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Field angle dependence of the remanent magnetization of multifilamentary
AgÕ„Pb,Bi…2Sr2Ca2Cu3O10¿x tapes: Microstructure and current carrying capability

V. Hussennether, O. Waldmann, and P. Mu¨ller
Physikalisches Institut III, Universita¨t Erlangen-Nu¨rnberg, D-91058 Erlangen, Germany

M. Leghissa and H.-W. Neumu¨ller
Siemens AG, Corporate Technology, D-91050 Erlangen, Germany
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We measured the dependence of the remanent magnetization of multifilamentary (Pb,Bi)2Sr2Ca2Cu3O101x

tapes on the angle between tape surface and magnetic field. Remanent magnetization allows one to separate the
intergrain and intragrain contributions. The angle dependence of the intergrain magnetization is accurately
described by a thin strip model. The intragrain magnetization can be reproduced by regarding the microstruc-
ture as an agglomeration of plateletlike grains. The orientation of the grains is described by a Gaussian
distribution. Based on this model we develop a comparatively simple method to determine the mean grain
alignment within the tapes. A comparison of the grain alignment inferred from magnetization as well as
transport measurements provides direct evidence for the presence of a critical angle for Bi-2223 grain
boundaries.
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I. INTRODUCTION

(Pb,Bi)2Sr2Ca2Cu3O101x ~Bi-2223! tapes are promising
candidates for introducing high-Tc superconductors to task
in power engineering and magnet technology.1 At present,
long lengths of these tapes, produced by the powder-in-t
process, possess critical current densitiesj c of up to 40
kA cm22 at a temperature of 77 K in self-field.1–3 In short
samples even critical current densities higher than
kA cm22 have been reported.3 It is a major goal for the fur-
ther tape development to increase the current carrying c
bility in order to achieve a profitable employment of th
technology.

For that, it is essential to understand the current tran
mechanisms within the tapes. So far three models have b
proposed for the current paths in the tapes: the brick-w
model,4 the railway-switch model,5 and the freeway model.6

Though these models focus on various types of grain bou
aries they all proceed on the assumption that it is the gran
microstructure which limits the tape performance.

The microstructure of the tapes consists of plateletl
grains of Bi-2223 with typical extension of 1mm along their
c axis and 10–20mm along theirab plane.7 The c axes of
the grains are aligned. Theira andb axes appear at random
orientations. This special stacking scheme resulted in
classification of the grain boundaries as@001# twist bound-
aries,@001# and @100# tilt boundaries. The systematic inve
tigation of the structure and properties of these kinds of gr
boundaries has been carried out extensively for bicrystal
YBa2Cu3O61x ~YBCO! ~Ref. 8! and Bi2Sr2CaCu2O81x
~Bi-2212!.9

The experiments on YBCO@001# tilt grain boundaries at
different misalignment anglesz revealed clearly the presenc
of a critical anglezc

YBCO'5°•••10° that determines the tran
sition from strong to weak coupling of the grain bounda
Below zc

YBCO the grain boundary acts as a strong link. B
PRB 620163-1829/2000/62~14!/9808~10!/$15.00
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exceeding the critical anglezc
YBCO the intergrain current den

sity drops sharply to almost zero. In YBCO even the@100#
tilt and @100# twist boundaries exhibit a similar behavio
whereas in Bi-2212 at least for the@001# twist boundaries a
misorientation-independent current transfer was observe

The peculiarities of the preparation of Bi-2223 bicrysta
hindered up to now similar experiments for Bi-2223. The
fore it is still unclear whether the results on the YBCO a
Bi-2212 bicrystals can be applied to the Bi-2223 gra
present in tapes. Thus in order to study the correlation
tween microstructure and current carrying capability one
dependent of a comprehensive characterization of the ta
Commonly the current carrying capability is investigated
transport measurements,10 the microstructure by means o
electron microscopy,11 x rays,12 and magneto-optics.13,15

In this paper we report on remanent magnetization m
surements on multifilamentary Bi-2223 tapes. In particu
we focus on the dependence of the orientation of the m
netic field. Remanent magnetization is a particular use
magnetic technique since it allows us to separate the in
grain and intragrain magnetizations.14 We will show explic-
itly that the intergrain remanent magnetization is correla
to the transport current carrying capability. Furthermore,
present a comparatively simple method to determine
mean grain alignment within the tapes. It is based on
ratio of the intragrain remanent magnetization measured
two different orientations of the magnetic field. A compa
son of the grain alignment inferred from magnetization
well as transport measurements provides direct evidence
the presence of a critical angle also for Bi-2223 grain bou
aries. We discuss the implications of this observation for
current flow in the tapes.

