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Magneto-optical imaging was used to visualize the inhomogeneous penetration of mag-
netic flux into polycrystalline TIBa,Ca,Cu;O, films with high critical current densities, to
reconstruct the local two-dimensional supercurrent flow patterns and to correlate in-
homogeneities in this flow with the local crystallographic misorientation. The films have
almost perfect c-axis alignment and considerable local a- and b-axis texture because the
grains tend to form colonies with only slightly misaligned a and b axes. Current flows
freely over these low-angle grain boundaries but is strongly reduced at intermittent
colony boundaries of high misorientation. The local (<10-micrometer scale) critical
current density J,, varies widely, being up to 10 times as great as the transport J., (scale
of ~1 millimeter), which itself varies by a factor of about 5 in different sections of the film.
The combined experiments show that the magnitude of the transport J_ is largely

determined by a few high-angle boundaries.

Large-scale applications of high-tempera-
ture superconductors (HTSs) require con-
ductors with high critical current densities
J., which must be polycrystalline by virtue
of their long length. Although useful con-
ductor forms of HTSs are all presently made
from Bi-Sr-Ca-Cu-O (BSCCO) com-
pounds, there is also a strong interest in
thick-film conductors of YBa,Cu;O, and
T1Ba,Ca,Cu;0, (T1-1223) because these
materials have lower anisotropy and inher-
ently better flux pinning than BSCCO (1).
Fabrication in the thick-film form produces
a strong c-axis texture, which permits high
J. values in polycrystalline films (2), partic-
ularly when biaxial texturing methods are
used (3). However, polycrystals have mul-
tiple current-limiting mechanisms (4), and
the macroscopic average J. = I /A, derived
from the measured critical current I, and
the cross-sectional area A of the supercon-
ductor, may contain little useful informa-
tion about such limits. If defects locally
block current flow, then the effective local
current-carrying cross section A, can be
significantly less than A, and the macro-
scopic J. is then much less than the true
local values. Many studies of vortex dynam-
ics and pinning in HTS materials have
provided the underlying limit on J. (5).
However, when high-angle grain bound-
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aries are present (6, 7), they reduce J_ to a
substantially lower level, as do cracks, pores,
and other common defects (8). The macro-
scopic value of J. for conductor forms of
BSCCO is determined more by the overall
connectivity of the polycrystal than by vor-
tex pinning (9); thus, these connectivity-
limiting defects must be identified to devel-
op intelligent processing techniques that
will minimize or eliminate them.

The experiment described here provides
a powerful tool for this task by using mag-
neto-optical (MO) imaging (10-12) to re-
veal the current-limiting defects over a
large area. We report on the quantitative
reconstruction of the local current distribu-
tion in polycrystalline HTS films and show
that the macroscopic J. determined on
scales of millimeters is mostly determined
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by highly inhomogeneous current flow J(r)
around defects visible in MO images on
scales of 5 to 10 pm. This procedure en-
abled us to extract the local critical current
density distribution J (r) and to directly
correlate it with the microstructure.

We studied high-J. T1-1223 thick films
made on polycrystalline yttria-stabilized zir-
conia (YSZ) substrates (13), which can ex-
hibit significant variability in the local value
of J, even within one batch. Two such
3-pum-thick T1-1223 films (samples S1 and
S2) were made on 1-cm-wide YSZ substrates.
Patterned bridges ~160 wm wide dividing
the films into four 1-mm-long sections per-
mitted a first test of the J_ variation. The
macroscopic transport J_ in S1 measured at 0
T, 77K, and 1 wV/cm was 86, 88, 19, and 44
kA/cm? in sequential sections from voltage
taps VO-V1 to V3-V4 (Fig. 1). The maxi-
mum value observed was 336 kA/cm? for one
section of S2 (2). We first imaged the two
samples in qualitative mode so as to under-
stand whether the variations in J_ had local
or global causes and found that the current-
carrying capacity of the films was determined
by intermittent current-limiting defects.

The MO images were taken at 9 to 77 K
in fields of 0 to 120 mT in both field-cooled
and zero-field—cooled regimes. A 2-pm-
thick, Bi-doped, Y-garnet MO indicator
film with in-plane magnetization was
placed directly on the TI-1223 film (7).
Both samples showed highly nonuniform
flux penetration. Sample S1 displayed more
defects than did S2, which is consistent
with its smaller transport ] ; moreover, the
defect density correlated qualitatively with
the variation of J_ measured for each indi-
vidual bridge section.

