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Abstract

Low angle tilt boundaries in melt processed samples from the Bi,Sr,Ca,_,Cu,O, system exhibit compositionally
modulated faceting. Although we see local regions of the low-T, (20 K) (2201) phase at such boundaries which would be
highly resistive at liquid nitrogen temperatures, there are also ‘‘pathways’’ crossing the boundary plane made up of the
high-T, (2212) and (2223) phases. The characteristics of such low angle tilt grain boundary structures can therefore be
modelled to provide a general insight into the correlation between high critical current densities and low texture breadths.

1. Introduction

It is generally accepted that the critical current
density of high temperature superconductors is
strongly affected by the nature and form of the grain
boundaries. For the Bi,Sr,Ca,_,Cu,O, system the
critical current density, J,, can be particularly high
for textured samples that are well aligned with the ¢
axis perpendicular to the direction of current flow.
Uno et al. [1] demonstrated that, the worse the ¢ axis
alignment, the more rapidly J, falls off as a function
of applied magnetic field. The high J_ values of well
aligned Bi,Sr,Ca,_,Cu,O, tapes were explained by
Bulaevskii et al. [2] on their “‘brick wall’’ model.
According to this model the current flows between
grains in the ¢ direction across the (001) twist
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boundaries [3-6] that are predominant in such tapes,
and a weak link is expected to be formed at non
basal plane boundaries between abutting grains.
However it is not clear why such a model can
explain high J, values when the ¢ axes of the grains
are not accurately aligned. The persistence of J, to
high magnetic fields at low temperatures indicates
that these materials are not coupled by weak links.
Hensel et al. [7] have invoked a *‘railway switch”’
model for J, in which the current is channelled
between grains by low angle tilt boundaries. The
evidence for their model is inferred indirectly, for
example, from the low tendency to etching for such
boundaries [7]. The J, data presented indicate that
their model is probably more appropriate than the
*‘brick wall’’ model for these materials.

Here we discuss the origins of high J, values in
the Bi,Sr,Ca,_,Cu,0O, system in the presence of
low angle tilt misorientations. Characteristic low an-
gle tilt boundaries have been described for the mate-
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rial [3,4,8,9]. These boundaries are apparently pre-
sent for specimens with a high J, [e.g. 1,7,10]. In
the YBa,Cu,0,_, system, grain boundary struc-
tures are strongly affected by impurity segregation
[11,12] or variations in local stoichiometry [13,14],
and thus tend to act as weak links in the supercon-
ducting state. Although grain boundaries in the
Bi,Sr,Ca,_,Cu,0, system also exhibit changes in
local stoichiometry [3,8,9], the form of the associated

local structural changes for low angle tilt boundaries
(with or without associated twist components) is
completely different to that observed in the
YBa,Cu;0,_, system. It is these specific character-
istics of the grain boundary structures in

Bi,Sr,Ca,_,Cu,0O,, in particular those associated

with low angle tilts, which we suggest allow the
current flow required by the *‘railway switch’” model
for low angle tilt boundaries.

Fig. 1. a) SEM micrograph showing a cross-sectional area of a textured CRT (2212) specimen. b) A schematic of the characteristic grain

boundary structure in a textured (2212) sample in which two different kinds of path are labelled: “‘a

“‘a’’ across the low habit angle boundaries

(the boundary plane being nearly parallel to the a—b planes) and ‘b’ across the high habit angle boundaries (the boundary plane being
nearly perpendicular to the a-b planes). The current densities along the a-b plane within grains and across the grain boundaries are

labelled by j. and j.
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2. Grain boundary structures in Bi,Sr,Ca,_,-
Cu, O,

