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Within the framework of the “brick-wall” model, we review in detail how various physical mecha-
nisms could act to limit the critical current in high-7. superconducting tapes. The brick-wall model
attempts to mimic in a simplified manner the complicated tape microstructure. We generalized it to
take into account a distribution of grains sizes and possible different strengths of weak links between
the grains and the existence of weak links associated with intergrain boundaries perpendicular to
the plane of the tape. We discuss what experiments can distinguish between a situation where weak
links limit the critical current, and another plausible scenario where intragranular pinning is the
limiting factor. Our conclusion is that according to the available experimental data only a small,
well-connected fraction of the high-J. tapes is effective in providing high critical current densities.
For this fraction of the tape, pinning turns out to be the limiting mechanism. Finally, several
possibilities for increasing the critical current of the high-T. superconducting tapes are discussed.

I. INTRODUCTION

Recent developments in the processing of tape con-
ductors based upon the bismuth high-temperature super-
conducting (HTS) compounds have shown great promise
in reducing “weak link” effects and in achieving high-
transport critical current densities. It is now a well-
established fact that the microstructure of these super-
conducting tapes! consists of small platelets with large
aspect ratios. These platelets have their ¢ axis perpen-
dicular to the plane determined by the largest dimen-
sions of the grain. They are oriented so that their ¢ axes
are aligned almost perfectly and are perpendicular to the
plane of the tape. The a and b axes are usually oriented
at random from platelet to platelet. Because of this par-
ticular microstructure, at least two types of grain bound-
aries exist in a tape: c axis grain boundaries in which the
junction plane is parallel to the ab planes and a or b axis
grain boundaries for which the junction plane is perpen-
dicular to the ab planes. From the point of view of current
transport these grain boundaries form weak links, and it
is therefore important to address the question of whether
these weak links limit the critical current of the tape or
whether the intragranular current is the bottleneck for
current transport.

Our main goal in this article is to review briefly what
is known experimentally about the microstructure of
the Bi-based high-T,. superconducting tapes, their I-V
curves, and the field and temperature dependence of
the critical current. Within the framework of brick-wall
model, we discuss which mechanisms limit the critical
current in these tapes.

In Sec. II we give a brief overview of the microstruc-
tural properties of superconducting tapes and point out
what microstructural features are likely to be important
for current transport.

In Sec. III we describe in some detail “brick-wall”
model.23 This simple model attempts to describe the
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gross features of the microstructure of a tape. It as-
sumes that the tape is made of “bricks” (grains) of equal
lengths stacked in a brick-wall manner. The main idea of
the model is that in order to flow along the tape, the cur-
rent follows a complicated path, weaving through a series
of large-area c axis twist boundaries, bypassing the small-
area a and b axis tilt boundaries in the direct path of the
current. The bottleneck for current transport is suppos-
edly the critical current across the Josephson junctions
(or weak links) corresponding to the ¢ axis grain bound-
aries. Intragranular pinning is assumed to be so strong
that it does not limit the critical current. In this ap-
proach the direct current through the a and b axis tilt
boundaries is assumed to be small compared to the cor-
responding current along the c axis.

We generalize the brick-wall model by considering the
possibility that the current might flow across weak links
formed by the a and b axis grain boundaries. We then
consider the more complex situation where the bricks
may have quite different lengths.

In Sec. IV we consider the experimental data which
characterize the limitations on the critical current im-
posed by the intragranular pinning mechanism.

In Secs. V and VI we consider theoretically the de-
pendence of the critical current on magnetic field and
temperature in ¢ axis and a and b axis weak links.

In Sec. VII we summarize the experimental results cur-
rently available for I-V curves and the field and tempera-
ture dependence of the critical current in high-T, super-
conducting tapes (irradiated and unirradiated). Based
on the current-limiting mechanisms discussed in the pre-
vious sections and experimental data, we examine dif-
ferent scenarios from current transport dominated exclu-
sively by the presence of weak links, to current transport
dominated by intragranular pinning.

Finally, in Sec. VIII we point out which parameters
should be optimized to increase the critical current of
the high-T, superconducting tapes.
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II. SUPERCONDUCTING TAPE
MICROSTRUCTURE

It is impossible at this point in time to determine with
complete certainty those aspects of the tapes and films
microstructure that have a significant impact on their
current-carrying properties. However, a number of mi-
crostructural features have been identified that appear
to have a beneficial effect on the critical current whereas
others seem to be undesirable.®®

The microstructure of superconducting tapes and films
of the high-7. materials varies greatly from sample to
sample depending on composition as well as chemical,
thermal, and mechanical processing. However, most of
the high-J. tapes seem to have the following characteris-
tics in common.

The main structural units of the tapes are highly
aligned platelet-shaped grains. The aspect ratio of the
grains varies depending on the processing steps to which
the tape was subjected, but the grains are typically larger
in the ab plane than along the ¢ axis with typical length
(L) to thickness (D) ratios ~ 20 deep inside the tapes,
and presumably larger near the silver cladding (see be-
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low). Their ab planes grow predominantly parallel to the
Ag cladding. The grain c axes are almost parallel, lead-
ing to a highly textured microstructure; see Fig. 1. Inside
a tape, a typical grain length is L ~ 20 pm.

There appear to be essentially two types of grain
boundaries: c¢ axis grain boundaries and e and b axis
grain boundaries. The twist boundaries (¢ axis bound-
aries) arise when two grains are stacked on top of each
other with their ¢ axes parallel. The chemical bond-
ing and electron transfer across these boundaries are
depressed in comparison with the coupling of the lay-
ers inside the grains. This is because of the twist
and larger separation of the layers forming the bound-
ary. Upon taking into account that the interlayer cou-
pling inside the grains for BipSrpCaCu;0g (Bi 2:2:1:2)
and BiySr;CasCu3O;o (Bi 2:2:2:3) has the Josephson
character” it seems reasonable to conclude that the c axis
intergrain boundaries are weak links. A schematic repre-
sentation of the layer arrangement is given in Fig. 2(a).
The orientation of the a and b axes in a grain varies
at random from one grain to the next. The a and b axis
grain boundaries correspond to the interface between two
adjacent grains. They are typically less well defined than

FIG. 1. Scanning electron microscope (SEM) micrographs of polished and etched thin-longitudinal cross-section samples:
(a) solid state, (b) fast-cooled, and (c) slow cooled. The local grain alignment interrupted by second-phase particles can be

seen clearly (courtesy Yvonne High, Ref. 4).
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FIG. 2. Schematic representation of different intergrain
boundaries. (a) ¢ axis grain boundary, (b) a and b axis grain
boundary, (c) colony boundary, (d) grain secondary-phase
boundary.

the c axis grain boundaries. The layers are disrupted here
mostly because of the tilting of the layers which depresses
strongly the electron transfer across the boundary.® A
schematic representation of the layers near an a and b
axis boundary is shown in Fig. 2(b).
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A second characteristic feature of the tapes is the exis-
tence of large regions in the material where the ¢ axes of
the grains are very well aligned (“colonies”).* A colony
boundary is formed when two colonies with significantly
different c¢ axis orientations collide with each other; see
Fig. 3. A schematic representation of the layers arrange-
ment at a colony boundary is shown in Fig. 2(c). Hensel
et al.® found little or no evidence for the presence of sec-
ond phase in the contact region along colony boundaries.
For this reason, they assumed that colony boundaries,
i.e., slightly misaligned c axis boundaries, provide quite
good connection of the grains, and current can flow along
the ab planes through colony boundaries better than
through neighboring grains. If such assumption is cor-
rect, it means that the effective length of the grains for
electron transport is larger along such boundaries.

Third, near the Ag-superconductor interface the grains
are almost perfectly aligned with the Ag and this align-
ment extends over long distances; see Fig. 4. These grains
and their almost perfect alignment are interrupted by the
grains that are tilted with respect to the silver surface.
Nevertheless, it seems reasonable to assume that despite
these interruptions, the a and b axis grain boundaries
are less pronounced for the grains near the silver so that
electron transfer near that interface should be better than
inside the tape. This means that the grains are probably
more tightly coupled at an @ and b axis grain boundary
near the Ag interface and therefore the effective length of
the grains for electron transport near the silver surface
may be much larger than inside the tape. Notice that
this feature is commonly observed but does not seem to
be a universal feature of all Bi-Sr-Ca-Cu-O (BSCCO) su-
perconducting tapes. A polished Bi 2:2:2:3 tape seen in
optical reflection is shown in Fig. 5. It has a more or less
homogeneous distribution of grain lengths. The same
distribution has been seen also by Hensel et al.®

FIG. 3. Transmission elec-
tron microscope (TEM) mi-
crography of a thin-longitudinal
cross section of a fast-cooled
sample showing an overview
of the grain morphology and
grain boundaries (beam direc-
tion perpendicular to the ¢ axis
of Bi 2:2:1:2).  The colony
boundaries are indicated (cour-
tesy Yi Feng, Ref. 4).
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FIG. 4.

