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We measured the dependence of the remanent magnetization of multifilamentary {BEHCU;O; g, «
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.

I. INTRODUCTION exceeding the critical angle’ 2 the intergrain current den-
sity drops sharply to almost zero. In YBCO even {i€0]
(Pb,Bi),Sr,CaCu;00. x (Bi-2223) tapes are promising tilt and [100] twist boundaries exhibit a similar behavior
candidates for introducing high; superconductors to tasks whereas in Bi-2212 at least for tfi©01] twist boundaries a
in power engineering and magnet technoldgit present, misorientation-independent current transfer was observed.
long lengths of these tapes, produced by the powder-in-tube The peculiarities of the preparation of Bi-2223 bicrystals
process, possess critical current densifigsof up to 40  hindered up to now similar experiments for Bi-2223. There-
kAcm2 at a temperature of 77 K in self-fiefd3 In short  fore it is still unclear whether the results on the YBCO and
samples even critical current densities higher than 7®i-2212 bicrystals can be applied to the Bi-2223 grains
kA cm™2 have been reportetllt is a major goal for the fur- present in tapes. Thus in order to study the correlation be-
ther tape development to increase the current carrying capawveen microstructure and current carrying capability one is
bility in order to achieve a profitable employment of this dependent of a comprehensive characterization of the tapes.
technology. Commonly the current carrying capability is investigated by
For that, it is essential to understand the current transferansport measuremerif$the microstructure by means of
mechanisms within the tapes. So far three models have be@tectron microscopy* x rays:? and magneto-optics:*®
proposed for the current paths in the tapes: the brick-wall In this paper we report on remanent magnetization mea-
model the railway-switch model,and the freeway modél. surements on multifilamentary Bi-2223 tapes. In particular
Though these models focus on various types of grain boundwe focus on the dependence of the orientation of the mag-
aries they all proceed on the assumption that it is the granularetic field. Remanent magnetization is a particular useful
microstructure which limits the tape performance. magnetic technique since it allows us to separate the inter-
The microstructure of the tapes consists of plateletlikegrain and intragrain magnetizatiotfsWe will show explic-
grains of Bi-2223 with typical extension of Am along their jtly that the intergrain remanent magnetization is correlated
c axis and 10-2Qum along theirab plane! Thec axes of o the transport current carrying capability. Furthermore, we
the grains are aligned. Thearandb axes appear at random present a comparatively simple method to determine the
orientations. This special stacking scheme resulted in thehean grain alignment within the tapes. It is based on the
classification of the grain boundaries [@01] twist bound-  ratio of the intragrain remanent magnetization measured at
aries,[001] and[100] tilt boundaries. The systematic inves- two different orientations of the magnetic field. A compari-
tigation of the structure and properties of these kinds of grairson of the grain alignment inferred from magnetization as
boundaries has been carried out extensively for bicrystals afell as transport measurements provides direct evidence for
YBa,Cus06.x (YBCO) (Ref. 8 and BpSr,CaCuyOg.x  the presence of a critical angle also for Bi-2223 grain bound-
(Bi-2212).° aries. We discuss the implications of this observation for the
The experiments on YBC@DO01] tilt grain boundaries at current flow in the tapes.
different misalignment angleisrevealed clearly the presence  The paper is organized as follows. In Sec. Il we describe
of a critical anglezy ®*“©~5°---10° that determines the tran- some experimental details and discuss the typical measure-
sition from strong to weak coupling of the grain boundary.ment procedure. In Sec. lll we analyze the intergrain mag-

Below gZBCO the grain boundary acts as a strong link. By netization with regard to the transport properties of the tapes.
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TABLE |. Transport properties of the investigated tapes at 0.20
T=77 K in zero external field.
Tape le (A) jic (KAcm™2) V (mm?) '-g 0.15 ;
M 12 6.4 3.23 I 010!
A 37.8 17.5 4.10 o
B 51.0 22.6 4.32 ‘E’
C 70.7 31.9 3.91 2 29 0.05 ¢
D 32.0 15.9 3.54
E 60.0 25.9 4.02 0.00 |
0.1
This is followed in Sec. IV by a quantitative discussion of
the intergrain magnetization. In Sec. V we introduce a model 0.025
for the intragrain magnetization at arbitrary field orienta-
tions. In particular, a mean magnetic misalignment angle 0.020 ¢
Omag IS defined. Finally, in Sec. VI we apply the model to -,
Bi-2223 tapes and discuss the relevance,pf, for the cur- S: 0.015 ¢
rent carrying capability of Bi-2223 tapes. 2o
— 0.010 |
Il. EXPERIMENTAL TECHNIQUES & 0.005 !
AND MEASUREMENTS = v
Multifilametary tapes were produced by the powder-in- 0.000 |

