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We have proposed the "railway-switch" model to describe the superconducting transport current in
(Bi,Pb)~Sr2Ca2Cu30&0 silver-sheathed tapes. The model assumes that in the textured polycrystalline fila-
ment the frequent small-angle c-axis tilt grain boundaries ("railway switches" ) constitute strong links for
the supercurrent. With the objective to identify the mechanisms that limit the critical-current density in
the tapes we present measurements of the transport critical current normal to the tape plane and of the
current-transfer length along the tape axis. From I-V curves we obtain the longitudinal critical-current
distribution and compare it to the thickness variation of the filament. The experiments have been per-
formed on monofilamentary powder-in-tube samples prepared in long lengths by rolling as the only
tape-forming process. For all investigated samples the critical-current density at T =77 K in self-field
was in the range j,=20—30 kA/cm . We conclude that the dominant limitation for the transport critical
current in the tapes is imposed by the low intragrain critical-current density j, along the c axis (as com-
pared to the in-plane critical-current density j,' ) and by the even lower critical-current density j,' across
twist boundaries or intergrowths. Possibilities for an improvement of the performance of the
(Bi,Pb)~Sr2Ca2Cu30&0 silver-sheathed tapes are discussed.

I. INTRODUCTION

The high-T, superconductor (Bi,Pb)2Sr2CazCu30]0
[Bi/Pb(2223)] ofFers promising physical properties for
technical applications. The high critical superconducting
temperature (T, =110 K) together with a high critical
magnetic field [B,2( T =4.2 K) ) 100 T] and a potentially
high critical-current density j, promoted the fast devel-
opment of prototype conductors mainly in the form of
silver-sheathed tapes that are generally produced by the
"powder-in-tube" (PIT) method. Although being applied
to a very complex metallurgical system the PIT process
yields reasonable results in a straightforward way and la-
boratories worldwide participated in the hunt for the
record-high critical-current density j,(T =77 K, 8 =0
T). This was certainly a decisive stimulus for the rapid
progress in the Geld, besides the promise of future paying
applications. However, the pushing of the record value
to higher and higher limits was not always accompanied
by good reproducibility. Consequently the course of op-
timizing the tape performance had to change from a
di6'use and mainly heuristic research by trial and error
with large numbers of samples to a more focused strategy
that requires as its base the understanding of the correla-
tion between preparation parameters and technologically
relevant properties of the tapes, the most important being
for obvious reasons the critical transport current density
j, and its field and temperature dependence j,(B,T).
This change of direction became necessary especially for
the development of industrial lengths (I ) 1 km) of con-
ductors with a restricted variety of production steps and
perfect reproducibility being an absolute must.

The first eAort in describing the mechanisms of super-
current transport in Bi/Pb(2223) tapes has been made by

Bulaevskii et al. ' and MalozemoK The notion that the
platelets in the superconducting filament were stacked
hke bricks in a wall led them to introduce the "brick-
wall" model. ' This model relies essentially on the idea
that an interruption of the direct current path, i.e., a
weak link or no connection at all between two platelike
grains along their thin edges, can be bypassed if the su-
percurrent meanders through neighboring grains. The
grain-to-grain connection is made by a partial overlap of
the broad faces of two adjacent grains, i.e., generally by a
twist grain boundary. Continuous refinements of the tape
preparation process gave rise to highly improved tape
performances. The microstructure of the high-current
tapes, however, does not resemble a "brick wall" and the
original brick-wall model' does not appropriately de-
scribe the current transport in high-quality tapes.

Detailed investigations performed on tapes with high
critical-current densities j,( T =77 K, 8 =0 T) ) 15
kA/cm led us to propose the "railway-switch" model
with a more adequate microstructural foundation for
high-quality tapes. The fundamental elements of our
model are the small-angle c-axis tilt grain boundaries or
"railway switches" that connect adjacent grains. They
constitute those strong connections that are necessary to
explain the observed high overall critical current densi-
ties. Furthermore there is evidence that the grain boun-
daries are not the dominant limiting factor for the
critical-current density. The central objective of the
present paper is to identify the mechanisms that limit the
critical current in Bi/Pb (2223) silver-sheathed tapes.

The paper is organized as follows: In Sec. II we recapi-
tulate the principles of the PIT process and give some
basic information about the preparation of the samples
used in this work. In Sec. III we present the main mi-
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crostructural features of the Bi/Pb (2223) filament. In
Sec. IV we review the central assumptions and implica-
tions of the railway-switch model. A comprehensive
characterization of the electrical transport properties of
the Bi/Pb (2223) silver-sheathed tapes has been per-
formed in order to further refine the model and to allow
reliable predictions of sample properties which in turn
can be fed back into the preparation process. Measure-
ments of the critical current parallel to the tape axis and
normal to the tape plane will be presented in Secs. V and
VI, respectively. We put the railway-switch model to a
test by comparing a large set of transport current mea-
surements to the model predictions. The spatial distribu-
tion of the critical current in the tapes is the topic of Sec.
VII. We discuss the longitudinal critical-current distri-
bution that can be derived from I-V characteristics and
shortly address recent experimental results about the la-
teral critical-current distribution. Conclusions about the
mechanisms that limit the critical-current density in the
Bi/Pb (2223) silver-sheathed tapes will be drawn in Sec.
VIII and starting points for a further improvement of the
tape performance will be discussed. In the Appendix we
analyze various definitions of the critical current and
present some important experimental details and traps
that should be avoided.

II. THE ESSENTIALS OF THE POWDER-IN-TUBE
METHOD APPLIED TO (Bi, Pb)zSr2CazCu30, s

SILVER-SHEATHED TAPES

The standard powder-in-tube method is at first sight a
very simple way to produce a composite conductor of
considerable length, be it a wire or a tape. For the
(Bi,Pb)2SrzCa2Cu30, 0 tapes used in this work a silver tube
is filled with a precursor powder for the final supercon-
ducting compound. Silver is used because of its high per-
meability for oxygen and its inert chemical behavior at
the heat treatment temperatures ( T)800'C). The pre-
cursor powder is essentially an oxide mixture that is ob-
tained by prereacting a coprecipitated powder. The tube
is sealed and subsequently deformed mechanically by
swaging, drawing, and rolling to yield the desired form of
the conductor which then consists of a powder filament
inside a thin metal sheath. These green tapes are multi-
ply heat treated with intermediate rolling which is neces-
sary to compact the filament. The compaction step also
improves the texture of the polycrystalline filament (a
basic texture is already imposed by the cold-rolling pro-
cess and is further enhanced by a reaction-induced tex-
ture that occurs during the first heat treatment ).

It should be noted that Bi/Pb (2223) cannot be ob-
tained from a melt and that the solid-state reaction re-
quires very long heat treatment times (t) 100 h). The
presence of a small amount of a liquid phase that is
formed in the course of the reaction from Bi2SrzCaCu208
[Bi(2212)] to Bi/Pb(2223) is considered to be very impor-
tant for obtaining high critical-current densities.

As final sample a monofilamentary tape of approxi-
mately three millimeters width and an overall thickness
of roughly 100 pm is obtained. The filament of supercon-
ducting Bi/Pb(2223) accounts for about one-third of the

total cross section [Fig. 1(a)]. The Bi/Pb(2223) grains are
platelike and the typical texture of platelets in the fila-
ment can be seen in Fig. 2. In high-quality tapes only a
small amount of secondary phases is present as remnants
of an incomplete reaction of the precursor to the final
Bi/Pb(2223) or a beginning decomposition of the just
formed Bi/Pb(2223).

In the last years it became clear that some steps in the
preparation procedure are more important than others in
their possible limiting effects on the critical current, i.e.,
when the corresponding parameters are not perfectly ad-
justed. Most of these detrimental effects cannot be
corrected in subsequent steps. The precursor powder,
when contaminated with carbon (mainly from CO2), sets
an upper limit for the achievable critical-current density
j,. Strong variations of the filament thickness, "sausag-
ing, " can occur in the last rolling steps and degrade j, as
well as the mechanical properties of the tapes by intro-
ducing nominal points of fracture. Heat-treatment tem-
peratures and times that are chosen to lie only slightly
outside the very small optimum window (the temperature
window has a width of only a few degrees) may lead to an
incomplete reaction with a strong reduction of the criti-
cal current due to the detrimental infiuence of Bi(2212) at
higher temperatures (T)70 K). On the other hand a
decomposition of the just formed Bi/Pb(2223) can occur
when overshooting in temperature or time.

When speaking of optimizing the tape performance one
should precisely define what optimum means, i.e., wheth-
er it correlates with the absolute value of j, at T =77 or
4.2 K, or with the respective magnetic-field dependences.
The preparation parameters might be different for
difFerent performance criteria. An optimum j, ( T =77 K)
does not necessarily mean that this is also true for
j,(T=4.2 K).