TEM (001) lattice fringe image of the Bi 2:2:1:2 phase in the slow-cooled sample showing its ¢ axis perpendicular

to the interface with the Ag cladding. The inset is a SEM micrography of a transverse cross section of the same tape (courtesy

Yi Feng, Ref. 5).

Various defects can also be present in the tapes. First,
secondary phases are usually present; see Fig. 1. For
example, amorphous phases have often been observed
inside the tapes, and large grains of nonsuperconduct-
ing materials or incompletely reacted phases are com-
monly observed. Their main effect on the microstruc-
ture is to cause a major disruption of the alignment of
the superconducting grains: The layer arrangement near
a secondary phase boundary is shown schematically in
Fig. 2(d). The superconducting layers are terminated
there. Some fraction of the Bi 2:2:1:2 phase with lower
T, is present in Bi 2:2:2:3 tapes due to the incomplete
chemical transformation of the original Bi 2:2:1:2 phase
into the final Bi 2:2:2:3 phase. The remaining Bi 2:2:1:2
layers form predominantly near ¢ axis twist boundaries.®
They weaken the intergrain coupling across such bound-
aries.

Second, various defects such as stacking faults, grain
intergrowths, and other more complex defects have been
reported. Their effect on the current-carrying properties
is unclear at this point. Finally, cracks, voids, and other
large scale defects have usually a disastrous effect on the
critical current.

It is worth mentioning that films seem to have a mi-
crostructure very similar to that of the superconducting
tapes. Because of the greater ease with which the deposi-
tion conditions can be controlled, films have consistently
better microstructural characteristics and larger critical
currents than tapes. Crudely speaking, low-quality films
behave more like tapes, whereas higher-quality films ex-
hibit characteristics closer to that of a single crystal. So,
although we use mostly the superconducting tapes ter-
minology in what follows, it should be kept in mind that
most of our results apply to films as well.

III. CRITICAL CURRENT
IN THE “BRICK-WALL” MODEL

We use the brick-wall model to describe in a more
quantitative way the behavior of the critical current, tak-
ing into account the microstructure of the tapes. The
original brick-wall model?31° assumed that the tape was
made up of bricks similar in size and shape. In this
model the Josephson junctions perpendicular to the c
axis [shown in Fig. 2(a)] were assumed to be the bottle-
neck for current transport. A schematic representation
of this model is shown in Fig. 6(a). Here we generalize
this model to take into account different grains lengths
and allow the current to flow through all possible weak
links, Figs. 2(b) and 2(c).

We introduce the following notations.

(i) L is the length of the grains in the a and b direc-
tions. Below we consider a situation where only two very
different grain lengths are present: L; (presumably for
the grains deep inside the tape) and L, > L; (for the
grains near the Ag interface or near the colony bound-
ary); see Fig. 6(b).

(ii) a is the fraction of long bricks; the fraction of short
bricks is (1 — a).

(iii) D is the average thickness of the grains.

(iv) jp is the intragrain critical current determined by
pinning.

(V) Juw,c is the critical current density for the Josephson
junctions corresponding to the ¢ axis twist boundaries
(which are parallel to the ab plane).

(Vi) Jw,ab is the critical current density for the Joseph-
son junctions corresponding to a and b axis tilt bound-
aries (which are perpendicular to the ab plane).

We call such a structure “brick-wall”-like regardless of
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what kind of mechanism limits the critical current. The
brick-wall model with two lengths is equivalent to the
model with strong- and weak-linked grains discussed by
Tkaczyk et al.l!

Let us now define j, and the critical current density
of the tape. The tape critical current density can be
obtained from transport (j.:) or magnetization (jc,m)
measurements.’? j.; is the current measured when a
given small voltage develops across the tape. This volt-
age is (usually) arbitrarily taken to correspond to an av-
erage electric field E. of about 1 uV /cm. Because of flux
creep the current inside the grains produces the electric
field E,(j) = Eo(j/jo)? (we will discuss this dependence
below). If the current density across weak links does
not exceed the critical current (ju, . and ju qb), the crit-
ical current of the tape is determined by the condition

10um

Cross Section, Parallel Polars

Long. Section, Parallel Polars

FIG. 5. Optical reflection in polished, rolled, sintered Bi
2:2:2:3 tape. Gray regions are Bi 2:2:2:3 grains, black regions
are epaxi, which is used to fill empty space in between grains
before polishing, and white regions are secondary phases.
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E,(j) = E. and j. = jp = jo(Ec/Eo)*/P. If the cur-
rent across a weak link exceeds the corresponding criti-
cal current, an additional electric field across the junction
should be taken into account.

Altogether, there are three cases of interest depending
on the relative values of the parameters.

(1) It jp < J1,Jj2 where Ji,2 = jw,ab + jw,cLl,Z/Da then
intragrain pinning limits the critical current, j. = j,, and
the I-V curve is given by the expression

E/Eo = (3/30)"-

The dependence of the average electric field on the aver-
age current density j is a power law; see Fig. 7(a). The
weak links are unimportant, and the I-V curve is the
same as that of a single crystal or a perfect film. We
refer to this case “limitation by pinning.”

(2) If j1 < jp, then for current densities j < j; the
dependence E(j) is given by Eq. (3.1). For j > j; the
current density across the short bricks is j;. Across the
long bricks the current density is larger than j;. If E
reaches E. before j exceeds j2, we obtain the dependence
E(j):

E/Eo = (j/30)",
E/Eo = (ajo) ?[1 — (1 — a)j1]?,
where we assumed that the long bricks near the silver
produce the measured voltage. The dependence given by

Eq. (3.2) is shown in Fig. 7(b). The tape critical current
density is given by the expression

(3.1)

j<j17

j > j1, (32)
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Je = (1 - a)jl + aj}r (3.3)
We call this case “partial limitation by weak links.”

(3) In the same situation j; < jp, if j exceeds j, before
E reaches E,, the average electric field increases rapidly
for current densities j larger than j; due to the presence
of a voltage across the junctions. j. coincides practically
with j;. The I-V curve in this case is shown in Fig. 7(c).
This case will be referred to as “limitation by weak links.”
The original brick-wall model?? corresponds to this case
with 7, = 0.

Note that in all cases the extrapolation of the depen-
dence E vs j from small E to E. gives for the critical

InE /P

In B,

<)

In 7, Inj, Inje Inj

FIG.7. The I-V curve for tapes (schematically): (a) Cur-
rent does not exceed the critical current of weak links, (b) cur-
rent exceeds the critical current of weak links between short
bricks, and (c) current exceeds the critical current of weak
links in both short and long bricks.
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current the value j,.

From a practical point of view an interesting situation
corresponds to j; very small in comparison to aj,. In
that case, only the long bricks contribute significantly
for all electric fields except at very small E:

E/Eo = (]/a]o)”

If E reaches E, before j exceeds ja, the critical current is
Je = ajp; otherwise jo = jz. In the former case, the I-V
curve is the same as in the first regime described above,
namely, a power law. However, the critical current is
now smaller than in the sample without weak links by
a factor a. The same result is also valid if practically
infinite superconducting paths exist in the tape. The
fraction of the effective cross section of these paths is a.
All other parts of the sample, regardless of their nature,
are not actively participating in current transport in this

(3.4)

. case: They can be short bricks or nonsuperconducting

phases.