tube technique as described elsewHefetypical cross sec- ‘ ' : ‘
tion of a 55-filament tape is given in Ref. 2. Table | lists the 0.1 1 ?_'0 (mT; 00 1000
transport properties at 77 K in self-field for the investigated HoMo

tapes. Sample M is a monocore tape, whereas samples A-E g, 1. Logarithmic derivative of the remanent magnetization
are 55-filamentary tapes. They all possess the same SUPg§r the intact samples A, B, and C =5 K in perpendiculara)

conducting filling factor Vg;.p203/Viape=0.25. Magneti(f and parallelb) configuration. Data are normalized to the supercon-
measurements were performed on about 5-mm-long piecefcting volume.

cut from long lengths of the tapes. The sample voluMgse

as determined by a calliper rule to an accuracylfum)”  field and on the critical current densities of the tapes. We
are given in Table I. Magnetic hysteresis loops were meacharacterize the peaks by their POSitidhSinter andH p intra
sured with a commercial superconducting quantum interferang their amplitude®; e, and P;,, . Peak positions could

ence device magnetometer. From these the remanent maga determined with an accuracy of 10%, peak heights with
netic moment was determined as function of the maximungy,

applied fieldH,. If not stated otherwise, the measurements
were performed at temperaturés=5 K. The magnetization
M was evaluated using the superconducting volWggsso3

Figure 2 showsM ., for the same samples as in Fig. 1
after being bent strongly. Nevertheless, the intergranular

of the samples. Magnetic fields were applied with differentccmnemIons are not completely destroyed by the bending

entat o the t | Th dicul p rocedure since in parallel orientation still an intergrain peak
ornentations 1o the tape plane. The perpendicuiar contigurgy ,pcengple. By comparing the heights of the intergrain

%eaks for the intact and bent samp|€$gs. 1b) and Zb)]

In parallel configuration th'e magnetic field is parallel to the | s 4o o suppression of the intergrain magnetization by
tape surface and perpendicular to the tape length. The acclp ot a factor of 5

racy of the sample alignment was0.5°.
In Ref. 14 it has been shown that the logarithmic deriva-

tive of the remanent magnetizatioft, o, =dM e ,/d logH, IIl. INTERGRAIN AND TRANSPORT CRITICAL
allows for a separation of intergrain and intragrain magnetic CURRENT DENSITIES

moments. A bending of the samples to diameters smaller e most apparent feature of the intergrain peaks in Fig. 1
than 2 mm, which destroys the intergranular connections, hag 5 shift of the peak positions with increasing transport cur-
been used to Investigate separately the intragranular magan; carrying capability to higher fields. This is further illus-
netic moments? 5 trated in Fig. 3 where the critical current densijtyis plotted

By means of typical measurements M., several as- versus the position of the intergrain pel e, for various
pects of importance for the fO”OWing discussion will be in- tapes. The transport measurements Corresporﬁ:{ﬁ7 K,
troduced. In Fig. 1M ., is plotted for three representative whereas the magnetic properties refer to measuremefits at
tapes for the perpendicular and parallel configuration. The=5 K in perpendicular configuration. The tapes with critical
peak at lower fields is due to the intergranular, the peak aturrent densities smaller than 5 kA/€rstem from interme-
higher fields is due to the intragranular magnetic momént. diate stages of the thermomechanical treatrtefiter the first
The curves depend both on the orientation of the magnetibeat treatmeit The further rolling steps change the aspect
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0.20 : : : : ness of the filamentésee Sec. IY. Thus in our case where
samples with identical geometries are considered the inter-
- (a) grain peak positions are a direct measure of the intergrain
PIE 0.15 | critical current densitie$. iner -
< Since our study includes samples in different stages of the
s 0100 #A ) ] thermomechanical treatment Fig. 3 shows that both the trans-
- — #B 7 port and the intergrain critical current density develop simul-
Y
E taneously during the thermomechanical treatment. For a

—— #C ‘
: s 0.05; fg % ] comparison of the transport and intergrain properties it is
. important to take into account the typical length scales of the
0.00 L : ‘ ] current flow. Magnetically induced currenits,, act on a

0.1 1 10 100 1000 Igngth séaale .which is comparable to the width of the
boHo (MT) f|Iam9nt while transport current$. extend over macro-
scopic length scales. The fact that even fully processed tapes

