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Connectivity and limitation of critical current in Bi-Pb-Sr-Ca-Cu/Ag tapes

K.-H. Müller, C. Andrikidis, J. Du, K. E. Leslie, and C. P. Foley
CSIRO, Telecommunications and Industrial Physics, Lindfield, Australia 2070

~Received 4 May 1998!

We have shown experimentally that the remanent magnetic moments of Y-Ba-Cu-O thin-film networks and
of Bi-2223/Ag monofilamentary tapes show remarkable similarities, as their magnetic moments are both
composed of intersquare~intergrain! and intrasquare~intragrain! magnetic moments. Starting from the geo-
metrical definition of connectivity in a thin-film network, we show that connectivity in a Bi-2223/Ag monofila-
mentary tape is solely defined by the ratio of the average grain size to the width of the superconducting core
and by the ratio of the intergrain to intragrain remanent magnetic moments at saturation. The measured upper
limit for the connectivities ranged from 4.231023 in a tape with low critical current densityJc to 2.9
31022 in a tape withJc(77 K,0 T).23108 A m22. Our study reveals that even good Bi-2223/Ag tapes suffer
from very low grain connectivity. We estimate that in the case of perfect connectivity aJc(77 K,0 T) between
83109 and 631010 A m22 would be achievable.@S0163-1829~99!03925-9#
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I. INTRODUCTION

Monofilamentary and multifilamentary silver-cla
Bi-Pb-Sr-Ca-Cu~Bi-2223/Ag! tapes of kilometer length hav
been fabricated1 using the powder-in-tube method where
high c-axis alignment of grains in the filaments is achiev
by a combination of pressing, rolling and heating.2–4 The
critical current density reached is typically 23108 A m22 at
a temperature of 77 K in self-field, though short pieces
some tapes5,6 show critical current densities higher than
3108 A m22. These encouragingly high critical current de
sities have led to the fabrication of prototype power cab
magnets and motors.7,8

The grains in a superconducting filament of Bi-2223/A
tapes have the shape of small platelets with large aspec
tios of typically less than 1mm thickness in thec direction
and an average diameter of about 20mm in the a and b
directions.9,10 The platelets generally align within 5°–10° o
the c direction of the tape,11 and thea and b directions are
oriented at random from platelet to platelet. The grains
connected by grain boundaries at different misalignm
angles, and there are often voids between grains.12 Because
of the small coherence length in the Bi-2223 material, gr
boundaries act as Josephson weak links if the misalignm
angle is greater than about 5°.13 This is very different in
low-temperature superconductors where the cohere
length is larger by about a factor of 10 and grain bounda
do not generally act as weak links.

The critical current of a granular high-temperature sup
conductor such as the Bi-2223/Ag tape is determined by
independent factors. The first factor is the grain connectiv
and the second the critical current density in the grains a
ciated with flux line pinning. In this paper, we first define t
connectivityC and then show results of connectivity me
surements. In Sec. II we introduce connectivity for the c
of a thin-film network whereC can be defined based on th
geometry of the network. In Sec. III we define an equival
connectivity for a Bi-2223/Ag monofilamentary tape. In Se
IV we describe some experimental details, and in Sec. V
discuss the measured connectivities of two thin-film n
PRB 600163-1829/99/60~1!/659~8!/$15.00
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works and of three different monofilamentary Bi-2223/A
tapes. The very low connectivity in the Bi-2223/Ag tapes w
examined reveals that granularity strongly limits the tra
port current density.

II. DEFINITION OF CONNECTIVITY
IN A THIN-FILM NETWORK

Let us first consider a superconducting thin-film netwo
of n3n squares withn@1. Each square has a width of 2s,
and the squares are joined by bridges of widthb and length
h. The thickness of the thin film isd. A network of this type
is shown in Fig. 1. The connectivityC of such a network can
be defined in geometrical terms as the ratio of the brid

FIG. 1. n3n Y-Ba-Cu-O ~YBCO! thin-film square array net-
work where squares of width 2s are joined by bridges of widthb
and lengthh. A magnetic fieldHa is applied perpendicular to the
network. Schematically shown are the induced concentric in
square currents~full line! which circulate over the full array while
intrasquare currents~dashed line! circulate inside the squares. Whe
after zero-field cooling the fieldHa is increased, intersquare an
intrasquare critical currents circulate clockwise.
659 ©1999 The American Physical Society
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660 PRB 60MÜLLER, ANDRIKIDIS, DU, LESLIE, AND FOLEY
width b to the sum of square-width 2s and gap widthh, i.e.,

C5
b

2s1h
. ~1!