In a magnetization measurement, the irreversible com-
ponent of the magnetization M is studied as a function
of applied magnetic field and time. The magnetization
critical current density is extracted using Bean’s formula
Je,m = 3AM/2cR, where AM is the width of the mag-
netization loop and R is the average diameter of a cross
section of the sample perpendicular to the field. Mag-
netization measurements are performed typically 10-60
s after applying the external field. During this period,
rapid flux creep allows relaxation of the flux profile away
from the Bean critical state by an amount that is a func-
tion of temperature and field. In typical experiments the
decay of the magnetization, dM/dt, produces an elec-
tric field at the sample surface of the order of 10~1°
V/cm. These fields are well below the critical electric
field assumed in the definition of the critical current j. :
in the transport measurements. In order to obtain larger
values of FE the magnetic field must change sufficiently
rapidly. Only in this case can E. be reached. More gener-
ally, measurements of the magnetization relaxation M (t)
give information on the current j and the electric field
E = (47 /cw)(dM/dt) where w is the sample thickness.
Therefore, in principle, I-V curves could be obtained as a
result of these measurements. Note that the third regime
cannot be achieved in magnetization measurements be-
cause the current across the long bricks cannot exceed j;
in the quasiequilibrium states studied by magnetization
measurements (the quasiequilibrium states being due to
the pinning of vortices).

When the same voltage criterion is used, the critical
current densities j.; and j.,, should coincide if intra-
granular pinning is the limiting factor. In that case AM
scales with the size of the sample R. If weak links limit
the critical current, j. ., is larger than j.. due to the ad-
ditional contribution of the intragranular currents j,L to
AM. Usually R > L, and this contribution is small for
well-coupled tapes, and again, AM scales with the size
of the sample R.

For completely decoupled grains (e.g., in powders ob-
tained by grinding a piece of tape) R should be replaced
by L, and AM does not scale with size of the sample. The
critical current obtained from the magnetization AM of
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such samples gives the intragranular critical current; i.e.,
the critical current is limited by pinning exclusively, jp.
In order to obtain j,, additional information such as the
grain size is necessary. Usually L is taken to be 20 um.

We now analyze the dependence of jp, juw,c, and jy,ab
on field, temperature, and concentration of pinning cen-
ters. In principle, their dependence on field and tempera-
ture can be different, and the crossover from one limiting
mechanism to another is possible.11:13716 We make use of
the available experimental data and theoretical results in
an attempt to choose between these three cases (limita-
tion by pinning, partial limitation by pinning, limitation
by weak links) and provide a global, unified picture of
the current limitation process in high-7. superconduct-
ing tapes.

In the following we will discuss mainly the effect of
a perpendicular field on the critical current, because,
according to the experimental data, its effect is much
more dramatic than the effect of parallel field.!” When
the magnetic field is oriented parallel to the tape, the
behavior of the critical current is qualitatively similar
to that observed for the perpendicular orientation, but
the decrease of the critical current with magnetic field or
temperature is much less pronounced. For temperatures
larger than 30 K the effect of the parallel field can be
easily accounted for. Because of the misalignment of the
grains in the tape, every grain is subjected to a small
magnetic field directed along its ¢ axis. All the experi-
mental data for moderate and high temperatures can be
well described if we realize that this small perpendicular
component reduces the critical current more effectively
than the component of the applied field parallel to ab
plane; see Appendix A and Refs. 6, 18, and 19. Thus
measurements of the magnetic field dependence of j. in
parallel fields at moderate and high temperatures do not
provide additional information about the mechanism lim-
iting the critical current. However, they provide a useful
measure of the degree of grain misalignment.

IV. INTRAGRANULAR PINNING MECHANISM

Information on j, can be obtained from measurements
of the critical current in single crystals or high-quality
films where weak links are absent or play a minor role,
and from magnetization critical current measurements in
powders obtained from grinding a tape.

According to the experimental results for single crys-
tals, high-quality films, and untextured polycrystalline
samples (before or after irradiation), the dependence of
Jjp on field B along c axis (in the interval 0 < B < 10
T) at moderate and high temperatures (above 15 K) is
exponential:11,20:21

jp(B’ T) = jp(o’ T) exp[-—B/Bp(T)] y

where B, depends strongly on T as well as on the con-
centration and type of defects. The origin of this de-
pendence in a quite broad interval of magnetic field and
temperature was unknown up to now. (Notice that in
some limiting cases this dependence was obtained theo-
retically in the collective pinning model; see Refs. 22 and
23.) For thermally activated flux creep this dependence

(4.1)

BULAEVSKII, DAEMEN, MALEY, AND COULTER 48

corresponds to the following dependence of the activation
energy U on j and B:24%7
F(T)

UB,T,j) = —21In%2

5o (4.2)

and the interaction of vortices is important to obtain this
dependence. The flux creep electric field is given as

U i \” F(T
E:Egexp(——f):Eo(;—o) ) p=%.

This expression describes the I-V curve in a Bi 2:2:1:2
thin film at B = 0.1 T and temperatures 20, 30, 40 K in
the range E = 107'3-107° V/cm (magnetization mea-
surements have been performed at low F and transport
measurements at large E).28 After combining this expres-
sion with a fixed electric field threshold E. we get for j,

(4.3)

3p(B,T) = j,(0, T) exp [—BL In (@)} (4.4)

F(T) "\ E.

The dependence of j, on B should become weaker as
B — 0 (in the single vortex pinning regime), but so far
no information about the dependence of j. on B in this
region is available because of the high values of the crit-
ical current and the correspondingly large self-field.

We note that at large current densities (e.g., at low
temperatures) a substantial amount of transport current
flows through the tape and generates a magnetic field
(the so-called self-field) in addition to the applied field.
This self-field, if it exceeds the lower critical field at the
sample surface, can nucleate vortices inside the sample.
Those vortices can in turn contribute to a decrease of
the critical current. Hence, this effect should be taken
into account when interpreting transport critical current
measurements at large current densities (especially at low
applied magnetic fields; for more details see Ref. 29 and
Appendix B). Notice also that self-field effects depend on
the sample shape and dimensions.

Evidently, the critical current determined by pinning
should increase as the concentration of pinning centers
increases. This is in agreement with the experimental
observations of the effect of irradiation in single crys-
tals and untextured polycrystalline samples.2%:30732 Two
types of irradiation defects should be considered. Irra-
diation by neutrons, protons, or high-energy light ions
produces point defects distributed at random through-
out the material. These defects vary in size but are typ-
ically quite small compared to the coherence length. Ir-
radiation by high-energy heavy ions produces continuous
cylindrical tracks (columns) about 5-10 nm in diameter
(in the following we discuss the effect of columns paral-
lel to c axis). Inside these columns the superconducting
phase is destroyed. For single crystals and untextured
polycrystalline samples the behavior of the critical cur-
rent after irradiation can be characterized as follows.

(1) Both types of irradiation increase the critical cur-
rent of single crystals and polycrystalline samples of Bi
2:2:1:2 as well as in T1 2:2:2:3 thin films at all fields and
temperatures. This is evidence in favor of a conventional
pinning mechanism for the critical current in these sys-
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tems. The behavior of the critical current in single crys-
tal Bi 2:2:1:2 after irradiation is shown in Fig. 8. The
enhancement of the critical current is quite significant.
This is to be expected because a single crystal has intrin-
sically a low density of defects and consequently pinning
is usually weak and can be easily enhanced by irradiation.

(2) The I-V characteristic of Bi 2:2:1:2 thin films ob-
tained by Kummeth et al.32 shows increase of the param-
eter p, i.e., enhancement of pinning characterized by the
value F(T); see Fig. 9.

(3) The maximum activation energy for the depinning
of a single vortex in the presence of columnar defects can
be obtained from flux creep measurements in Bi 2:2:1:2
single crystals and was found to be of the order of 70
meV. This is only twice as large as the activation en-
ergy of untextured polycrystalline bulk samples.?° In TI
2:2:2:3 thin films the activation energy increases from 45
meV in unirradiated films up to 95 meV at ¢, = 4 x 10!
cm™2.32 This implies that the strongest pinning centers
provide an activation energy which is only twice as large
as the defects which are introduced naturally during the
sample fabrication process. This fact was explained in
Ref. 20 by the two-dimensional (2D) nature of the vor-
tices in the highly anisotropic Bi compounds. The point-
like nature of the pancake vortices3* results in very small
core pinning energies.3%:36

The important point is that the value of the critical
current in the best thin films of Bi 2:2:1:2 (Ref. 21) and
Bi 2:2:2:3 (Ref. 37) at small magnetic fields is about two
orders of magnitude larger than in tapes.!? Note that
in tapes pinning is much stronger because of the defects
inside the grains produced during the melting phase of
the fabrication process. (These defects are mainly dis-
locations with concentrations of about 10'° cm~2 and
stacking faults; they act as effective pinning centers.13)
This seems to imply that weak links or nonsuperconduct-
ing phases limit the critical current in superconducting
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the field above which self-field effects are important (courtesy
H.W. Neumiiller, Ref. 20).
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FIG. 9. I-V curves obtained from transport measure-

ments (1077-107° V/cm) and magnetization decay (10~'*-
107 V/cm) before (open symbols) and after irradiation (solid
symbols) with ¢; = 2.5 x 10** cm™2 27T (courtesy J.E.
Tkaczyk, Ref. 11).

tapes; i.e., either “partial limitation by weak links” or
“limitation by weak links” is realized.