The different phases in the Bi,Sr,Ca,_,Cu,O,
system are closely related: they all contain BiO
double layers sandwiching perovskite-type units con-
taining Sr, Ca, Cu and O, and are characterised by

the number of CuO, layers, n, oriented parallel to

the (001) plane in the half unit cell [15-17]. The
phases Bi,Sr,CuO, (¢ = 2.46 nm), Bi,Sr,Ca,Cu,0,
(¢=3.09 nm), Bi,Sr,Ca,Cu;0, (c=3.7 nm) for
n=1, 2 and 3 respectively are termed (2201), (2212)
and (2223) for brevity and have critical temperatures,
T, of about 20, 80, and 110 X respectively. The
majority phase in our samples was (2212) [9,18].
Inert MgO whiskers were used during processing to
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Fig. 2. 2) A low magnification image of a grain impinging upon a second grain with an 8° tilt angle of misorientation between the two ¢
axes where the grains are also misoriented by 90° about the ¢ axis with the b axis nearly parallel to the @ axis. b) HREM image of the *‘b”

type boundary (marked by ‘b’ in Fig. 2a).
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align the superconducting grains and control their
morphology by ‘‘composite reaction texturing’’
(CRT) [18]. For an optimised microstructure J, was
in excess of 2 X 10* Acm™? at 4.5 K and 12 T, and
4% 10% Acm™2 at 77 K in zero applied magnetic
field. We believe the grain boundary structural data
we report here are of equal relevance for other
Bi,Sr,Ca,_,Cu,0, alloys if they are processed to
exhibit ¢ axis alignment.

Scanning electron microscopy indicates that the
melt processed Bi,Sr,CaCu,0, tends to form grains
which are tens of microns wide and just fractions of
a micron thick in the ¢ direction (see Fig. 1a). These
plate-like grains commonly have an aspect ratio of
length to thickness greater than 102, A schematic of
the characteristic grain structure is shown in Fig. 1b.
Grains often terminate in low angle wedge like
intersections where the a—b planes end (marked ““a’’),
or less frequently in ‘‘head-on’’ boundaries where
there can be continuity of the a—b planes from grain
to grain (marked ‘‘b”’). In these Bi,Sr,CaCu,0O,
samples the fractional area of type “‘a”” low angle
boundaries is far higher than that of type *‘b’".

Fig. 2a shows a low magnification image of one
grain impinging upon another at a relative tilt of
about 8°, the grains are also twist misoriented by
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almost precisely 90° about their ¢ axes. The habit
plane of the boundary changes from type “a” to
type *‘b” in the field of view. In the lower part of
Fig. 2b one can see direct connection of CuO,
planes across the “‘b”’ type boundary which is likely
to favour a high J,. Amorphous phases can also be
observed in some regions of the ‘b’’ type boundary
(often close to triple points). Partial edge dislocations
are also observed by us and other workers [28] at
such boundaries, so the ““b’’ type boundary can have
variable form. The “brick wall” and ‘‘railway
switch”” models offer a plausible description of the
J. performance of the Bi,Sr,Ca,_,Cu,O, system
only if the structure of the “‘a’” type low angle tilt
boundary can support a high J,. Furthermore the
degree to which a high J, is maintained as the grain
boundary tilt angle is increased is of importance for
the “‘railway switch’’ model.

A region of the “‘a’” type boundary in Fig. 2a is
shown at high magnification in Fig. 3 with the upper
grain oriented at [110]. It has been shown [9] that the
dots with strong dark contrast (indicated by arrows)
represent columns of Bi atoms and other black dots
with weaker contrast approximate the positions of Sr,
Ca and Cu columns. As discussed in detail elsewhere
[8,9], the boundary is both structurally and composi-
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Fig. 3. A high magnification image in the typical areas of the low angle tilt boundary (marked by *‘a” in Fig. 2a). The (2201), (2212) and
(2223) compounds can be seen locally at the boundary with the repeat distances for the modulated boundary structures.
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Fig. 4. An image of a region in which the habit plane of a low angle tilt boundary (marked IM) varies between the (001) planes of the two
grains.