In the case where the bridge widthb is zero, the connectivity
is zero as squares are fully separated by gaps, while fob
52s andh50 the connectivity is maximal, i.e.,C51.

In the case of a superconducting thin-film network of th
kind, the intersquare critical current densityJc

I is given by

Jc
I 5

b

2s1h
Jc ~2!

or, equivalently,

Jc
I 5CJc , ~3!

whereJc is the critical current density of the supercondu
ing thin film, i.e., Jc is the intrasquare critical current den
sity. Equations~1! and~3! show thatC is determined by the
geometry of the network or, alternatively, by the ratio of t
intersquare to intrasquare critical current densities.

One way to obtainJc
I and Jc is to determine the magni

tudes of the intersquare and intrasquare remanent mag
moments,mR,s

I and mR,s
G at saturation. Let us assume th

after zero-field cooling an increasing magnetic fieldHa is
applied perpendicular to a thin-film network such as the o
shown in Fig. 1 and thatHc1!Ha whereHc1 is the lower
critical field of the thin film. An intersquare current will b
induced as schematically indicated in Fig. 1~clockwise flow
direction! and will gradually reach its critical current valu
of I c

b5bdJc . Intersquare currents first saturate in the ou
bridges, and with increasing applied field, current satura
moves inwards. When the applied field is decreased from
maximum valueHm , the intersquare currents start flowing
the opposite direction~counterclockwise in Fig. 1!, a process
which starts from the outside and moves inwards while
field decreases. At zero field the intersquare currents prod
the intersquare remanent magnetic moment. Saturation o
intersquare remanent magnetic momentmR

I is achieved by
applying a sufficiently high field such that after returning
zero field, the maximum intersquare currentI c

b is flowing in
the opposite direction in all bridges. While the applied fie
is increased, intrasquare currents are induced in the squ
Here the process of saturation is similar to that of the in
square moment. Saturation of the intrasquare remanent m
netic momentmR

G is achieved by applying a sufficiently hig
field such that after decreasing the field to zero, the
trasquare current is at its maximum value ofI c

G5sdJc @as-
suming b!(2s1h)# and is flowing in opposite direction
~counterclockwise! in all squares. The sum of the intersqua
and intrasquare remanent momentsmR

I and mR
G is the total

remanent magnetic momentmR . If there are no bridges be
tween the squares, currents will be induced in all squa
without any shielding effects from intersquare currents.

Using the definition of the magnetic momentm, where

m5
1

2 E r3J~r !d3r ~4!
-
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@r is the spatial vector andJ~r # the current density at pointr !
one obtains for the intersquare remanent magnetic mom
in a perpendicular applied fieldHa ~see Fig. 1! at saturation
(Ha→`)

mR,s
I 5

4

3
w3dCJc . ~5!

Here,w is the half width of the network array~see Fig. 1!
and d the thickness of the film. The intrasquare reman
magnetic momentmR,s

G at saturation, which originates from
thin-film array of squares without bridges is~Fig. 1 with b
50!

mR,s
G 5S 2w

2s1hD 2 4

3
s3dJc . ~6!

Here, the factor@2w/(2s1h)#2 is the number of squares i
the array and 4s3dJc/3 is the remanent magnetic moment
saturation of a single square of width 2s and thicknessd.

From Eqs.~5! and~6! we derive for the connectivityC the
expression

C5
s3

w~s1h/2!2

mR,s
I

mR,s
G . ~7!

The superconducting volume fractionf s of the network in
Fig. 1 is

f s5
s21hb/2

~s1h/2!2 . ~8!

Assuminghb!4s2, i.e., the bridge area is small compare
to the area of a single square, one finds

C5 f s

s

w

mR,s
I

mR,s
G . ~9!