V. CRITICAL CURRENT OF
c¢ AXIS WEAK LINKS IN MAGNETIC FIELDS

We consider now the dependence of the critical current
across ¢ axis weak links j, . on field, temperature, and
concentration of pinning centers inside the grains.38:3°
The current between two layers labeled by the indices 1
and 2 is given by

J12(P) = Jw,c(0, T) sin[p12(p)], (5.1)

p12(p) = ¢1(p) — d2(p) — (2?:/1 A, (p,2)dz, (5.2)

where p = (z,y), and ¢1,2(p) are the phases of the or-
der parameter in layers 1 and 2 respectively, ¢12(p) is
the gauge-invariant phase difference, and A, is the ¢ axis
component of the vector potential. j, .(0,7) depends on
the value of the order parameter inside the layers. Its
dependence on temperature is the same as for standard
superconductor-insulator-superconductor (S-I-S) Joseph-
son junctions.4!

A. Effect of the perpendicular field

We use the Lawrence-Doniach (LD) model?? to de-
scribe the vortex lattice inside the grains. In the presence
of a perpendicular field, 2D pancake vortices are nucle-
ated in the CuO3 layers inside each grain. In this case,
the relative positions of the pancake vortices in the top
and bottom layers of the grains forming a junction de-
termine the critical current.3%43 If the pancake vortices
in these layers are aligned, the critical current is maxi-
mum. If the vortices are misaligned, a phase difference
is generated across the junction, and the critical current
decreases. Two pancake vortices, one in the top layer



13 806

and the other one in the bottom layer of the junction
and whose positions are p; and ps, respectively, induce a
phase difference

z—z T — Ty

1
— arctan
Yy—un Yy—Yy2

¢(z,y) = arctan , (5.3)
if we neglect the screening produced by the Josephson
current. The two terms in the right-hand side of Eq. (5.3)
are the phases produced by the 2D vortices inside the
corresponding layers. They coincide with the polar an-
gle around the center of a vortex. For aligned vortices
(p1 = p2) the phase difference vanishes. For a system of
perpendicular vortices with pancakes at positions pm 1
(pm,2) in layer 1 (2) the phase difference is

r — mm’z
)
Y — Ym,2

(5.4)

v12(p) = Z arctan ™1 _ arctan
m Yy — ym,l

where m is a set of two indices labeling the pancake vor-
tices in a given layer. The two-dimensional expression
(5.4) is valid at distances smaller than A; from the centers
of vortices. At larger distances the interlayer Josephson
current is important and decreases the phase difference.
Here Aj is the Josephson length for the junction between
the grains,

C¢0

32
J — A ’
167250,.(0,T) Aap

(5.5)
if Agp > Dj; otherwise A,p should be replaced by D.

The misalignment of the pancake vortices can be
caused by pinning or by thermal disorder. In both cases
the total maximum current across the junction is given
by the following expression:

hiz = juc0,7)| [ dp<e><p[w(p)1>] . (5.6)
Here (---) denotes either thermal averaging

pon,m eXP(“—,B]:{Pn,m}) ’

where F{pn,m} is the free energy functional of the dis-
torted lattice, or impurity averaging, or both depending
on the temperature regime and the presence or absence
of pinning sites.** Well above the irreversibility line, the
main effect is the thermally induced disorder, whereas at
low temperature pinning-induced disorder represents the
main effect.

First, we consider the low field regime (below the de-
pinning line) taking into account the distortions caused
by strong pinning inside grains 1 and 2 (as far as pinning-
induced disorder is concerned, only plastic distortions of
the flux lattice caused by strong pinning centers suppress
the critical current).3® Due to the presence of the pin-
ning centers the positions of the pancake vortices vary
from one grain to the next. At a c axis twist boundary
the vortex lines jump from one arrangement in the top
grain to another in the bottom grain (forming a piece
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of Josephson vortex between two adjacent layers); see
Fig. 10. The shift of the pancake vortices along a vortex
line going through a ¢ axis boundary um = pm,1 — Pm,2
is random. We suppose that the concentration of defects
is much larger than the concentration of vortices so that
each pancake is shifted from its position in the ideal lat-
tice and these shifts are weakly correlated. The average
displacement of a pancake vortex from its ideal equilib-
rium position in the absence of pinning cannot exceed the
intervortex distance [ = 4/®¢/B. In the following we as-
sume that the statistical distribution of u,, is a Gaussian
with a standard deviation of order I:

b bu?
ploam) = 5 ex0 (~ 72 ).

where b depends on the strength of disorder and is of
order unity for strong disorder. The result for the inter-
grain Josephson critical current is

jw,C(B7T)/jw,C(0’T) = (5’9)

/dp/Dump(um)exp {iZD(p—pm)um] //dp,

where we expand the phase difference in uup,:

#0) = Do~ pmtms D)= (575 )

(5.8)

p
(5.10)

The sum over m is logarithmically divergent. Upon re-
placing the summation by an integral we take the size of
the unit cell [ as the lower integration limit. The upper
limit for the summation over the positions of the vortices
m is determined by Lif L < Aj or by Ay if \; < L. After
performing the integration over m, we get for L < Ay

jw,6(37 T) = jw,C(Oa T)(BO/B)V’

where By = ®,/L? and v = 7/4b. When L > X
the critical current j,, (B, T) should be determined self-
consistently because s depends on j, (B, T); see Ref.
39 for more details. Finally we obtain Eq. (5.11) with
v = n/(4b — ) and By = 1672Dj, (0,T)/c assuming
D > Agp.

In the high field regime pinning can be ignored and

(5.11)

FIG. 10. Distortion of a vortex in a ¢ axis junction re-
sponsible for the suppression of the critical current.
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only thermal fluctuations should be taken into account.
In order to evaluate the critical current, Egs. (5.6) and
(5.7), we use the harmonic approximation for the free en-
ergy of the distorted lattice inside the grains and account
only for electromagnetic interaction of pancakes, which is
correct in the case of strongly anisotropic Bi compounds
(for more details see Refs. 38 and 39). The result is

Je(B,T) = je(0,T) exp[—B/Buw(T)],
s@g ln(Kos)
32m3TAL, (T) In[L~ Ay (T)]’

(5.12)

Bu(T) = (5.13)

where K2 = 4wB/®y, s is the interlayer distance, and
Aab(T) is the London penetration length which charac-
terizes the electromagnetic coupling of pancakes. The
critical current decreases exponentially with field, and
the decay constant in the exponential depends strongly
on temperature because of the A}, (T') factor. The expo-
nential decrease is caused by the thermal fluctuations of
the vortices, and the argument of the exponential is pro-
portional to the concentration of vortices, and the mean
square distortion (u2) which determines the tempera-
ture dependence.?® When L > A; the current decreases
almost exponentially until the decoupling field Bp(T)
which practically coincides with B, (T"), and the decay
constant is practically the same as in Eq. (5.13). Above
Bp(T) the critical current vanishes; see Refs. 38 and 39
for more details.

B. Magnetic field parallel to the tape

The effect of a component of the field parallel to the
ab plane was discussed in Ref. 10. Now we should also
take into account the perpendicular component which is
caused by the misalignment of the grains. The compo-
nent B) parallel to the y axis generates a phase difference
across the junction which is linear in z; the perpendicu-
lar component B, generates a phase difference given by
Eq. (5.4). The current across the junction is

27 B|jzA

30 + <.012(p)] , (5.14)

j12(p) = jw,c(()» T) sin
where A is the effective thickness of the junction. For
weak fields B, A is given by the standard expression
A = d + 2min(Aqp, D). Here Agp (or D) is the thickness
of the region near the grain where the screening Meissner
current flows. The Meissner currents on each side of a
junction flow in opposite directions; these currents are
very effectively suppressed by the penetration of vortices
inside the grains. The presence of vortices decrease the
region near the grain surface where the Meissner currents
flow.194% More precisely, at D > Agp,

z¢(B1)
ab ’

A(BL) =d+ 2Asp tanh (5.15)
where the thickness of the vortex-free region zs can be
expressed via the magnetization of a grain M (B, ):

1/2
87r|M(Bl)|] , (5.16)

2f = ’\ab ’: Bi
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and [M(B.)| < B, for By > H., . In these large
fields, A ~ d.