The paper is organized as follows. In Sec. II we descr
some experimental details and discuss the typical meas
ment procedure. In Sec. III we analyze the intergrain m
netization with regard to the transport properties of the tap
9808 ©2000 The American Physical Society
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This is followed in Sec. IV by a quantitative discussion
the intergrain magnetization. In Sec. V we introduce a mo
for the intragrain magnetization at arbitrary field orien
tions. In particular, a mean magnetic misalignment an
umag is defined. Finally, in Sec. VI we apply the model
Bi-2223 tapes and discuss the relevance ofumag for the cur-
rent carrying capability of Bi-2223 tapes.

II. EXPERIMENTAL TECHNIQUES
AND MEASUREMENTS

Multifilametary tapes were produced by the powder-
tube technique as described elsewhere.2 A typical cross sec-
tion of a 55-filament tape is given in Ref. 2. Table I lists t
transport properties at 77 K in self-field for the investigat
tapes. Sample M is a monocore tape, whereas samples
are 55-filamentary tapes. They all possess the same su
conducting filling factor VBi-2223/Vtape50.25. Magnetic
measurements were performed on about 5-mm-long pie
cut from long lengths of the tapes. The sample volumesVtape
as determined by a calliper rule to an accuracy of~10 mm)3

are given in Table I. Magnetic hysteresis loops were m
sured with a commercial superconducting quantum inter
ence device magnetometer. From these the remanent
netic moment was determined as function of the maxim
applied fieldH0. If not stated otherwise, the measureme
were performed at temperaturesT55 K. The magnetization
M was evaluated using the superconducting volumeVBi-2223
of the samples. Magnetic fields were applied with differe
orientations to the tape plane. The perpendicular config
tion corresponds to fields perpendicular to the tape surf
In parallel configuration the magnetic field is parallel to t
tape surface and perpendicular to the tape length. The a
racy of the sample alignment was60.5°.

In Ref. 14 it has been shown that the logarithmic deriv
tive of the remanent magnetizationM̃ rem[dMrem /d logH0
allows for a separation of intergrain and intragrain magne
moments. A bending of the samples to diameters sma
than 2 mm, which destroys the intergranular connections,
been used to investigate separately the intragranular m
netic moments.16,14

By means of typical measurements ofM̃ rem several as-
pects of importance for the following discussion will be i
troduced. In Fig. 1M̃ rem is plotted for three representativ
tapes for the perpendicular and parallel configuration. T
peak at lower fields is due to the intergranular, the pea
higher fields is due to the intragranular magnetic momen14

The curves depend both on the orientation of the magn

TABLE I. Transport properties of the investigated tapes
T577 K in zero external field.

Tape I c ~A! j c (kA cm22) V (mm3)

M 12 6.4 3.23
A 37.8 17.5 4.10
B 51.0 22.6 4.32
C 70.7 31.9 3.91
D 32.0 15.9 3.54
E 60.0 25.9 4.02
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field and on the critical current densities of the tapes. W
characterize the peaks by their positionsHp,inter andHp,intra
and their amplitudesPinter andPintra . Peak positions could
be determined with an accuracy of 10%, peak heights w
5%.

Figure 2 showsM̃ rem for the same samples as in Fig.
after being bent strongly. Nevertheless, the intergranu
connections are not completely destroyed by the bend
procedure since in parallel orientation still an intergrain pe
is observable. By comparing the heights of the intergr
peaks for the intact and bent samples@Figs. 1~b! and 2~b!#
one finds a suppression of the intergrain magnetization
about a factor of 5.

III. INTERGRAIN AND TRANSPORT CRITICAL
CURRENT DENSITIES

The most apparent feature of the intergrain peaks in Fi
is a shift of the peak positions with increasing transport c
rent carrying capability to higher fields. This is further illu
trated in Fig. 3 where the critical current densityj c is plotted
versus the position of the intergrain peakHp,inter for various
tapes. The transport measurements correspond toT577 K,
whereas the magnetic properties refer to measurementsT
55 K in perpendicular configuration. The tapes with critic
current densities smaller than 5 kA/cm2 stem from interme-
diate stages of the thermomechanical treatment~after the first
heat treatment!. The further rolling steps change the aspe

t

FIG. 1. Logarithmic derivative of the remanent magnetizati
for the intact samples A, B, and C atT55 K in perpendicular~a!
and parallel~b! configuration. Data are normalized to the superco
ducting volume.
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9810 PRB 62V. HUSSENNETHERet al.
ratios of the filaments only by approximately 5%. Therefo
these samples can be considered as being similar in geom
as the fully processed tapes.

