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Structural origin of reduced
critical currents at
YBa.Cu.;0,_; grain boundaries
M. F. Chisholm & S. J. Pennycook

Solid State Division, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831-6024, USA

THE critical current density across individual grain boundaries in
thin films of the high-T, superconductor YBa,Cu,0,_; (YBCO)
has been found'~ to be inversely proportional to lattice misorienta-
tion for tilts up to ~10°. Reports of impurity segregation®® at
grain boundaries, and variations in the chemical stoichiometry™®,
have led to the view that deviations from the ideal composition
are responsible for the depressed superconducting order parameter
at the boundary. Here we present images of YBCO grain boun-
daries obtained by a scanning transmission electron microscope
in Z-contrast mode®'°, which show that chemical segregation does
not necessarily occur at these boundaries. A simple model of the
strain associated with the grain-boundary dislocations provides a
reasonable physical explanation of the suppressed superconduc-
tivity. The surprisingly large effect of strain implied by our model
has implications beyond critical currents, for the physics and
applications of any thin-film YBCO structures involving strained
epitaxial layers.

In epitaxial thin films of YBa,Cu;0,_5; on polycrystalline
SrTiOs, the critical current density across a grain boundary
decreases drastically with increasing misorientation angle '™
and the boundary behaves as a weak link for misorientations
greater than 10°. Recent results from bulk-scale bicrystals,
however, have indicated that certain high-angle grain boundaries
do not exhibit this weak-link response'’. No satisfactory micro-
scopic explanation for the origin of this behaviour of grain
boundaries has so far been proposed®'?. Additionally, it has
structural models of low-angle boundaries do not lead to the
observed angular dependence of the transport critical
current>*'2, The most commonly accepted view is that devi-
ations from the ideal stoichiometry are responsible for the low
critical current densities'®. There are several reports of composi-
tional variations at grain boundaries®~%, but only small decreases
in already low critical current densities have been directly corre-
lated with deviations from the stoichiometric composition in
the boundary regions®.

We have used the Z-contrast technique®'® for forming chemi-
cally sensitive high-resolution images in a scanning transmission
electron microscope (VG Microscopes HB501UX STEM operat-
ing at 100 kV) to investigate the composition of YBCO grain
boundaries. In this technique, a fine electron beam of width
0.22 nm (full width at half maximum intensity) is scanned across
the sample, and the electrons scattered at high angles are collec-
ted by an annular detector and used to form an image. The
high-angle scattering is proportional to Z2, where Z is the atomic
number of the species under the probe. Thus the image can be
thought of as a map showing at atomic resolution the scattering
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power of the sample®'®. This technique can provide analysis of

regions of the sample down to a size comparable to the supercon-
ducting coherence length. We have examined boundaries of the
same type as those investigated in refs 1-4. Such tilt boundaries
consist of an array of uniformly spaced edge dislocations pro-
duced to accommodate the mismatch'®. Qur grain-boundary
samples were taken from polycrystalline thin films of
YBa,Cu;0,_; grown on Y,0;-stabilized ZrO, and from a pellet
of sintered powder. Figure 1 shows Z-contrast images of a 13°
tilt boundary at which the adjacent grains nearly share a common
[100] direction. In Fig. 1a the beam passes parallel to the crystal
planes of both grains, which are seen to be separated by an
array of triangular defects. The planes of barium atoms (Z = 56)
show higher intensity than the yttrium (Z =39) planes, and
terminate both grains along the long sides of the triangular
zones. Phase-contrast imaging using the STEM bright-field
detector clearly shows that these faceted dislocation cores are
amorphous. To determine whether the amorphous material has
the same composition as the crystalline superconductor, it is
necessary to tilt the right-hand grain by a few degrees so that
the clear image of the crystal planes is lost. The intensity scat-
tered by the crystal in a random orientation will equal the
intensity scattered by a random (amorphous) arrangement hav-
ing the same overall composition. The contrast in the annular
detector signal can be quantified very simply using appropriate
screened cross-sections for elastic scattering'®. Thus we can
probe any segregation to the amorphous zones with a sensitivity
limited by the image statistics and by the extent to which we
can avoid thickness variations and residual channelling effects,
which we estimate to be £2%.

