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Abstract

Grain boundaries have long been known to have a deleterious and irreproducible effect on the transport properties of
high-T, oxide superconductors, particularly in the high-angle regime where an exponential decrease in critical current has
been reported. We demonstrate, through a combination of atomic resolution Z-contrast imaging and bond valence sum
analysis, that it is the atomic structure of the grain boundary that dominates this behavior. [001] tilt grain boundaries in
thin-film YBa,Cu,0,_; are composed of arrays of dislocations in defined sequences. The resulting strain fields seriously
perturb the local electronic structure, leading to a non-superconducting zone at the grain boundary. The width of this zone
increases linearly with misorientation angle, naturally explaining the observed exponential decrease in critical current. In
addition, the widely varying J. measurements for a given grain boundary misorientation can be naturally explained by the

facetting of the grain boundary plane. © 1998 Elsevier Science B.V.
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1. Introduction

The transport properties of grain boundaries in
YBa,Cu;0,_; (YBCO), and in particular [001] tilt
grain boundaries, have been studied extensively over
the last eight years [1-3]. While the reported results
for a given misorientation angle can vary substan-
tially, the clear trend is an exponential decrease in
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critical current (J,) with increasing misorientation
angle. There have also been many attempts to model
the transport properties of boundaries, particularly
low-angle boundaries [4~6], but as yet there is no
accepted explanation for the exponential decrease
from 10-45°. The effects of d-wave symmetry of the
superconducting order parameter [7-10] and grain
boundary facetting [11-15] may be significant, but
can only account for one order of magnitude reduc-
tion. The key question therefore still remains as to
what effect dominates the critical current behavior of
YBCO grain boundaries.

In this paper we use the Z-contrast imaging tech-
nique to determine the structures of isolated disloca-

0921-4534 /98 /$17.00 © 1998 Elsevier Science B.V. All rights reserved.

PII $0921-4534(97)01689-4



184 N.D. Browning et al, / Physica C 294 (1998) 183-193

tion cores in a low-angle [001] tilt boundary and the
structure of an asymmetric 30° [001] tilt boundary in
YBCO. Using simple bond-valence sum analysis
techniques [16—-18] the atomic structure is shown to
have a dramatic effect on the electronic structure,
leading to a non-superconducting boundary core. The
boundary structures are similar to those seen in the
perovskite SrTiO; [19-22] and using the structural
unit model [23], the structures of other high-angle
boundaries can be predicted. The width of the non-
superconducting region in the boundary core is found
to increase linearly with misorientation angle. As-
suming a direct tunneling model for the current
across this non-superconducting region leads to an
exponential relationship consistent with the observed
experimental transport measurements [1-3]. Simply
by considering the non-equilibrium growth condi-
tions for thin films leading to a facetted boundary
plane naturally accounts for the scatter in the ob-
served measurements. In addition, this analysis leads
to the conclusion that the majority of the reduction in
J. at high-angle grain boundaries is caused by an
asymmetric boundary plane. Symmetric boundaries
appear to exhibit less change in the electronic struc-
ture at the boundary core, consistent with earlier
results from electron energy loss spectroscopy
(EELS) [24].

2. Experimental techniques and analysis

Atomic structure determinations are made using
the high-angle annular dark-field or Z-contrast imag-
ing technique in the scanning transmission electron
microscope (STEM) [25-28]. In Z-contrast images,
changes in focus and thickness do not cause contrast
reversals in the atomic resolution image, thus atomic
column sites can be identified unambiguously.
Atomic columns at grain boundaries can therefore be
located accurately without the need for simulated
images; a maximum entropy analysis can be used to
obtain column coordinates to ~ +£0.1 A accuracy
[21,22]

The atomic coordinates can then be used as input
for a bond-valence-sum analysis to determine the
approximate valence of the copper atoms in the
experimental image. Bond-valence sums originate
from a concept by Pauling [16], in which the formal
valence of a given ion is distributed between its

bonds to its nearest neighbors. The formal valence of
an ion is therefore determined primarily by its bond
length. This concept has been adapted by Altermatt
and Brown [17,18}, to provide a simple expression
by which the valence of an ion can be determined
from its bond length. For the majority of known
crystalline structures, the following expression pre-
dicts the valence to within 10% of the formal value

S=exp[(r0—rij)/B] (1)

where r; is a constant characteristic of the elements
in the bond, B is a constant which is assigned the
value 0.37 by fitting to experimental data from a
wide range of materials and 7, is the bond length.