The samples that were investigated for this work were
optimized in the sense that they were first of all prepared
by a process that is industrially practicable and highly
reproducible. This strict boundary condition excludes all

FICx. 1. Transverse (a) and longitudinal (b) cuts of a typical
Bi/Pb (2223) tape with j,(T=77 K, B =0 T)=24 kA/cm
[scanning electron microscopy (SEM); backscattered electrons;
the Ag sheath appears in light gray colors, the Bi/Pb (2223) fila-
ment in dark gray]. The sample has been prepared by rolling as
the only tape-forming process. The longitudinal cut has been
taken in the middle of the filament.
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Aci
kA/cm . Figure 2 shows a longitudinal fracture surface
that spans the whole thickness of the Bi/Pb (2223) fila-
ment. The main microstructural features, platelet size
and alignment, do not differ significantly when compar-
ing the layer near the Ag interface with the center of the
filament. For early tapes with much lower j, it has been
observed that the platelets of the core were small and
poorly textured, while the interface region near the silver
consisted of longer and better aligned platelets. This led
to the assumption that the current should preferentially
How in a thin layer near the Ag interface. A microstruc-
ture like the one shown in Fig. 2, however, indicates that
this is probably not the case for optimized high-current
tapes. We will show that the inhomogeneities on the
scale of the thickness of the platelets (i.e., =1 pm) dom-
inate the transport properties, not those on the filament
scale (=100 pm), e.g. , residual "sausaging. " Figure 3

0 10

50 m

FIG. 2. Longitudinal fracture surface of the Bi/Pb (2223)
filament of the same sample that is shown in Fig. 1 (SEM). The

Ag sheath has been chemically removed prior to the fracture
and the hatched regions mark the original position of the
sheath. The fracture occurred in the middle of the filament.

process steps that can only be performed on short sam-
ples, e.g. , uniaxial pressing. Besides this, as measure of
sample quality the usual j,(T =77 K, B=0 T, 1 pV/cm)
was chosen. The cation ratio of the precursor powder
was Bi:Pb:Sr:Ca:Cu= 1.72:O.34:1.83:1.97:3.13 and no
further attempts have been made to optimize the
stoichiometry with respect to j,. More details of our
standard preparation process can be found in Ref. 5. The
critical-current densities of the tapes that have been
prepared by rolling as the only tape forming process were

j,( T=77 K, B =0 T) =20—30 kA/cm throughout, with
reproducibility in the sense that j, is predictable, i.e., the
critical-current density for samples prepared with a par-
ticular choice of parameters can be predicted within
+2.5 kA/cm . The values for the critical-current density
of these "rolled-only" samples are not too far away from
the highest ones published so far (January 1995, 38
kA/cm, Ref. 9) and thus are representative for the state
of the art in the field.

All features that are discussed in this work are typical
features and have been reproducibly observed on all
high-quality samples. Values that are given are typical
average values, not typical best values and definitely not
one-shot record values.
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III. THE MICROSTRUCTURE OF SUPERCONDUCTING
(Bi,Pb)zSr~CazCu30, 0 SILVER-SHEATHED TAPES

0 10

An illustration of the typical microstructure that is
found in tapes with high critical-current densities is given
in Figs. 2 and 3. The critical-current density at T =77 K
in self-field of the tapes shown in Figs. 2 and 3 was j,=25

FIG. 3. Transverse (a) and longitudinal (b) fracture surfaces
of a Bi/Pb (2223) filament with j,(T=77 K, 8 =0 T)=25
kA/cm (SEM). The fractures were taken in the middle of the
filament and span approximately half of the total filament thick-
ness.
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FIG. 4. A typical railway-switch network in a Bi/Pb (2223) filament (same tape as in Fig. 3; SEM).

compares a transverse (a) and a longitudinal (b) fracture
surface of a Bi/Pb(2223) filament. The pictures extend
over about half the total superconductor thickness.
From the visual impression no significant differences be-
tween the microstructures in the longitudinal and trans-
verse direction can be deduced.

In order to develop a model for the current transport
one has to clearly identify the typical features of the rni-
crostructure. We will do this in two steps (i) the platelets
that are visible in Figs. 2 and 3 and their internal struc-
ture have to be defined in their role for the current trans-
port and (ii) the typical platelet-to-platelet connections
together with the underlying grain-to-grain connections
must be classified with respect to their transport proper-
ties and number density in the filament, thus giving an es-
timate of their overall importance.

tios between 10 and 20. The substructure of the platelets
that can already be deduced from Figs. 2 and 3 becomes
more obvious in Figs. 4, 5, and 7. Each platelet is made
up of a stack of grains (d „;„=100nm; grain is used
throughout this work in the sense of a single-crystalline
unit). Numerous transmission electron microscopy
(TEM) investigations' '" revealed frequent (001) twist
grain boundaries in Bi/Pb(2223). Two adjacent (Bi/Pb)
2223 layers have parallel c axes, while the a and b axes of
the two layers can be more or less twisted around the
common c axis. Several grains of (Bi/Pb)2223 with rela-
tive twist form a colony [Fig. 6(a)]. From the comparison
with TEM results it is quite probable that the platelets
observed in Figs. 2—5 and 7 are identical to these
colonies. As scanning electron microscopy (SEM) does

A. Grains, colonies, and platelets

The platelets in Figs. 2 and 3 have a typical diameter of
D = 10—20 pm and a thickness d = 1 pm, thus aspect ra-

a) colony b) OABTWIST
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FIG. 5. Small-angle c-axis tilt (SCTILT) grain boundary con-
necting two Bi/Pb (2223) grains (SEM).

c) ECTILT d) SCTILT

FIG. 6. Schematic representation of the dominant grain
boundaries in the filament of high-current Bi/Pb (2223) silver-
sheathed tapes. Each individual colony consists of a stack of
grains with common c axis. Adjacent grains are separated by
(001) twist boundaries (a). One type of colony boundary occurs
by the partial overlap of the broad faces (or the a-b planes) of
two adjacent colonies in a twist grain boundary (OABTWIST)
(b). This type of colony boundary, however, is only rarely ob-
served in the tapes. Edge-on c-axis tilt (ECTILT) grain boun-
daries (c) and small-angle c-axis tilt (SCTILT) grain boundaries
(d) are the most frequently observed colony-to-colony connec-
tions. For simplicity the twist between the grains in the
colonies is not shown in (b) —(d).
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FIG. 7. Examples of SCTILT (a) and ECTILT (b) grain
boundaries in Bi/Pb (2223) tapes (SEM). A series of ECTILT
grain boundaries give the grains a softly bent or wavy shape (b).

not reveal thin amorphous layers that eventually separate
two colonies, "we will use the word "colony" in the just
defined sense and platelet in its common meaning when
referencing SEM pictures, e.g. , Fig. 2.

The steps on the flat surface of the lower Bi/Pb(2223)
platelet in Fig. 5 are the edges of the grains that form a
colony. The grains preferentially grow along the a-b
planes and practically no growth occurs along the c axis,
in agreement with the experimental finding that the ob-
served maximum thickness of the Bi/Pb(2223) platelets is
limited to d „=2pm.

The colonies as the basic elements for the current
transport are thus made up of stacks of grains with twist
boundaries separating the grains (Figs. 5 and 7). The
twist boundaries will generally reduce the critical-current
density perpendicular to the a bplane-s (depending on the
twist angle)' and their efFect can be described as an in-
crease of the effective anisotropy of the critical current
within the grain, i.e., the ratio of the in-plane critical-
current density j,'" and the critical-current density j,' nor-

mal to the CuOz planes.
The crystalline perfection of the Bi/Pb(2223) grains

will strongly inhuence their pinning properties. A perfect
crystal without pinning-active defects will have a quite
low critical-current density when the flux lines (or the
stack of pancake vortices) are oriented perpendicular to
the Cu02 planes, i.e., parallel to the c axis. Just this,
however, seems to be the case for the tapes and is plausi-
ble when one considers the long annealing times in prox-
imity of the decomposition temperature of Bi/Pb(2223)
that will certainly not promote the presence of crystallo-
graphic defects that could efFectively pin magnetic-Aux
lines. Measurements of the critical-current density of the
tapes indicate a relatively low pinning activity of the ma-
terial when the magnetic field is oriented normal to the
tape, i.e., nominally along the c axes of the grains. This
is, however, an omnipresent feature of the Bi-based high-
temperature superconductors (HTS) and thus not surpris-
ing. For the field direction with the Aux lines oriented
parallel to the Cu02 layers on the other hand, the intrin-
sic plane pinning cannot take e6'ect in the tapes as most
grains are slightly misoriented and thus the majority of
the grains experience a magnetic-field component in c
direction at all orientations in the field. This fact will be
discussed in Secs. V and VI.