Figure 3 clearly shows that the position of the intergra
peakHp,inter is correlated with the transport critical curre
density j c . Hp,inter is directly related to the intergrain cha
acteristic fieldHc,inter} j c,interd, whered denotes the thick-

FIG. 2. Logarithmic derivative of the remanent magnetizat
for samples A, B, and C after being bent strongly,T55 K. ~a!
perpendicular and~b! parallel configuration for data normalized t
the superconducting volume.

FIG. 3. Correlation between the position of the intergrain pe
Hp,inter,' in perpendicular configuration andj c . Samples not speci
fied in the legend~grey symbols! originate from tapes with identica
geometry as the tapes A–E. The sketched line is a guide to the
try

ness of the filaments~see Sec. IV!. Thus in our case where
samples with identical geometries are considered the in
grain peak positions are a direct measure of the interg
critical current densitiesj c,inter .

Since our study includes samples in different stages of
thermomechanical treatment Fig. 3 shows that both the tra
port and the intergrain critical current density develop sim
taneously during the thermomechanical treatment. Fo
comparison of the transport and intergrain properties it
important to take into account the typical length scales of
current flow. Magnetically induced currentsj c,inter act on a
length scale which is comparable to the width of t
filaments14 while transport currentsj c extend over macro-
scopic length scales. The fact that even fully processed ta
exhibit distinct j c,inter evidences that differences in their m
crostructure appear on a length scale which is smaller t
the filament width. Macroscopic defects, e.g., transver
cracks within the filaments, suppress the transport current
have no effect on the intergrain currents.14 Such defects lead
to a horizontal shift in Fig. 3 and thus to a spread of the da

IV. DEPENDENCE OF THE INTERGRAIN
MAGNETIZATION ON THE ORIENTATION

OF THE MAGNETIC FIELD

For analyzing the intergrain magnetization a single fi
ment may be treated as a thin strip with width 2a, thickness
d, and lengthL (d!a!L). Assuming constant critical cur
rent densityj c the formulas for the magnetization are we
known. For magnetic fieldsH applied perpendicular to the
strip surface the virgin magnetization is given by17

M v irg ,'~H !52
p

4
eHc,' tanh

H

Hc,'
, ~1!

whereHc,'5 j cd/p is the characteristic field ande52a/d
denotes the aspect ratio of the strip.

In parallel configuration the magnetic moment is twi
that of a slab with infinte length as has been shown in R
18. One half of the total magnetic moment originates fro
the currents flowing along the strip, the other half com
from the far-away ends of the strip where the currents p
form a U turn. The virgin magnetization can be written a19

M v irg ,i~H !52Hc,iH H

Hc,i
2

1

2 S H

Hc,i
D 2

, 0<
H

Hc,i
<1

1

2
,

H

Hc,i
>1

~2!

with Hc,i5 j cd.
In both cases, the remanent magnetization as functio

the maximum applied fieldH0 is obtained as

Mrem~H0!5M v irg~H0!22M v irg S H0

2 D . ~3!

The position and the amplitude of the maximum in t
logarithmic derivativeM̃ rem[dMrem /d logH0 is given for
perpendicular fields by

Hp,''2.00Hc,' , Pp,''0.421peHc,' . ~4!
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PRB 62 9811FIELD ANGLE DEPENDENCE OF THE REMANENT . . .
One finds for the position and the amplitude of the maxim
for parallel fields

Hp,i5Hc,i , Pp,i'1.15Hc,i . ~5!

The filaments within our multifilamentary tapes are a
ranged in a brick-wall-like stacking scheme.15 This special
configuration allows an external magnetic field to mean
around the filaments so that the field pattern around an i
vidual filament in a tape is similar to that of an isolat
filament. Consequently, we assume that the total intergra
lar magnetic moment is the sum of the intergranular m
netic moments of the individual filaments. According to t
above equations the major contributions to the intergr
peak of a multifilamentary tape arise from the broad fi
ments in the central region due to their high critical curre
densities and aspect ratios.15

