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ABSTRACT

The transport critical current density (Jc) for high-Tc thin films, bicrystals, and
bulk ceramics is shown to be determined by magnetic field penetration into the
8rain boundaries. The gross grain orientations may not in all cases be an
Important factor in determining this penetration. The parameter (XG/Xj) 2 can
characterize the strength of the grain boundary coupling, which depends mainly
on the crystal coherence and connectivity at the boundary area.

INTRODUCTION

The grain boundaries in bulk high-Tc superconductors generally exhibit
weak-link effects, in large part as a result of short coherence lengths. These weak
links severely limit the transport critical current density (Jc), even at low
magnetic fields [1-3]. Dimos et al. [4] developed a method to study the angular
dependence of the critical current density across grain boundaries (Jgb)of
bicrystalline epitaxial YBa2Cu3Ox (123) thin films on SrTiO3 bicrystals. The grains
of tf_e films were oriented at various angles (e) to each other. They found that at
4.2 K the ratio Jgb/Jg, where J_: was the Jc measured within a single grain, was
reduced 50 times as" e increas_ed from 0 ° to 35 °. _ased on these results, they
concluded that the strong ai_gular dependence of Jgb was associated with the
distortion of vortices by grain boundary dislocations. Their conclusions implied
that high-Tc superconductors with high-angle grain boundaries would not be
capable of producing high trar_spo_rt Jc values.

In contrast, Babcock et al. [5] reported that weak-link behavior was not
observed in bicrystals with high-angle grain boundaries. Jgb values of bicrystals
with 0 = 3°, 14°, 22 °, 38 °, and 90 ° were obtained ':n fields up to 7 T. Ali of the
crystals appeared to exhibit Jc behavior that was controlled BY flux pinning (i.e.,
weak-link effects were not observed). These data indicate that high-angle grain
boundaries may not necessarily be connected with Josephson junction weak
links. The Jc values of the individual grains of the bicrystals were low, however,
and thus this conclusion is not fully established.

In this paper, the nature of the Josephson junction [6] is used to explain the
flux-pinning-dominated and weak-link-dominated transport Jc in 123 samples
that contain high-angle grain boundaries.

BACKGROUND

One can assume that each grain boundary in 123 is a Josephson junction of
length, L, of the grain size and thickness, t. The coupling strength, F, of each

grain boundary is related by the ratio of the penetra_on depth in the grain, _-G, to
the Josephson penetration depth,_.j, by F = (XG/_d) [7]. In the strong-coupiin_
limit [3], the expression can be written as F = (_.G/%j) 2 = J_b/I_, and thus onb ca_
see that grain boundaries exhibit weak coupling when (XGd'XI)2_<<1.

The occurrence of a Josephson junction is dependent only on the ratio of the
London penetration depth to the Josephson penetration depth. If the the grain



boundary is weakly coupled, as has been observed for conventionally sintered

, , samples_ the boundary area is uniformly penetrated by the applied field, and
' " (%G]%J) << 1. If the grain boundary is strongly coupled, as is often the case for

melt-textured bars or flux-grown bicrystals, the high crystal coherency at the
boundary makes it difficult for the field co penetrate the boundary. Thus,
(G/X kj)Zwould a proach or exceed 1 for this type of grain boundary. The
coupling strength P_as to do not only with grain orientatzon, but also with the
nature of the boundary itself. For example, weak-link effects have been
observed in magnetically aligned samples with low-angle boundaries. Although
high-Tc superconductors are highly anisotropic, the current will redistribute
across high-angle grain boundaries if they are strongly coupled. On the other

hand, weak-link behavior can still exist at low-angle grain boundaries if .they are
weakly coupled. The transport Jc will be severely reduced only when the grain
boundaries are penetrated by an applied field.

It has been reported that transport Jc exhibits flux-pinning-dominated
behavior in melt-processed samples [8]. Although these materials contain
mainly low-angle grain boundaries [8], substantial amounts of high-angle grain
boundaries have been observed in these samples, which may provide evidence
for strongly-coupled high-angle grain boundaries in these-materials. The
materials discussed in these studies were produced by techniques that have been
described [1,8-10]. Bulk 123 specimens were produced by sintering cold-pressed
compacts in 02 at temperatures from 885 to 1050°C. Melt-processed bars were
produced, by cooling ....in air from 1050°C at =1°C / min. The melt-processed, bars
contained large regzons of well-ahgned grams, but also regions with large
misorientafions. These bars had transport J¢ values of -4.4 x 104 A/cre 2 at 77 K'[n
fields greater than 1 T [9]. Representative microstructures are shown in Fig. I. Jc
values characteristic of these microstructures are shown in Fig. 2.

