 e
=40
S
B. Effective coordination number Z
The calculated -V characteristics for the systems with 20 |

different coordination numbef are shown in Fig. 7.1, and

n values of each curves are listed in Table Ill in detail. As
shown in the figure, larget system have steeper slope in the
[-V curve and highet.. This is because the amount of the
total current flowing without dissipation becomes larger
when there are a lot of SC paths in the system. When fixec
possibility p is given, it can be expected that the large
elements have more SC paths than srdalhes have. Here,

it would be noted that the important factor is not the total

number of the links but the number of paths rooted from one ] ]
grain. For example, the systems witiZ=<6M =186N values ofl ; andn values are in Table IV. The highég and

—1077), @=6M=372N=539), and Z=3M=372N the largern values are obtained for the high® and this
=1077) have almost the same number of the total links, bufiePendency is the same as ihdependence. The increase of

the characterisitics of the former two systems are extremely 1S Suggested to have the same effect as that o |-V
different from that of the latter one. characteristics in the point of having many paths rooted from

From the results, one would notice that bogrand then ~ €ach grainsV; has a strong effect oh; and n values in
value are more sensitive to the paramefghan to the pa- comparison withM or N do as well a<Z. It is revealed that
rameterM or N. This indicates that it is important to make the increase of the volume fraction makes a great contribu-
well-aligned grains, less carbon-resided and less precipitate#Pn to the improvement of the sample.

grain boundaries for the improvement of the performance of [N order to investigate the effect of the chang&/iron the
the tapes. characteristics from a different point of view, the dependence

of I, on V; is investigated. The results are shown in Fig. 9.
As is shown in the figure, it is revealed thiatdrops in the
vicinity of a certain threshold/y,, when V; decreases. At
The calculated -V curves for the systems with four dif- \,=1.0, all systems have.>10 A, butl, drops in the vi-
ferent volume fractiond/; is shown in Fig. 8 and detailed cinity of V,,,=0.81, 0.68, 0.59, 0.54 fafZ=3, 4, 5, 6 sys-
tem, respectively. It is revealed that the largdattices need
Z U a smaller volume fraction of Bi2223 to have finit@onzerg
- I than smallZ ones need.

I[A]

FIG. 10. Calculated results ofV characteristics for the systems
with different connectivityC.

C. Volume fraction V;

15 I D. Connectivity C

In Fig. 10, the calculated dependencd 4f curves on the
connectivity C is indicated. The detailet, and n value of
each curve are listed in Table V. &Sincreasesl . decreases
abruptly and then value is nearly the same for each system.
C means the inverse of the current carrying capacity of each

° TABLE V. |, andn value dependence db.
C Ie (A) n
0
1 17.5 69.1
2 13.1 72.0
4 10.8 85.3
FIG. 9. Change of as a function of volume fractio¥; for the 8 9.3 81.7

systems with different effective coordination numlzervy,, is the 16 2.0
threshold of the volume fraction.
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s | ] F
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E SN
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i 1 0.1
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FIG. 11. Histogram of calculatet, for 50 times independent FIG. 13. Calculated-V curve with default parameters in loga-
trials. rithmic coordinates.

element and this tendency indicates thatlecreases in ac- related to the well-known results thatvalues have the large
yariability in experimental measurements.

cordance with the decay of the ability to endure the curren . .
: The absolute magnitudes of values obtained from the
concentration. ; .
calculations seem to be generally larger than those obtained
by the experiments. In order to discuss this phenomenon, the
log-log plot of the calculated-V curve with the default pa-
) o ) . rameters is shown in Fig. 13. As appeared in the slope of the
In numerical analysis with stochastic processes like th@yrye, then value is largely affected by the range of voltage
calculation in this report, the obtained results are disperseqynere then value is calculated. In the figure, the voltage
or different in each trial. In order to evaluate the degree okange used in the calculation is indicated by the dotted lines.
dispersion, we investigate the calculatgandn values with | order to show that plainly, the first-order differential curve
default parameters for 50 times independent trial. Results aig indicated in Fig. 14. In this figure, the current range is
shown in Figs. 11 and 12 in histogram. As shown in thejngdicated by the dotted lines. Thevalue is nearly equal to
figures,I. andn values are scattered around the maximunhe average of the ordinates included in the range. Therefore
likelihood value. The coefficient of variation which is the if the range shifts to the rigl"mo h|gher current or h|gher
standard deviation d|V|dEd by the average is 0.0031I £0r V0|tage’ the n value becomes small, and vice versa. The
and 0.18 for then value. It is found that. have much less result that the calculated values are larger than the experi-
relative deviation than the value. This tendency would be mental ones suggests the next possibilitiésThe voltage
value generated when a column becomes to non-SC is

E. Statistical matters

12 T T T T T T T T T T T T T T T T T
I 200
07 I [ |
s L - ] 150 [ 1
B ~ I :
= EN) :
) el :
o 1 S 0 =
£ 100
e -~ I
= =10]
4 7 2 :
S |
5 ) 50 b
0 1 1 1 1 r : E
48 56 64 72 80 8 96 104 112 120 0 i .
n 17 18 19 20 21
I'[A]

FIG. 12. Histogram of the calculatedvalue for 50 times inde-

pendent trials. FIG. 14. First-order differential curve of IdgogV.

184509-7



KAZUHIRO OGAWA AND KOZO OSAMURA PHYSICAL REVIEW B 67, 184509 (2003

smaller, or, the effective barrier thicknedss thinner in re-  merical analysis. The following results are obtain@git is
ality than in the assumption we mad@) The real probabil- revealed that the lattices having larger coordination number
ity distribution functionf(l) has a wider shape than the as- Z show better propertiesii) Volume fraction is very impor-
sumed function. tant to have finiteg(nonzerg I.. (iii) It is very effective for
improving the properties to fabricate the tapes consisting of
IV. SUMMARY large Z grains and having high/; of the SC phase.

In order to investigate the influence of the microscopic
inhomogeneities like widely distributeld on I-V character-
istics of the Ag/Bi2223 tapes, we have proposed a two- This study was partially supported by the Japan Society
dimensional weak link network model and carried out nu-for the Promotion of Science.
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