In the following we extend the considerations for
thin strip to the intergrain magnetization of the tape
Figure 1 shows that for the multifilamentary tap
Pp,inter,' /Pp,inter,i'9. In our tapes the filaments appe
with a wide spread of width-to-thickness ratios15 ranging
from 12 to 55 with an average value of 23 which agrees q
nicely with e'2.73Pp,inter,' /Pp,inter,i found from the peak
amplitudes given in Eqs.~4! and ~5!. Concerning the peak
positions one expects from Eqs.~4! and ~5! Hp,' /Hp,i
52/p '0.64. Figure 4 shows the ratio of the peak positio
Hp,inter,' /Hp,inter,i for temperatures from 5 K up to 77 K for
the tapes of Table I. Figure 4 demonstrates that for all ta
the thin strip result is observed independently of the temp
ture. Significant deviations appear only for the high-j c tape C
because in the perpendicular configuration the inter- and
tragrain peak lie quite close together leading to overe
mated peak positionsHp,inter,' @compare Fig. 1~a!#. It is re-
markable that both the monocore and the multifilament
tapes obey the thin strip result. This confirms our assump
of magnetically independent filaments within one tape. Ta
II summarizes the temperature dependence ofHp,inter,' and
Hp,inter,i . The peak positions decrease linearly with incre

FIG. 4. Ratio of the intergrain peak positions in parallel a
perpendicular configurationHp,inter,i /Hp,inter,' determined in a
temperature range of 5–77 K. The plot summarizes data of
monocore tape M~open square! and of the multifilamentary tape
A–E ~same legend as is in Fig. 3!.
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ing temperature in accordance with the linear tempera
dependence of the intergrain critical current dens
j c,inter .20

The virgin magnetization curves allow a further test of t
thin strip model. Using Eqs.~1! and ~2! the initial slope of
the virgin magnetization is given by

M̃ v irg ,'~0![dMv irg ,' /dHuH→052
p

4
e ~6!

and

M̃ v irg ,i~0![dMv irg ,i /dHuH→0521, ~7!

respectively.M̃ v irg(0) is thus independent from the supe
conducting properties. In Fig. 5M̃ v irg is plotted for the
monocore tape M and the multifilamentary tape A atT55 K
and T540 K for perpendicular and parallel configuratio
The data for the parallel configuration show a knee atm0H
'30 mT due to the contribution of the intragranular magn
tization. For both field configurations the data exhibit satu
tion to a temperature independent value form0H,1 mT.
The experimentally observed valuesM̃ v irg ,'(0) for the
monocore tape M (212) and the multifilamentary tap
(219) are nicely consistent with the values calculated fr
their aspect ratios ofe513 (210) ande523 (218), respec-
tively. Within the experimental accuracy alsoM̃ v irg ,i(0)
agrees with the thin strip result of21.

To summarize this section, we have found that the pr
erties of the intergrain magnetization, in particular its dep
dence on the orientation of the magnetic field, is complet
described by the thin strip model. The comparison with
monocore tape showed that the filaments within one m
tifilamentary tape are not magnetically coupled, at least
dc measurements.

e

TABLE II. Position of the intergrain peakHp,inter for the
samples of Table I determined in perpendicular and parallel or
tation of the magnetic field.

Tape
5 K
~mT!

20 K
~mT!

40 K
~mT!

60 K
~mT!

77 K
~mT!

M
'

i

35

50

25

40

16

25

9.0

16

4.0

7.0

A
'

i

12

20

8.0

16

7.0

12

3.0

7.0

1.6

3.0

B
'

i

18

30

14

20

8.0

16

6.0

8.0

2.5

4.0

C
'

i

35

35

30

25

14

18

9.0

9.0

3.5

7.0

D
'

i

12

18

8.0

16

6.0

10

3.0

6.0

1.4

3.0

E
'

i

25

50

18

35

12

25

6.0

14

3.0

7.0
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V. INTRAGRANULAR MAGNETIZATION
OF A TEXTURED MICROSTRUCTURE

In order to describe the intragranular magnetization
microstructure within the filaments may be considered as
agglomeration of Bi-2223 grains. The Bi-2223 grains are
proximated by plateletlike cylinders. A microstructure of th
kind is shown in Fig. 6~a!. This explicit choice for the ge-
ometry of the grains is uncritical since the magnetizat
curves for basic geometries with high aspect ratios, e
discs and strips, are very similar.22 Due to the extreme mag
netic anisotropy of Bi-based superconductors the magne
tion of the grains is by far dominated by the magnetizat
within their ab plane.21

We first discuss the magnetization of a single grain w
radiusRg and thicknessdg with the crystallographicc axis
parallel to the cylinder axis (dg!Rg). For magnetic fields
applied parallel to the cylinder axis the remanent magnet
tion as function of the maximum applied fieldH0 is given
by23

Mrem,g~H0!5AgHc,gF2 arccosS 1

cosh~m/2! D12
sinh~m/2!

cosh2~m/2!