Another characteristic feature of Bi-based HTS are
mutual intergrowths of one or a few unit cells thickness,
especially Bi(/Pb)(2212) in Bi/Pb(2223). '3 All TEM in-
vestigations reveal, with varying frequency, the presence
of Bi(/Pb)(2212) layers in Bi/Pb(2223) grains. Although
the transformation process from Bi(2212) to Bi/Pb(2223)
is not completely understood it is justified to assume that
the Bi(/Pb)(2212) intergrowths are remnants of this par-
ticular process. The varying frequency of intergrowths
that is reported can be explained by the fact that grains in
different stages of the transformation have been investi-
gated. The region near the Ag interface has been shown
to transform first' due to the promoting inhuence of the
silver on the formation of the already mentioned liquid
phase, ' thus they should have less intergrowths as they
have been annealed longer than the grains in the central
core of the filament. One important conclusion must be
drawn from the observation of the intergrowths. If
Bi/Pb(2223) grains with residual Bi(/Pb)(2212) layers are
included in the path of the transport current and if the
current Aow along the c axis plays a significant limiting
role, a qualitative change of the transport properties
could occur at the critical temperature of the
Bi(/Pb)2212 intergrowths' (see Sec. V).

B. The classi6cation of the grain boundaries

Little is known from direct experiments about the
transport properties of individual Bi/Pb(2223) grains or
colonies, not even to think of grain or colony boundaries.
So far no high-quality Bi/Pb(2223) single crystals that
would be suited for electrical measurements could be
grown. This lack of knowledge is up to now bridged by
transferring the results that have been obtained on
Bi(2212) single crystals to Bi/Pb(2223). For the tapes,
however, we can use an indirect approach to obtain more
insight into the properties of the grain-to-grain (or
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colony-to-colony) connections.
The optimized tapes used in this work exhibit high

critical-current densities j,(T =4.2 K, B =0 T) ) 100
kA/cm and show a good performance in magnetic fields,
without the typical signature of weak links for the trans-
port current (see Sec. V). It must thus be possible to
identify the strong electrical connections that are respon-
sible for this fact. When speaking of electrical connec-
tions we will mainly address colony boundaries. One
should, however, keep in mind that the individual grains
in the colonies are already separated by twist grain boun-
daries and eventually also by phase intergrowths. Each
particular colony boundary will then consist of several
grain boundaries, eventually of different types. "' Being
aware of this fact Fig. 6 schematically summarizes the
three possible pure types of colony (grain) boundaries. A
boundary that is formed by the partial overlap of the
broad faces of two adjacent colonies is shown in Fig. 6(b)
(OABTWIST). This type of boundary is evidently a twist
grain boundary and forms the main building block of the
brick-wall model. As can be verified by a closer look at
Figs. 2—4 such colony boundaries are only rarely found
in high-current Bi/Pb(2223) tapes. A second type of
boundary is the edge-on c-axis tilt (ECTILT) boundary of
Fig. 6(c). These ECTILT boundaries are formed by the
touching edges of two neighboring colonies whose c axes
lie in the same plane but are tilted with respect to each
other. The ECTILT boundaries occur frequently and
make the platelets look undulated (Figs. 2—5 and 7). The
third type of boundary is the frequently observed small-
angle c-axis tilt (SCTILT) boundary [Fig. 6(d)]. In the
case of the SCTILT boundary the edge of one colony
meets the broad face of another colony under a sharp an-
gle. Figure 7 shows practical examples of ECTILT and
SCTILT colony boundaries as seen by SEM.

As the current Aows macroscopically through the tape
it must also cross the frequent colony boundaries,
ECTILT and SCTILT. In the following section we will
discuss the possible limiting role of these colony boun-
daries for the supercurrent in the framework of the
railway-switch model.

IV. THE RAILWAY-SWITCH MODEL

The first microstructural investigations of Bi/Pb(2223)
silver-sheathed tapes that have been performed in the
early days of development in the field revealed
Bi/Pb(2223) platelets with a thickness d =1 pm (in the
direction of the crystallographic c axis) and an average
diameter D = 10 pm (along the conducting Cu02 layers in
the a bplane). The im-pression that the platelets in the
filament were stacked like in a brick wall led Malozemoff
and Bulaevskii et al. ' to coin the name "brick-wall"
model for their description of the mechanisms of current
transport in the tapes. The central idea of the brick-wall
model" (BWM) is that the current can overcome obsta-
cles in the direct current path along the tape axis (i.e.,
fractures, weak links, and nonsuperconducting phases) by
meandering around the interruptions through neighbor-
ing grains or colonies, thus crossing GABTWIST boun-
daries. The resulting winding current path of the BWM,
but also any other current path in any other model obvi-

ously requires internal current Aow along the c axis
within individual grains or colonies, the necessary
current density j,' depending on the aspect ratio. The an-
isotropy of the transport properties that is characteristic
of high-T, superconductors (HTS) manifests itself in a
strongly reduced critical-current density j,' along the c
axis as compared to the one along the a bp-lanes (j,' ). In
the framework of the BWM this reduction must be com-
pensated by the bigger cross section for the current in c
direction as all current has to How along the c axis. Up
to now no values for j,' are available for Bi/Pb(2223) and
data obtained for the structurally closely related Bi(2212)
and (Bi,Pb)2Sr2CaCuz08 [Bi/Pb(2212)] remain the only
source of information. Kleiner et al. found for single
crystals of Bi(2212) that have been annealed in Ar that
j;(4.2 K, 8 =0 T)=150 A/cm, ' while for Bi/Pb(2212)
with up to 20%%uo Pb for Bi and annealing in Oz/Ar consid-
erably higher values up to j;(4.2 K, 8 =0 T) =7 kA/cm
have been measured. ' In both cases the layer-to-layer
current was of Josephson nature, i.e., had weak-coupling
character, and thus the crystals could be well described
by a stack of Josephson junctions connected in series
along the c axis. Wang et al. obtained j;(4.2 K, 8 =0
T)=50 A/cm for the critical current across an
OABTWIST grain boundary with a nominal twist angle
0, =O'. ' This "twist grain boundary" had been
artificially prepared to obtain a reference value for j,' by
resintering the two parts of a cleaved Bi(2212) crystal in
their original orientation in 7.5% 02/Ar. The restored
nontwisted cleaving interface exhibited strong-coupling
character, while for nonzero twist (8, =30', 36') weak-
coupling character has been observed. ' The mentioned
results are quite different but certainly can serve as esti-
mates. For Bi/Pb(2212) j; is by two orders of magnitude
higher in agreement with the observation that the anisot-
ropy in this compound is much smaller than in pure
Bi(2212). For the following we will assume that
j,'[Bi/Pb(2212)]= j,'[Bi/Pb(2223)], and as an order of
magnitude for j;(4.2 K, B =0 T)= 5 kA/cm for
Bi/Pb(2223).

After detailed scanning electron microscopy investiga-
tions of the microstructure of tapes with quite different
overall critical-current densities we had to conclude that
OABTWIST boundaries between two colonies are rare
exceptions and that predominantly ECTILT and SCTILT
boundaries connect neighboring colonies. Early high-
resolution transmission electron microscopy analyses '

already revealed that the SCTILT boundaries are crystal-
lographically very well defined and clean, even on an
atomic scale. The wavy shape of the platelets in Figs.
2—4 results from a series of many ECTILT colony boun-
daries which are presumably annealed remnants of frac-
tures that occurred in the course of the multiple mechani-
cal defor'mations during the preparation process. Tapes
with very low critical-current densities (j, (10 kA/cm2
at 77 K in self-field) were found to contain small platelets
with many free blunt edges and only few mutual connec-
tions. For tapes with higher critical-current densities
[j,(77 K, 8 =0 T) ) 10 kA/cm ] the morphology of the
grains changes. The edges of the grains are sharp and
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fewer free edges are observed, while the number density
of ECTILT and SCTILT boundaries is strongly increased
in comparison to low current tapes. An indication for
the dominant role of these colony boundaries for the
current transport is the fact that the normal-state resis-
tivity along the tape axis is quite low [p(150 K)=500
pQ cm] and its temperature dependence is found to be of
pure a-b type, i.e., qualitatively identical to the in-plane
resistivity of HTS thin films or single crystals. It can thus
be concluded that the normal current in the filament is
mainly Qowing along the a-b planes and that in the nor-
mal state the current transport along the c axis does not
contribute significantly to the resistivity (i.e., in the nor-
mal state there are either no OABTWIST boundaries in-
corporated in series in the current path or they are
efFectively shunted by ECTILT and SCTILT boundaries).

A polished longitudinal cross section of a Bi/Pb(2223)
tape that looked like a track diagram of a train station
led to the name "railway-switch" model after its funda-
mental elements, the small-angle c-axis tilt grain boun-
daries that play the role of railway switches. The
railway-switch model (RSM) relies on the assumption
that SCTILT boundaries constitute strong connections in
the sense that they do not represent a weak link for the
supercurrent with the detrimental effect of a strongly re-
duced critical current already in very small magnetic
fields. An admittedly hypothetical but plausible argu-
ment for the strength of the connection might be the fol-
lowing: The characteristic length scale that determines
the superconducting quality of a grain boundary is cer-
tainly given by the coherence length g. As has been
shown for Bi(2212) the coherence length in c direction, g,
is too short as to enable strong connections even between
the CuO2 layers within one grain. ' ' The in-plane
coherence length g,& in turn is much longer and it seems
more likely that a strong grain-to-grain connection can
be achieved if g,b is only long enough to penetrate the
neighboring grain. For SCTILT and ECTILT boun-
daries this condition is certainly fulfilled and the strong
links find their explanation.