If b!(2s1h) ~small connectivity! one can use the fact tha
the total remanent magnetic moment,mR,s , at saturation is
given by

mR,s5mR,s
I 1mR,s

G , ~10!

which gives for the connectivity the expression

C5 f s

s

w S mR,s

mR,s
G 21D . ~11!

If the conditionb!(2s1h) does not hold, the expression fo
mR,s

G of Eq. ~6! has to be modified by including the inte
square current which flows through each square which
lead to a smallermR,s

G .

III. DEFINITION OF CONNECTIVITY
IN A Bi-2223/Ag TAPE

In order to determine the connectivityC of a Bi-2223/Ag
monofilamentary tape, we use Eq.~3! and define

C5
Jc

I

Jc
. ~12!
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Using Eq.~4! one derives for the intergrain remanent ma
netic moment at saturation in a perpendicular field

mR,s
I 5DJc

I S La22
2

3
a3D , ~13!

whereL is the length of the tape,D the average thickness o
the superconducting core,a the half width of the core, andJc

I

the intergrain critical current density~transport critical cur-
rent density! of the tape.

Assuming that the grains in the tape are thin platelets
average radiusRG and that the applied field is perpendicul
to the platelets, one derives for the intragrain remanent m
netic momentmR,s

G at saturation

mR,s
G 5

2

3
f saDLRGJc . ~14!

f s is the superconducting volume fraction andJc the intra-
grain critical current density. From Eqs.~12!, ~13!, and~14!
one obtains for the connectivityC of a Bi-2223/Ag monofila-
mentary tape

C5
2

3
f s

RG

a~122a/3L !

mR,s
I

mR,s
G . ~15!

Or if C!1,

C5
2

3

RG

a~122a/3L ! S mR,s

mR,s
G 21D , ~16!

where Eq.~10! has been used. Equation~15! is very similar
to Eq. ~9! where Eq.~9! can be obtained from Eq.~15! by
settingL52a ~square shaped superconducting core! and us-
ing RG→s anda→w.

It is not surprising that Eqs.~15! and~9! are similar. In a
simplistic picture, the core of a Bi-2223/Ag tape can
viewed as an array as in Fig. 1 wheres represents the aver
age radiusRG of the grain platelets in the core andb the
average width of strong links. The gaph in Fig. 1 is a mea-
sure of the void content. A somewhat improved pictu
would be to think of the core of a monofilamenta
Bi-2223/Ag tape as being made up of thin layers of ma
networks such as the one shown in Fig. 1, stacked on to
each other, where the layers are insulated from each o
but where the layers are not aligned. The thickness o
single layer would resemble the average thickness of
grain platelets. Interestingly, any random alignment has
effect on the values ofmR,s

I and mR,s
G in a perpendicular

applied field. An even more refined picture would be that
layered networks whereRG , b, andh are randomly chosen
from the corresponding distributions found in Bi-2223/A
tapes.

In the case of a thin-film network, connectivity can b
defined solely in geometrical terms as was done in Eq.~1!. In
the case of a Bi-2223/Ag tape the situation is more com
cated. Here bridges are thought to correspond to g
boundaries with a misalignment angle less than a cer
critical angleQc , which might be between 5o and 10o. For
Q,Qc the Josephson critical current densityJc

GB of a grain
boundary is greater than or equal toJc , and the grain bound
ary acts as a strong link, similar to the bridges in a thin-fi
-
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network. ForQ.Qc , Jc
GB drops rapidly with increasingQ

and the grain boundary no longer behaves as a bridge
more similar to a gap or a very weak link.13 Therefore, in the
case of a monofilamentary Bi-2223/Ag tape, connectiv
measures the ratio of the projected area~in macroscopic cur-
rent flow direction! of strong-link grain boundaries to th
transverse cross-sectional area of the superconducting
For a multifilamentary tape connectivity can be defined in
similar way.

It seems appealing to discuss an alternative way of de
minating the connectivityC of a tape by measuring the in
tergrain characteristic field

HD5Jc
I D/p ~17!

and to measure the average field of full penetrationH* of the
grains whereH* is proportional toJc . HD can be deter-
mined by measuring the remanent intergrain magnetic m
mentmR

I as a function of the maximum applied fieldHm as
follows. According to Ref. 14,mR

I of a superconducting strip
(D!a!L) can be written as

mR
I 52pa2LHDF tanhj22 tanh

j

2G , ~18!

where j5Hm /HD . Using Eq. ~18!, one can show tha
dmR

I /d(log10Hm) has a maximum atHm5Hm
I where

Hm
I 51.9687HD . ~19!

