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Connectivity and limitation of critical current in Bi-Pb-Sr-Ca-Cu/Ag tapes
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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 intersquar@ntergrain and intrasquaréintragrai 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 421072 in a tape with low critical current density, to 2.9
X102 in a tape with] (77 K,0 T)=2x 10° Am~2. Our study reveals that even good Bi-2223/Ag tapes suffer
from very low grain connectivity. We estimate that in the case of perfect connectivitf7a K,0 T) between
8x10° and 6x 10"°Am~2 would be achievablg.S0163-182699)03925-9

I. INTRODUCTION works and of three different monofilamentary Bi-2223/Ag
tapes. The very low connectivity in the Bi-2223/Ag tapes we
Monofilamentary and multifilamentary  silver-clad examined reveals that granularity strongly limits the trans-
Bi-Pb-Sr-Ca-CuBi-2223/Ag) tapes of kilometer length have port current density.
been fabricatelusing the powder-in-tube method where a
high c-axis _alig_nment of gra_ins in the filaments is_achieved Il. DEEINITION OF CONNECTIVITY
by a combination of pressing, rolling and heatfn§. The IN A THIN-FILM NETWORK
critical current density reached is typicallp<20® Am~2 at
a temperature of 77 K in self-field, though short pieces of Let us first consider a superconducting thin-film network
some tape¥’ show critical current densities higher than 6 of nxn squares witm>1. Each square has a width 0§.2
X 10° Am~2, These encouragingly high critical current den- and the squares are joined by bridges of widtand length
sities have led to the fabrication of prototype power cablesh. The thickness of the thin film id. A network of this type
magnets and motors is shown in Fig. 1. The connectivi of such a network can
The grains in a superconducting filament of Bi-2223/Agbe defined in geometrical terms as the ratio of the bridge
tapes have the shape of small platelets with large aspect ra-
tios of typically less than Jum thickness in thes direction inter-square
and an average diameter of about 2t in thea and b , current
directions®!° The platelets generally align within 5°—10° of current = 2s =
the c direction of the tapé} and thea andb directions are - |_| m—— |_
oriented at random from platelet to platelet. The grains are 1
connected by grain boundaries at different misalignment -
angles, and there are often voids between griifecause :|
N
}
[
S

of the small coherence length in the Bi-2223 material, grain
boundaries act as Josephson weak links if the misalignment 2
angle is greater than about 5°This is very different in 2w
low-temperature superconductors where the coherence
length is larger by about a factor of 10 and grain boundaries

do not generally act as weak links. _|' '|_ H,
The critical current of a granular high-temperature super- JY" | | - | | r _i
Jd

N
conductor such as the Bi-2223/Ag tape is determined by two nf |

independent factors. The first factor is the grain connectivity [ Bt |_| . |_ _| -
and the second the critical current density in the grains asso- 1 2 n

ciated with flux line pinning. In this paper, we first define the £ 1. nxn v-Ba-Cu-0 (YBCO) thin-film square array net-
connectivity C and then show results of connectivity mea- york where squares of widthsare joined by bridges of width
surements. In Sec. Il we introduce connectivity for the caseng lengthh. A magnetic fieldH, is applied perpendicular to the
of a thin-film network whereC can be defined based on the petwork. Schematically shown are the induced concentric inter-
geometry of the network. In Sec. Il we define an equivalentsquare currentéull line) which circulate over the full array while
connectivity for a Bi-2223/Ag monofilamentary tape. In Sec.intrasquare currentslashed lingcirculate inside the squares. When
IV we describe some experimental details, and in Sec. V weiter zero-field cooling the fieldH, is increased, intersquare and
discuss the measured connectivities of two thin-film netdntrasquare critical currents circulate clockwise.
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width b to the sum of square-widths2and gap width, i.e.,

c b
"~ 2s+h’

oY)

In the case where the bridge widthis zero, the connectivity
is zero as squares are fully separated by gaps, whild for
=2s andh=0 the connectivity is maximal, i.eC=1.

In the case of a superconducting thin-film network of this
kind, the intersquare critical current densﬂglis given by

b

I _
J " 2s+h

c

Jc )

or, equivalently,

)

whereJ. is the critical current density of the superconduct-
ing thin film, i.e.,J. is the intrasquare critical current den-
sity. Equationg1) and(3) show thatC is determined by the
geometry of the network or, alternatively, by the ratio of the
intersquare to intrasquare critical current densities.