The plausibility argument that has been given in the
last paragraph seems to be in apparent contradiction with
the results of Dimos, Chaudhari, and Mannhart on the
superconducting transport properties of grain boundaries
of HTS. These results were obtained on well defined
grain boundaries in thin films that have been deposited
on bicrystals with different relative orientation. Essen-
tially all types of grain boundaries reduce the critical-
current density by more than an order of magnitude
when exceeding misorientation angles of about 10 . The
ECTILT boundaries are very similar to the thin-film
grain boundaries, while SCTILT boundaries cannot be
realized in bicrystal experiments. In both cases, however,
no substrate is present that could lead to additional dis-
tortions of the boundary. It should also be mentioned
that the contact cross section of an SCTILT boundary
grows like 1/sin(y) with decreasing tilt angle y and is al-
ready enhanced by a factor of =4 for a 15 boundary and
by =7 for 8' (relative to the constant transverse cross sec-
tion of the grains). Thus the reduction of the critical-
current density across the boundary is partly compensat-

ed for SCTILT boundaries. The railway-switch model is
based on the assumption that neither ECTILT nor
SCTILT boundaries are the dominant limiting elements
in the current path. This fundamental assumption is sup-
ported by the fact that an improvement of the pinning
properties of the grains by swift heavy ion irradiation
leads to an enhancement of the critical current of the
Bi/Pb (2223) tapes in magnetic fields. This finding
sharply contradicts a current limiting mechanism by
grain boundaries.

In Fig. 8 we summarize the basic concepts of the
railway-switch model. The involved current densities on
the intragrain scale are j,' and j,' along the a-b planes
and along the c axis, respectively. The intracolony criti-
cal current density j,' across a twist grain boundary or
across a Bi(/Pb)(2212) intergrowth is certainly lower than
the intrinsic j,. It is evident that the upper limit for the
critical-current density from one broad face of a colony
to the opposing face is given by the lowest j, in the colo-
ny. The colonies eventually contain ECTILT boundaries
that lead to an undulation of the platelets. Within the
RSM the ECTILT boundaries modify the transport prop-
erties of the colonies, but they are not sufficient to explain
the macroscopic current transport. The notion of
"infinite" layers of grains along the tape direction that
are connected by ECTILT boundaries is not sufFicient to
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FIG. 8. Schematics of the microscopic (intracolony) and the
macroscopic (intercolony) current Aow in Bi/Pb (2223) silver-
sheathed tapes. The involved critical-current densities are
defined as follows: j,' and j,' denote the intrinsic microscopic
critical-current densities parallel to the a-b planes and along the
c axis of Bi/Pb (2223) grains; j, is the critical-current density
across a twist boundary (i.e., between adjacent grains) or across
a Bi(/Pb) (2212) intergrowth; the macroscopic critical-current
densities parallel to the tape and normal to the tape are j, and

j,", respectively. (Note: j~ is used synonymously to j,. )
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explain the observed high critical-current density j, nor-
mal to the tape plane (see below under Sec. VI). The
SCTILT boundaries are necessary for the formation of a
3d network, i.e., to connect the 2d layers that are inter-
nally connected by the ECTILT boundaries. The high j,"
can only result from a 3d current path via SCTILT boun-
daries. The SCTILT boundaries are thus the important
colony-to-colony connections. It should be noted that
any macroscopic or intercolony current transport re-
quires a microscopic current transfer from one face of the
colony to the other (this is true for j, and for j,", the
critical-current densities along the tape and normal to the
tape plane, respectively). It is easy to verify that the
average aspect ratio of the grains plays a key role for the
macroscopic critical current.

V. THE CRITICAL-CURRENT DENSITY j,
PARALLEL TO THE TAPE

For this and the following sections the exact definition
of the critical current is important. %'hile different ap-
proaches to the problem are given in Appendix A we
mention here only that in this section I, denotes the criti-
cal current that has been determined by a voltage cri-
terion of 1 pV/cm. All derived quantities are thus based
on this criterion. Considerably different absolute values
are obtained by using different methods to determine I, .
They are, however, almost linearly correlated and thus
relative or qualitative statements remain practically
unaffected by the choice of the method.

A. The temperature dependence of the critical-current density

j,( T) parallel to the tape

The typical temperature dependence of the critical-
current density along the tape axis, j,(T), is shown in
Fig. 9. Besides the zero-field curve, measurements in
various external magnetic fields 8 are shown for a field
orientation parallel to the broad face of the tape (8=90';
8 is the angle between the tape normal and the magnetic
field; the magnetic field is oriented perpendicular to the
current). A linear variation ofj, with temperature is ob-

served. The effect of the external magnetic field is a shift
of the curves in the direction of the origin without quali-
tative changes of the temperature dependence (this is also
true for 0=0', i.e., when the magnetic field is oriented
normal to the tape plane). Many earlier samples showed
a quite distinct change of slope in j,( T,B =0 T) near 80
K. We had attributed this effect to either untransformed
Bi(/Pb)(2212) grains in parts of the current path or to
Bi(/Pb)(2212) intergrowths in the Bi/Pb(2223) grains.
Optimized samples like the one of Fig. 9 do not show
such a distinct change of slope but a continuously de-
creasing slope, i.e., a foot at temperatures above
T=80 K.

From measurements of j,(T) alone, no conclusion can
be drawn whether Bi(/Pb)(2212) is incorporated in the
Bi/Pb(2223) current path or not. However, it cannot be
excluded that Bi(/Pb)(2212) intergrowths are even
present in the grains of high-current tapes, although with
strongly reduced frequency, as they are found in practi-
cally all grains of Bi/Pb(2223). ' '" It should be men-
tioned that intergrowths are not the only imaginable ori-
gin of a change of slope or a curvature of j,(T) near T,
and that further investigations are necessary to elucidate
the role of the intergrowths for the critical current by
correlating their presence and number density (as visual-
ized by TEM) with the transport properties of the tapes
(like it has already been started in Ref. 16).

Besides these considerations it can be stated that the
temperature dependence j,( T) (without and with external
magnetic field) of Bi/Pb(2223) tapes with j,(T =77 K,
8 =0 T)) 20 kA/cm resembles the one that is charac-
teristic for high-quality thin HTS films and gives no hints
for the presence of weak links in the current path. This
does, of course, not mean that no weak links could be
found somewhere in the samples as the transport mea-
surements test only the best parts of the sample and with
different experimental methods one might test also the
parts that do not contribute to the critical transport
current.

B. The magnetic field dependence of the critical-current density
j,(B,T) parallel to the tape
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FIG. 9. Temperature dependence of the critical-current den-
sity of a Bi/Pb (2223) silver-sheathed tape. For the measure-
ments in diferent applied magnetic fields (open symbols) the
field was oriented parallel to the tape plane and perpendicular
to the current.

The question whether or not the critical transport
current in the tapes is limited by weak links can be
clarified by analyzing the field dependence j,(B). Weak
links lead to a strong decrease of j, in magnetic fields but
a strong decrease alone does not necessarily mean that
weak links must be involved. It has been shown by Bu-
laevskii et al. that the field dependence of the critical
current, including the initial drop at low fields can be re-
markably well described when the imperfect texture is
taken into account. ' A lack of pinning due to high crys-
talline perfection with only few pinning centers together
with an imperfect texture might delude the observer into
believing in weak links where in reality there are none.
Our interpretation ofj,(B,T) relies on just these assump-
tions and does not need any weak links in the current
path, except the unavoidable intrinsic ones along the c
axis.

A complication arises by irreversibilities in the field
dependence j,(B) that occur at low temperatures and due
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to which j,(B) becomes dependent on the measurement
history of the sample. Figure 10 demonstrates the hys-
teretic behavior of j,(B) in increasing and decreasing
fields at 4.2 K for two field orientations (the magnetic
field 8 is oriented normal, (9=0, or parallel, 0=90, to
the tape plane; Blj ). In both cases the sample had been
exposed to a magnetic field 8 = 15 T and only then the
curves for increasing and subsequently for decreasing
field have been measured. The observed strong hysteresis
decreases with increasing temperature. The origin of the
irreversible behavior ofj,(B) is not yet completely clear
and a more detailed discussion of this interesting effect
will be given elsewhere. In connection with the present
work mainly the curves obtained in decreasing field will
be considered.