If one assumes that the grains in the tape are stacke
top of each other~along thec direction! and thus mutually
shield each other, one can approximately describe the gr
as cylinders of average radiusRG and lengthD, with the
cylinder axis in thec direction and a demagnetizing facto
close to 0. Then

H* 5JcRG . ~20!

If on the other hand one approximates the grains by magn
cally isolated, disklike platelets of radiusRG and thicknesst,
wheret!RG , then15 the demagnetizing factor approaches
and one has

H* 5Jct/2. ~21!

Depending on which case is realized,H* can be deter-
mined by measuringmR

G as a function ofHm as follows.
Approximating the grains in the tape by long cylinders
radius RG and lengthD where D@RG , one finds for the
intragrain remanent magnetic moment16,17

mR
G52 f saLDH* 5

1

2
h22

1

4
h3, 0<h<1,

2
1

3
1h2

1

2
h21

1

12
h3, 1<h<2,

1

3
, h>2,

~22!

whereh5Hm /H* andH* 5RGJc .
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Using Eq.~22!, one can show thatdmR
G/d(log10Hm) has a

maximum atHm5Hm
G , where

Hm
G50.8889H* . ~23!

From Eqs.~12!, ~17!, ~19!, ~20!, and~23! one obtains

C5
0.8889

1.9687
p

RG

D

Hm
I

Hm
G . ~24!

Alternatively, approximating the grains of the tape by th
platelets of radiusRG and thicknesst, one finds for the in-
tergrain remanent magnetic moment15,16

mR
G5 f s

4aLD

3p
JcRGF2arccosS 1

coshh D2
sinhh

cosh2 h

12 arccosS 1

cosh~h/2! D12
sinh~h/2!

cosh2~h/2!G , ~25!

whereh5Hm /H* with H* 5Jct/2. Using Eq.~25!, one can
show thatdmR

G/d(log10Hm) has a maximum atHm5Hm
G ,

where

Hm
G51.5425H* . ~26!

From Eqs.~12!, ~17!, ~19!, ~21!, and~26! one obtains

C5
1.5425

1.9687

p

2

t

D

Hm
I

Hm
G . ~27!

Equation~27! differs from Eq. ~24! in that it contains the
factor t/D instead of RG /D. In a Bi-2223/Ag tape,t
,1 mm, and thust!RG . Equations~27! and ~24! were de-
rived under extreme assumptions about the demagneti
factor of the grains which lead to rather different expressi
for C. This clearly suggests that trying to determine the c
nectivity C from HD andH* is not suitable as the relation
ship betweenH* and Jc is not sufficiently well known. In
contrast, the intragrain magnetic moment at saturation is
tally independent of any assumption about the demagneti
effect of grains. ForHm@H* ~saturation! one obtains from
Eq. ~22! as well as from Eq.~25! the expressionmR,s

G

52 f saDLRGJc/3, which is Eq.~14!. Therefore, the connec
tivity C of a monofilamentary Bi-2223/Ag tape should b
determined by using Eq.~15! wheremR,s

I andmR,s
G enter, and

not from Eqs.~24! or ~27! whereH* enters.

IV. EXPERIMENT

High quality YBCO/MgO thin films were patterned int
arrays ofn3n squares with and without joining bridges.
ng
s
-

o-
g

n3n network with bridges is shown in Fig. 1 where the tot
width of the array is 2w, the width of a square is 2s, the
bridge widthb, and its lengthh. Four arrays were produced
two arrays withn516, one with and one without bridges
and two arrays withn528, one with and one withou
bridges. Table I shows the values ofn, w, s, b,andh for the
two different networks. The thin films all had a thickness
d.0.3mm. The film Jc ~intrasquareJc! was determined
magnetically and was found to be about 231010A m22 at 77
K. The remanent magnetic moments of these four arr
were measured as a function of the maximum magnetic fi
Ha5Hm , applied perpendicular to the thin-film surface~see
Fig. 1!, using a Quantum Design superconducting quant
interference device~SQUID! magnetometer. A 5-cm sca
was used, and the field was swept in the no-overshoot m
The temperature chosen was 5 K and the highest field ap
plied was 5.5 T.