0.025 exhibit distinctj i, €vidences that differences in their mi-
crostructure appear on a length scale which is smaller than
— 0.020 | p%, ] the filament width. Macroscopic defects, e.g., transversal
= 0.015 -“\% cracks within the filaments, suppress the transport current but
< v [ ] have no effect on the intergrain curreftsSuch defects lead
'9 0.010 | to a horizontal shift in Fig. 3 and thus to a spread of the data.
E 0.005 ¢ IV. DEPENDENCE OF THE INTERGRAIN
= ' MAGNETIZATION ON THE ORIENTATION
0.000 | OF THE MAGNETIC FIELD
0.1 1 10 100 1000 For analyzing the intergrain magnetization a single fila-

HoHo (mT) ment may be treated as a thin str?p with Widtb,Zhigkness
d, and lengthL (d<a<L). Assuming constant critical cur-
FIG. 2. Logarithmic derivative of the remanent magnetizationrent densityj. the formulas for the magnetization are well
for samples A, B, and C after being bent strongli=5 K. (a) known. For magnetic fieldsl applied perpendicular to the

perpendicular andb) parallel configuration for data normalized to strip surface the virgin magnetization is giventby
the superconducting volume.

T H
Mirg 1 (H)=——€H., tanh—, 1
ratios of the filaments only by approximately 5%. Therefore o+ 4ot He
these samples can be considered as being similar in geomel;;\)herm_'C'l =j.d/ is the characteristic field ane=2a/d

as the fully processed tapes. . _ _ denotes the aspect ratio of the strip.
Figure 3 clearly shows that the position of the intergrain |, parallel configuration the magnetic moment is twice

peakHpinter is correlated with the transport critical current 4t of a slab with infinte length as has been shown in Ref.
densityjc. Hp inter is directly related to the intergrain char- 18 one half of the total magnetic moment originates from
acteristic fieldH inier™Jcinterd, Whered denotes the thick-  the currents flowing along the strip, the other half comes

from the far-away ends of the strip where the currents per-

40 ‘ ‘ ‘ ‘ ‘ ‘ form a U turn. The virgin magnetization can be writteri®as
N4 o #HA v H 1/ H)? 0= H _
= 30y o 4B ] Hoy 2\Hey) " " Hgp
= v #C “ Mvirg,H(H): —Hc 1 H
\E/ 20 [ v #D f ] E! H =1
_l' s #E = A0 el @)
(O]
£ 10 | i 1 with H¢ j=jd.
:Ei In both cases, the remanent magnetization as function of
the maximum applied fieltH, is obtained as
0 ‘ ; ; : ; ;
0O 5 10 15 20 25 30 35 H
Mrem(HO):Muirg(HO)_ZMvirg(f)- (3

e (kAcm®), 77K
The position and the amplitude of the maximum in the
FIG. 3. Correlation between the position of the intergrain peaklogarithmic derivativeM ,¢=dM,om,/d logH, is given for
Hy inter,. in perpendicular configuration arjd. Samples not speci- perpendicular fields by
fied in the legendgrey symbol$originate from tapes with identical
geometry as the tapes A—E. The sketched line is a guide to the eye. Hy ~2.0H;,, Py, ~0.42%kreH., . 4
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1.2 ‘ ' ‘ TABLE Il. Position of the intergrain peak ., for the
= ] samples of Table | determined in perpendicular and parallel orien-
T 10t 1 tation of the magnetic field.
2 .
E
Io‘. 08¢ 1 5K 20K 40 K 60 K 77 K
= Tape (mT) (mT) (mT) (mT) (mT)
S5 0.6}
5 1 35 25 16 9.0 4.0
= 0.4} 1 M| 50 40 25 16 7.0
I
0.2} 1 12 8.0 7.0 3.0 1.6
0.0 : : : Al 20 16 12 7.0 3.0
0 20 40 60 80
1 18 14 8.0 6.0 25
T(K) B
[ 30 20 16 8.0 4.0
FIG. 4. Ratio of the intergrain peak positions in parallel and
perpendicular configurationt p incer,| /Hp,inter,. determined in a 35 30 14 9.0 3.5
temperature range of 5-77 K. The plot summarizes data of the c [ 35 25 18 9.0 7.0
monocore tape Mopen squarneand of the multifilamentary tapes
A—E (same legend as is in Fig).3 1 12 8.0 6.0 3.0 14
D 18 16 10 6.0 3.0
One finds for the position and the amplitude of the maximum
for parallel fields 1 25 18 12 6.0 3.0
E|l 50 35 25 14 7.0
Hoj=Hejs  Ppy=1.18c). )