The parallel component of the field determines the
Fraunhofer dependence of j, . on B in the absence of
the difference of phase ;3. The scale of the field for
the Fraunhofer patterns is given by ®3/Ld. The disorder
in Ju,.(0,T) and the random positions of the vortices re-
sult in the initial decay of the critical current on this scale
(which is not seen experimentally because of the self-field
effect). The following decay is determined mainly by the
distortions of vortices created by the perpendicular com-
ponent B ; i.e., the critical current is given by Eq. (5.11)
where B = B, with B, caused by the misalignment of
the grains.

C. Effect of irradiation

The effect of pinning centers on the critical current at
low fields or low temperatures was discussed above. Pin-
ning centers lead to a power law dependence of j. on B,
Eq. (5.11). The degree of disorder enters via the parame-
ter b which characterizes the distribution of the pancake
vortices deviations across a ¢ axis boundary. We assume
that b increases after irradiation by high-energy heavy
ions that produce columnar defects. This is because the
columns are not perfect throughout the entire sample,
and also because the pancake vortices forming a flux line
are not necessarily aligned perfectly along the columns in
Bi compounds. At B < By, when going from one layer
to the next, the pancake vortices adapt to the strongest
pinning centers inside the layer rather than always fol-
lowing the column. Therefore we describe the effect of
irradiation by means of one parameter b(¢;), assuming
that it increases with the irradiation dose ¢;. If this is
the case, the power law dependence of the critical current
on B remains valid after irradiation, with the exponent
v increasing with ¢;.

In the high magnetic fields regime at moderate and
high temperatures strong columnar defects reduce the
thermal fluctuations of pancakes. Assuming that each
pancake sits in a potential well (at B < By) with radius
R, the free energy in the harmonic approximation is

2 2
n®ss Upm

—o- _nm 1
1672X2, R2 ’ (5.17)

F{lupm} =

where 7 is a numerical coeflicient, n < 1, and we neglect
the interaction of the vortices between themselves. Using
Eq. (5.9), we obtain the following expression for B,,:

n®3s n®ZsL?
n
1672T A2, R2 16m2T A2, R2

B, (T) = (5.18)

As a result, the slope of the exponential decay decreases
after irradiation because R, < Agp. So columnar de-
fects reduce the critical current in the low field regime
but they can improve the critical current in the high field
regime (at moderate and high temperatures) by suppress-
ing the thermal fluctuations of the vortices. Strong ran-
dom pointlike pinning centers should suppress the critical
current at all fields.

To summarize, in the brick-wall model with ¢ axis
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Josephson junctions we have the following behavior of
the critical current.

(1) In the low field regime, j. has a power law depen-
dence on B .

(2) In the high field regime j. depends exponentially
on B;. Note that it is the same dependence as for the
intragranular pinning mechanism.

(3) The critical current in the low magnetic field regime
can decrease after irradiation where column defects are
produced. In the high magnetic field regime an increase
should be observed.

VI. CRITICAL CURRENT
OF a AND b AXIS WEAK LINKS

The geometry of a and b axis junctions is illustrated in
Fig. 11. In perpendicular fields, pancake vortices are nu-
cleated in the CuO; layers on each side of a junction. If
these vortices are arranged in a regular, periodic manner
along the junction, the resulting phase difference across
the junction is exactly zero, but if pinning or thermally
induced disorder disturbs their equilibrium positions, a
phase difference is generated that decreases the critical
current. A similar situation was considered recently by
Fistul,*® namely, ordinary Abrikosov vortices parallel to
a single Josephson junction. Only pinning-induced dis-
order was considered.

The phase difference across the junction in the presence
of a perpendicular field is

w(z) = pr(z) + op(x), @r(x)=2rBzA/®y, (6.1)
T — Tyl L — Tm2
T) = arctan —— — arctan ———= |} .
(pD( ) ; ( Ym1 Ym2 )
(6.2)

The junction plane is determined by y = 0 and pm1, pPm2
are the positions of the vortices on the left (1) and right
(2) sides of the junction. For a perfectly symmetric ar-
rangements of the vortices with respect to y = 0, the
phase difference ¢p (which describes the effect of disor-
der) vanishes. The contribution ¢ describes the Fraun-
hofer effect on the scale of magnetic field Hy = ®,/AL,
where L is the length of the junction in the z direction.
In the presence of disorder inside the weak link or in vor-

oo
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/ ® b
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LI O VY
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FIG. 11. Geometry of the a and b axis junctions and dis-
tortions of vortices in these junctions responsible for the sup-
pression of the critical current.

BULAEVSKII, DAEMEN, MALEY, AND COULTER 48

tex positions the drop of the critical current j, .5 occurs
on the scale Hy. At higher fields jo qb drops due to the
contribution ¢p, and for B > Hj the critical current is

jurab(B.T) = jusas(B ~ Ho,T) | [aotexptien@|.

(6.3)

At low temperatures, the disorder due to pinning is
important, and we use Egs. (5.8)—(5.10) with u, =
Up1 — Upye. If we assume again a Gaussian distribution
for the uncorrelated distortions u,,; and u,2, we obtain
the same power law dependence of (exp(ipp)) on B as
given by Eq. (5.11). At high temperatures, the calcula-
tions are again similar to those described in the preced-
ing section provided the substitution u,, = W,,1 — Um>
is made. As a result, the dependence j, o on B, T is
ultimately similar to that given by Eqs. (5.12) and (5.13)
with j, ¢(0,T) replaced by ju,ap(B =~ Ho,T). Thus the
behavior of a and b axis weak links in a perpendicular
magnetic field is similar to that of ¢ axis junctions ex-
cept the initial drop at B ~ Hy.

When the field is parallel to the tape, the component
of the field along the ¢ axis of the grains is important.
Again, this is because of the misalignment of the grains.
The Fraunhofer effect associated with the applied field is
absent when the field is parallel to the current. When
the field is perpendicular to the current the scale of the
Fraunhofer effect is now quite large, ®9/dD (we replaced
A by the junction thickness d because of the very small
magnetization inside the grains when the field is parallel
to the tape, and B > H, ). The effect of the parallel
component can be neglected in comparison with the effect
of the perpendicular component.

Note that the dependence of j, . on perpendicular
field obtained above can be checked experimentally using
bicrystal grain boundary junctions made of Bi- and TI-
based compounds.7:48

In conclusion, a magnetic field decreases the critical
current of a and b axis weak links much in the same way
that it affects the critical current of ¢ axis weak links.
Thus, the contribution of a and b axis weak links in the
tapes can be accounted for by the renormalization of the
parameter j, ..

VII. DISCUSSION
OF THE EXPERIMENTAL DATA

We now proceed to a brief description of typical results
from I-V curves as well as magnetization and transport
critical current measurements in tapes.

A. I-V curves

The I-V curves show unambiguously whether the weak
links limit the critical current: At j = juy,cL/D + juw,ab @
change in the slope of the I-V curves occurs; see Fig. 7.
Until recently,’*27 I-V curves in tapes were not widely
available. Hergt et al. obtained I-V curves for Bi 2:2:2:3
powder-in-tube samples from magnetization decay at 77
K for small perpendicular fields B < 88 mT in the
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range 10713 V/cm< EF < 1078 V/cm, i.e., below E,; see
Fig. 12. These curves appear as straight lines on a dou-
ble logarithmic plot. The saturation of the weak links
between the short bricks is not seen in the interval of
current densities explored in their study. Extrapolation
of these curves to E = E. leads to a critical current at
B — 0 of about 7 x 103 A/cm? which is a typical value
for Bi 2:2:2:3 tapes; see Fig. 13. In the best Bi 2:2:2:3
films this value is about 50 times larger.3” This means
that weak links with j; < 10> A/cm? and/or nonsuper-
conducting phases limit the critical current of the short
bricks.

Information on the behavior of the I-V curve in the
interval 1078 V/cm< E < 107* V/cm in the fields 0.1 T
and 1 T was obtained by Tkaczyk et al.;'! see Fig. 14. In
both fields the power law dependence (3.4) below and
above E. = 1 pV/cm was observed. It means that
the case “partial limitation by weak links” [shown in
Fig. 2(b)] is realized in the tapes studied. Tkaczyk et
al.'! came to a similar conclusion. In the field 0.1 T at
77 K jo = 2 x 10® A/cm? is about 25 times smaller than
in the best film Bi 2:2:2:3 studied by Yamasaki et al.37
This gives upper limit 0.04 for a.