( a) 2223 (Te=110K)
] 2212 (Te=80K)
777 2201 (Te=20K)

- (Bi0),

(b) [:I n=1 (Tc=20 K)
[: n=2 (Tc=80 K)

[100]

~(Bi0),

Fig. 5. A high magnification image of a 4° tilt boundary again associated with a near 90° twist about the ¢ axis, now viewed along [010] and
[100] in the two respective grains.
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tionally modulated using building blocks comprised
of the compounds locally available to the parent
phase by the incorporation or removal of CaO and
CuO, layers. The structural changes along the
boundary can be described using the notation
{(n, #)/m}, in which n and »" denote the value of n
(1,2,3...) for the Bi,Sr,Ca,_,Cu,O, phases lo-
cally present on each side of the boundary, while m
denotes the number of (a/2, b/2,0) planes over
which the given arrangement extends along the
boundary in Fig. 3. In this way {(1, 2)/6} would
indicate the presence of a half unit cell height of the
(2201) structure facing a half unit cell of the (2212)
. structure over six atomic columns (about 2.3 nm) in
the (110) direction. The grain boundary structure
repeats periodically, both between the arrows I and II
and between II and III, by units of {(2,3)/6},
{2,2)/7,{(1,2)/4) and finally {(1,1)/8}. Be-
tween the units there are slightly variable regions
over which the BiO plane position is ill defined. This
periodic repetition of the structure is necessarily
associated with a periodic modulation of the local

composition, although the fine scale of the modula-
tion precludes accurate local compositional analysis
using probe techniques. It is also notable that the
relative distances along the boundary over which we
see the (2223), (2212) and (2201) compounds (the
values of m in the notation used here) differ. This
reflects small differences in their relative formation
energies and relates to the underlying mechanism for
phase reconstruction at these low angle tilt bound-
aries [9]. The form of these boundaries differs
markedly from that of similarly misoriented bound-
aries in the YBa,Cu,0,_, system, which provides
an explanation for the good J, performance in the
Bi,Sr,Ca,_,Cu,0, system.

We have characterised boundaries at a variety of
tilt angles and have found that, for tilts up to about
10°, composition modulation of the “‘a’ type bound-
ary described above is general. For boundaries of
higher angle in the 0-10° range, intermediate habit
planes were also observed (an example is shown in
Fig. 4). The values of n and »' are normally less
than three, while the values of m strongly depend on

Fig. 6. Schematic diagrams of the low angle tilt boundaries shown in Figs. 3 and 5. High-T, *“pathways” crossing the boundary plane made
up of the (2212) and (2223) phases can be seen. Supercurrents, as labelled, can flow between the grains on the a-b planes.
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the tilt angle: the lower the tilt angle, the larger the
values of m. Low angle tilt boundaries can simulta-
neously accommodate a twist angle approximating to
90° (see Fig. 5) or 45° (see Fig. 4). It is presumably
similarities in the formation energies for the (2223),
(2212) and (2201) compounds which both allow easy
grain boundary relaxation for these low angle tilt
boundaries and also lead to the common occurrence
of this type of boundary. An image of a 4° ftilt
boundary which was also associated with a near 90°
twist is shown in Fig. 5. The boundary area is
viewed along the [100] direction in the lower grain
while the orientation of the upper grain is within 2°
of the [010] orientation (determined by selected area
electron diffraction). We again see a periodic modu-
lation of the boundary demonstrating that this is a
general behaviour for low angle tilt boundaries in the
Bi,Sr,Ca,_,Cu,0O, system. The contrast associated
with the incommensurate modulation of (2212) of
the lower grain locally extends beyond the flat habit
plane of the boundary by distances as large as the
unit cell height. This suggests that the grain bound-
ary structure shown in Fig. 5 is truly interwoven by
the relaxation process, probably with important con-
sequences for the J, of such a boundary.

3. Orientation dependence of the critical current
density of low angle tilt boundaries

The compositionally modulated boundaries de-
scribed above are likely to favour a high J,.
Schematic diagrams of two typical low angle bound-
aries (as for 8° and 4° tilt) are shown in Figs. 6a and
b indicating how Iocal units of the (2201), (2212),
and (2223) phases accommodate the gross mismatch.
Although there are regions of the low-T, (2201)
phase (7, = 20 K) at the boundary which are highly
resistive at liquid nitrogen temperature, it is also
clear that there are ‘‘pathways’’ crossing the bound-
ary plane made up of the high-T, (2212) and (2223)
phases. High-7. links of this general form were
found to be present for the full range of tilt angles
examined up to about 10°. These pathways are rela-
tively wide and would, apart from reductions due to
the strain associated with incomplete misfit relax-
ation, be expected to accommodate the full J, of the

high-T phases. Increasing misorientation leads to a
reduction of the length of the local units and an
increase in the locally retained strains. It is suggested
that the remarkable structure of these boundaries is
the origin of the high J, scen in textured (2212)
material at low temperatures. Furthermore, since such
structures have not been found at grain boundaries in
YBa,Cu;0,_;, we also have a possible explanation
for the differing effect of grain boundary orientation
on the J, value for the two materials.