Figure 11 shows the field dependences j,(B) at temper-
atures between T=4.2 and 100 K for both mentioned
sample orientations in the magnetic field. Both sets of
data are qualitatively similar, but differ by a factor of 5 to
10 in field. We extrapolate the decay to j,(B)—+0 and

thus define the critical field B,z, i.e., the magnetic field at
which j, vanishes at a certain temperature. The obtained
temperature dependences B,2 ( T) are shown in Fig. 12
(the results for increasing field are identical). As the ex-

'I ~ ~ ~ ~ I~ ~ ~ ~ ~ ~ ~ III ~ ~ ~ ~ ~ II) ~ ~ ~ ~ ~ IIII ~ ~ ~ ~ ~ fK ~ ~ I ~ ~ IN/ ~ ~ ~ ~ ~IIII ~ ~ ~ ~ I+ ~ ~ ~ ~ ~ ~III I ~ ~ I ~ IM

I 8J tape plane (':; g 8 ][ tape plane (:
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~ s a ~ tsC ~ I I ~ Itl

10 10 10 " 10 10" 10 10 10 " 10 10" 10

B [T] B [T]
FIG. 11. Magnetic-field dependence of the critical-current

density of a Bi/Pb (2223) tape for two field orientations [normal
(a) and parallel (b) to the tape plane; BJj) at various tempera-
tures T=4.2, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 K; the
direction of increasing temperature is indicated by the arrows.

I I I I I I I I I I I I ~ I0
0 2 4 6 8 10 12 14

B [T]
FIG. 10. Hysteresis of the critical transport-current density

of a Bi/Pb (2223) tape at 4.2 K for two field orientations (the
magnetic field was oriented parallel or normal to the tape plane;
Blj).

0 20 40 60 80 100

FIG. 12. Temperature dependence of the critical magnetic

field B,2 of a Bi/Pb(2223) tape determined from transport mea-

surements (for the definition of B,2 see text). The magnetic field
was oriented normal or parallel to the tape plane (Blj). The
corresponding irreversibility lines B;„for a similar sample have
been obtained by magnetic measurements (data for B;„from
Ref. 25). The dotted lines extrapolate the high-temperature
behavior to temperatures below the inAection point at T =50 K.

trapolation becomes very ambiguous no values for B,z
are given for temperatures below T=20 K. An inflection
of B,2(T) is observed around T=50 K. Extrapolating
the high-temperature behavior (dotted lines) to tempera-
tures below the inflection point it can be stated that
below T=50 K an overproportional increase in the criti-
cal field occurs and thus also in the critical current.

The critical field B,2 can be identified with the irrever-
sibility field 8;„that is obtained from magnetic measure-
ments. The magnetic irreversibility lines B;„(T)for the
two field orientations that have been measured on a tape
similar to the ones used for this work are also shown in

Fig. 12. A good agreement of B,z(T) with B;„(T)is ob-
served when the field is applied normal to the tape plane,
while for the other orientation the two curves are found
to be quite different. This might find its explanation in

the fact that for B,z(T, 8=0'), B,2(T, 8=90'), and

B;„(T, 8=0') the transport current as well as the magnet-
ically induced current flow within the tape plane, while
for B;„(T,8=90 ) a current perpendicular to the tape
plane is necessary to shield the external magnetic field.
The magnetic irreversibility field B;„(T,8=90') that is

significantly reduced in comparison to B,2 ( T, 8=90 )

suggests that the lower critical-current density perpendic-
ular to the tape plane is not compensated by the bigger
cross section and thus limits the critical-current density
that is obtained by this type of measurement.

For the anisotropy of the critical field

p( T)=B,z ( T, 0=90') /B, z ( T, 8=0 ) an almost constant
value of p=6 is found from 100 down to 60 K. At lower
temperatures p( T) increases slightly with decreasing tem-
perature. From high-field measurements it is known that
p (2 at 4.2 K, implying a maximum of the anisotropy
p( T) of the critical field somewhere between 10 and 20 K.
The very similar shape of the B,z(T) curves for the two
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FIG. 13. Normalized magnetic-field dependence of the criti-

cal current of a high-current Bi/Pb {2223) tape in a field normal
to the tape plane (Blj). (a) T =4.2, 10, 20, 30, and 40 K; (b)
T =40, 50, 60, 70, 80, 90, and 100 K.

field orientations suggests that they have the same origin.
This strong correlation is in fact predicted by the
railway-switch model.

At temperatures above T=50 K the critical current
decays exponentially with magnetic field for both tape
orientations in the field, i.e.,j, /j, o=exp( B/Bo),—with
deviations from this behavior in very low fields only, as
can be seen in Figs. 13(b) and 14(b). The characteristic
field Bo(8=90') is a factor of 5 to 10 higher than
Bo(8=0'). At lower temperatures (T(50 K) a qualita-
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tive change of I,(B) is observed [Figs. 13(a) and 14(a)].
The detrimental effect of the magnetic field on the critical
current is strongly reduced below T=50 K and high
values ofj, are sustained even in high fields (B ) 10 T) re-

sulting in a high 8,2 as already mentioned. The observed
behavior of I,(B,8=0') is typical for Bi-based HTS when
the field is applied parallel to the c axis. Bi/Pb(2223)
tapes qualitatively show the same field dependence that is
known from high quality Bi/Pb(2223) films or from epi-
taxial films or single crystals of Bi(2212) at the same re-
duced temperature t = T/T, .

The question arises whether a change in the pinning
mechanism is responsible for the qualitative change of
j,(B) at lower temperatures, i.e., below the inflection
point at T=50 K. An answer is found by analyzing the
pinning-force density f =Bj, and its scaling function
V(B/B, 2). In many cases the pinning-force density can
be well described by f~ =f o[B,2~(T)] V(b), with B,z~

being the critical magnetic field at which f vanishes,
b =B/B,z', the reduced magnetic field and f o a con-
stant. The scaling function is V(b) =bp( 1 b)». In—Fig.
15(a) the normalized pinning-force density f /f '" for
20 K~ T~ 100 K is shown (with the magnetic field
oriented normal to the tape surface, 8=0', BJj). From
independent fits of all curves the critical magnetic field

B,z~ the maximum pinning force density f '" and values
for p = 1 and q =4 are found. Within experimental error
all curves can be well described by V(b) =b( 1 b), simi-—
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FIG. 14. Normalized magnetic-field dependence of the criti-

cal current of a high-current Bi/Pb (2223) tape in a field parallel
to the tape plane (Blj ). {a) T =4.2, 10, 20, 30, 40, and 50 K; (b)
T =50, 60, 70, 80, 90, and 100 K.
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FICx. 15. Normalized volume pinning force f~/f~ '" of a
Bi/Pb (2223) tape as a function of the reduced magnetic fieldf f
b =B/B,g normal to the tape plane (B2~ is defined in the text;
Blj) (a). The solid symbols represent the data at T=40 K.
The open symbols represent all other data for T =20, 30, 50, 60,f
70, 80, 90, and 100 K. The critical magnetic field B,$ as a func-
tion of temperature is shown in (b), while the maximum volume

pinning force as a function of B,g is shown in (c).
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lar to Bi(2212) single crystals. Data for T (20 K have
not been considered as f does not reach its maximum

f '" at the maximum available field 8 ~ 15 T and thus.
the fits become very ambiguous. In Fig. 15(b) the ob-
tained B,z~(T, 9=0') is shown and not surprisingly the
same features are present that have been found for
B,z(T, O=O'), i.e., an inflection point around T =50 K.
The parameter I can be estimated from Fig. 15(c) to
m=2 at high temperatures and m &2 for T&50 K,
again comparable to results obtained for Bi(2212) single
crystals. If we assume that the pinning mechanism is
described only by the scaling function V(b) it must be
concluded from the above results that the pinning mecha-
nism does not change from T, down to 20 K (and possi-
bly even to 4.2 K), but that mainly a strong increase of
the critical magnetic field B,z~ (T, 9=0') at low tempera-
tures leads to the observed high critical currents in mag-
netic fields.

There is strong evidence that the Bi/Pb(2223) grains
are very well connected and behave like one big elongated
grain. At low temperatures T &50 K a high critical-
current density is sustained in magnetic fields of consider-
able strength. The high sensitivity to magnetic fields
parallel to the c axis at high temperatures results from
the lack of effective pinning centers as it is the case for
high-quality HTS films and single crystals.

VI. THE CRITICAL-CURRENT DENSITY j,"
NORMAL TO THE TAPE

The determination of the critical current I," normal to
the tape plane by a simple voltage criterion involves
several difticulties, mainly because of the extremely short
current path perpendicular to the tape (1=40pm). For a
quantitative comparison with the critical current I, along
the tape axis a criterion independent quantity, the most
probable critical current I, " is derived from the I-V
curves (see Appendix A for its definition). The measure-
ment of the critical current I," normal to the tape is in
general not an easy task and requires the careful con-
sideration of many experimental details in order to avoid
misinterpretation of the results. In Appendix B we
present our experimental setup together with some basic
conceptual ideas.