2arccosS 1

coshm D2
sinhm

cosh2m
G , ~8!

FIG. 5. Slope of the virgin magnetization for the monoco
sample M, and the multifilamentary tape A atT55 K andT560 K.
~a! perpendicular and~b! parallel configuration for data normalize
to the superconducting volume.
e
n
-

n
.,

a-
n

a-

with m5H0 /Hc,g , Hc,g5 j c,gdg/2, andAg58Rg/3pdg . For
the logarithmic derivative of Eq.~8! one finds

M̃ rem,g~H0!5~ ln 10!AgH0F 1

cosh3~m/2!
2

1

cosh3~m!
G

~9!

The position of the maximum of Eq.~9! is given by
Hp,g51.54Hc,g with an amplitude ofPg51.33AgHc,g .

Figure 6~b! shows a cylinder with its orientation chara
terized by the anglea. Figure 6~b! illustrates further two
configurations of the magnetic fieldHa andHb that are per-
pendicular to each other. The orientation of the cylinder c
be determined by comparing the remanent magnetizat
measured for the configurationsHa andHb. For the configu-
ration Ha one finds

Mrem,g
a ~H0 ,a!5Mrem,g~H0 sina!sina, ~10!

with a peak ofM̃ rem,g
a at Hp,g

a 5Hp,g /sina and amplitude
Pg

a5Pg sina. For configurationHb, Mrem,g
b is given by

Mrem,g
b ~H0 ,a!5Mrem,g~H0 cosa!cosa. ~11!

M̃ rem,g
b exhibits a peak atHp,g

b 5Hp,g /cosa with an am-
plitude ofPg

b5Pg cosa. Thus the anglea can be determined
either from the peak positions or from the peak amplitud

tana5
Hp,g

b

Hp,g
a

, tana5
Pg

a

Pg
b

. ~12!

These findings for a single cylinder can be generalized
a textured microstructure of the kind shown in Fig. 6~a!. The
grain misalignment is described by a probability distributi
F(v) of the anglev @Fig. 6~a!# which in our case is assume
to be a Gaussian distribution. Due to the symmetry of

FIG. 6. ~a! Shematic sketch of the textured microstructure. T
Bi-2223 grains are represented by plateletlike cylinders, for wh
the orientation is given by a probability distribution of the anglev.
~b! Single anisotropic grain placed in two configurations of t
magnetic fieldHa and Hb. He f f

a and He f f
b denote the fields tha

cause the in-plane magnetization.
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PRB 62 9813FIELD ANGLE DEPENDENCE OF THE REMANENT . . .
textureF(v) has an average value of 0°, i.e.,F(v) is fully
characterized by its standard deviations. The full width at
half maximum~FWHM! of F(v) is approximately 2.35s.
Furthermore, we regard the grains to be magnetically
lated so that the total intragrain magnetizationMintra is sim-
ply the sum of the magnetizations of the cylinders. This
pears as a rather crude assumption since any coup
between the grains is neglected. In Sec. VI we show that
approach is useful as long as one restricts its applicatio
the grain alignment. WithQ denoting the angle between th
magnetic field and the tape surface the intragrain rema
magnetization of the microstructure is given by

Mrem,intra~H0!5
1

NE0

p/2

sinuQ2vuMrem,g~H0 sinuQ2vu!

3F~v!sinvdv, ~13!

with N5*0
p/2F(v)sinvdv. For the logarithmic derivative o

Eq. ~13! one finds

M̃ rem,intra~H0!5
1

NE0

p/2

sin2~Q2v!M̃ rem,g~H0 sinuQ2vu!

3F~v!sinvdv ~14!

Equations~13! and ~14! summarize our above assum
tions to a model for the intragrain magnetization for arbitra
orientationsQ of the magnetic field. The remanent magne
zation is characterized by three parameters, namelyAg and
Hc,g of the grains and bys of the Gaussian distribution. Fo
the perpendicular (Q590°) and parallel (Q50°) configu-
ration Eqs.~13! and ~14! are simplified since sinuQ2vu re-
duces to cosv and sinv, respectively.

In analogy to the case of a single cylinder the evaluat
of the peaks of Eq.~14! can be used to infer the mean alig
ment of the grains within the microstructure. We define
mean magnetic misalignment angleumag as

umagªarctan
Pintra,i

Pintra,'
. ~15!

In Eq. ~15! Pintra,i andPintra,' denote the intragrain pea
amplitudes ofM̃ rem observed in parallel and perpendicul
orientation. In contrast to the case of a single cylinder
consider only the peak amplitudes and not the peak posit
since the experimental determination of the latter is less
curate. The experimental accuracy ofumag is 60.5° which is
mainly due to a possible misorientation when placing
samples in the magnetometer.