Fig. 1. Microstructures of 123: (a) porous compact sintered at 885°C, (b)
dense compact sintered at 1000°C [1], and (c) elongated grains in melt-
textured 1_ [8,10].
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Fig. 2. Jc data for (a) 123 sintered at the temperatures shown [1] and Cb) u_=.
sintered vs. melt-textured 123 [10]. _'"
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DISCUSSION

Although microscopy data have not indicated the essential structural o
differences between strongly and weakly coupled grain boundaries, certain o,
possibilities can be ruled out in terms of q e formation of grain boundaries

. through different processing methods. Grain boundaries must be treated
differently for licluid-processed and solid-state-sintered samples. It is reasonable
to consider high-angle grain boundaries to be of the following three types [11]: (1)

i amorphous layer present (AGB); (2) transition structure (TGB); ana(3) perfect
a_ grains up to the boundary (PCB), as for a coincident-site lattice. When there
r. exists a Iay.er with no well-defined.... lattice structure with relation to the grains,
, the propertms of the boundary will be largely independent of the orientation, and

i the boundary may be considered as AGB. However, if the grain boundary is

structurally related to the adjacent grains and the properties of the layer depend
on the difference of the orientation, TGB may be an appropriate term to describe
the boundary. The term PGB describes the distinct interface between two perfect

| crystals with negligible structural distortion at the edges of the crystals. -
i
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Amorphous-type or highly disordered grain boundaries are likely to be
. formed m sintered samples. Bulk samples are formed through diffusional

' ' processes at temperatures of =850-1000°C. Sintering by solid-state diffusion is
slow, and grains have little chance to reorient into low-energy configurations.
In addition, second phases and pores can be present. The grain boundaries may
possess a high degree of disorder and be glassy in nature. This type of boundary
can be penetrated easily by an applied field, even for low-angle boundaries, and
thus, F << 1.

In contrast, grains are formed fundamentally differently in melt-texturing [9-
14]. Diffusion is rapid in a liquid. In addition, the duration of the growth process
is typically significantly longer (in our studies, liquids were present for 3-5 days)
than is a conventional sintering time (less than 1 day). Therefore, in melt-
processing, the grain boundaries can migrate and are more likely to assume low-

ergy configurations. Low-angle and low-energy boundaries are preferred, and
texturing_in_large regions results. These grain boundaries tend to be types PGB
and TGB [15].

Transmission electron microscopy has been performed ....on many specimens.
Films and melt-textured bars often exhibited substantial mlsorlentatlon, but
with much faceting of the grain boundaries, whereas the sintered specimens
exhibited no facets on the high-angle boundaries. Most grain boundaries in the
melt-textured bars were of the low-angle type. It is noted that the high-
resolution images of the boundaries in the films and melt-textured bars
indicated high coherence between the grains [16]. The crystal coherence and
connectivity at grain boundaries, including high-angle boundaries, were
generally much higher for the melt-processed materials than for sintered
materials, The high crystal coherency may have been achieved by a facet
structure or by the gross orientations of the grains themselves. These types of
grain boundaries are strongly coupled and thus are not easily penetratedby an
applied field. As shown in Fig. 2, if even some liquid was present during heat
treating (e.g., sintering at 1000°C), the Jc degraded more slowly in an applied field
than it did for solid-state-processed 123. The presence of a liquid phase seems to

have allowed for better coupling of the grains. The data in Fig. 2 are relatedschematically in Fig. 3 to the dominant grain boundary features.
The degree of field penetration into grain boundaries has been examined by

magnetization measurements. It has been shown [17] tnat the peak positions in
the-flux-creep-rate (dM/dlnt) vs. field (or temperature) plots correspond to the
full penetration field (H*). Sintered 123 samples have. exhibited considerabl, y
low_,r H* values, than melt-textured., samples [17]. It is clear that H* is closely
related to the held penetration at weakly hnked areas and that H* can serve as an
indirect measure of the coupling parameter, F. As calculated by Hylton and _"
Beasley [7], F = 0.00063 and 8.6 for a ceramic and a single-crystal 123, respectively.
Magnetization measurements provide strong evidence for the difference of field
penetration in weakly and strongly coupled samples, which indicates that the
coupling strength is related to the connectivity of the crystals. The observations o
to date suggest that facetin_ of the grain boundaries of melt-textured samples
ma be a mechanism b which highly coherent boundaries are formed, even for
high-angle boundaries y

CONCLUSION

Transport Jc in a high-Tc superconductor such as 123 is significantly reduced
only wften the grain boundaries are penetrated by a magnetic "fi(_ld and
(_.G/),.j) 2 << 1. The degree to which a boundary area is penetrated by an applied
field is related to the crystal coherence and connectivity at the boundary area. For

123, melt-processing was found to,produce high Jc values and to promote well-
connected grains, either through tormation of low-angle boundaries or grain
boundary facets.
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Fig. 3. Schematic illustration of Jc data and related grain boundary
f- microstructures. Note that the transport J¢ is proportional the
_- area of strongly coupled regions at grain boundaries in the

sintered samples. As more and more liquid phase is induced
| during sintering, the area of strongly coupled regions
" significantly increases. Thus, as an extreme case, most of the
| grains are strongly coupled in the melt-processed samples.
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