ing temperature in accordance with the linear temperature

The filaments within our multifilamentary tapes are ar-dependence of the intergrain critical current density
ranged in a brick-wall-like stacking scher®eThis special jc,inter-zo
configuration allows an external magnetic field to meander The virgin magnetization curves allow a further test of the
around the filaments so that the field pattern around an indithin strip model. Using Eqs(1) and (2) the initial slope of
vidual filament in a tape is similar to that of an isolated the virgin magnetization is given by
filament. Consequently, we assume that the total intergranu-
lar magnetic moment is the sum of the intergranular mag-
netic moments of the individual filaments. According to the
above equations the major contributions to the intergrain
peak of a multiflamentary tape arise from the broad fila-2"
ments in the central region due to their high critical current -
densities and aspect ratibs. Myirg,|(0)=dMrg 1 /dH[_o=—1, (7)

In the following we extend the considerations for a _ ~ ) .
thin strip to the intergrain magnetization of the tapes.'€SPeCtively.M,i4(0) is thus independent from the super-
Figure 1 shows that for the multiflamentary tapesconducting properties. In Fig. ® 4 is plotted for the
Pp.inter,. /Ppinter~9. In our tapes the filaments appear monocore tape M and the multiflamentary tape A'at5 K
with a wide spread of width-to-thickness rafidganging and T=40 K for perpendicular and parallel configuration.
from 12 to 55 with an average value of 23 which agrees quitd’he data for the parallel configuration show a kneggiti
nicely with €~2.73 inter.. /Pp.inter,| found from the peak ~30 mT due to the contribution of the intragranular magne-
amplitudes given in Eqg4) and (5). Concerning the peak tization. For both field configurations the data exhibit satura-
positions one expects from Eq¢4) and (5) H,, /Hp tion to a temperature independent v~alue fogH<1 mT.
=2/m ~0.64. Figure 4 shows the ratio of the peak positionsThe experimentally observed valuéd;  ,(0) for the
Hp.inter.. /Hp.inter) for temperatures fim 5 K up to 77 K for ~ monocore tgpe M {—1.2) and_ the multiflamentary tape
the tapes of Table I. Figure 4 demonstrates that for all tape—19) are nicely consistent with the values calculated from
the thin strip result is observed independently of the temperatheir aspect ratios of= 13 (— 10) ande= 23 (- 18), respec-
ture. Significant deviations appear only for the highape C  tively. Within the experimental accuracy alsﬂvirg,”(O)
because in the perpendicular configuration the inter- and inagrees with the thin strip result ef1.
tragrain peak lie quite close together leading to overesti- To summarize this section, we have found that the prop-
mated peak positiond, i, [cOmpare Fig. @)]. Itis re-  erties of the intergrain magnetization, in particular its depen-
markable that both the monocore and the multifilamentarydence on the orientation of the magnetic field, is completely
tapes obey the thin strip result. This confirms our assumptiodescribed by the thin strip model. The comparison with the
of magnetically independent filaments within one tape. Tablenonocore tape showed that the filaments within one mul-
Il summarizes the temperature dependenckl of,,, and tifilamentary tape are not magnetically coupled, at least for
Hy inter,| - The peak positions decrease linearly with increasdc measurements.

~ ar
Mvirg,L(O)EdMuirg,L/dH|Hﬁ0:_Zf (6)
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virg

FIG. 6. (a) Shematic sketch of the textured microstructure. The
Bi-2223 grains are represented by plateletlike cylinders, for which
the orientation is given by a probability distribution of the angle

(b) Single anisotropic grain placed in two configurations of the
magnetic fieldH?® and HP. H2, and HY;, denote the fields that
cause the in-plane magnetization.

‘ ‘ ‘ ‘ with u=Hg/H¢ g, He g=]c,gdg/2, andAy,=8Ry/37d, . For
0.1 1 10 100 1000 the logarithmic derivative of E(8) one finds
HoH (mT) )

cosh(u/2) - cosh(u)

FIG. 5. Slope of the virgin magnetization for the monocore ~ Myemg(Ho)=(IN10)AgH,
sample M, and the multifilamentary tape ATat 5 K andT=60 K.
(a) perpendicular an¢b) parallel configuration for data normalized
to the superconducting volume.