To unravel the relevance of the mean magnetic misali
ment angleumag we modeled different microstructures b
varying the standard deviations. The mean magnetic mis
alignment anglesumag were determined from Eq.~15! by
evaluating numerically the intragrain peak amplitud
Pintra,i andPintra,' of Eq. ~14!.

The parameterAg which corresponds to the aspect ra
Rg /dg of the grains is of no relevance forumag since it
cancels in the fraction of Eq.~15!, the parameterHc,g
(} j c,gdg) shifts the intragrain peaks, but affects almost n
at all the ratio of the peak amplitudes. The solid line in F
7 shows the relative deviation (umag/s21) of umag ands
-

-
ng
is
to

nt

-

n

a

e
ns
c-

e

-

s

t
.

in the range 3,s,20°. Apparently,umag follows s with a
deviation smaller than 5%. Thereforeumag is adequate to
determines unaffected byAg andHc,g .

The assumption of grains with identical geometry is
course a grossly simplified model of the complex microstr
ture of the tapes. In a more realistic picture one should c
sider a grain size which decreases with increasing tilt ang
v since the preparation induces the formation of large
tended Bi-2223 platelets within the tape plane. We ha
modeled a variable radius of the grains by a constantHc,g
and a varyingAg of the cylinders. A linear decrease of th
grain size is assumed with increasing tilt anglev. SinceAg
5Ag(v) in this caseumag is not independent of the grai
size, contrary to the constant grain size assumed above.
dashed line in Fig. 7 represents (umag/s21) for a grain size
that decreases by a factor of 2 asv varies from 0 to 2s. The
resultingumag differs fromumag obtained for identical grains
by less than 2%. This shows the weak influence of the gr
radius onumag. Similar results have been obtained for
varying thickness of the grains.

An alternative to the Gaussian distribution is the squa
Lorentzian curve used in Ref. 12. For this distribution t
FWHM is given by 1.29d, where 2d is the FWHM of the
standard Lorentzian. In Fig. 7 the dotted line reflectsumag
determined for the squared Lorentzian distribution as a fu

tion of s5 1.29
2.35d. Figure 7 shows that the relative deviatio

for the squared Lorentzian distribution falls within the ran
for the Gaussian distribution.

The above discussion shows that neither the geometr
the grains nor the explicit shape ofF(v) has a significant
influence onumag determined from the ratio of the intragrai
peak amplitudes. Therefore in the following we use a co
stant grain size and a Gaussian distribution.

VI. RESULTS AND DISCUSSION OF THE INTRAGRAIN
MAGNETIZATION

In order to test the validity of the model developed in Se
V we measured the remanent magnetization at various or
tations of the magnetic field. For the tapes the intermixture
the intergrain and intragrain peaks inM̃ rem has to be consid-

FIG. 7. Relative deviation (umag/s21) versuss. umag was
calculated for the modeled microstructure@Fig. 6~a!# using Eqs.
~14! and ~15!.
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ered. In order to determine the heights of the intragrain pe
accurately the measurements have to be performed on
samples. We investigated the intragrain peak of the lowj c
tape D and the high-j c tape E at anglesQ of 90, 60, 45, 30,
and 0°.

Figure 8 shows that for all orientations the positions of
intragrain peaks do not differ significantly between t
samples. In perpendicular configuration, the peaks occu
100 mT, and are shifted with decreasing angleQ continu-
ously to higher fields. In parallel configuration the peaks
observed at 300 mT. Also the peak amplitudes exhibit
orientation dependence. The maximal peak amplitudes
observed in perpendicular configuration. By decreasing
angleQ a suppression of the peak amplitudes occurs. T
behavior of the intragrain peaks is in full accordance w
our model developed in Sec. V. Since the grains are alig
to the tape surface the magnetic field that is effectively ac
on the grains becomes smaller with decreasing angleQ, thus
explaining the shift of the peak position. At the same tim
the component of the magnetic moment pointing paralle
the external magnetic field becomes smaller, which result
the decreasing peak amplitudes.