Within this limit no contrast changes are detectable between
the amorphous zones and the randomly oriented crystal (Fig.
1b). Similar results were obtained from other tilt boundaries,
including a 34° high-angle (high-energy) tilt boundary. This
rules out the presence of any of the likely phases, including
Y,Ba,Cu,0,4, YBa,Cu,O4 and BaCuO,, and sets limits to the
range of stoichiometry that would not be detectable as

FIG. 1 Z-contrastimages of a 13°[100] tilt boundary. & Both grains oriented
for electron channelling along the (001) planes, showing an array of triangular
amorphous zones at the boundary. b, Sample tilted so that the right-hand
grain is not channelling, showing no detectable contrast variations along
the grain boundary.
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Yos7ex=1.13B21.020x<2.07CU2 70123210401 x=9.09, Where only
one component is assumed to vary at a time. The method is
rather insensitive to oxygen because of its relatively low atomic
number, but given the high mobility of oxygen at low tem-
peratures'® it seems doubtful that any microscopic measurement
on a thin specimen could provide meaningful oxygen contents.
We estimate the spatial resolution of our measurement to be
1 nm, significantly better than has been achieved using X-ray
fluorescence. This resolution is possible because the number of
elastically scattered electrons detected is typically 10° times
greater than the number of X-rays collected from the same area,
allowing us to work with thicknesses of only 10-20 nm, which
greatly reduces beam-broadening effects. Our results therefore
represent the most sensitive measurements so far of grain-bound-
ary composition. They indicate clearly that, although composi-
tional variations undoubtedly can occur, they are not necessarily
present.

In the light of these results, we therefore re-examine structural
models of grain boundaries and attempt to understand how a
dislocation array can cause a large reduction in critical current.
We start with the simplest model and assume that the order
parameter for superconductivity is depressed only within a
strained region associated with the grain-boundary dislocations,
which we assume has a well defined radius, r,,, in the plane of
the boundary. Therefore, the ratio of the critical current density
across a grain boundary, J&°, to that within the grain, JZ, is
(D —2ry)/ D, where D =|b|/sin 8 is the dislocation spacing, b
is the Burgers vector of the dislocation, and 6 is the tilt angle
of the two adjacent grains. For small tilt angles,

s/ =1 ()

[b]

That is, the normalized grain-boundary critical current density
decreases linearly with 8 for small misorientations. In Fig. 2 we
show a linear plot of the data of Dimos et al*, which clearly
shows this predicted linear behaviour in the small-angle regime.
From a least-squares fit of the slope between 8 =0° and 10°, we
determine r,,=2.9{b|, which is much larger than the value
assumed previously>®.

We believe that the physical origin for this surprisingly large
effect of a grain-boundary dislocation is that the superconduct-
ing properties of YBa,Cu;0,_5 are very sensitive to strain.
Superconductivity is produced in this normally antiferromag-
netic insulator by the addition of charge to the CuO, planes'’.
Disruption of the charge reservoir layers, for example by dis-
ordering the Cu-O chain layers, will affect superconductivity
adversely. A strain of only 1% along the a or b axis is required
to prevent the transformation from a tetragonal to an orthorhom-
bic structure during processing, interfering with the order in the
Cu-O chain layers and leading to significant volumes of non-
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FIG. 2 Normalized critical current density as a function of misorientation®,
plotted on a linear scale.
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superconducting material surrounding each dislocation core.
Independent support for this 1% criterion comes from particle
irradiation experiments in which oxygen is displaced with no
overall change in oxygen stoichiometry'®'®. Extrapolating the
data to one oxygen displacement per unit cell, which would
destroy the orthorhombicity, predicts T, to be depressed by
~100 K. Further indications of the importance of strain comes
from observations on Nd, 4;Ceq,,Cu0O,/YBa,Cu;0,_5 multi-
layers, in which 1% strains significantly affected the normal-state
resistivity and the superconducting transition’. We therefore
adopt 1% strain as the criterion for defining r,,, and calculate
the strain field around an edge dislocation array parallel to the
tilt axis assuming that linear isotropic elasticity theory is applic-
able?'. Figure 3 is a plot of the roughly elliptical area around
the dislocations in which one of the strain components is calcu-
lated to be =1%. Reduced distances are used so that the sol-
utions for 2°, 5° and 10° tilt boundaries can be displayed. It can
be seen that for all three cases there is a ‘conducting plate’ of
relatively undistorted crystal between dislocations. For the 10°
boundary, however, the thickness of this conducting plate is
less than the dimensions of the unit cell, and thus the structural
order required for superconductivity is destroyed everywhere
along the boundary. For misorientation angles less than 10°, the
equations for the extent of the 1% strain predict, to first order,
linear dependence on misorientation angle. consisent with the
available experimental data. The strong coupling observed by
Mannhart et al® in bicrystal films with less than 10° misorienta-
tion, where the magnetic-field dependence of the grain boundary
critical current density was similar to that of a single crystal, is
entirely consistent with our observation that for tilts of up to
10° there are regions of the boundary that are largely unaffected
by the dislocations. The grain-boundary dislocations effectively
only reduce the area of the grain-boundary plane. Therefore,
our microscopic characterization of the structure and composi-
tion of the boundaries, and our calculations of the dislocation
strain field provide a consistent and physical explanation of the
critical current behaviour of individual boundaries.