©)

The position of the maximum of Eq9) is given by
Hpg=1.54; 4 with an amplitude ofPy=1.33A4H 4.
V. INTRAGRANULAR MAGNETIZATION Figure 8b) shows a cylinder with its orientation charac-
OF A TEXTURED MICROSTRUCTURE terized by the anglex. Figure @b) illustrates further two
econfigurations of the magnetic field andHP® that are per-

microstructure within the filaments may be considered as a endicular to each other. The orientation of the cylinder can

agglomeration of Bi-2223 grains. The Bi-2223 grains are ap—m eessesfé?;gf?hgigr%?]pa”tnghéhe :jekrrbar::enttﬁwagneftllzatlons
proximated by plateletlike cylinders. A microstructure of this® " - . gurations”an - Forthe conhigu-
kind is shown in Fig. ). This explicit choice for the ge- ration H* one finds

ometry of the grains is uncritical since the magnetization
curves for basic geometries with high aspect ratios, e.g.,
discs and strips, are very simil#Due to the extreme mag- with a peak of ?emg at HS o=Hpo/sina and amplitude
netic anisotropy of Bi-based superconductors the magnetizgsa_ ; St b ab PR

tion of the grsFt)iBrQS is by far dom?nated by the magnet?zatiorf’jg_Pgl sina. For configuratiort®, Mrem,g is given by

In order to describe the intragranular magnetization th

M?em,g(HOaa):Mrem,g(HOSina)Sina' (10

within their ab plane?? ME  (Haa)=M H. cosa)cosa 11
We first discuss the magnetization of a single grain with remg(Ho, @) =Mremg(Ho ) ' 0
radiusRy and thicknessl, with the crystallographic axis m?em,g exhibits a peak aHg g:prg/COSQ with an am-

para}lel to the cylinder a.XiSdQ<RQ)' For magnetic fields. plitude of P°= P, cosa. Thus the anglex can be determined
applied parallel to the cylinder axis the remanent magnenza(-either fromgthe %eak positions or from the peak amplitudes:
tion as function of the maximum applied field, is given '

by*? b P
tana=—>2,  tana=

a
_9
b
p.g g

(12

sinh(u/2)
cosit /2)) m These findings for a single cylinder can be generalized to
# cosit(u/2) a textured microstructure of the kind shown in Figa)6 The

M rem,g( HO) = AgH c.g 2 arcco%

1 sinhy grain misalignment is described by a probability distribution
_ arcco% ) _ 7 (8) F(w) of the anglew [Fig. 6(@)] which in our case is assumed
costu/  cosHu to be a Gaussian distribution. Due to the symmetry of the
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textureF (w) has an average value of 0°, i.E(w) is fully
characterized by its standard deviation The full width at
half maximum(FWHM) of F(w) is approximately 2.3%.

Furthermore, we regard the grains to be magnetically iso- +

lated so that the total intragrain magnetizatMdg,,,, is sim-

ply the sum of the magnetizations of the cylinders. This ap- ©

pears as a rather crude assumption since any coupling \o,
between the grains is neglected. In Sec. VI we show that this E
approach is useful as long as one restricts its application to&.

the grain alignment. Witl® denoting the angle between the

magnetic field and the tape surface the intragrain remanent

magnetization of the microstructure is given by
1 (=2 ) )
M rem,intra(HO) = Nfo Sm| 0- wl M rem,g(HO S|n|® - (1)|)

XF(w)sinwdw, (13

with N= [ 7"?F (w)sin wdw. For the logarithmic derivative of
Eq. (13) one finds

- 1 (=2 ) - )
Mrem,intra(HO):Nfo sz(_w)Mrem,g(HOS|n|®_w|)

X F(w)sinwdw (14

Equations(13) and (14) summarize our above assump-

tions to a model for the intragrain magnetization for arbitrary

orientations® of the magnetic field. The remanent magneti-
zation is characterized by three parameters, namgland

H g of the grains and by of the Gaussian distribution. For
the perpendicular®=90°) and parallel @ =0°) configu-
ration Egs.(13) and (14) are simplified since s|®—w| re-
duces to cos and sinw, respectively.

In analogy to the case of a single cylinder the evaluatio
of the peaks of Eq(14) can be used to infer the mean align-
ment of the grains within the microstructure. We define
mean magnetic misalignment anglg 4 as

F’intra,l\

Omag= arctanpi
g intra,L

In Ed. (19 Pinra,| @andPjny 4, denote the intragrain peak

amplitudes ofM e, observed in parallel and perpendicular
orientation. In contrast to the case of a single cylinder w

(19

curate. The experimental accuracyéf,qis =0.5° which is
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0.00
— Gauss, const. R
\ - - Gauss, vgr. R
S seee (Lorentz)

v -0.02
-0.04 |

-0.06 L— ‘ ‘ ‘ ‘

4 8 12 16 20

c(°)

FIG. 7. Relative deviation faq/0—1) Versuso. 6pmaq Was
calculated for the modeled microstructuieig. 6a)] using Egs.
(14) and(15).

in the range X 0<20°. Apparently,f,,4 follows o with a
deviation smaller than 5%. Therefow,,q is adequate to
determines unaffected byA; andH 4.