The MO (Fig. 1A) and microstructural
images (Fig. 1B) are shown for a region
spanning almost three voltage taps in SI,
where the transport J_ at 77 Kand 0 T
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Fig. 1. (A) MO image of the bridge after cooling it to 9 K in a perpendicular field of 40 mT and then
switching the field off. Green areas show trapped magnetic flux. The large vertical arrows show the
region chosen for the current reconstruction of Fig. 3, and a, b, and ¢ indicate characteristic current-
limiting defects. The diagonal lines near the image corners are edges of the indicator fim. (B) Polarized
light image of the patterned surface (dark) of the TIBa,Ca,CusO, film S1 on the YSZ substrate. Two
voltage taps, V1 and V2, are visible, and V3 is just to the right of the picture. Defects a, b, and ¢ were not
visible by either light or scanning electron microscopy.
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equals 88 kA/cm? between taps V1 and V2
and 19 kA/cm? between V2 and V3. The
MO image was taken at 9 K in zero applied
field after the sample was cooled in a per-
pendicular field of 40 mT. Here the polar-
izers were set such that the green regions
correspond to trapped magnetic flux, and
the brighter yellow areas indicate channels
of expelled flux along defects. The ragged
image indicates some edge-induced defects,
but the principal current-limiting defects
are clearly those that occur intermittently,
as at a, b, and c¢. However, no contrast was
visible at a, b, or c either by polarized light
microscopy (Fig. 1B) or higher magnifica-
tion scanning electron microscopy (14).
The local crystallographic orientation
was studied by synchrotron x-ray diffraction
with a 100-wm-diameter beam (14). The
film contained colonies as long as 1 to 2
mm, within which individual grains, some 5
to 30 pm in diameter, were only slightly
misaligned (Fig. 2). Intermittent high-angle
misorientations of 33° and 22° represent
boundaries between colonies of these slight-
ly misoriented grains, and they coincide
with defects a and c, respectively. The x-ray
orientation map suggests that there are two
parallel colonies in the vicinity of defect c.
Thus, there is a direct correlation between
the MO image, the measured transport su-
perconducting properties, and the local
grain-to-grain misorientation. The MO im-
age shows that most of the sample has good
superconducting properties and strongly
suggests that J_ could be significantly in-
creased if the intermittent high-angle colo-
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Fig. 2. Variation of the in-plane (@ and b) grain
orientation along the bridge measured with a 100-
wm diameter synchrotron x-ray diffraction beam.
The film is almost perfectly aligned with respect to
the ¢ axis, and only in-plane misorientations are
seen. The majority of the grains are misaligned by
only 1° to 5°, but intermittent high-angle bound-
aries separate these colonies of aligned grains.
Two such colony boundaries misoriented by 33°
and 22° are shown at a and c. The transport
J,, values for différent sections at 77 K are 86
kA/cm? (VO-V1), 88 kA/cm? (V1-V2), 19 kA/cm?
(V2-V3), and 44 kA/cm? (V3-V4).
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ny boundaries could be suppressed.
Because the spatial resolution of the x-
ray diffractometry (100 pm) was signifi-
cantly coarser than that of the MO image (a
few micrometers), we reconstructed quanti-
tatively the current flow in the vicinity of
the defects. In general, measurement of
only one field component, as occurs in an
MO experiment, is not enough to recon-
struct a three-dimensional (3D) current
flow, and additional simplifications are re-
quired for quantitative interpretation of
MO images on bulk samples (11). The sit-
uation simplifies for thin films, which have
a 2D current density distribution J(r), thus
permitting an inversion of the Biot-Savart
law (15-17). To reconstruct the inhomoge-
neous current flow, we developed an inver-
sion procedure, using a fast and stable algo-
rithm that integrates H,(x, y) over a domain
that includes the sample and outer regions.
This procedure removes the common re-
striction to an ideal strip geometry and
permits the use of our method for strips with
edge irregularities, microbridges of variable
width, and other more general cases (18).
For detailed reconstruction of the distri-
bution of magnetization sheet currents J(r),
we selected the central segment V2-V3 be-
tween the two vertical arrows in Fig. 1A, for
which J_ = 19 kA/cm?. This choice elimi-
nated any significant influence of the mag-