B. Field and temperature dependence
of the critical current

The critical current in Bi tapes and in textured poly-
crystalline thick films of T1 2:2:1:2, exhibits the fol-
lowing characteristic magnetic field and temperature
dependence.12:11,13,20,49,50

(1) At low and moderate temperatures (T < 80 K)
and low fields (B < B,,), the transport and magnetiza-
tion critical currents can be described by a power law
dependence on the applied magnetic field:

je(B) = C(T) B, (7.1)
where the temperature independent exponent v ~ 0.45
for the data in Ref. 12 and 0.3 for the data in Ref. 11.
C = 2x10* AT”/cm? at T = 10 K in both cases. At

high fields from about 3 T up to 25 T the critical current
is practically field independent.5!

107 I T T T I
(V/em)|
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=
S 10— —
8
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IO'II_ p—
107k 53 18 ]
716 56 29 7
B | | | l |
8 107 < 5 10° 2 (Afem?)  10°
current density j
FIG. 12. I-V curves from magnetization decay in Bi

2:2:2:3 powder-in-tube sample (courtesy H.W. Neumiiller and
M. Leghissa, Refs. 27 and 28).

LIMITS TO THE CRITICAL CURRENT IN HIGH-T, ...

13 809
10° — e — S . .
= e
= :
° . . ]
P SsSs
< 10 e oA oA N E
2 \/\ \ S A ]
= d A - 1
EIAN ° / i
= 107 E D E
3 E ]
o - A 30K ]

©
= o40K |
S 102 E
H o 50K ]
Ec = mV/Cm
101 0 il i
0.01 OA1 1 10
Field (T)
FIG. 13. Temperature and field dependence of the trans-

port critical current in a Bi 2:2:2:3 tape (Ref. 12) for B || é.

(2) Above B, the critical current decreases exponen-
tially with the applied magnetic field:

jc(Ba T) = jc(07 T) exp[—B/Bc(T)], (7'2)

and B.(T') decreases rapidly with increasing tempera-
ture. The crossover field B., also decreases with tem-
perature. The typical magnetic field and temperature
dependence of the critical current is shown in Fig. 13.
The low-temperature behavior is shown in Fig. 15, and
the crossover from the power law dependence of j.(B)
on B to the exponential dependence above B,; is clearly
seen in Fig. 16. B (T) is indicated by arrows in Fig. 16.

These results are consistent with either “partial limi-
tation by weak links” or “limitation by weak links.” If
we assume that the latter situation applies, the critical

-4
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FIG. 14. The electric field versus current density curves

obtained from transport, hysteresis, and creep measurements
at B = 1 T are compared at several temperatures (courtesy

J.E. Tkaczyk, Ref. 11).
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FIG. 15. Magnetic field dependence of the critical current

in a Bi 2:2:2:3 tape (triangles, Ref. 12) and a Bi 2:2:1:2 film
(diamonds, Ref. 50) for B || ¢ at 20 K.

current is limited by the critical current of weak links
between the long bricks j;. In Sec. IV we have shown
that in low fields j; has a power law dependence on B .
At higher magnetic fields j» depends exponentially on
B, . The decay constant 1/B,,(T) given by Eq. (5.13)
coincides approximately with the experimental data if
we take into account the strong dependence of B, on
Aap and some degree of uncertainty in the extraction
of Asp from experimental data.? Upon using Eq. (5.13)
for T = 64 K and taking A\.(0) = 2000 A, s = 18 A,
L = 20 pm we estimate the slope in the dependence 1n j.
vs B to be about 5 T~! while the experimental value
is about 2 times smaller.!?2° In a “partial limitation by
weak links” scenario, the critical current is aj, with j,
given by Eq. (4.1) at high magnetic fields. The constant
1/B, is not known in tapes (in high-quality Bi 2:2:2:3
films it is about 20 T—1;37 in tapes it should be smaller
because of stronger pinning). Hence, we cannot conclude
which case (partial limitation by weak links or limitation
by weak links) best explains the dependence of j. on B .

10° i ! i
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- "T=77K 1
- ! H PARALLEL TO ¢ 1
02 L,,, . 1 1 . ! RN
! 0 2 4 6 8

FIG. 16. Temperature and field dependence of the trans-
port critical current in Ag-sheathed Bi 2:2:2:3 tape. The criti-
cal current is defined at an electrical field criterion of 1 4V /cm
(courtesy J.E. Tkaczyk, Ref. 11).
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C. Irradiation effects

Irradiation by 0.65 GeV ®8Ni ions with doses of up to
7.7%10'2 cm~2 was used by Neumiiller et al. to produce
columnar defect perpendicular to the tape.2° They found
the following.

(1) The transport critical current at low fields becomes
smaller (about 20% for a dose of 7.7x10'2 cm™2) after
irradiation, while at higher fields the critical current in-
creases; see Fig. 17. Notice that in single crystals an
increase of the critical current was observed at all fields.

(2) The crossover field separating these two regimes
and defined as the field where the effect of irradiation is
nil coincides approximately with the magnetic field B,
where the power law dependence of the critical current on
magnetic field is replaced by an exponential dependence.

(3) For fields above B, the critical current depends
exponentially on the applied magnetic field (as in unirra-
diated samples) but the decay constant in the exponen-
tial is approximately 2—3 times smaller compared to the
unirradiated sample; see Fig. 17.

Similar results were obtained by Civale et al.>3 for Bi
2:2:2:3 tapes and by Tkaczyk et al.5 after heavy-ion ir-
radiation of textured T1SroCazCu3zOqo (T1 1:2:2:3) thick
films. The decrease of the critical current in zero applied
field was a factor of 2 at ¢ = 2.4 x 10! cm~2. The
value B, (1 T at 77 K) determined as the point where
the effect of the irradiation on j. is nil coincides again
with the crossover from a power law dependence of j.(B)
to an exponential dependence.

The increase of the critical current at high fields follow-
ing heavy-ion irradiation can be explained via the mech-
anisms described by “partial limitation by weak links”
or “limitation by weak links.” Within the framework of
latter case, the increase of the critical current with ir-
radiation at high magnetic fields at moderate and high
temperatures can be explained by the suppression of the
thermal motion of the pancake vortices aligned inside the
columnar defects and the corresponding increase of jp. If

10° T T T T T T 1
<__A_?> -
cm $¢ =1.7<10"2 58Ni jons/cm?
‘\AtkﬁN
4 ~g——0 -
ru 10° rll.\ \A\A\A\A i
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oL N T ~. ]
€ 108 _\b\a Y \°\ ]
] — A
£ _\. \o\ \_\ ~ ~_ ]
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£ | \' w8 \., _
5 TN\
02— a5 40K .
L e 0 60K _
* % 77K =B
10! | ] | | ] ] |
0 1 2 3 4 5 6 7 (T) 8
magnetic induction B —
FIG. 17. Field dependence of the transport critical cur-

rent density of Ag-sheathed Bi 2:2:2:3 tapes before (solid sym-
bols) and after (open symbols) irradiation with 0.65 Gev 58Ni
(¢¢ = 7.7 x 10'2 cm™?). jc . is plotted for B L tape (courtesy
H.W. Neumiiller, Ref. 20).
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“partial limitation by weak links” applies, the critical
current aj, increases because of the presence of addi-
tional strong pinning centers, namely, columnar defects.
The behavior of j. at high magnetic fields should be the
opposite if irradiation produces strong pointlike defects:
Either an increase in current will take place due to the
enhancement of j, (“limitation by weak links”) or point-
like defects will distort vortices quite effectively at all
temperatures and decrease the critical current j, (“limi-
tation by weak links”).

At low fields the situation is different. If the latter
case applies, the suppression of the critical current after
irradiation can be explained by the additional deviations
of the vortices from a straight lines because the columnar
defects are not exactly straight lines themselves (see Sec.
V C above).