A. The field dependence and the anisotropy
of the critical-current density j,"(O,B,T=77 K)

normal to the tape in external magnetic fields

The field dependence of the critical-current density
normal to the tape, j," puts any model for the current
transport to a severe test. In the framework of the
railway-switch model the current path for j," consists of
a zigzag route from one side of the filament to the other.
A direct way via OABTWIST grain boundaries is pre-
dicted by the brick-wall model, " but is not realized, as
can be seen from the microstructures in Figs. 2 —4. How-
ever, both models, railway-switch and brick-wall have in
common that the very same mechanism of current trans-
port must work in the two di6'erent experimental setups
(j, and j,") and that thus the magnetic-field dependences
j,(8) and j, (8) should be identical. The same distinction
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FIG. 16. Normalized magnetic-field dependence of the criti-
cal currents parallel to the tape plane, I~=I„andnormal to the
tape plane I," for the two field orientations parallel and normal
to the tape plane at T=77 K (a). I~ and I," are defined as the
most probable critical currents (see Appendix A for its
definition). The corresponding anisotropy ratios I,(90 )/I, (0 )
for the two cases, I~ and I,", are also shown (b).

between the models that is made for j, is also valid for j,".
The net supercurrent Bows along the a-b planes and is
transferred to the neighboring platelets via "railway
switches" without current along their c axes (railway-
switch model) or directly across an OABTWIST bound-
ary along the c axis (brick-wall model).

Figure 16(a) shows the normalized field dependence
I,"(8)/I,"(8 =0) at T =77 K and for comparison the cor-
responding I,(B)/I, (B =0). When the field is applied
parallel to the tape plane both magnetic-field depen-
dences [I,(8,8=90'), I,"( 88=9 0')] are almost identical.
For a magnetic field normal to the tape plane, however, a
distinctly di8'erent behavior is found. I, (8,0=0') shows
the typical strong reduction of the critical current al-
ready in low fields, while I,"(8,8=0') is much less
a6'ected by the magnetic field. If a lack of Aux pinning is
made responsible for the high sensitivity of I, to magnet-
ic fields it must be concluded that for I,"(8,8=0') the tlux
lines are kept from moving or less force is applied, as j,
decreases less with B. The setup for I,"(8,8=0') is in fact
the force-free configuration in which the Aux lines are
aligned with the current direction. It should be men-
tioned that at first sight only the nominal direction of the
current is directed perpendicular to the tape plane. As a
first approximation the RSM assumes that the current
should mainly Aow along the a-b planes of the colonies
and be transferred to other colonies via railway switches.
Thus the Aux lines would not be force free and the finding
that I,"(8)/I,"(8 =0)WI, (B)/I, (8 =0) (for Bltape)
seems to be in apparent contradiction to the RSM. This
is, however, not the case, as the current has also to be
transferred from one side of a colony to the other and it
is just this intracolony current that is dominant in the ex-
perimental setup for I,".
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The measured critical-current densities that corre-
spond to the normalization values I, ( T =77 K, B=0 T)
and I,"(T=77 K, B =0 T) of Fig. 15 are j,=25 kA/cm
and j,"=2.5 kA/cm . Thus for the tapes the anisotropy
of the critical transport-current density at T=77 K is
j, /j,"= 10 and in both cases the currents are qualitatively
a-b currents. The last statement had already been
confirmed by Cho in Ref. 29.

In small magnetic fields the same mechanisms seem to
determine j, and j,". This becomes clear from the angu-
lar dependence of the critical-current density in a small
external magnetic field. Figure 17 shows
I,"(8)/I,"(8=90') and I,(8)/I, (8=90') for B =0. 1 T and
T=77 K. The curves for both current directions are
identical and show that I, as well as I," depend only on
the magnetic-field component normal to the tape, i.e.,
nominally parallel to the c axes of the grains.

B. The current-transfer length I.
„

The critical current perpendicular to the tape plane
does not only bear an academic interest within the RSM
but is technologically very important as it determines the
current-transfer length I.„,i.e., the length along the tape
direction over which the current is distributed over the
whole sample cross section. In normal experimental set-
ups the current is fed into the tape on one of the broad
faces and it is assumed that the high conductivity of the
silver sheath promotes a short-scale current transfer to
the filament. This assumption is certainly fulfilled, as
generally no effects of the sample length are observed,
even for very short samples (1 (1 cm). In order to avoid
the contribution of the sheath we used a "sandwich"
configuration to determine I.„ofthe filament alone. For
this purpose the long edges of a tape were cut in order to
avoid any direct contact between the two opposing silver
sheaths. On the so prepared sample, a sandwich of
Ag/Bi, pb (2223)/Ag, contacts for current and voltage
were attached from both sides. The total sample length
was only I = 10 mm with contact spacings of d =1 mm
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(for all further details see Appendix B).
I- V curves have been measured in two contact

configurations: (i) "same side, " i.e., current and voltage
contacts on the same side of the sample (ss), and (ii) "op-
posite side, " i.e., the voltage contacts were on the oppo-
site side of the current contacts (os). In order to elimi-
nate small geometrical variations two measurements were
made in both cases, by using the same configuration but
interchanging the sides. For the following we assume
that the voltage drop across the voltage taps is propor-
tional to the current that Aows in the silver sheath to
which the contacts are attached.

We find that in the normal state at room temperature
only about one third of the voltage that is produced on
the same side appears on the opposite side. It should be
mentioned that the sandwich setup is considerably
different from the "transformer" setup that has been used
to determine the c-axis resistivity p, of Bi(2212) crys-
tals. The "sandwich" is more appropriate for critical-
current measurements when the sample is superconduct-
ing, while the transformer setup is well suited for resis-
tivity measurements when the sample is normal conduct-
ing. Being aware of the involved uncertainties an es-
timated value for the resistivity perpendicular to the tape
plane at room temperature p"= 5 mQ cm can nevertheless
be obtained. This low value is an indication that the
current Aows predominantly along the a-b planes, in a
zigzag current path that is probably 10 to 20 times longer
than the filament thickness.

Figure 18 shows the normalized field dependences
(8=0,90',Blj ) of the critical current I,(B)/I, (B =OT)
at T =77 K for the (ss) and the (os) configuration. I, has
either been determined by a voltage criterion [1@V/cm;
Fig. 18(a)] or by the maximum of the longitudinal
critical-current distribution p (I, ) [I, '", see next section
and Appendix A for its definition; Fig. 18(b)]. Qnly the
data for one set of measurements are shown as the results

0
CD
CD
ll

CD

CD

0
CO
CD
II

CD
CL

CD

CL

0.2--- T = 77 K, B = 01T
(,"(e)/I,'(e=90')

),"(6)/I,"(B=90')

CD
ll

CQ
CD

CQ

0.2 b
0.0

3.0&

0.8

0.6

0.4

0.2

I I ~ I ~ I E
~ I ~ I I i ~

aaIIIe oppoa. aide

0.0
0.0 0, 1 0.2 0.3 0.4 0.5

I s I I I a I s I00
0 30 60 90 120

e [degrees]
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T. The critical current is defined as the most probable critical
current I, '" (see Appendix A for its definition) ~

FIG. 18. Normalized field dependence of the critical current
in "sandwich configuration" (for details of the experii. ment see
text and Appendix B). Within experimental resolution the same
critical current in "same-side" and "opposite-side"
configuration is obtained for both field orientations and both
used I, criteria. A criterion of 1 pV/cm was applied in (a),
while in (b) the most probable critical current I, '" was used (see
Appendix A for its definition).
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are identical for interchanged sides. The sandwich exper-
iment shows that the current-transfer length in optimized
monofilamentary tapes with j, )20 kA/cm is certainly
I.„&2 mm, or probably even less (the contact spacing be-
tween the current and the voltage taps was 2 mm). This
finding has an important implication for the technique of
joining two tapes, as it is very probable that high
current-carrying superconducting joints can be achieved
over relatively short lengths.

Considering the low critical-current density j,' along
the c axis it must be concluded that the short current-
transfer length I.„and the underlying relatively high
critical-current density j," normal to the tape plane can
only result from a zigzag current path and not from a
direct path.
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VII. THE SPATIAL DISTRIBUTION
OF THE CRITICAL CURRENT

The spatial critical-current distribution in the filament
has been a matter of controversy since the first
Bi,Pb(2223) tapes have been prepared. It has been widely
assumed that the current Aows mainly in a thin layer of
longer, highly aligned platelets near the silver interface.
Other studies were devoted to the question of the trans-
verse ' and longitudinal distributions of the critical
current. We will present transverse and longitudinal dis-
tributions for the high-quality tapes that have been used
throughout this work. These distributions have been ob-
tained reproducibly and are characteristic for our tapes
with j, ( T=77 K, B =0 T) )20 kA/cm .

The association of a "sharp" I-V curve with a homo-
geneous sample and a smooth and more gradual transi-
tion with inhomogeneities in the superconducting current
path can be described quantitatively as follows: assuming
a longitudinal distribution p(I, ) of the local critical-
current density I, one finds that the second derivative of
the I-V curve qualitatively describes the critical-current
distribution by d V/dI =const Ip(I, ). ' These con-
siderations are of course only valid if the intrinsic resis-
tive transition is well defined and not already excessively
broadened.

In case of the silver-sheathed Bi,Pb(2223) tapes two
main sources of longitudinal inhomogeneity can be dis-
tinguished. A locally different I, along the tape axis
occurs due to a variation of the cross section of the fila-
ment, i.e., mainly of the thickness. This "sausaging" is
caused by the rolling process. The second origin for a
varying critical current are inhomogeneities in the fila-
ment itself that can mainly be attributed to a different
number density of electrically strong connections ("rail-
way switches") or to different amounts of secondary
phases.