For a more rigorous test of the model the measured d
were fitted to Eq.~14!. Since the model focuses on the cha
acteristics of the peaks the peak amplitudes were stro
weighted by the fitting routine than the peak flanks. We fit
separately the curves for each orientation. In Table III
give the average values for the three parameters and
spread. Table III also shows the experimentally determi
umag and aspect ratios 2Rg /dg calculated fromAg . In Fig. 8
the lines were calculated for the values given in Table II

With respect to the peak amplitudes and positions the
shows an excellent accordance with the measured data.
indicates that our model is truly capable of describing
peaks for variable orientations of the magnetic field. Ev
the shapes of the peaks are reasonably approximated.
implies thatM̃ rem for arbitrary orientations of the magnet
field is fully characterized by only three parameters:Ag and
Hc,g which are related to the aspect ratio and the charac
istic field of the grains, ands which determines the mea
alignment of the grains.

Significant deviations of the fitting curves appear only
the increasing flanks of the intragrain peaks, where the m
sured data increases stronger than the fit curves. This e
is most pronounced in the perpendicular configurati
whereas in parallel configuration the fit agrees well over
entire range. The deviations arise from the remaining in
grain peak of the bent samples. For the parallel configura
(Q50°) the intergrain and intragrain peaks are clearly se
rated. With increasingQ the intergrain peak is shifted to
wards the intragrain peak resulting in a broadening of the
intragrain peak flank.

In Table III the calculated aspect ratios of 38 for sam
D and 47 for samples E overestimate the typical grain
mensions observed in scanning electron microscope~SEM!
analysis.7 This is not unexpected as we assumed magn
cally independent grains. The presence of grain clusters
result in intragrain currents acting on a length scale tha
larger than the grain size observed in the SEM. Also, non
perconducting voids lead to an inaccuracy of the superc
ducting volume and thus to overestimated aspect ratios.
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Using Hc,g' 65 mT and assuming a thickness of th
grains of 1mm an intragrain critical current density of ap
proximately 104 kA cm22 is estimated fromHc,g5 j c,gdg/2.
This value appears as a reliable estimate since it falls wi
the experimental results on Bi-2212 crystals given in

FIG. 8. Logarithmic derivative of the remanent magnetizati
for bent samples D and E atT55 K. The measurements wer
performed at various orientations of the magnetic field ranging fr
perpendicular~a! to parallel~e! configuration. The lines represent
fit to the measured data using Eq.~14!.
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TABLE III. Fitting parametersAg , Hc,g , ands for modelingM̃ rem,intra(H0) for samples D and E shown
in Fig. 8. Values for the calculated aspect ratios 2Rg /dg and the experimentally determinedumag are also
given.

Tape Ag Hc,g (mT) s (°) 2Rg /dg umag (°)

D 16.160.2 64.760.9 11.360.3 38.160.4 10.660.5
E 20.060.2 63.461.0 7.660.2 47.260.5 7.460.5
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literature.9 The standard deviationss differ significantly for
the samples. As expecteds determined from the fit agree
well with umag derived fromPintra,i andPintra,' .

In order to study the relationship between current carry
capability and grain alignment the mean magnetic misali
ment angles were determined on bent samples for a va
of tapes. These tapes were throughout prepared by iden
thermomechanical treatments. In Fig. 9umag is plotted ver-
susj c . A clear correlation appears betweenumag and j c with
a decreasingumag accompanied by an increasingj c .

This observation should not depend on the means of
ture analysis so that similar results are expected from
complementary study by x-ray scattering. A detailed text
analysis by x-ray scattering is presented in Ref. 12
Bi-2223 tapes with a different preparation than our samp
but with comparablej c values. For these tapes a depende
of j c on the grain alignment similar to ours has been repor
by T. R. Thurstonet al.12 Remarkably, even a reasonab
quantitative accordance is obtained. The FWHM of o
Gaussian distribution is approximately 2.35s so thatumag
ranging from 7 to 12° falls within the FWHM of 20–30
found by Thurstonet al.12

In the following the magnetically determined grain alig
ment is compared with the results of transport measureme
The mean transport misalignment anglesu trans are derived
from the I c(B) characteristics in parallel and perpendicu
configuration. Following S. Kobayashiet al. u trans was de-
termined with an accuracy of60.5° for four of the samples
shown in Fig. 9, including also the high-j c and the low-j c
tapes.10 Independent of their current carrying capability
universalu trans of 8° was found.

FIG. 9. Mean magnetic misalignment angleumag versusj c for a
variety of investigated tapes. Samples that are not specified in
legend~grey symbols! originate from tapes with identical proces
ing as the tapes A–E.
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This observation is in striking contrast to the observ
magnetic misalignment angles ranging from 7 to 12°. F
clarification we consider the differences between these
kinds of measurements. The magnetization represents
sample volume, i.e., all Bi-2223 grains contribute to the m
sured magnetization. Thereforeumag represents an overa
average value of the tilts of individual grains.umag is thus
sensitive to both@001# and@100# tilt grain boundaries.@001#
twist grain boundaries are not reflected byumag. In case of
transport only the well joined grains contribute to the curre
flow. Accordingly, u trans represents the current transfer
any kind of well joined grain boundary.