One way to obtainJ'C and J. is to determine the magni-
tudes of the intersquare and intrasquare remanent magne
moments,mg  and M3 ¢ at saturation. Let us assume that
after zero-field cooling an increasing magnetic fiéld is

JL=CJ,
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[r is the spatial vector andir] the current density at poim)
one obtains for the intersquare remanent magnetic moment
in a perpendicular applied field, (see Fig. 1 at saturation
(Ha—>oo)

4 3
Here,w is the half width of the network arragsee Fig. 1
and d the thickness of the film. The intrasquare remanent
magnetic momerﬂngS at saturation, which originates from a
thin-film array of squares without bridges (Big. 1 with b
=0)

Mk (5)

24

3

G
mR,s

s3dJ.. (6)

2s+h

Here, the factof 2w/(2s+h)]? is the number of squares in
the array and 4°dJ./3 is the remanent magnetic moment at
saturation of a single square of widtts 2nd thicknessl.

From Eqgs(5) and(6) we derive for the connectivitg the
expression

s3 Mg

C= Wis+h2? mS,

()
tic
The superconducting volume fractidy of the network in
Fig. 1 is

applied perpendicular to a thin-film network such as the one

shown in Fig. 1 and that ,<H, whereH, is the lower
critical field of the thin film. An intersquare current will be
induced as schematically indicated in Fig(clockwise flow
direction and will gradually reach its critical current value

s?+hb/2

fs:(s+ h/2)2 ®)

Assuminghb<4s?, i.e., the bridge area is small compared

of I°=bdJ;. Intersquare currents first saturate in the outerto the area of a single square, one finds

bridges, and with increasing applied field, current saturation
moves inwards. When the applied field is decreased from its

maximum valueH ,,, the intersquare currents start flowing in
the opposite directiofcounterclockwise in Fig.)l a process

|
. S
C_fSW G

R,s

(€)

which starts from the outside and moves inwards while theéf b<<(2s+h) (small connectivity one can use the fact that
field decreases. At zero field the intersquare currents produdge total remanent magnetic momerrtz , at saturation is
the intersquare remanent magnetic moment. Saturation of tH#ven by

intersquare remanent magnetic mommk is achieved by
applying a sufficiently high field such that after returning to
zero field, the maximum intersquare currdabu's flowing in
the opposite direction in all bridges. While the applied field

is increased, intrasquare currents are induced in the squares.
Here the process of saturation is similar to that of the inter-

Mg s= m:?,s+ mg,s’ (10
which gives for the connectivity the expression
. S{Mgs
CJS\N(HES 1). (11

square moment. Saturation of the intrasquare remanent mag-
netic momenm¢ is achieved by applying a sufficiently high |f the conditionb<<(2s+h) does not hold, the expression for
field such that after decreasing the field to zero, the inmS of Eq. (6) has to be modified by including the inter-
trasquare current is at its maximum valuel§f=sdJ [as-  square current which flows through each square which will
suming b<<(2s+h)] and is flowing in opposite direction |ead to a Sma“emS,s-

(counterclockwisgin all squares. The sum of the intersquare
and intrasquare remanent moments and mS is the total
remanent magnetic momenty. If there are no bridges be-
tween the squares, currents will be induced in all squares

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

without any shielding effects from intersquare currents.
Using the definition of the magnetic moment where

ngf rxJ(r)d3r (4)

In order to determine the connectiviy of a Bi-2223/Ag
monofilamentary tape, we use H®) and define

J;

C 3.