In a perfect unit cell of YBCO, the valences of
most of the elements involved change very little
between YBCO, and YBCO, (< 10%). The excep-
tion to this is copper. In fully oxygenated YBCO the
copper (1) valence is ~ 2.3, whereas in fully oxygen
deficient YBCO the copper valence is ~ 1.2 [29],
although the copper (2) valence changes by < 10%.
This implies that the copper (1) valence can be used
as a very sensitive measure ‘of the number of charge
carriers present in the structure. To measure the
number of charge carriers at grain boundaries in this
way, it is obviously critical that the difference in Cu
valence between superconducting and non-supercon-
ducting states be much greater than the experimental
errors in the valence measurement. From the struc-
tures observed in the Z-contrast image, the positions
of the yttrium, barium, oxygen and copper (2)
columns can be adjusted by less than the 0.1 A error
in their location, until they have valences within 10%
of their expected values. The copper (1) valence that
results is then used to estimate the number of charge
carriers present in the actual boundary structure.
Note that this analysis assumes that the electronic
structure is primarily determined by the copper va-
lence. If this valence is changed by a local structural
distortion, or by oxygen doping, we consider the
influence on superconductivity to be identical. In
fact, we assume always that the structure is fully
oxygenated, so that all changes in copper valence
here arise from structural disorder. Any oxygen defi-
ciency will only degrade the carrier concentration
still further.

For application to YBCO, it has been pointed out
that bond-valence calculations are empirical and can-
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not be used to determine the valences of the ele-
ments involved to better than around 10% accuracy
[30]. However, since our atomic positions are only
determined to an accuracy of 0.1 /i., errors induced
by the bond-valence sum analysis are second order.
The bond valence sums are useful indicators of
particular atomic positions where a significant change
in valence occurs, i.e. the superconducting properties
are significantly perturbed. We show that this analy-
sis can give a plausible microscopic explanation for
the exponential drop in critical currents with grain
boundary misorientation.

3. Results and discussion

Fig. 1 shows a Z-contrast image of a low-angle
YBCO grain boundary and Fig. 2 shows a YBCO
30° [001] asymmetric tilt boundary grown by laser
ablation on a SrTiO; bicrystal substrate.

In the images, the brighter columns consist of Y
and Ba atoms, and the less bright columns consist of
Cu(1), Cu(2) and O(4) atoms. Columns consisting
solely of oxygen atoms, i.e. those containing O(2) or
O(1) and O(3) atoms, scatter too little to contribute
to the image. The implications of these images for

@ Y/Ba OPartially Occupied Y/Ba

® Cu-0 @ Partially Occupied Cu-O

Fig. 1. Z-contrast image of a low-angle [001] tilt boundary in YBCO obtained from a 300 kV VG microscopes HB603 dedicated STEM. The
Z-contrast in the image allows the sublattice, i.e. Cu or Y /Ba on which the dislocation core reconstruction forms to be identified.
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QD Y/Ba

® Cu/O

@ Half-Occupied Cu/O

Fig. 2. Z-contrast image of a 30° [001] YBCO tilt boundary obtained from a 300 kV VG microscopes HB603 dedicated STEM.

transport across low- and high-angle grain bound-
aries is discussed below.

3.1. Low-angle grain boundaries

Low-angle grain boundaries are generally consid-
ered to cover the range of misorientations from
0-10°. In this regime, the grain boundary plane can
be regarded as a linear array of dislocation cores
[31], and the strain field around these cores can be
calculated from linear elasticity theory [32]. Here,
the lattice either side of the grain boundary is as-
sumed to be unstrained and used as a reference for
the lattice positions in the vicinity of the dislocation.
For [001] tilt boundaries in YBCO, the boundary
plane will be composed of dislocation cores with
[100] or [010] Burgers vectors, as shown in Fig. 3,
(for YBCO the small distortion between the g- and