The assumption of grains with identical geometry is of
course a grossly simplified model of the complex microstruc-
ture of the tapes. In a more realistic picture one should con-
sider a grain size which decreases with increasing tilt angles
w since the preparation induces the formation of large ex-
tended Bi-2223 platelets within the tape plane. We have
modeled a variable radius of the grains by a conskj
and a varyingA, of the cylinders. A linear decrease of the
grain size is assumed with increasing tilt angleSinceA,
=Ay(w) in this cased,q is not independent of the grain
size, contrary to the constant grain size assumed above. The

"Hashed line in Fig. 7 represent8,(,,/o— 1) for a grain size

that decreases by a factor of 2a@saries from 0 to 2r. The

aresulting Omag differs from 6,,,4 obtained for identical grains

by less than 2%. This shows the weak influence of the grain
radius oné,,4. Similar results have been obtained for a
varying thickness of the grains.

An alternative to the Gaussian distribution is the squared
Lorentzian curve used in Ref. 12. For this distribution the
FWHM is given by 1.296, where 2 is the FWHM of the
standard Lorentzian. In Fig. 7 the dotted line refleéfs,q

. . - Weetermined for the squared Lorentzian distribution as a func-
consider only the peak amplitudes and not the peak positions

since the experimental determination of the latter is less adlo

n of o= 3325. Figure 7 shows that the relative deviation

for the squared Lorentzian distribution falls within the range

mainly due to a possible misorientation when placing thd©r the Gaussian distribution.

samples in the magnetometer.

The above discussion shows that neither the geometry of

To unravel the relevance of the mean magnetic misalignth® grains nor the explicit shape &f(») has a significant

ment angled,,q we modeled different microstructures by
varying the standard deviatiom. The mean magnetic mis-
alignment anglesd,,,q were determined from Eq15) by
evaluating numerically the
Pintra,H and Pintra,. of Eq. (14).
The parameteA, which corresponds to the aspect ratio
Ry/dg of the grains is of no relevance faty,,4 since it
cancels in the fraction of Eq(15), the parameteH,

influence ond,,,4 determined from the ratio of the intragrain
peak amplitudes. Therefore in the following we use a con-
stant grain size and a Gaussian distribution.

intragrain peak amplitudes

VI. RESULTS AND DISCUSSION OF THE INTRAGRAIN
MAGNETIZATION

In order to test the validity of the model developed in Sec.

(jcgdg) shifts the intragrain peaks, but affects almost notV we measured the remanent magnetization at various orien-
at ali the ratio of the peak amplitudes. The solid line in Fig.tations of the magnetic field. For the tapes the intermixture of
7 shows the relative deviatiorg,,q/0c—1) of 6,,gando  the intergrain and intragrain peaksihe, has to be consid-
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ered. In order to determine the heights of the intragrain peaks 0.1 1 10 100 1000 10000
accurately the measurements have to be performed on bent
samples. We investigated the intragrain peak of the jlow- — 0.2 (a) © = 90°
tape D and the higl; tape E at angle® of 90, 60, 45, 30, E
and 0°. @ - #D "
Figure 8 shows that for all orientations the positions of the 2 0.1 « #E
intragrain peaks do not differ significantly between the g
samples. In perpendicular configuration, the peaks occur at i =
100 mT, and are shifted with decreasing an@lecontinu- 0.0} um
ously to higher fields. In parallel configuration the peaks are
observed at 300 mT. Also the peak amplitudes exhibit an
orientation dependence. The maximal peak amplitudes are
observed in perpendicular configuration. By decreasing the
angle® a suppression of the peak amplitudes occurs. This
behavior of the intragrain peaks is in full accordance with
our model developed in Sec. V. Since the grains are aligned
to the tape surface the magnetic field that is effectively acting
on the grains becomes smaller with decreasing afigléhus
explaining the shift of the peak position. At the same time
the component of the magnetic moment pointing parallel to
the external magnetic field becomes smaller, which results in
the decreasing peak amplitudes. 0.15
For a more rigorous test of the model the measured data <
were fitted to Eq(14). Since the model focuses on the char- E
acteristics of the peaks the peak amplitudes were stronger s
H
S

0.10

weighted by the fitting routine than the peak flanks. We fitted
separately the curves for each orientation. In Table Il we
give the average values for the three parameters and their
spread. Table Ill also shows the experimentally determined 0.00
fmag @nd aspect ratiosk; /dg calculated fromAy. In Fig. 8
the lines were calculated for the values given in Table IlI. 0.10
With respect to the peak amplitudes and positions the fit .
shows an excellent accordance with the measured data. This ¢
indicates that our model is truly capable of describing the =
peaks for variable orientations of the magnetic field. Even =
E
§&

0.05

0.05 }

the shapes of the peaks are reasonably approximated. This

implies thatM ., for arbitrary orientations of the magnetic 2
field is fully characterized by only three parametekg:and 0.00
H¢,g which are related to the aspect ratio and the character-

istic field of the grains, and- which determines the mean 0.03
alignment of the grains.