(12
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Using Eq.(4) one derives for the intergrain remanent mag-network. For®>0 ., J® drops rapidly with increasing®

netic moment at saturation in a perpendicular field and the grain boundary no longer behaves as a bridge but
more similar to a gap or a very weak linkTherefore, in the

, (13 case of a monofilamentary Bi-2223/Ag tape, connectivity
measures the ratio of the projected afi@amacroscopic cur-

whereL is the length of the tapd the average thickness of rent flow direction of strong-link grain boundaries to the

the superconducting corathe half width of the core, andj, 'Itzransvers;a' fﬁross-sectional area of t.h? supertc):or:jdL;F:tin dg.core.
the intergrain critical current densiyransport critical cur- or a multifilamentary tape connectivity can be defined in a

rent density of the tape. similar way. . . .
Assuming that the grains in the tape are thin platelets of _It seems appealing to discuss an alternative way of deter-

average radiuRg and that the applied field is perpendicular minating tr?e cc;nrjetc_tlvfl_t)(l; of a tape by measuring the in-
to the platelets, one derives for the intragrain remanent maé_ergram characteristic e
netic momenimg ¢ at saturation Hp=J.D/m 17

2
La2—§a3

mo=DJ.

and to measure the average field of full penetrakidnof the
grains whereH* is proportional toJ.. Hp can be deter-
mined by measuring the remanent intergrain magnetic mo-
mentm'R as a function of the maximum applied fieltl, as
follows. According to Ref. 14m, of a superconducting strip
(D<a<L) can be written as

c 2
mRyszgfsaDLRGJc. (14
f is the superconducting volume fraction afdthe intra-
grain critical current density. From Eqg&.2), (13), and(14)

one obtains for the connectivity of a Bi-2223/Ag monofila-
mentary tape

2 Re Mk mg=— ma’LHp| tanhé—2 tanh§ , (18
C==f, R2, (15) 2
3 "a(l-2a/3L) mg
Or if C<1 where ¢&=H,,/Hp. Using Eq. (18), one can show that
: dmg/d(log;oHy) has a maximum at,=H!, where
2 Ro MR,s [
=_ > H. =1.968H. 19
C=3a1-2an0) (mgvs 1)' (16) m P 19

where Eq.(10) has been used. Equatiobs) is very similar If one assumes that the grains in the tape are stacked on

to Eq. (9) where Eq.(9) can be obtained from Ed15) by top of each othefalong thec direction and thus mutually
settingL = 2a (square shaped superconducting g@red us- shield each other, one can approximately describe the grains
ing Re— s anda—w. as cylinders of average radil®; and lengthD, with the

It is not surprising that Eq¥15) and (9) are similar. In a cylinder axis in thec direction and a demagnetizing factor

simplistic picture, the core of a Bi-2223/Ag tape can beClose t© 0. Then
viewed as an array as in Fig. 1 wheseepresents the aver- H*=J R (20)
age radiusRg of the grain platelets in the core ardthe ciG:

average width of strong links. The gapin Fig. 1 is a mea- If on the other hand one approximates the grains by magneti-
sure of the void content. A somewhat improved picturecally isolated, disklike platelets of radilR; and thickness,
would be to think of the core of a monofilamentary wheret<Rg, ther!® the demagnetizing factor approaches 1,
Bi-2223/Ag tape as being made up of thin layers of manyand one has

networks such as the one shown in Fig. 1, stacked on top of

each other, where the layers are insulated from each other H* =J./2. (21

but where the layers are not aligned. The thickness of a

single layer would resemble the average thickness of the Depending on which case is realizdd; can be deter-
grain platelets. Interestingly, any random alignment has nanined by measuringn(R3 as a function ofH,, as follows.
effect on the values ofn'RyS and mSVS in a perpendicular Approximating the grains in the tape by long cylinders of
applied field. An even more refined picture would be that ofradius Rg and lengthD where D>Rg, one finds for the
layered networks wherBg, b, andh are randomly chosen intragrain remanent magnetic momrt

from the corresponding distributions found in Bi-2223/Ag

tapes. (1, 1 3 - _
In the case of a thin-film network, connectivity can be PRV O<7=<1,

defined solely in geometrical terms as was done in(Eg.n 1 1 1

the case of a Bi-2223/Ag tape the situation is more compli- me=2f.alDH*{ —Z 49— =92+ —p3 1<p<2

cated. Here bridges are thought to correspond to grain S < 3 T2 TR 7=

boundaries with a misalignment angle less than a certain
critical angle®., which might be between%and 16. For

0 <0, the Josephson critical current dens]@/3 of a grain
boundary is greater than or equalXo, and the grain bound-
ary acts as a strong link, similar to the bridges in a thin-filmwhere y=H,,/H* andH* =RgJ..