If “limitation by weak links” applies with j. = ajp, a
decrease of a is possible after irradiation (we further as-
sume that this decrease is not overcome by an increase of
Jjp as in the high fields).5* If we denote the volume frac-
tion of the regions where the superconducting phase is
destroyed by v, the fraction of the superconducting cross
section is [1 — (v/7)'/?] and v = mR2¢;. The upper limit
for R. can be obtained by taking into account the fact
that the irradiation by heavy ions with ¢; = 7.7 x 102
cm ™2 does not destroy superconductivity.2® Upon taking
the maximum value of v for preserving superconductiv-
ity to be 0.5, we obtain R, < 14 A. It follows that at
¢: = 3.82 x 10! cm™2, a value used by Tkaczyk et al.5*
for irradiation of Tl 1:2:2:3 thick films, the decrease in
the superconducting cross section is less than 10% while
a decrease in j. by a factor of approximately 2 was ob-
served. If we take into account that improved pinning
should lead to an enhancement of the critical current, we
conclude that “partial limitation by weak links” leads to
some difficulties in explaining the decrease of the critical
current by a factor of 2 in T1 1:2:2:3 thick films. One can
check this conclusion more carefully for tapes and films if
the parameter v were known. The fraction of supercon-
ducting phase destroyed by irradiation v and the radius
of the columns R, can be obtained from reversible mag-
netization measurements at high magnetic fields before
and after irradiation.

D. Comparison of the critical current
in tapes and ground tape powders

Direct information about j, in tapes comes from the
measurements of the irreversible magnetization AM in
ground tape powder samples. The critical current jp,
extracted from such data coincides with j, if all grains
contain superconducting phase at a given temperature. If
only part of the tape with fraction f; is superconducting
at given temperature, the measurement of the irreversible
magnetization gives jps = fsJp for the powder sample. In
the case of “partial limitation by weak links” the ratio of
the critical current of the tape j. and that of the powder
sample is jc/jps - a/fs-

So far, information about the critical current j,,
obtained from irreversible magnetization measurements
AM in ground tapes is quite limited. Cassidy et al.%®
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found that the ground tape critical current is larger than
that in the tape by one order of magnitude at all tem-
peratures. This is in agreement with the case of “partial
limitation by weak links” and gives an upper limit 0.1
for a.

Different results were obtained by Tkaczyk et al.:!? jp,
at temperatures below 10 K was found to be about 20
times larger than the tape magnetization critical current
and 100 times larger than the transport critical current,
while at temperatures above 40 K j. and j,, practically
coincide; see Fig. 18. Based on the low-temperature data,
Tkaczyk et al. concluded that “partial limitation by weak
links” is operative and estimated a = 0.01 (assuming
fs =1 at low temperatures).

In principle, a strong temperature dependence for the
ratio j./jps is possible. The parameter f, is temperature
dependent if tape is made partly of a superconducting
phase with lower critical temperature than the Bi 2:2:2:3
phase. Thus results shown in Fig. 18 can be explained by
the presence of a lower-T, phase (presumably Bi 2:2:1:2)
in the tape. At low temperatures this phase disconnects
grains in the tape, decreasing the critical current, but
gives a contribution to the irreversible magnetization of
the powder, ie., a < 1 and f, = 1 at low tempera-
tures. At high temperatures the low-T, phase again dis-
connects superconducting grains made of Bi 2:2:2:3 and
does not contribute to the irreversible magnetization of
powder sample, ie,, a < 1 and f, = a at high tem-
peratures. It should be mentioned that magnetization
measurements probe relaxed current densities that de-
pend upon the time scale of measurement and upon the
sample size. Thus, comparisons of results on tapes and
powders are expected to diverge at high temperatures,
where the powders show stronger relaxation effects due
to their smaller size.5”
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FIG. 18. The critical current versus temperature ob-

tained from transport and magnetization measurements for Bi
2:2:2:3/Ag tapes and magnetization measurements in ground
tapes samples. The data for uranium doped Bi 2:2:2:3
powders (Ref. 55) are also plotted (courtesy J.E. Tkaczyk,
Ref. 11).
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E. Fraction of high-T,
superconducting phase in tapes

Under the condition j; < ajp, the weakly-coupled
short bricks contribute little to the critical current of
the tape. From this point of view they are similar
to a nonsuperconducting phase (or to a phase with a
lower critical temperature, T,; in the temperature range
T. < T < T.). The parameter a then describes the net
effect of weakly coupled short grains and of nonsupercon-
ducting phases. In order to separate their contribution,
the fraction f,; of superconducting high-7,. phase should
be known. The comparison of the critical current in tape
and powder discussed above provides some information
on fs. In the following we present an alternative method
to determine the fraction f, of high-T,. Bi 2:2:2:3 phase
in the tape.

The parameter f, can be obtained by measuring,
in perpendicular magnetic fields, the magnetic moment
M(T, B) of the tape at temperatures near T.. In highly
anisotropic superconductors such as Bi 2:2:1:2 and Bi
2:2:2:3, at some temperature T* below T,, the diamag-
netic contribution to the magnetization M, (T, B) is field
independent and M,(T*) = —T*/®ps , where s = ¢/2
and c is the size of the unit cell along the ¢ axis.>876!
The curves M(B) at T > T, and at T = T™* are parallel
to each other, and the volume of high-T,. superconducting
phase V; is given by the expression

V, = [M(T*,B) - M(T > T., B)]/M,(T*),  (7.3)

and f, = V,/V, where V is the volume of the sample.

The measurements of magnetic moment at T = T*
were performed by Li et al.6? in thin Bi 2:2:2:3 tape char-
acterized by quite high critical current density 3 x 10*
A/cm? at 77 K in zero field. The parameter f, extracted
from these measurements is only 0.6.

VIII. CONCLUSIONS

The experimental data on I-V curves currently avail-
able for tapes!! shows that the case of “partial limitation
by weak links” is realized in high-J. tapes for B < 1.0 T.
The other more numerous experimental data on the field
and temperature dependence of the tape critical current
are inconclusive to show that this case is universal for
recent tapes.

It seems however that partial limitation of the critical
current by weak links (or by nonsuperconducting phases)
is at work in any case (it certainly works also in the
tape for which I-V curves were obtained®?). If so, at
high temperatures, the parameter a, the fraction of short
(weakly coupled) bricks and nonsuperconducting phases,
is the main characteristic of the tape. Its optimization
implies predominantly the enhancement of the fraction
of strongly coupled Bi 2:2:2:3 grains. By optimizing a,
it should be possible to increase the critical current by
at least one order of magnitude. If the strongly coupled
Bi 2:2:2:3 grains are forming near the Ag sheath, then
a multilayer structure might prove optimum. The thick-
ness of the BSCCO layer can be made about 10 times
smaller than in the most recently fabricated tapes.
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The fraction of high-T. superconducting phase f,
seems to be a very important parameter to increase a be-
cause nonsuperconducting phases between superconduct-
ing grains disconnect them almost completely. We men-
tioned above that for the high-quality tape studied by Li
et al.%? the parameter f, is only 0.6. A low fraction of Bi
2:2:2:3 phase may be the main reason for very low val-
ues of the parameter a. The temperature dependence of
Jje/Jps obtained by Tkaczyk et al.'* and discussed above
is in favor of such a conclusion. In addition, Umezawa et
al.® have shown that at 77 K the critical current decreases
strongly with increasing concentration of unreacted Bi
2:2:1:2. They concluded that high critical currents can
be obtained provided that the Bi 2:2:1:2 fraction is kept
low. It seems that a substantial increase of f, is possi-
ble and can be very effective for the improvement of the
critical current.

The dependence of the critical current on texture may
be quite important also if texture determines the fraction
of well-coupled grains, i.e., the value of the parameter a.
We mentioned above that the alignment of the grains is
about 10° in some of the most recently fabricated tapes.
However, the critical current j,, . may not depend on the
alignment angle (as was found by Hu et al.1®) The value
Jw,c depends on the relative orientation of the neighbor-
ing grains, being larger for a smoother change of grains
orientation along the tape.

In the case of “partial limitation by weak links,” i.e.,
if the long bricks remain connected up to j., another
important parameter of the tape at moderate and high
temperatures is the slope 1/B,(T) in the exponential de-
pendence of j,(T) on magnetic field. This parameter
depends on the strength of the pinning. It is several
times smaller in tapes'?2° compared to the best films.3”
We mentioned above that columnar defects decrease this
parameter by a factor of 2 only.2° It seems that addi-
tional possibilities to decrease this parameter in the Bi
2:2:2:3 tapes are very limited because a large number of
defects are already introduced during the fabrication pro-
cess. The replacement of Bi 2:2:2:3 by a less anisotropic
superconductor could improve j,, but enhancement of a
seems to be more realistic and more effective at interme-
diate temperatures and fields. At 77 K, j, will remain
a fundamental limitation for the achievement of higher
operating current densities.