Although the rolling process that was used for the
preparation of the tapes for this work has been carefully
optimized it was not possible to eliminate the sausaging
completely. A residual sausaging is always caused by rol-
ling due to the softness of the silver sheath in comparison
with the hard ceramic core. A typical example of a longi-
tudinal cross section of a filament is shown in Fig. 19 [see
also Fig. 1(b)]. By a quantitative analysis of the residual

sausaging it is, however, possible to separate it from oth-
er inhomogeneities in the filament. The analysis is based
on the statistical evaluation of measurements of the local
thickness of the filament. Typically the thickness is mea-
sured in the middle of the filament at distances d = 10 pm
over a total length l =5 mm. The result of the analysis is
shown in Fig. 20 for a green tape (a), a rolled tape after
final reaction (b) and for comparison also for a pressed
tape in the final state (c). The distribution of the thick-
ness variation has Gaussian form and indicates that many
random factors must be playing a role. No difference is
found between the distributions for the green tape and
the rolled tape. This is an indication that the "sausag-
ing" is caused by the cold mechanical deformation pro-
cess and remains unchanged over the subsequent heat
treatments. The uniaxial pressing results in a broader
distribution and indicates that the pressure is not distri-
buted homogeneously over the sample (although the dis-
tribution and thus also the critical current is generally
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FIG. 20. Normalized probability distribution of the relative
filament thickness of a tape after cold rolling before the heat
treatment [green tape (a)], after the final heat treatment [rolled
tape (b)] and for comparison for a multiply pressed tape after
the final heat treatment [pressed tape (c)].

FIG. 19. Polished cross section of the central part of a rolled
Bi/Pb (2223) silver-sheathed tape (SEM; backscattered elec-
trons; see also Fig. 1). For the analysis of the residual sausaging
the thickness of the filament has been measured in the middle of
the filament over a total distance of 5 mm at intervals of 10 pm.
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shifted to higher currents uniaxial pressing is not applica-
ble for the production of long lengths of tapes). The re-
sidual sausaging of the rolled tapes [Fig. 20(b)] that have
been investigated for this work is given by the full width
at half maximum of the thickness distribution and
amounts to roughly 10%.

Figure 21 shows a typical I Vcur-ve (a) and its first (b)
and second (c) derivative. The main problem in obtaining
p(I, ) ~d V/dI is the uncontrollable self-heating of the
sample. Even when contact resistances are not taken into
account there is still a considerable amount of power that
is dissipated in the sample [Fig. 21(b)]. It is easily under-
standable that the associated self-heating will strongly in-
crease when in most parts of the sample the critical
current is exceeded. In other words self-heating effects
become important at currents above the most probable
critical current I, '". The expected Gaussian distribution

p (I, ) is disturbed by self-heating above I, '", while on the
low current side a perfect distribution is observed [Fig.
21(c)]. For the following we will determine I, '" and the
width of the distribution by fitting a Gaussian profile only
to the undisturbed low-current half (for details see Ap-
pendix A).

A comparison of the thickness distribution (Fig. 20)
and the critical-current distribution [Fig. 21(c)] is shown
in Fig. 22. The widths of the distributions differ by al-
most a factor of 3. This clearly proves that the residual
"sausaging" is not the only origin for the longitudinal
variations of the critical current. To a bigger part micro-
scopic inhomogeneities of the filament must be responsi-
ble for the broadening of the I-V curve. It is worthwhile
noting that all attempts to fit physical laws to I-V curves
of Bi,pb(2223) tapes make absolutely no sense if the
inAuence of all these inhomogeneities is not taken into ac-
count (even before attempting a fit, the silver contribu-
tion must of course be subtracted).
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If the microscopic inhomogeneities were of mere
geometrical nature they should lead to a temperature and
field independent width of the distribution. In Fig. 23(b)
the temperature dependence of the width of the critical-
current distribution is shown. The width increases with
temperature between 4.2 and 90 K by only 50%. It is
thus very probable that most of the inhomogeneities are
in fact geometrical, i.e., the effective cross section varies
locally.

The inhomogeneities that we discussed above are a
series of "bottlenecks. " There is, however, also the possi-
bility that the critical current is nonhomogeneously dis-
tributed over the filament cross section. While this is cer-
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FIG. 22. Comparison of the macroscopic sausaging as given
by the thickness distribution of the filament (geometrical
sausaging) and the microscopic "sausaging" as determined by
the longitudinal critical-current distribution that is obtained
from the second derivative of the I- V curve.

C

Cl

C$

~ I ~
I

I
I4

0 ~ I

~ I ~ I ~ I ~

~ I ~ I ~ I ~

b

0,2 . :

150

0.6

Ch.

0.4

I
'

I
'

I

I s I s I g I

I
a

I ' I a I

30

20

10

0
.b):

~ I ~

--- 60

--- 20

0

100

50
07T=77K,

E 0.5 ---- ----.
.

-

0.2—
-a)

0.0
0 10 20 30 40 50 60 70

FICx. 21. Typical I-V curve for a rolled Bi/Pb (2223) tape at
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tion of the applied current is also shown.
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FIG. 23. Temperature dependence of the critical current for
two criteria (1 pV/cm and I, '", see Appendix A for details).
Over the whole temperature range the results obtained by both
criteria are qualitatively identical except for a multiplicative
factor (a). Variation of the width of the longitudinal critical-
current distribution p (I, ) with temperature (b).
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FIG. 24. Distribution of the critical-current density along
the width of two rolled Bi/Pb (2223) silver-sheathed tapes (Data
from Ref. 4). The critical-current density j,(x) at T=77 K sys-
tematically varies by almost a factor of 3 and reaches its highest
values (j,=50 kA/cm ) at the long edges where the filament is
thinnest. The solid line represents a parabolic dependence.

tainly true on a microscopic scale we have to address the
question whether there is also a systematic distribution
on a macroscopic scale. For this purpose we have direct-
ly measured the lateral critical current distribution j,(x)
along the width of the tape.

Attempts to directly measure j,(x) have been per-
formed by Larbalestier et al. ' They cut thin longitudi-
nal strips from a tape and measured the critical current
of the individual strips. These experiments provided the
evidence for a nonhomogeneous critical-current density
distribution j,(x) for the Bi,Pb(2223) tapes. Our method
also consists in cutting thin longitudinal strips from a
tape but then the critical current of the remaining rest of
the tape is measured and not of the cut strip.

It can be seen from Fig. 24 that for two typical tapes
with an overall j,(T=77 K, 8 =0 T)=23 kA/cm the
local critical-current density varies by a factor of 2—3 and
that the critical-current density is strongly enhanced at
the thin edges of the tape. The distribution is symmetric
and has been reproducibly obtained for several samples.
Possible origins for the distribution j,(x) are discussed in
Ref. 4.

VIII. CQNCLUSIQNS

The microstructure of Bi,Pb(2223) silver-sheathed
tapes with critical-current densities j,(77 K, 8 =0
T))20 kA/cm does not resemble the dense regular
structure of a brick wall. The majority of colony-to-
colony connections (colony=stack of grains with (001)
twist boundaries separating them) is made by small-angle
c-axis tilt boundaries and not by partial overlapping of
the a-b planes in twist boundaries. This statement irn-
plies that the brick-wall model" that assumes a quite
different rnicrostructure is not applicable to high-current
Bi,Pb(2223) tapes. The railway-switch model is micro-
structurally more appropriate and much closer to the real
conditions in the description of the colony-to-colony

current transport. One of the central statements of the
railway-switch model is that the critical transport current
along the tape is not limited by grain-boundary weak
links. The notion of the tape being a "big grain" with
peculiar internal properties (as compared to a real single
crystal) describes the situation quite adequately and is
widely confirmed by data of the transport properties.
The answer to the question what limits the critical-
current density has been found in the grain (or better the
colony) itself, independent of the model for the colony-
to-colony current transport.

Only recently reliable data became available that threw
light on the mechanism of the current transport along the
c axis of Bi-based HTS. It turns out that the extreme
structural anisotropy, although being extremely helpful
in creating highly textured microstructures is in fact also
the main limitation for the critical-current density. The
low critical-current density j, perpendicular to the Cu02
planes compared to the in-plane critical-current density
j,' does not promote a distribution of the supercurrent in
the individual grains, especially in grains with a small as-
pect ratio. On the level of the colony the problem is even
aggravated by an increase of the effective anisotropy of
the critical current due to twist boundaries and inter-
growths. All this leads to an ineKcient use of the avail-
able cross section for the current, or in other words many
possible "channels" for the current are not used and they
are often separated from the main current path by "bar-
riers" in the form of twist boundaries or intergrowths. A
peculiar consequence of this fact is that transport mea-
surements do not reveal this scenario directly. All
respective data indicate that there are no special
bottlenecks, e.g. , weak hnks, but the measured critical-
current density remains unexplicably low. This is be-
cause the transport current is only sensitive to serial
bottlenecks and not to parallel ones.