In textured Bi,Sr,CaCu,O, the supercurrent is
relatively unimpeded at the actual grain boundary
interface for low angle tilt boundaries. However
because of the very short coherence length in the ¢
direction, it is difficult to distribute the current be-
yond the boundary into the full cross-section of the
neighbouring grain. The current in the ¢ direction in
(2212) single crystals has been shown to be a
Josephson tunnel current and J, is some two orders
of magnitude less than the critical current density in
the a-b plane [23]. Thus because of the limited
critical current density in the ¢ direction, the grains
either need to be exceedingly thin so that current
entering at the surface can readily spread in the
c-direction across the whole grain cross-section, or
alternatively the grains need to be very long so that
there is the opportunity to gradually transfer the full
critical current of the grain over a considerable length
of grain boundary. We have noted above that the
aspect ratio of grains for these materials is typically
10%. Effective current spreading in the ¢ direction is
expected because the critical ‘‘a” type boundary
structure extends to tilt angles of up to 10°,

The structure of high angle tilt (> 10°) boundaries
in sintered Bi,Sr,Ca,,_ ,Cu,O, samples has also been
investigated by us [29]. The composition changes
modulating the boundary structure only occur on one
side of a high angle tilt (> 10°) boundary. The
interfaces still tend to exhibit (001) plane facets,
leaving steps of height equal to ¢/2 for the lower T,
phase with amorphous material at the corners of
these steps. These observations suggest that a weak
link is formed at high angle tilt boundaries where the
whole boundary is blocked by amorphous materials
and the (2201) phase. Amorphous materials are
known to be non superconducting and the (2201) is
only superconducting below about 20 K. It is there-
fore reasonable to suppose that, beside the crystallo-
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graphic effect of high angle boundaries, these barri-
ers lead to the low J. in materials where a large
proportion of boundaries have more than 10° misori-
entation [29].

4. Conclusions

A one-to-one correspondence between the critical
current density and the structure for a given bound-
ary can at present neither be theoretically modelled
nor experimentally measured. However the structural
models developed here for the low angle tilt bound-
aries in the Bi,Sr,Ca,_,Cu,O, system provide an
explanation for the high J, values observed for low
texture breadths. In Bi,Sr,Ca,_,Cu,O, the current
is not seriously limited by the low habit boundaries
themselves but instead by the extreme anisotropy of
the material and the difficulty of transporting the
charge in the ¢ direction after crossing the boundary.
In contrast the anisotropy in YBa,Cu,0,_ 5 is much
less and the ¢ axis critical current density is rela-
tively high, the current across a grain boundary is
limited by variable oxygen content [24] and any
impurity phases [11-14] at the boundary. Like
Bi,Sr,Ca,_,Cu,0, there are three related stable
phases in the YBaCuO system: Y,Ba,Cu,0,(247),
YBa,Cu,0 (124), and YBa,Cu,0,_;(123) with
critical temperatures of about 40, 80, and 92 K
respectively. The local (124) and (247) phases have
often been found in the (123) phase. The similarities
of the structures of these three phases [25-27] as
well as the existence of the former two compounds
in the (123) phase suggest that it may be possible to
develop processing routes, involving controlled at-
mosphere annealing and appropriate doping addi-
tions, to encourage the incorporation of these com-
pounds at grain boundaries in YBa,Cu;O,_; in a
similar way to that described here for the BiSr-
CaCuO system. The characteristics of low angle tilt
grain boundary structures we have described is not
system limited. Indeed, since the lower the anisotropy
of the superconductor the greater the increase in
critical current density that will result from the incor-
poration of such ‘‘multiple phase structural bound-
aries’’, the improvements in J, expected for
YBa,Cu,0,_, are greater than for Bi,Sr,CaCu,0,.
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