1
. 3’
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Using Eq.(22), one can show thaimS/d(Ioglon) has a
maximum atH,,=HS, where

HE=0.888H*.
From Egs.(12), (17), (19), (20), and(23) one obtains

(23

0.8889 Rg H},

C=19687" D HC" 24
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TABLE I. Values forn, w, s, b, andH (see Fig. 1 for the two
different YBCO thin-film networks. Values for the connectivigy
were obtained using Egél) and(9).

n wlum] s[um] b[um] h[um] C[Eq.(1)] C[Eq.(9)]

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

Alternatively, approximating the grains of the tape by thin s network with bridges is shown in Fig. 1 where the total

platelets of radiu®kg and thicknesg, one finds for the in-

tergrain remanent magnetic mo

G_ g 4aLDJ R 1 sinhy
MR= 1573 eRe| ~AICCO% cochn ) ~ cosk
1 sinh( 7/2)
+2 arcco%cosr( 77/2)) cost(7/2) |’ @9

wherenp=H/H* with H* =J_t/2. Using Eq.(25), one can
show thatdmg/d(log;oH) has a maximum aH,=HS,
where

HE=1.54254*. (26)
From Egs.(12), (17), (19), (21), and(26) one obtains

1.54257 t H.,

C= 196872 D HC" @)

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 um, and thugs<Rg. Equations(27) and (24) were de-

width of the array is @, the width of a square is< the
bridge widthb, and its lengtth. Four arrays were produced,
two arrays withn=16, one with and one without bridges,
and two arrays withn=28, one with and one without
bridges. Table | shows the valuesmfw, s, b,andh for the

two different networks. The thin films all had a thickness of
d=0.3um. The film J; (intrasquareJ.) was determined
magnetically and was found to be about 201°Am~2 at 77

K. The remanent magnetic moments of these four arrays
were measured as a function of the maximum magnetic field
H.=H,, applied perpendicular to the thin-film surfagee

Fig. 1), using a Quantum Design superconducting quantum
interference devicdSQUID) magnetometer. A 5-cm scan
was used, and the field was swept in the no-overshoot mode.
The temperature chosen sv& K and the highest field ap-
plied was 5.5 T.

The same type of measurements was performed on three
short samples of Bi-2223/Ag monofilamentary tajgpes
1-3), prepared by Dowt al., employing the powder-in-tube
method? Microstructural investigations and critical current
measurements as a function of temperature and magnetic

rived under extreme assumptions about the demagnetizinif!d showed that the monofilamentary tapes were similar to

factor of the grains which lead to rather different expression

dapes prepared by other groupsihe tapes’ half widtta and

for C. This clearly suggests that trying to determine the conlength L together V‘{ithtr;rt‘e electrically measured transport
nectivity C from Hp andH* is not suitable as the relation- Critical current density(*'{77 K,0T), are listed in Table II.

ship betweerH* and J, is not sufficiently well known. In

Tape 1 had the lowest)®"{77K,0T) of about 2

contrast, the intragrain magnetic moment at saturation is toX 10’ Am~2 while tape 3 had the highe3f*"{77K,0T) of
tally independent of any assumption about the demagnetizingbout 2< 108 Am~2, First, the remanent magnetic moments
effect of grains. FoH,>H* (saturation one obtains from mg of the three intact tapes were measured. Then, the tapes

Eq. (22) as well as from Eq.(25 the expressior‘rng’S

were severely ber{tolled) to the small diameter of about 1.5

=2 f.aDLRgJ./3, which is Eq.(14). Therefore, the connec- mm. After straightening the tapes, their remanent moments
tivity C of a monofilamentary Bi-2223/Ag tape should be mg were measuretf2°The idea is that severe bending cre-

determined by using E¢15) Wherem'RyS andeyS enter, and
not from Eqgs.(24) or (27) whereH* enters.