The same type of measurements was performed on t
short samples of Bi-2223/Ag monofilamentary tapes~tapes
1–3!, prepared by Douet al., employing the powder-in-tube
method.4 Microstructural investigations and critical curre
measurements as a function of temperature and magn
field showed that the monofilamentary tapes were simila
tapes prepared by other groups.12 The tapes’ half widtha and
length L together with the electrically measured transp
critical current densityJc

trans(77 K,0 T!, are listed in Table II.
Tape 1 had the lowestJc

trans(77 K,0 T) of about 2
3107 A m22 while tape 3 had the highestJc

trans(77 K,0 T) of
about 23108 A m22. First, the remanent magnetic momen
mR of the three intact tapes were measured. Then, the ta
were severely bent~rolled! to the small diameter of about 1.
mm. After straightening the tapes, their remanent mome
mR

G were measured.18–20The idea is that severe bending cr
ates a large number of microcracks, preventing an interg
current to flow over the whole superconducting core. T
observed average spacing between these cracks was fou
be about 100mm.21 Calculations show that the total inte
grain magnetic moment resulting from these 100mm wide
grain clusters is small compared with the total intragra
magnetic moment originating from individual grains. Ther

TABLE I. Values forn, w, s, b, andH ~see Fig. 1! for the two
different YBCO thin-film networks. Values for the connectivityC
were obtained using Eqs.~1! and ~9!.

n w @mm# s @mm# b @mm# h @mm# C @Eq. ~1!# C @Eq. ~9!#

16 1451 86 10 10 0.055 0.058
28 1474 43 10 20 0.094 0.085
and

TABLE II. Values for the transport critical current densityJc

trans(77 K, 0 T) average thicknessD, core
half width a, and lengthL of the three monofilamentary Bi-2223/Ag tapes. Values for the ideal minimal

maximal transport critical current densitiesJ̃c,min
trans and J̃c,max

trans defined below are also given.

tape Jc
trans~77 K, 0 T! @A m22# D @mm# a @mm# L @mm# J̃c,min

trans @A m22# J̃c,max
trans @A m22#

1 ;23107 40 1.6 5.9 9.43109 5.931010

2 ;53107 65 1.6 6.2 8.23109 5.231010

3 ;23108 60 1.3 5.8 9.23109 5.831010
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fore, the remanent magnetic moment measured after se
bending ismR

G , the intragrain remanent magnetic moment22

V. RESULTS AND DISCUSSION

Figure 2 shows the remanent magnetic momentmR of the
16316 array of squares with bridges and the remanent m
netic momentmR

G of the 16316 array without bridges, as
function of the maximum applied magnetic fieldHm . The
mR data show a knee atm0Hm.0.02 T and saturation a

FIG. 3. Total remanent magnetic momentmR of a 28
328 YBCO array with bridges and the intrasquare remanent m
netic momentmR

G of the same 28328 YBCO array without bridges
versus the maximum fieldHm at T55 K.

FIG. 2. Total remanent magnetic momentmR of a 16
316 YBCO array with bridges and the intrasquare remanent m
netic momentmR

G of the same 16316 YBCO array without bridges
versus the maximum fieldHm at T55 K.
ere

g-

m0Hm>0.3 T. The knee is due to the saturation of the int
square currents and thusmR(knee)5mR,s

I . The saturation
above 0.3 T is due to the saturation of the intrasquare c
rents. ThemR

G data shows saturation atm0Hm>0.3 T, in
agreement with themR data.

Figure 3 showsmR and mR
G for the 28328 array. The

mR,s
I /mR,s

G ratio is larger than in the case of the 16316 array
which is mainly due to the smaller squares in the 28328
array ~Table I!. From the data in Figs. 2 and 3 one can s
thatmR(Hm→`).mR,s

I 1mR,s
G . Table I shows values for the

connectivityC using Eq.~1! with the listed values fors, b,

g-

FIG. 4. Total remanent magnetic momentmR of the intact
Bi-2223/Ag tape 1 and the intragrain~bent tape! remanent magnetic
momentmR

G versus the maximum fieldHm at T55 K.