b-axes needs to be incorporated for quantitative
models, but results in no major structural difference
between the dislocation cores). However, models
based on elasticity theory do not specifically take
into account the atomic structure in the dislocation
core. The strain is calculated simply by removing a
single plane of atoms to create the dislocation core.
In addition, for a multicomponent system like YBCO
no distinction is drawn between the two possible
sublattices, i.e. an [010] dislocation core centered on
a copper column or one centered on an
yttrium /barium column. Nevertheless, despite lack-
ing a definition of the exact atomic structure in the
dislocation core, linear elasticity quantitatively repro-
duces the critical current behavior of low-angle grain
boundaries. In the model by Chisholm and Penny-
cook [4], a strain of 1% was used as the cut-off
between YBCO being superconducting and non-su-
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@ Y/Ba or Cu-O

Q Cu-O or Y/Ba o)

Fig. 3. Schematic of a perfect edge dislocation core in YBCO with a Burgers vector of [100] or [010].

perconducting. This cut-off value was taken from the
fact that a 1% strain causes YBCO to be tetragonal
and no superconducting phase of YBCO is tetrago-
nal. As the grain boundary misorientation is in-
creased, the separation of the dislocation cores de-
creases. Hence, progressively more of the grain
boundary becomes non-superconducting until at the
end of the low-angle regime, the region between
dislocation cores where the strain is below 1% be-
comes comparable to the lattice parameter. At this
point it is impossible to use linear elasticity to
calculate the grain boundary strain.

The dislocation core structure presented in Fig. 3
is very similar to the structure experimentally ob-
served in Fig. I, where two distinct dislocation cores
in YBCO are shown. In the first case, the dislocation
core is constructed from a missing Cu—O plane and
in the second case by a missing Y/Ba-O plane.
Dislocation cores in low-angle grain boundaries can
therefore form on either sublattice. An interesting
feature of both cores is that there exist atomic loca-
tions where the columns appear too close together. In
such situations, like-ion repulsion would be expected
to preclude such a structure. However, if we remem-
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ber that the Z-contrast image, like any transmission
image, is simply a 2-dimensional projection of the
3-dimensional crystal structure, a solution to this
problem is for only one of the two sites in each
perovskite block to be occupied. If alternate sites are
chosen, we would still see two columns in projection
but avoid like-ion repulsion. An alternative view of
these two ‘half-columns’ is that they represent a
single atomic column that is distorted through the
thickness of the crystal in a regular manner, ie. a
2 X 1 dislocation core reconstruction.

3.2. High-angle grain boundaries

At the point where the strain fields around dislo-
cation cores begin to overlap, i.e. the end of the
low-angle regime, models of grain boundaries based
on linear elasticity become inapplicable. At this stage,
an alternate methodology to describe the grain
boundary structure is by structural units [23]. These
structural units are equivalent formally to a disloca-
tion core model of the boundary, and evidence sug-
gests that in the case of the perovskites, they are in
fact the same core structures as seen in isolated
dislocations [21]. The structural unit model has the
advantage that once the structural units have been
determined, it is possible to predict the structure of a
grain boundary at any misorientation. However, as
with the dislocation core model for low-angle bound-
aries, structural units only define the type of struc-
ture that occurs at the grain boundary and on their
own cannot provide information on the structure—
property relationships.

b =a (100)

.Sr

@ Reconstructed Sr Columa

The structural unit model has been used success-
fully to predict the structures of grain boundaries in
perovskite structured SrTiO; bicrystals [18—22]. The
structural units observed for SrTiO, [001] tiit bound-
aries are shown in Fig. 4. In a similar manner to the
isolated dislocation cores in YBCO, the structural
units also appear to contain atomic positions where
the cations are too close together. Again, depending
on the structural unit, the close separation of the
atomic columns can occur for either of the sublattice
sites, i.e. the Ti-O columns or the Sr columns.