IV. EXPERIMENT

ates a large number of microcracks, preventing an intergrain
current to flow over the whole superconducting core. The
observed average spacing between these cracks was found to
be about 100um.?! Calculations show that the total inter-
grain magnetic moment resulting from these 10 wide

High quality YBCO/MgO thin films were patterned into grain clusters is small compared with the total intragrain
arrays ofnXn squares with and without joining bridges. A magnetic moment originating from individual grains. There-

TABLE II. Values for the transport critical current densil§f?"{77 K, 0 T) average thickneds, core
half width a, and lengthL of the three monofilamentary Bi-2223/Ag tapes. Values for the ideal minimal and

ns

maximal transport critical current densiti@$ny, and {5, defined below are also given.

tape  JM77K O [Am™?]  Dlum] a[mm] L[mm] G (am=2)  Jrne [Am?
1 ~2x10 40 5.9 9.410° 5.9x 10'°
2 ~5x10 65 6.2 8.x10° 5.2x 10
3 ~2X10° 60 5.8 9.x10° 5.8x 1010
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. YBCO thin film 1 T=5K 1 Bi-2223/Ag tape 1
- — 204 T=5K b
—_ 16 x 16 array of r E - mEmm—
NE squares with = - 1 f 1
S 6 bridges a M, . £ intact tape &
".’o ..I q_< 1.54 \ -l — -.-.T
et L o = F
—_ ] ™ ] ]
o . ] ] — m . I.
A s LA
R © oo am
o - 4 [ ] : 4
€ . * "
2 .0 16 x 16 array - £ -
& of squares 0.57 L \ 7
-’ R without bridges J;J s benttape
0 - 00 AR | AR | T
0.01 0.1 1
uH, [T Mo H, [T]
FIG. 2. Total remanent magnetic momemy of a 16 FIG. 4. Total remanent magnetic momemi of the intact

X16 YBCO array with bridges and the intrasquare remanent magBi-2223/Ag tape 1 and the intragrafbent tapg remanent magnetic
netic momening of the same 18 16 YBCO array without bridges momentm§ versus the maximum fielt ,, at T=5 K.
versus the maximum fieldi,, at T=5 K.

e*@Hm/O 3T. The knee is due to the saturatlon of the inter-
square currents and thusg(knee)= mRS The saturation
above 0.3 T is due to the saturation of the intrasquare cur-
rents. Themg’ data shows saturation atgH,,=0.3T, in

V. RESULTS AND DISCUSSION agreement with theng, data.

Figure 2 shows the remanent magnetic monmegbf the F|gure 3 showsmg and mg for the 28<28 array. The
16X 16 array of squares with bridges and the remanent mag™r, /Mg ¢ ratio is larger than in the case of the>86 array
netic momentmS of the 16x 16 array without bridges, as a Which is mainly due to the smaller squares in the<28
function of the maximum applied magnetic fielt},,. The array (Table ). From the data in Figs. 2 and 3 one can see

mg data show a knee atoH,~0.02T and saturation at thatmg(Hy—o)=mg -+mg . Table | shows values for the
connectivityC using Eq.(1) with the listed values fos, b,

fore, the remanent magnetic moment measured after sev
bending ismg, the intragrain remanent magnetic moment.

64 YBCO thin film 2 “__J LI — —
1 T=5K ' ] 1 Bi-2223/Ag tape 2
__ 51 ."! e “11_.5K » m—
g 28 x 28 array of ] _ 124 j ]
< 4 L \ squares with | o~ - ]
% n bridges € ] .. \
2 m_ " 9 < 10 . .
— Ru + = ntact tape
s 37 : 28 x 28 array e 08 ! |
g g of squares = # benttape .
4 | | —
I without bridges © .
= 27 i T E 0.6+ = 3 .
T .
£ ..l / | - | L .
£ i . n 4
_ I - m— 0.4 L] G
1 .‘.-' m a F ..l mH ..l mR
" R 0.2 JI = 1
0 ’ 44.{ : ' ¥
0.01 0.1 1
0.0 1= == T
u, H [T] 0.01 0.1 1
wH, [T