FIG. 5. Total remanent magnetic momentmR of the intact
Bi-2223/Ag tape 2 and the intragrain~bent tape! remanent magnetic
momentmR

G versus the maximum fieldHm at T55 K.

g-
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andh. Also shown in Table I are connectivitiesC using Eq.
~9! with data for mR,s

I and mR,s
G from Figs. 2 and 3. The

connectivities determined from the magnetic moments@Eq.
~9!# agree reasonably well with the geometrically determin
connectivities@Eq. ~1!#.

Table II lists for the three different monofilamenta
Bi-2223/Ag tapes the measured transport critical current d
sitiesJc

trans(77 K,0 T), the average thicknessD, the core half
width a, and the lengthL. Figures 4–6 show the total rema
nent magnetic momentsmR and the intragrain remanen
magnetic momentmR

G versus the maximum applied magne
field Hm for the monofilamentary Bi-2223/Ag tapes 1–3. It
important to note that themR and mR

G data of the tapes
strongly resemble those of the thin-film arrays displayed
Figs. 2 and 3. As seen in Fig. 4, tape 1, which has the low
Jc

trans, exhibits the lowestmR,s
I /mR,s

G ratio. Tape 2 in Fig. 5
shows a well developed knee atm0Hm.0.03 T due to a
larger intergrain critical current density. Figure 6 showsmR

and mR
G versusHm for tape 3 which has the highestJc

trans.
Here the knee has moved to anHm value close to wheremR

G

saturates, causing the signature of the knee to disappea
most completely.

It is important to notice that in Figs. 4–6,mR(Hm→`)
,mR,s

I 1mR,s
G wheremR,S

I 5mR(knee), in contrast to Figs. 2
and 3. The fact thatmR(Hm→`),mR,s

I 1mR,s
G is caused by

the hysteretic behavior ofJc
I where flux trapped in the grain

FIG. 6. Total remanent magnetic momentmR of the intact
Bi-2223/Ag tape 3 and the intragrain~bent tape! remanent magnetic
momentmR

G versus the maximum fieldHm at T55 K.
d

n-

n
st

al-

significantly reducesJc
I for Hm.Hc1G ~Hc1G is the lower

critical field of the grains! as has been discussed in Ref. 1
In order to calculate the connectivityC of the three

Bi-2223/Ag tapes from Eq.~15!, values forf s andRG have
to be chosen. We assume 0.7< f s<0.9 and 3mm<RG

<15mm which seems a reasonable range estimate.23 The
uncertainties inf s andRG lead to an uncertainty inC where
Cmin<C<Cmax, with Cmin the connectivity with the smalles
f s andRG andCmax the connectivity with the largestf s and
RG . Table III lists besidesmR,s

I andmR,s
G the results forCmin

and Cmax using Eq.~15!. Cmin ranges from 6.531024 for
tape 1 to 4.531023 for tape 3 whileCmax ranges from 4.2
31023 to 2.931022. These are very small connectivitie
implying that better grain connectivity would significant
improve the intergrain critical current densityJc

I and there-
fore the transport critical current densityJc

trans. In Table III,
values forCmax

21 andCmin
21 are also listed which represent th

factors by which one could improveJc
trans theoretically.Cmax

21

ranges from 46 to 472 andCmin
21 from 290 to 3000. It is

important to note that the range of the ideal transport curr
density, i.e.,J̃c,min(max)

trans [Cmax(min)
21 Jc

trans, listed in Table II, is
almost the same for the three tapes with 83109 A m22

, J̃c
trans(77 K,0 T),631010A m22. This indicates that the

FIG. 7. Derivatives dmR /d(log10 Hm) ~dots! and
dmR

G/d(log10 Hm) ~squares! versusHm for the Bi-2223/Ag tape 2 at
T55 K. The fieldsHm

I @Eq. ~19!# andHm
G @Eq. ~26!# are indicated.
l
TABLE III. Values for the intergrain and intragrain remanent moments at saturation,mR,s
I and mR,s