The major limitation by j,' determines an upper limit
for the achievable critical-current density. The other pa-
rameter that determines this limit besides j,' is the aver-
age aspect ratio of the grains and colonies. Longer grains
and colonies certainly increase the current-carrying capa-
city of the tapes. Just this has been one of the reasons for
the positive development of the tape performance over
the last years. Starting from the "envelope" that is given
by j,' and the aspect ratio other mechanisms further
reduce the critical current in magnetic fields. Effective
pinning centers can be introduced by heavy ion irradia-
tion, while the texture, as well as the spatial homogenei-
ty can be further improved by more and more sophisti-
cated preparation processes, but all this can only relieve
the secondary level of limitation, not the primary one.
Within the framework of the railway-switch model a per-
fect texture would result in a strongly reduced critical
current, as a currently still undetermined optimum tilt
angle $, ,%0 exists for the railway switches
(0' & P.„&10').

It will be a major breakthrough when it will be possible
to reduce the intrinsic anisotropy by refined metallurgic
treatments. This requires, however, a considerable
change in the way of thinking. The potential of the ma-
terial itself is by far not used to full advantage.
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APPENDIX A

The definition of the critical current generally makes
use of a voltage criterion, the most common being 1

pV/cm. Although this method is quite arbitrary it is
widely used because of its convenience. The next more
realistic step is to include the sample cross section in the
determination and to extend the voltage criterion to a
resistivity criterion, e.g., 10 ' Qm. Although already
much more physical this method must also rely on an ar-
bitrarily defined threshold value. For sharp transitions
that are typical for high-quality samples of conventional
superconductors at low temperatures the choice of a cri-
terion. was not critical, as it changed the result only
insignificantly. The situation, however, is different for
HTS with broad transitions at high temperatures and in
magnetic fields.

Figure 25(a) shows a log-log plot of a typical I Vcurve-
of a Bi,Pb(2223) silver-sheathed tape at 77 K. The mea-
sured voltage range extends over more than seven orders
of magnitude. The curvature at higher voltages results
from the part of the current that Aows through the silver
sheath. This contribution can be subtracted by assuming
that at a voltage V a current I, = V/R, Qows through the
silver sheath (R, is the resistance of the sheath). The I-V
curve can then be corrected by subtracting I, from the
total current. Unfortunately it is practically impossible
to precisely determine R, (even in high magnetic fields,
where the superconducting contribution of the filament is
assumed to be more or less suppressed). Because of this
ambiguity we did not try to correct our I-V curves. This
correction is generally also not necessary as the curves
differ significantly only at voltages V&20 pV, i.e., far
above the 1@V/cm criterion for short samples.

On the basis of high-quality data it is possible to extra-
polate the I-V curve to a criterion of 0 pV/cm, or in oth-
er words to eliminate the criterion. The necessary as-
sumption is that the curve can be described by
V~(I I, ) . For conve-ntional superconductors it has
been widely assumed that V ~I". The resistive transi-
tion index n, or shorter n factor is a measure for the
homogeneity of the sample. High transition indices
n &50 were found for high-quality Nb-Ti wires. Re-
cently the correlation between the width of a Gaussian
critical-current distribution and the n factor has been
demonstrated by Edelman and Larbalestier. From Fig.
25 it is, however, evident that the simple relation V ~ I"
does not hold for the tapes and must be replaced by
V ~(I I, ) [the nonlinearity of t-he I Vcurve in the log--

log plot and thus the deviation from V ~I" is obvious
from the continuous variation of d(log V)/d(logI) in Fig.
25(b)]. A best fit to V ~(I I, )-(only data below 10 pV)
can be obtained with I, =9.7 A and a=8.2. The curve
that is obtained after subtraction of the criterion indepen-
dent critical current I,=9.7 A is also shown in Fig. 25(a).
It should be mentioned that due to the residual sausaging
and to the microscopic inhomogeneities (see Sec. VII) no
higher a's can be expected for the Bi,Pb(2223) tapes.
Preliminary results indicate that the refined resistive
transition index cz is widely temperature and field in-
dependent and closely related to the width of the distri-
bution p (I, ) of the critical current. A detailed discussion
of this finding will be given elsewhere.

Another criterion independent critical current can be
obtained from the second derivative of the I-V curve by
determining the current at which the maximum in the
critical-current distribution (i.e., d V/dI ) occurs. This
current is the most probable critical current I, '". Most
probable means that I, '" is the value of the critical
current that is locally most frequently found in the sam-
ple (longitudinally).

Figure 21(c) shows d V/dI for the critical current I,
along the tape axis, while Fig. 26(c) shows the same for I,"
along the tape normal. It can be seen from Fig. 26(a) that
a simple voltage criterion would result in very different
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FKx. 25. Typical I-V curve of a rolled Bi/Pb (2223) tape in
log-log representation (a). Besides the standard 1 pV/cm cri-
terion a fit of the I-V curve with V=A {I-I,) is shown
( A =const). The new I-V curve is then obtained by subtracting
I, that has been found by the fit. The logarithmic derivative
d {logV)/d(logI ) of the two curves in (a) is shown in (b). While
the slope of the original curve (i.e., the commonly used n factor
or resistive transition index) constantly varies over the whole
range, a remains essentially constant and thus is independent of
the voltage at which the slope is determined (the voltage range
above 10 pV is not considered here because of the curvature
that results from the part of the current that passes through the
silver sheath).
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FIG. 26. Typical I-V curve for a current perpendicular to the
broad face of a Bi/Pb (2223) tape. Spurious voltages appear due
to the unavoidable imperfect four-probe measurement (i.e., a
small residual voltage drop occurs across the top and bottom
Ag sheaths that serve as voltage taps, but are electrically too
well connected with the superconducting filament). A criterion,
like 1 pV/cm is thus not applicable. Like in Fig. 21 the first (b)
and second (c) derivatives are also shown. The self-heating
effects in this case are more pronounced, as is evident from the
higher dissipated power density (b) in the absence of a stabiliza-
tion by a silver shunt (top and bottom sheath are completely
separated).

APPKrmIX S

Some preliminary considerations are necessary before
attempting to measure the critical-current density along
the tape normal I,". As the geometry is far from being
suited for a classical four-probe setup it is necessary to
eliminate most of the disturbing contact resistances and
to increase the sample resistance as much as possible.
The latter can be achieved by removing any electrical
contact between the two halves of the silver sheath on the
broad faces of the tape (this is an absolute must) and by
reducing the sample cross section to the useful minimum
(typically 1 —2 mm ). The remaining silver foils might
seem to provide low contact resistances and help to dis-
tribute the current homogeneously over the sample cross
section. This is only true at first sight and turns even to
the opposite when we imagine that the whole setup
represents a series connection of a resistance (silver), a
perfect conductor [Bi,Pb(2223)] and again a resistance
(silver). Through this configuration the current will pos-
sibly find a very tortuous way and thus attaching separate
current and voltage contacts to the silver will result in
completely unrepresentative results (this is not a hy-
pothesis but has been verified experimentally). In our set-
up we use copper blocks as current contacts and the two
silver sheaths as voltage contacts (Fig. 27). It can be easi-
ly understood that this is the configuration that is nearest
to classical four probe, although a very small residual
contact resistance cannot be eliminated.

Figure 28 shows the setup for the "sandwich" experi-
ment. The upper and lower contact assemblies consist of

values for I," ("low current foot" due to contact resis-
tances; see under 8 below) and that the heating eff'ects are
even more important in this case as the stabilizing silver
sheath has been taken away for this experiment. Under
the realistic assumption that the width of the distribution
d V/dl is mainly due to geometrical inhomogeneities a
linear correlation between I, '" and I,'" ' is obtained
[see Fig. 23(a)].

a) oP
~xxxxxxxxxxxxxq y ggg~$X

Ag sheath

b) same c) opp.
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I I

vQ

Bi/Pb (2223) filament

FIG. 27. Experimental setup for the measurement of the crit-
ical current I," normal to the tape plane. For this type of experi-
ment it must be assured that no direct silver-silver connection
exists between the top and bottom sheaths. The effects of self-
heating must be carefully considered as the involved currents
and dissipated power densities are relatively high.

FIG. 28. The "sandwich" experiment. Stacks of alternating-
ly isolating and conducting layers are attached as top and bot-
tom electrodes to a tape with completely separated top and bot-
tom sheaths (a) ~ The voltage can be measured on the side of the
current contacts ["same side" configuration (b)] or on the oppo-
site side ["opposite side" configuration (c)]. In order to elimi-
nate geometrical differences the measurements are performed
twice with exchanged sides.
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alternating Cu and insulating layers. As the two sets of
contacts are pressed onto the sample it has been verified
that the pressure does not create any damage in the sam-
ple. For this purpose the sample has been measured in

another rig before and after the measurement in the
"sandwich. " No differences of the critical current have
been found after using both types of sample holder (Fig.
27 and Fig. 28).
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