FIG. 3. Total remanent magnetic momemg of a 28
X 28 YBCO array with bridges and the intrasquare remanent mag- FIG. 5. Total remanent magnetic momemi; of the intact
netic momenm$ of the same 28 28 YBCO array without bridges ~ Bi-2223/Ag tape 2 and the intragrafbent tapg remanent magnetic
versus the maximum fielth , at T=5 K. momentms versus the maximum fielt ,, at T=5 K.
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T M ML | M MR | T T AL ERLL | AL RAL | T T T UV T
2.6 -
6 Bi-2223/Ag tape 3 1 ] le' tape 2
2.4 —
4 T — 5 K 4 . J A T = 5 K )
NN N EEs BN o 224 L] E
— 5 ..’— E: ) 0__ !\: dm, ]
£ 4 .l \ N o d (|°g1o Hm) b
< 4 . ) i 2 18- ./ -
s . intact tape - \
~— m —~ 1.6 -
— F‘. £
o 31 n E Io 1.4 4 [ ] H a i
S . g 1.2 \ m .
- = =
p— . bent tape | T 4ol . l dmf ]
S - - s d (log,, H,)
] n - EEe s o) 0.8 . fl\ ]
[ ] x k / [ ] /- ‘\ /
14 ] B E o0& [} \ u n -
G ° ] J e N |
1 :- mg 1 ? ] L)
’.J 0.4 - / \ L. . i
] . ] ]
0 A 02l & , ol R i
0.01 0.1 1 | 'J i e ..o 1 |
0.0 ] L") o-npnfls -
1E-3 0.01 0.1 1
FIG. 6. Total remanent magnetic momemi; of the intact p, H O [T]
Bi-2223/Ag tape 3 and the intragrajbent tapg remanent magnetic
momentm$ versus the maximum fieltl,, at T=5 K. FIG. 7. Derivatives dmg/d(log;oH,,) (doty and

dmé/d(logyoHy) (squaresversusH,, for the Bi-2223/Ag tape 2 at
andh. Also shown in Table | are connectiviti€using Eq.  T=5 K. The fieldsH;, [Eq. (19)] andH§, [Eq. (26)] are indicated.
(9) with data formg ¢ and m3 ¢ from Figs. 2 and 3. The
connectivities determined from the magnetic moméls.  significantly reduces).. for Hy>Hee (Heg is the lower
(9)] agree reasonably well with the geometrically determined,jticq) field of the grainsas has been discussed in Ref. 18.
connectlwtles_[Eq. (1] . . In order to calculate the connectivit¢ of the three
Table 1l lists for the three different monofilamentary Bi-2223/Ag tapes from Eq(15), values forf, andRg have
Bi-2223/Ag tapes the measured transport critical current de% be chosen We assu.me’&V <09 asnd 3/u(T31<R
sities JT¥"{77 K,0 T), the average thicknegs the core half - s 0n o O
) . <15um which seems a reasonable range estiffafthe
width 3, and t_he lengtit. Figures 4-6 _show th_e total rema- uncertainties irf andRg lead to an uncertainty i€ where
nent magnetic momentsg and the intragrain remanent C <C=C VTIith C ?the connectivity with the smallest
magnetic momerﬂng versus the maximum applied magnetic ‘ m;r;j R\ a”;%‘b themltrl,onnectivit withythe largedt, and
field H,, for the monofilamentary Bi-2223/Ag tapes 1-3. Itis ® G _max | yG 9
Rg. Table Il lists besidesng s andmg ¢ the results folCpy,

important to note that theny and mS data of the tapes d . f -4 1
strongly resemble those of the thin-film arrays displayed in" Crmax Using EQ.(15). Cryig ranges from 6.510°% for

73 .
Figs. 2 and 3. As seen in Fig. 4, tape 1, which has the Iowesif;‘gg,lg to ‘;%;go,zfofraape 3 whileCnqy raITges from 4.2
Juans, exhibits the lowestng /m§ ¢ ratio. Tape 2 in Fig. 5 to 2. - These are very small connectivities,

shows a well developed knee aiH.~0.03T due to a implying that better grain connectivity would significantly
~0. ' : et ”

larger intergrain critical current densi?y. Figure 6 shaws improve the intergrain critical current densily and there-

and m¢ versusH,, for tape 3 which has the higheaf"™, fore the trarlsiport critj(ial current (_jensili?a“_s. In Table Il

Here the knee has moved to Bip, value close to wherenS values forC,;, andC,;, are also listed which represent the