The bicrystals used in this study are typically used
as substrates for the preparation of individual grain
boundaries in YBCO thin films [1-3]. The reason
that SrTiO; is chosen as the substrate for YBCO is
primarily due to the closeness of the lattice parame-
ters (3.905 A for STiO, compared with a = 3.81 A
and 5 =3.88 A in YBCO). In view of the fact that

YBCO, and for that matter all of the high-7, super-
conductors, are closely related to the perovskite
structure, it is reasonable to assume that the structure
of the YBCO grain boundary would be similar to
that of the SrTiO, bicrystal. Indeed, in terms of the
dislocation core models, the only difference between
SrTiO, and YBCO is that the Sr columns are re-
placed by Y /Ba columns and the Ti—O columns are
replaced by Cu-O columns. The structure in the
[001] projection is the same and the lattice parameter
is changed by less than 3%. Therefore, by being able
to predict the SrTiO, grain boundary structures it
should be possible to predict the structure of the
thin-film YBCO boundary.

b=a(l110)

O Ti-O § Reconstructed Ti-O Column o O

‘Y}Ba @ Reconstructed Y/Ba Column O Cu-O & Reconstructed Cu-O Column o O

Fig. 4. Struetural units identified from a systematic study of [001] tilt boundaries in SrTiO;.
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This simple argument of course neglects the kinet-
ics of thin film growth. It is well known that YBCO
film growth occurs through the nucleation of 3-di-
mensional islands. The growth of the films takes
place in conditions far from equilibrium and, as
such, it is hard to imagine a case where the boundary
in the film will follow the substrate boundary ex-
actly. This is consistent with TEM observations [11-
15] which show the grain boundary plane to meander
or facet around the boundary direction defined by the
substrate. Such boundaries rarely contain the well
defined symmetric structure observed in the bicrystal
substrate. In fact, even in the substrate, which is
prepared in bulk form and annealed under equilib-
rium conditions, asymmetric facets are occasionally
seen [21,22]. Observations from SrTiO, show that
these asymmetric facets are composed of a subset of
the structural units seen at symmetric grain bound-
aries, and again occur in well-defined and pre-
dictable sequences [21,22]. Only the units with re-
constructed Ti—O columns occur on asymmetric
boundaries. Therefore a critical difference between
asymmetric and symmetric grain boundaries is that
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Fig. 5. The change in copper (1) valence as a function of
displacement from the dislocation cores with reconstruction on the
Cu-O sublattice ( ) and the reconstruction on the Y /Ba
sublattice (- ——) shown in Fig. 2. Notice that the dislocation core
reconstruction centered on the Cu sublattice shows a valence in
the core consistent with non-superconducting YBCO.
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Fig. 6. The change in copper (1) valence as a function of
displacement for the 30° asymmetric boundary structure shown in
Fig. 2. Notice that in this high-angle regime there are overlapping
dislocation cores and the reconstruction leads to a ‘wall’ of
non-superconducting material in the boundary core.

the structural units in asymmetric grain boundaries
are centered on only one sublattice.

From the Z-contrast images of the dislocations in
YBCO, it is clear that YBCO and SrTiO, form the
same type of isolated dislocation core structures in
low-angle grain boundaries (structural unit B in Fig.
4 is identical to the dislocation core structure (b) in
Fig. 1). For high-angle boundaries, the key question
is whether there is any relationship between the
structure of the facetted YBCO boundary and the
structure of the bicrystal boundary. By examining
closely the structure of the YBCO asymmetric
boundary shown in Fig. 2, we can see the structural
units for YBCO are the same as observed for SrTiO,.
In addition, the quasi-periodic repeat of this asym-
metric YBCO structure is identical to that con-
structed using the SrTiO; units [33]. For asymmetric
YBCO grain boundaries this means the reconstructed
atomic columns occur only on the copper sublattice.
Therefore, while it is known that the YBCO grain
boundary will facet around the orientation of the
substrate, the structure of each individual facet can
be constructed from the structural units in Fig. 4.
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The overall properties of the boundary will then
simply be a sum of all the individual facets.

4. Predicting bulk structure—property relation-
ships

Based on these images, it is therefore possible to
construct the types of structures that will be present
in a YBCO grain boundary for any misorientation
angle. However, these models alone cannot provide
any information on the properties associated with
each structure. To determine the effect of each struc-
ture on the transport properties a bond-valence-sum
analysis is required.