Beyond 10° misorientations, the boundary loses the required
structural order for superconductivity, provided that it cannot
relax to a lower-strain configuration, and becomes a weak link
which is very sensitive to small applied magnetic fields®. Bulk-
scale bicrystal results'' and observations of special high-angle
misorientations where a coincidence site lattice is produced®
indicate, however, that there are grain boundaries that can
undergo further relaxations to reduce the boundary energy;
some of these may not behave as weak links. Unfortunately, the
strain field at the boundary cannot be predicted solely by using
geometrical factors that describe the boundary periodicity, but
depends also on their specific atomic structure. The observation
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FIG. 3 Calculated strain field for an infinite array of edge dislocations at a
2° 5° and 10° tilt boundary, showing the contour for a strain (g,,, the largest
strain component) =1%, plotted using reduced distances Y=y/D and
X =x/D, where D is the dislocation spacing.
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that a 14° boundary does not exhibit weak-link behaviour'' does
not necessarily contradict the strain model and, in fact, would
seem to indicate that low-strain boundaries are not limited to
high-coincidence orientations or, more probably, that the boun-
dary contains segments of different structures, including a low-
angle segment. The observation that 90° boundaries can sustain
large critical currents’™'? is entirely consistent with our model,
because the dislocation array for such boundaries will be widely
spaced. The structure of these and other special boundaries is
currently under investigation. As it seems that the strain field,
rather than the dislocations or boundaries themselves, is respon-
sible for the suppression of superconductivity, the implications
of our results are not limited to grain boundaries. The surpris-
ingly large effect of strain will influence the superconducting
properties of many artificial structures, such as superlattices
and thin-film devices, which involve strains of the order of
1%. O
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Surface-mediated alignment of
nematic liquid crystals with
polarized laser light

Wayne M. Gibbons, Paul J. Shannon, Shao-Tang Sun
& Brian ). Swetlin

Research Center, Hercules Incorporated, Wilmington,
Delaware 19894, USA

THE control of molecular alignment in liquid-crystal phases at
macroscopic scales has been investigated extensively because of
its importance in optical or optoelectronic applications, such as
liquid-crystal displays'. It is well established that liquid crystals
can be aligned by an applied electric field, a magnetic field, a
shear-flow field, mechanical grooving of the substrate surface or
stretching of liquid-crystal polymer thin films*>. Here we report
a new mechanism for liquid-crystal alignment that uses polarized
laser light. We find that nematic liquid crystals in an illuminated
region become oriented perpendicular to the direction of the elec-
tric-field polarization of the laser and remain aligned in the absence
of the laser radiation. The liquid crystals can be reoriented again
by subsequent illumination. This technique might have applications
for large-area displays, optical memories, binary optics, adaptive
optics and molecular micro-assembly.
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We spin-coated a glass substrate with a thin layer of a silicone
polyimide copolymer doped with a diazodiamine dye at a
dye:polyimide weight ratio of 1:2. The chemical structure and
absorption spectrum of the dye are shown in Fig. 1. We
assembled a cell using this coated glass substrate as the top
plate and a second glass substrate, coated only with polyimide,
as the bottom plate, with a spacing of 11 um between them.
Both plates were rubbed with a cloth before assembly, the
rubbing directions being matched on assembly. The cell was
then filled with the nematic liquid crystal ZLI-1982 (EM
Chemicals, Hawthorne, New York) at room temperature This
is a eutectic mixture of phenylcyclohexane liquid crystal
molecules. By using a polarization microscope, we observed the
direction of the nematic phase to line up with the rubbing
direction of the cell.

The cell was illuminated with a polarized argon ion laser
(514.5 nm), with the direction of laser polarization parallel to
the rubbing axis (Fig. 2). Within the illuminated region, the
molecules of ZLI-1982 then assumed a twisted nematic structure.
The molecules adjacent to the illuminated, dye-doped surface
became oriented perpendicular both to their original direction
and to the direction of the laser polarization, whereas molecules
adjacent to the undoped polyimide surface remained aligned
parallel to the rubbing direction. The image written in this way
can therefore be seen with a pair of polarizers (Fig. 3). Similar
control of liquid-crystal alignment was achieved by illuminating
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FIG. 1 The chemical structure and absorption spectrum of the dye dopant
in the polyimide surface layer.
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FIG. 2 The geometry of the iluminated liquid-crystal cell. The glass sub-
strates of the cell are not shown for clarity. The rods represent the
liquid-crystal orientation near the substrates before and after illumination.
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