H P rans ; -1
saturates, causing the signature of the knee to disappear &Rctors by which one could |m_p1r0\di theoretically.C
most completely. ranges from 46 to 472 an@;, from 290 to 3000. It is

min

It is important to notice that in Figs. 4—6ng(H ,— ) important to note that the range of the ideal transport current
<mp <+ mS ; wheremi, s=mg(knee), in contrast to Figs. 2 density, i.€.d¢ mmnmax= Cmaxminde. > listed in Table 11, is
and 3. The fact thaing(Hy,—%)<mp .+ mS . is caused by almost the same for the three tapes withk B0° Am 2
the hysteretic behavior &k, where flux trapped in the grains <J"@"{77 K,0 T)<6x10'°’Am~2. This indicates that the

TABLE lll. Values for the intergrain and intragrain remanent moments at saturaﬁbg,and mg,s and the minimal and maximal
connectivitiesC,i, and C,ax @s well as their inverse values.

tape Mgs [107* Am?] mes[107*Am?]  Cuin[EQ.(19]  Cra[Eq.(15]  Cpin[Eq.(19]  CpaclEq. (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 forH!, andHE (see Fig. 7 as well as connectivitie§ ., andC . using Eq.(24) and
C using Eq.(27) for the three monofilamentary Bi-2223/Ag tapes.

tape Hi, [MT] HS [mT] Crin [EQ. (24)] Crmax[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

intragrain current density,. is about the same in the three mine connectivity in a monofilamentary Bi-2223/Ag tape,
tapes. the intergrain and intragrain magnetic moments at saturation
Finally, we report on values fo€ which are obtained have to be measured and the average grain radius and super-
using the less reliable estimates of E(®4) and (27). The  conducting volume fraction have to be estimated. An alter-
values for H' and HS are obtained from plots of native method to determine the connectivity, using the char-
dmg/d(log;oH,,) and dmR/d(IOglOH m) versusH,, which  acteristic fieldH of the tape and the field of full penetration
are shown in F|g 7 for tapezﬁ The values O'|H| and HG H* into grains is hindered by the fact that the demagnetiz-
for the three different Bi-2223/Ag tapes are listed in Tableing effect of grains and thus the relationship betwisénand
IV together withC i, andC s Of Eq. (24) andC of Eq.(27)  Jc is not sufficiently known. We found that even in high
wheret=1 um was used. As expecte@,,, andC,,,0f Eq.  guality monofilamentary Bi-2223/Ag tapes the connectivity
(24) are larger than the more reliad®values obtained from s very low. The largest possible value for the connectivity
Eq. (15) while Eq. (27) delivers rather small values fa@@  Was 3% in a tape witd*"{77K,0 T)=2x10° Am~2. Us-
compared to Eq(15). ing the inverse of the connectivity to estimate the range of
The above determination of the connectivig in  the upper limit of J{*, we found 8<10°Am™?

monofilamentary Bi-2223/Ag tapes can in principal also be<Jj"{77K,0 T)<6x 10'°°Am~2 for all three Bi-2223/Ag
applied to multifilamentary Bi-22223/Ag tapes. In the case oftapes investigated. This indicated that the intragrain critical
multifilamentary tapes, Eq$13) and (14) for the intergrain  current density was about the same in all three tapes. The
and mtragraln remanent magnetic moments at saturatiofemarkable similarity between the remanent magnetic mo-
Mgs andmg ¢, have to be modified accordingly by taking ments of YBCO thin-film networks of bridged squares and
the geometry of the filaments into account. Because of théenonofilamentary Bi-2223/Ag tapes seems to justify our defi-
integral nature ofnRS, it would be difficult to consider dif- nition of connectivity for Bi-2223/Ag tapes.
ferences |nJ' in different filaments as observed in Ref. 24.  Quality assessment of tapes in terms of the transport criti-
Because of the generally better grain alignment in multifila-cal current density, as is presently common, is complicated
mentary tapes compared with monofilamentary ones, largddy the fact that both connectivity and intragrain critical cur-
connectivity values can be expected for multifilamentaryrent density contribute to the transport critical current den-
tapes. sity. Measuring both connectivity and transport critical cur-
rent density separately further helps to elucidate the current
VI. CONCLUSIONS limiting factors in Bi-2223/Ag tapes.

We have introduced a definition for the connectivity in
monofilamentary tapes, starting from the geometrical defini-
tion of connectivity in a superconducting thin-film network  The authors would like to thank S. X. Dou, H. K. Liu and
of bridged squares. We have shown that in order to deterY. C. Guo for providing the Bi-2223/Ag tapes 1-3.
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