Analysis of the copper valence around the two
dislocation cores in Fig. 1 is shown in Fig. 5 (for all
of the other elements, valences are within 10% of the

N.D. Browning et al. / Physica C 294 {1998) 183-193

values expected for perfect unit cells). It is immedi-
ately noticeable that the particular sublattice of the
dislocation core has a strong effect on the copper
valence. Dislocation cores that involve reconstructed
copper columns will have a far more deleterious
effect on the number of charge carriers than those
involving reconstructions on the Y /Ba site. In the
case of high-angle grain boundaries, these cores
often occur in a continuous sequence, causing a
non-superconducting barrier to the flow of current
across the boundary. This is the case for asymmetric
grain boundaries where all of the structural units
contain the reconstruction on the Cu sublattice.

The supposition that asymmetric grain boundaries
will have a large carrier depletion zone associated
with them is consistent with previous EELS results
showing a broad hole-depletion zone [24]. Applying
the same bond valence analysis to the 30° boundary
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structure shown in Fig. 3, confirms that there is a
broad non-superconducting region at the boundary
(Fig. 6). To investigate this effect further, the struc-
tures of asymmetric boundaries at other misorienta-
tion angles were constructed from the structural units.
As a first approximation the boundaries were consid-
ered to be straight, i.e. consist of one particular grain
boundary plane. For boundary misorientations of
11.4° (boundary plane (100) /(510)), 18.4° (boundary
plane (100)/(310)), 26.6° (boundary plane
(100)/(210)), 33.7° (boundary plane (100)/(210)),
and 45° (boundary plane (100)/(110)), the copper
(1) valence as a function of distance from the bound-
ary core can then be calculated from bond-valence
sum analysis. In Fig. 7, the valence of each copper
(1) site is plotted against its distance from the bound-
ary. Again, it is clear from this plot that the bound-
ary perturbs the local electronic structure sufficiently
to create a non-superconducting zone, but more im-
portantly, it is seen that the width of this zone
increases with misorientation angle. These plots can
now be used to define a grain boundary width. We
assume a square well model with a non-supercon-
ducting zone of width A between fully supercon-
ducting grains. Fig. 8 shows the variation in grain
boundary width as a function of misorientation angle

16 - .
A 450 ﬁﬂ Superconégfm;;
14 L] -0- 34°
-I- 30;’
—26
120 4180
-x- 11°
10+
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22 23

Fig. 8. Width of the non-superconducting region as a function of
the defined cut-off in Cu(l) valence for the boundaries in Figs. 6
and 7.
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Fig. 9. Experimental observations of J, (T =4.2 K) as a function
of misorientation angle taken from the results of several groups
[1-3] (O) show an exponential dependence. In cases where the
results were reported at 7'=77 K, the values at 4.2 K were
extrapolated from the temperature dependence of J. [36]. The
grain boundary tunneling current calculated from Eq. (1) using the
grain boundary widths from Fig. 8 shows excellent quantitative
agreement for a width defining Cu(1) valence of between 1.5 and
1.9. This copper valence corresponds to the Cu(1) valence in bulk
YBCO when it becomes non-superconducting. The predicted drop
in J. due to the symmetry of the superconducting order parameter
is insufficient to account for the observed behavior.

using different Cu(1) valences to define the width A.
It is clear from the plot that whatever criterion is
used to define boundary width, the width increases
with misorientation angle.

The majority of the copper sites in all asymmetric
grain boundaries are therefore non-superconducting.
As was stated earlier, for thin films of YBCO grown
on bicrystal substrates, the boundaries facet with
predominantly asymmetric boundary planes. It is
therefore reasonable to assume that the experimental
transport measurements across high-angle grain
boundaries were dominated by transport across these
asymmetric facets. At these boundaries the current
must flow by tunneling across the non-superconduct-
ing barrier. The magnitude of the tunneling current
across a barrier can be calculated from [34]

Jo=Jppexp(~2x4) (2)
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where J is the bulk critical current, A is the
interface width and « is the decay constant (7.7 /nm)
[34,35]. For each of the grain boundaries above, the
width can be used to determine the expected tunnel-
ing current for a constant applied voltage, the crite-
rion used experimentally to measure critical currents.
In Fig. 9, the tunneling current as a function of
misorientation angle for asymmetric boundaries is
plotted and compared with a range of experimental
critical current measurements [1-3]. For the bound-
ary widths defined above, the structural unit model
quantitatively reproduces the trend of exponentially
decreasing critical current with increasing misorien-
tation angle, and lies well within the range of experi-
mental results. For comparison, the critical current
behavior predicted by the d-wave symmetry of the
superconducting order parameter is also shown in
Fig. 9.