Significant deviations of the fitting curves appear only at <
the increasing flanks of the intragrain peaks, where the mea- E
sured data increases stronger than the fit curves. This effect ¥4

£

0.02 |

is most pronounced in the perpendicular configuration,
whereas in parallel configuration the fit agrees well over the
entire range. The deviations arise from the remaining inter-
grain peak of the bent samples. For the parallel configuration
(®=0°) the intergrain and intragrain peaks are clearly sepa- 0.1 1 10 100 1000 10000
rated. With increasin@ the intergrain peak is shifted to- poHo (MT)

wards the intragrain peak resulting in a broadening of the left FIG. 8. Logarithmic derivative of the remanent magnetization

intragrain peak flank. for bent samples D and E &t=5 K. The measurements were

In Table Il the calculated aSpeCt ratios of 3.8 for Sa_mpl(_:"performed at various orientations of the magnetic field ranging from
D and 47 for samples E overestimate the typical grain dl'perpendiculal(a) to parallel(e) configuration. The lines represent a

mensions observed in scanning electron microsd&teM) fit to the measured data using Ha4).
analysis’ This is not unexpected as we assumed magneti-

cally independent grains. The presence of grain clusters can Using H; q~ 65 mT and assuming a thickness of the
result in intragrain currents acting on a length scale that igrains of 1um an intragrain critical current density of ap-
larger than the grain size observed in the SEM. Also, nonsuproximately 16 kAcm™ 2 is estimated fronH g=jc gdg/2.
perconducting voids lead to an inaccuracy of the supercorithis value appears as a reliable estimate since it falls within
ducting volume and thus to overestimated aspect ratios. the experimental results on Bi-2212 crystals given in the

0.01

0.00 ¢ um
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TABLE lIl. Fitting parametersA,, H¢ 4, ando for modelingl\7|rem,imra(HO) for samples D and E shown
in Fig. 8. Values for the calculated aspect ratid$,2d, and the experimentally determined, . are also

given.
Tape Aq Hcg (MT) o (°) 2R, /dy Omag (°)
D 16.1+0.2 64.70.9 11.3:0.3 38.xx0.4 10.6:0.5
E 20.0£0.2 63.451.0 7.6:0.2 47.2-0.5 7.4-0.5
literature® The standard deviations differ significantly for This observation is in striking contrast to the observed
the samples. As expected determined from the fit agrees magnetic misalignment angles ranging from 7 to 12°. For
well with 6,54 derived fromPi, o | @nd Piyra, 1 - clarification we consider the differences between these two

In order to study the relationship between current carryinkinds of measurements. The magnetization represents the
capability and grain alignment the mean magnetic misalignsample volume, i.e., all Bi-2223 grains contribute to the mea-
ment angles were determined on bent samples for a varieured magnetization. Therefo, 4 represents an overall
of tapes. These tapes were throughout prepared by identicalerage value of the tilts of individual graingyq is thus
thermomechanical treatments. In Fig#g,, is plotted ver-  sensitive to botfi001] and[100] tilt grain boundaries[001]
susj.. A clear correlation appears betweéfag andjc with  twist grain boundaries are not reflected By, . In case of
a decreasingnaq accompanied by an increasing. transport only the well joined grains contribute to the current

This observation should not depend on the means of X4,y - Accordingly, 6,4, represents the current transfer at
ture analysis so that similar results are expected from %my kind of well joined grain boundary

complementary study by x-ray scattering. A detailed texture o : :
analysis by x-ray scattering is presented in Ref. 12 for If we now assume tha inger Of the grain boundaries has