If we now assume thatj c,inter of the grain boundaries ha
only a weak dependence on the tilt angle between adja
grains, then also for the transport all tilt grain boundar
should contribute. Therefore a better alignment of the gra
results in a decrease of bothumag and u trans . This contra-
dicts our observation of a constantu trans and significantly
decreasingumag. Therefore the grain alignment must have
strong impact on the intergrain critical current density.

This suggests a critical anglezc
Bi-2223 that determines the

intergrain critical current densityj c,inter at the@001# and the
@100# tilt grain boundaries in analogy with the misorientatio
depended behavior in YBCO. Belowzc

Bi-2223 the grain
boundary acts as a strong link. By exceedingzc

Bi-2223 j c,inter

drops sharply to zero. Therebyzc
Bi-2223 is not necessarily

identical for the both kinds of tilt grain boundaries. Neve
theless, the tilt grain boundaries of the microstructure can
divided into those withz,zc

Bi-2223 andz.zc
Bi-2223. The dif-

ference ofu trans and umag is a measure for these two frac
tions. Transport measurements reflect only the part of
grains with tilt grain boundaries smaller thanzc

Bi-2223. That
is, constantu trans will be observed. Thus a critical angl
zc

Bi-2223 for the intergrain current transfer naturally explai
all our experimental observations.

Clearly, zc
Bi-2223 for Bi-2223 will vary from that in

YBCO. As for the bicrystalszc
Bi-2223 will be determined by

the specific chemical structure of the tilt grain boundari
From that a dependence ofzc

Bi-2223 on the preparation of the
samples is expected. But for our samples with identical p
cessing the transport measurements indicate thatzc

Bi-2223

'8°.
With these findings we can now also explain the obser

scaling of the magnetic field dependence of the transp
critical current I c(B) of the tapes investigated in Ref. 14
It has been found thatI c(B)/I c(B0) with B0.100 mT is
equal for all the tapes. This can be expressed asI c(B)
5Ae f f j c,uni(B) where j c,uni(B) has been interpreted as
universal intrinsic critical current density andAe f f as an ef-
fective superconducting area differing for the tapes. T

he
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sharp falloff of j c,inter(z) at z5zc
Bi-2223 tells that all grain

boundaries withz,zc
Bi-2223 have similar critical current den

sities. This directly suggests a universalj c,inter . The varying
Ae f f then reflects the specific amount of grain boundar
with z,zc

Bi-2223.
During preparation of this manuscript Cimberleet al.

published a study on the grain alignment in unreac
tapes.24 They determined a mean grain alignment from
scaling of hysteresis loops measured in different orientati
of the magnetic field. Our results show that even in fu
processed tapes, where additionally an intergrain magne
tion has to be considered, remanent magnetization meas
ments are a useful tool to investigate the grain alignmen

VII. CONCLUSIONS

Summarizing, we presented a quantitative study of
intergrain and intragrain magnetization of multifilamenta
Bi-2223 tapes at various orientations of the magnetic fie
We found that the intergrain magnetization is complet
described by a stack of magnetically independent thin str
Describing the textured microstructure by plateletlike gra
with a Gaussian distribution of tilt angles we could acc
rately reproduce the orientation dependence of the intrag
magnetization. We carefully discussed the applicability
this model with regard to the simplifying assumptions
individual grains and of a Gaussian grain alignment. In p
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ticular we showed that the mean grain alignment can be
termined from the intragrain magnetization measured at
different orientations of the magnetic field. It is noticeab
that this method, in contrast to conventional means of text
analysis, requires no expendable specimen preparation,
only a bending of the samples is needed.

Our investigations of the remanent magnetization
vealed several aspects of the current flow in Bi-2223 tap
Irrespective of the different length scales of current flow t
intergrain and transport critical current densities are co
lated. Furthermore, our study pointed out the dominating
fluence of the grain alignment on the current carrying ca
bility of Bi-2223 tapes. A comparison with the grai
alignment determined by transport measurements prov
the first direct experimental evidence for a critical ang
which governs the crossover from strong to weak link beh
ior of the @001# and @100# tilt grain boundaries. Thus, the
mechanisms of current flow in Bi-2223 tapes exhibit a
markable similarity to the misorientation dependent int
grain current transfer in YBCO bicrystals.
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