The large variability in the J, measurements
shown in Fig. 9 is also naturally explained by the
structural unit model. TEM studies have shown the
universal presence of facets in thin film grain bound-
aries, which typically occur on length scales in the
region of 10-100 nm. Each of these facets corre-
sponds to a different grain boundary plane which
will be characterised by a given set of structural
units and will have an associated grain boundary
width. The bulk scale J, measurements therefore
represent the sum of all facets whose individual
behavior can be predicted from the structural unit
model. As the growth of thin films is a non-equi-
librium process, the range of boundary structures
will be extremely sensitive to the growth parameters.
This leads to the variability in measurements of J,
and the J, p, product, as well as a smoothing of the
macroscopic current—voltage characteristics. Predic-
tions of grain boundary properties must therefore
take into account the degree of facetting that occurs
in a given growth process.

5. Conclusions

Obtaining atomic coordinates directly from Z-con-
trast images, and performing bond valence sum anal-
yses can provide significant insights into the micro-
scopic origin of superconducting transport properties.
We have shown how the structural distortion around

the dislocation cores comprising a 30° [001] bicrystal
tilt grain boundary leads to a continuous non-super-
conducting zone. By constructing models for bound-
aries of other orientations, and relaxing the coordi-
nates by bond valence sum analysis, we show that
the width of the non-superconducting zone increases
almost linearly with increasing grain boundary mis-
orientation, and can therefore explain the exponential
reduction in critical current reported in the literature.
Using realistic criteria for the width of this zone
explains the three orders of magnitude reduction
seen experimentally. Models based on the possible
d-wave symmetry of the order parameter cannot be
the dominant cause of such a reduction, although
may result in additional effects. Similarly, oxygen
deficiency at the boundary will also further degrade
the transport across the boundary by increasing the
width of the non-superconducting zone. In fact, due
to the extreme sensitivity of the tunnelling current to
the width of this zone, we would naturally expect
that the actual critical currents measured experimen-
tally would be very sensitive to the exact growth and
processing conditions. This we believe is the origin
of the large scatter in the experimental data seen in
Fig. 9, and is entirely consistent with our micro-
scopic model. This could be simply quantified by
removing some of the mobile oxygens from the
vicinity of the boundary core, and recalculating the

bond valence sums to obtain the new width of the

non-superconducting zone.

Our approach has highlighted clear differences
between structural units containing reconstructed
atomic columns on different sublattice sites. In par-
ticular, it has been found that for reconstruction on
the copper sublattice there is a broad region in which
there is a suppression of the carrier concentration.
This reconstruction occurs at all asymmetric grain

boundaries, and such boundaries are common in _—_

thin-film YBCO because of the tendency for one
grain to facet on the {100} plane. An interesting
aspect of this result is that it predicts that symmetric
grain boundaries should have better J, behavior than
asymmetric boundaries. The symmetric grain bound-
aries contain reconstructions predominantly on the

Y /Ba sites {Fig. 5), and as such there should be

unperturbed Cu sites at the boundary. This could
explain the EELS observations from the symmetric
36° grain boundaries that show no hole depletion
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[24], as well as the anomalously high J, measure-
ments from certain high-angle symmetric boundaries
in thin film YBCO [37]. The reconstructed columns
also represent ideal positions for the substitution of
dopant atoms, which may be able to cormrect the
copper valence and restore the carrier concentration.
Obviously such mechanisms require extensive fur-
ther study, but in principle they could lead to a
fundamental understanding of the atomic scale be-
havior of grain boundaries. This understanding may
in turn aid the production of wires with greater
current carrying capacity, and facilitate tailoring of
boundary structures for applications such as super-
conducting quantum interference devices (SQUIDs).
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