In conclusion, the high density current in recent tapes
is provided by small fraction a of strongly coupled Bi
2:2:2:3 grains. This fraction can be estimated roughly as
a < 0.05. The other nonworking part of the tape consists
of very weakly coupled grains and/or nonsuperconduct-
ing phases including phases with lower critical temper-
ature such as Bi 2:2:1:2. It is difficult at this moment
to determine what part of the tape is at work; presum-
ably it is a quite thin layer near the Ag sheath (though
colony boundaries are candidates as well or strong links
for current may be formed randomly). It is also difficult
to determine the reason why the main part of the tape
is not contributing; one reason is incomplete transforma-
tion of the original Bi 2:2:1:2 phase into a high-7,. Bi
2:2:2:3 phase. We wish to emphasize that direct infor-
mation about the parameters of the tape which control
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the critical current may come from the measurements of
I-V curves, a comparison of the magnetization critical
current jps(B,T) in ground tapes samples with the mag-
netization critical current j.(B,T') of identical tapes, and
the determination of the fraction of nonsuperconducting
phases. So far, this data has been scarce and the param-
eters controlling the critical current cannot be identified
conclusively.
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APPENDIX A

The field dependence of the critical current when the
field is applied parallel to the tape can be easily explained
if we take into account the fact that the grains making up
the tape are not perfectly aligned. Therefore, even when
the field is parallel to the tape axis, some grains “see” a c
axis component of the applied field because their ab plane
is not perfectly parallel to the applied field. Following the
experimental observation by Kes et al.!7 that only the ¢
axis component of the magnetic field seems to affect the
critical current in single crystals, we postulate that for a
grain tilted by an angle 6 with respect to the plane of the
tape, the critical current is given by

jc(¢a 0, B) = jc_L(B) COS(¢ - 0) ) (Al)

where j., (B) is the critical current when the magnetic
field B is applied perpendicular to the tape. ¢ is the an-
gle between the applied field and the normal to the plane
of the tape (see Fig. 19). This approach is reasonable
at high magnetic fields at moderate and high tempera-
tures where the critical currents decreases exponentially

|
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FIG. 19.

Misalignment of the grains in a tape.

with perpendicular field. At low temperatures the effect
of the parallel component of the field seems to be impor-
tant, while at higher temperatures it can be neglected in
comparison with the effect of the perpendicular compo-
nent caused by the misalignment of grains.

Next, we assume that the effective critical current den-
sity of the tape is obtained by averaging the individual
contributions of each grain over the grain orientations.
This assumption is valid if the tape is thick enough (com-
pared to the average grain thickness) and/or wide enough
(compared to the average grain width). The critical cur-
rent is then given by the following average:

i) = [

-

/2

, d0j..[B cos(¢ — 0)]p(0) , (A2)
where p(f) is the probability distribution of 6. From
the above equation, we can obtain the effective critical
current density for any orientation of the magnetic field
if we assume that (1) j..(B) is known and (2) p(f) is
known. In the complete absence of detailed information
regarding p(6), we assume a Gaussian distribution

0 1 6%
The variance o? characterizes the dispersion of the grains
misorientations (6 angle) about an average value that
was taken equal to zero here. In the following we assume
o < 7/2. Upon using Egs. (A2) and (A3), we obtain

(A3)

= _ 1 * dx | (x — Bcos¢)? (z + Bcos ¢)?
Je($,B) = Bosing J, mJCJ—(I) {exp [_— 2B2g2sin® ¢ ] +oexp [— 2B%525sin? ¢ :I} ' (A4)

From experimental data for j.,(B), we can extract
the parameter o by fitting the effective critical current
obtained from Eq. (A4) with ¢ = 7/2 to the experimen-
tal curve, jo(Bj). The result of such a fit is shown in
Fig. 20 for two temperatures. The theoretical expres-
sion reproduces the experimental result remarkably well
for 0 ~ 16°. (Notice that the two fits for T'= 64 K and
T = 75 K lead to the same value for c—a good indication
that o is indeed related directly to the microstructural
properties of the tape.) A similar value for o was re-
ported by Hu et al.'® from critical current measurements

f

and also by Wilhelm et al.®® from a SEM observation of a
Bi 2:2:2:3 tape. We can test Eq. (A2) over the entire an-
gular range available for ¢. The result is shown in Fig. 21
for an applied field intensity of 0.25 T at T' = 64 K.

APPENDIX B

In order to estimate the effect of the self-field on the
transport critical current, consider a tape of thickness
Dy, width 2W;, and length L;. Usually D; <« Wy, and we
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FIG. 20. Magnetic field dependence of j.: when the field
is perpendicular (triangles) and parallel (diamonds) to a Bi
2:2:2:3 tape. The fit was obtained from Eq. (A4). (a) T = 64
K, (b) T =75 K.

can replace the tape by an infinitely thin current sheet.
If jy(x) designates the critical current density at z (z
axis is along the tape perpendicular to the current, y
axis is along the tape and along the current, z axis is
perpendicular to the tape) the equation for the vector
potential is

41
V24, (2,2) = T, (@)Ded(z) (B1)
0.8 , , .
o6l B=025T
T=64 K
< 04r .
0.2;0 o ° ¢ o > 0;
0.0l . . ,
0 50 100 150 200

6 (deg)

FIG. 21. Dependence of jc: on the angle between the ap-
plied field and the normal to the plane of the tape for a Bi
2:2:2:3 tape. The fit was obtained from Eq. (A2).
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FIG. 22. Depression of the critical current density in a
tape due to the self-field effect. The z axis is perpendicular
to the current in the plane of the tape; W, is the width of the
tape.

From the solution of this equation, one gets the z com-
ponent of the magnetic field:

B.(z,z=0)

+oo
2th / dk /

We ignore the parallel component of the magnetic field
because the effect of the z component is much stronger.
If we consider the high-temperature regime and assume
an exponential dependence of the critical current on the
perpendicular component of the magnetic field,

(B2)

z') exp[—ik(z’ — z)]sgn(k) .

j;'_:) = exp[— | Bz(m) | /BC] ’

we get the following integral equation for the critical cur-

rent:
|/ d/] /Jo

where a = 4D, jo/cB. and P indicates that the Cauchy
principal value of the integral should be considered. We
solve the above equation after substituting typical values
for the various parameters: jo ~ 10° A/cm?, D; =~ 200
pm, and B, = 0.5 T, which correspond to a = 0.15.
The total suppression of the current by self-field effects
is determined by the value of

i)

8= W, / i de <1.

For the above parameters, we found 8 = 0.82, which

is not a very large reduction. Notice however that the

critical current is significantly suppressed (by a factor of

2 approximately) at the edges of the tape, Fig. 22. This

is simply due to the fact that the self-field is maximum at

the edges whereas it vanishes in the middle by symmetry.

Note that the effect of the self-field is more important

at low temperatures where jo . depends strongly on B in
the limit of small B; see Eq. (5.11).

(B3)

In J(”” : (B4)

(B5)
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FIG. 1. Scanning electron microscope (SEM) micrographs of polished and etched thin-longitudinal cross-section samples:
(a) solid state, (b) fast-cooled, and (c) slow cooled. The local grain alignment interrupted by second-phase particles can be
seen clearly (courtesy Yvonne High, Ref. 4).
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FIG. 3. Transmission elec-
tron microscope (TEM) mi-
crography of a thin-longitudinal
cross section of a fast-cooled
sample showing an overview
of the grain morphology and
grain boundaries (beam direc-
tion perpendicular to the ¢ axis
of Bi 2:2:1:2). The colony
boundaries are indicated (cour-
tesy Yi Feng, Ref. 4).
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FIG. 4. TEM (001) lattice fringe image of the Bi 2:2:1:2 phase in the slow-cooled sample showing its ¢ axis perpendicular
to the interface with the Ag cladding. The inset is a SEM micrography of a transverse cross section of the same tape (courtesy

Yi Feng, Ref. 5).



10um

Long. Section, Parallel Polars

FIG. 5. Optical reflection in polished, rolled, sintered Bi
2:2:2:3 tape. Gray regions are Bi 2:2:2:3 grains, black regions
are epaxi, which is used to fill empty space in between grains
before polishing, and white regions are secondary phases.