Bi-2223 tapes with a different preparation than our sampleé)nIy a weak dependence on the tilt angle between adjacent

but with comparablg values. For these tapes a dependenceqrains’ then'also for the transport all .t”t grain boundarigs
of j . on the grain alignment similar to ours has been reporte&homd <_:ontr|bute. Therefore a better allgnment_ of the grains
by T. R. Thurstonet al}? Remarkably, even a reasonable '€SUlts in @ decrease of both,ag and fyans. This contra-
quantitative accordance is obtained. The FWHM of ourdiCts our observation of a constafia,s and significantly
Gaussian distribution is approximately 28350 that 6,4 decreasing@naq- Therefore the grain alignment must have a
ranging from 7 to 12° falls within the FWHM of 20—~30° Strong impact on the intergrain critical current density.
found by Thurstoret al1? This suggests a critical anglé&"??%3 that determines the
In the following the magnetically determined grain align- intergrain critical current density, i, at the[001] and the
ment is compared with the results of transport measurementsL00] tilt grain boundaries in analogy with the misorientation
The mean transport misalignment anglgs, s are derived depended behavior in YBCO. Belowg *** the grain
from the | ((B) characteristics in parallel and perpendicularboundary acts as a strong link. By exceediff§®** | inter
configuration. Following S. Kobayaskt al. 6,,,,s Was de-  drops sharply to zero. Therehsf"?**® is not necessarily
termined with an accuracy of 0.5° for four of the samples identical for the both kinds of tilt grain boundaries. Never-
shown in Fig. 9, including also the high-and the lowj.  theless, the tilt grain boundaries of the microstructure can be
tapes'® Independent of their current carrying capability a divided into those withy < (8228 and > 82223 The dif-
universalyqns of 8° was found. ference 0ffyans and O, is @ measure for these two frac-
tions. Transport measurements reflect only the part of the
12 — : : grains with tilt grain boundaries smaller thgf' %%, That
#A is, constanté,ns Will be observed. Thus a critical angle
117 #B {B12223 for the intergrain current transfer naturally explains
—~ 10 ¢
(¢]

#C all our experimental observations.
#D Clearly, £5"%** for Bi-2223 will vary from that in
#E YBCO. As for the bicrystals’®'"#?% will be determined by
A the specific chemical structure of the tilt grain boundaries.
8 ] From that a dependence &#'"?°*> on the preparation of the

- samples is expected. But for our samples with identical pro-
7t A v cessing the transport measurements indicate tFat%*
6

m < 4 OO0

mag (
O

~8°.
With these findings we can now also explain the observed
15 20 25 30 scaling of the magnetic field dependence of the transport
jC (kAcm'2) critical currentl,(B) of the tapes investigated in Ref. 14.
It has been found that.(B)/1.(By) with Bo>100 mT is
FIG. 9. Mean magnetic misalignment anglg, 4 versusj, for a equal .for all the tap_es. This can be expressedl &B)
variety of investigated tapes. Samples that are not specified in the Aetic.uni(B) where j ,ni(B) has been interpreted as a
legend(grey symbols originate from tapes with identical process- universal intrinsic critical current density ad¢; as an ef-
ing as the tapes A—E. fective superconducting area differing for the tapes. The
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sharp falloff of j¢ inwe(¢) at {=¢5"#?*tells that all grain ticular we showed that the mean grain alignment can be de-
boundaries withy < gfi'2223 have similar critical current den- termined from the intragrain magnetization measured at two
sities. This directly suggests a univergle, . The varying different orientations of the magnetic field. It is noticeable
Aqss then reflects the specific amount of grain boundariesghat thi_s methqd, in contrast to conventiqnal means of 'textu're
with ¢< (B-2223, analysis, requires no expendable specimen preparation, i.e.,

During preparation of this manuscript Cimber& al. ~ Only @ bending of the samples is needed. o
published a study on the grain alignment in unreacted OUr investigations of the remanent magnetization re-
tapes?* They determined a mean grain alignment from avealed several aspects of the current flow in Bi-2223 tapes.
scaling of hysteresis loops measured in different orientation§TeSpective of the different length scales of current flow the
of the magnetic field. Our results show that even in fullyiNtergrain and transport critical current densities are corre-
processed tapes, where additionally an intergrain magnetiz4gted. Furthermore, our study pointed out the dominating in-
tion has to be considered, remanent magnetization measuré<ence of the grain alignment on the current carrying capa-

ments are a useful tool to investigate the grain alignment. Pility of Bi-2223 tapes. A comparison with the grain
alignment determined by transport measurements provided

the first direct experimental evidence for a critical angle

which governs the crossover from strong to weak link behav-

ior of the [001] and[100] tilt grain boundaries. Thus, the
Summarizing, we presented a quantitative study of thenechanisms of current flow in Bi-2223 tapes exhibit a re-

intergrain and intragrain magnetization of multifilamentary markable similarity to the misorientation dependent inter-

Bi-2223 tapes at various orientations of the magnetic fieldgrain current transfer in YBCO bicrystals.

We found that the intergrain magnetization is completely

described by a stack of magnetically independent thin strips.
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