G and the minimal and maxima
connectivitiesCmin andCmax, as well as their inverse values.

tape mR,s
I @1024 A m2# mR,s

G @1024 A m2# Cmin @Eq. ~15!# Cmax @Eq. ~15!# Cmin
21 @Eq. ~15!# Cmax

21 @Eq. ~15!#

1 0.9 1.47 0.00065 0.0042 2997 472
2 1.2 0.72 0.0018 0.0114 1035 163
3 5.0 1.38 0.0045 0.029 290 46
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TABLE IV. Values forHm
I andHm

G ~see Fig. 7! as well as connectivitiesCmin andCmax using Eq.~24! and
C using Eq.~27! for the three monofilamentary Bi-2223/Ag tapes.

tape Hm
I @mT# Hm

G @mT# Cmin @Eq. ~24!# Cmax @Eq. ~24!# C @Eq. ~27!#

1 6.7 170 0.00419 0.02096 0.00121
2 10 130 0.00504 0.02518 0.00146
3 46 150 0.02175 0.10875 0.00629
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intragrain current densityJc is about the same in the thre
tapes.

Finally, we report on values forC which are obtained
using the less reliable estimates of Eqs.~24! and ~27!. The
values for Hm

I and Hm
G are obtained from plots o

dmR /d(log10Hm) and dmR
G/d(log10Hm) versusHm which

are shown in Fig. 7 for tape 2.20 The values ofHm
I andHm

G

for the three different Bi-2223/Ag tapes are listed in Tab
IV together withCmin andCmax of Eq. ~24! andC of Eq. ~27!
wheret51 mm was used. As expected,Cmin andCmax of Eq.
~24! are larger than the more reliableC values obtained from
Eq. ~15! while Eq. ~27! delivers rather small values forC
compared to Eq.~15!.

The above determination of the connectivityC in
monofilamentary Bi-2223/Ag tapes can in principal also
applied to multifilamentary Bi-22223/Ag tapes. In the case
multifilamentary tapes, Eqs.~13! and ~14! for the intergrain
and intragrain remanent magnetic moments at satura
mR,s

I and mR,s
G , have to be modified accordingly by takin

the geometry of the filaments into account. Because of
integral nature ofmR,s

I , it would be difficult to consider dif-
ferences inJc

I in different filaments as observed in Ref. 2
Because of the generally better grain alignment in multifi
mentary tapes compared with monofilamentary ones, la
connectivity values can be expected for multifilamenta
tapes.

VI. CONCLUSIONS

We have introduced a definition for the connectivity
monofilamentary tapes, starting from the geometrical defi
tion of connectivity in a superconducting thin-film netwo
of bridged squares. We have shown that in order to de
K
,

d

e
f

n

e

-
er
y

i-

r-

mine connectivity in a monofilamentary Bi-2223/Ag tap
the intergrain and intragrain magnetic moments at satura
have to be measured and the average grain radius and s
conducting volume fraction have to be estimated. An alt
native method to determine the connectivity, using the ch
acteristic fieldHD of the tape and the field of full penetratio
H* into grains, is hindered by the fact that the demagne
ing effect of grains and thus the relationship betweenH* and
Jc is not sufficiently known. We found that even in hig
quality monofilamentary Bi-2223/Ag tapes the connectiv
is very low. The largest possible value for the connectiv
was 3% in a tape withJc

trans(77 K,0 T)523108 A m22. Us-
ing the inverse of the connectivity to estimate the range
the upper limit of Jc

trans, we found 83109 A m22

, J̃c
trans(77 K,0 T),631010A m22 for all three Bi-2223/Ag

tapes investigated. This indicated that the intragrain criti
current density was about the same in all three tapes.
remarkable similarity between the remanent magnetic m
ments of YBCO thin-film networks of bridged squares a
monofilamentary Bi-2223/Ag tapes seems to justify our de
nition of connectivity for Bi-2223/Ag tapes.

Quality assessment of tapes in terms of the transport c
cal current density, as is presently common, is complica
by the fact that both connectivity and intragrain critical cu
rent density contribute to the transport critical current de
sity. Measuring both connectivity and transport critical cu
rent density separately further helps to elucidate the cur
limiting factors in Bi-2223/Ag tapes.
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