netization currents circulating in the volt-
age taps and permitted study near the char-
acteristic defects b and c. The MO image of
the chosen section obtained by zero-field
cooling to 30 K and then raising the field to
48 mT is shown in Fig. 3A, and Fig. 3B
shows the corresponding contours of H (x,
y), plotted in increments of 4 mT. We
applied our inversion of the Biot-Savart law
to the data in Fig. 3B to calculate contours
of the current stream function F(x, 7y),
which coincide with the current stream
lines (Fig. 3C). Regions with a higher den-
sity of stream lines are those with higher
local sheet currents J(x, y). The stream lines
explicitly show how the high-angle colony
boundaries at b and c cause J(r) to deviate
locally from the sample axis. The charac-
teristic T-shaped channel at c in Figs. 1A
and 3A corresponds to a high-angle colony
boundary that is a strong but only partial
barrier to current flow (7). Thus, large cur-
rents flow locally on either side of the
boundary, but the current crossing c is
greatly reduced, consistent with the lowered
transport J_ between V2 and V3. A similar
but lesser disturbance of J(r) occurs at b,
where current bypasses a diagonal defect
about half the width of the bridge. Notice
that the current stream lines in Fig. 3C are
quite different from the contours of H,(x, )
in Fig. 3B, which is a specific feature of the
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Fig. 3. (A) MO image of the region between the large blue arrows in Fig. 1 (defects b and c in Fig. 1A are
marked by black arrows here) after cooling it to 30 K in zero field and then applying a perpendicular field
of 48 mT. Dark areas correspond to regions of lower magnetic field and stronger shielding. (B) Contours
of the normal field component H,(x, y) derived from (A), plotted in increments of 4 mT. (C) Contours of the
calculated sheet current stream function Flx, y) plotted in increments of 4.5 X 10% A/cm. The contours
coincide with the current stream lines. The red and blue colors were used to distinguish between the
neighboring contours of H,(x, y) and Fix, ). (D) A 2D color map of the reconstructed local J (r) in the strip,
plotted in increments of 105 A/cm?, according to the scale shown in inset, where the numbers
correspond to J, in units of 108 A/cm?. The lightest color corresponds to 0 < J, < 10° A/cm?, and the

darkest color corresponds to J, > 9 X 105 A/lcm?2.
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2D sheet geometry.

From the calculated current stream func-
tion F(x, y) in Fig. 3C, we can obtain the
distribution of local sheet critical current
densities J (r) = [(9F/ox)* + (dF/ay)*]"?
(Fig. 3D). The values are highly nonuni-
form, ranging from 10° to 10° Ajem? on a
length scale at least 10 times as large as the
average grain size. The percolative nature of
the current is clear, as is the high suppres-
sion of J_ within the colony boundaries.
These boundaries themselves are quite non-
uniform and exhibit noticeable variations
in J_ across the bridge on the scale of tens of
micrometers. An extended low-J_ region
meanders along the center of the bridge,
where current loops on a scale of many
grain sizes tend to form. The local J (r)
values in Fig. 3D correspond to intergranu-
lar, not intragranular, currents because the
characteristic length scale of 50 to 100 pwm
over which J_ changes is much larger than
the 5- to 10-pm TI-1223 grain size. Anal-
ogous results were obtained from images
taken for other temperatures between 9 and
77 K. For instance, the local J (r) at 77 K
and 24 mT could exceed 2 X 10° Afcm?,
although the transport J_ of the bridge at 77
K and 0 T was reduced to 1.9 X 10* Afcm?
by three colony boundaries.
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films from MO images. The sheet current J(r) in thin
films can be expressed by the stream function F(x, y)
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The Fourier components F(k) and H,(k) are related by
the Biot-Savart law

Hilk) = & 641 (r) 2)
z 2

where k = k|, For z = 0, the inverse Fourier trans-
form of Eq. 2 yields

v %

£ _ 1- H,(x"y")dx'dy’ 3
(x,y) = p= X =—x72+(y - V" (3)

Equations 1 and 3 in principle enable the local cur-
rent to be reconstructed from H,(x, y), obtained from
the MO image. However, Eq. 3 requires integration
of H,(x, y) over an infinitely large region, and H,(x, ¥)
can only be measured in a finite domain, limited by
the size of the MO film, the microscope field of view,
and so forth. Moreover, the MO signal is measured at
a nonzero distance z, ~ 5 wm above the surface,
and H,(x, y) inevitably contains short-wavelength
noise on a scale less than z, as a resullt of imperfec-
tions in the MO film. Because this noise produces
fictitious “currents” in Egs. 1 and 3, we used a noise
reduction procedure (15), interpolating the digitized
image signal by a spline and averaging it over a 6-pm
by 6-pm grid. This suppresses irrelevant short-wave
components of H,(x, y) by 7 to 10 times, without
interfering with the larger scale variations of H,(x, y)
caused by local inhomogeneities of J (X, y). To avoid
the restriction created by the finite area of H,(x, y)
measurements, we rewrite Eq. 3 in the form

b a

’
F(X,y)=;fdx’f
=b -a

[Hox"y') = Holy")]dy'
[ = xP+ & —y)+ &7
where H,(y) is the magnetic field that corresponds to
the stream function Fy), and the x axis is directed
along the bridge. For infinite integration limits, Eq. 4

7+ Foly) (4)
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reduces to Eq. 3 for any Fq(y). Now we choose H(y)
such that the main contribution to the integral in Eq.
4 comes from a 2b by 2a rectangle that includes the
region of the bridge 1x| < 2w, Iyl < w, where J(r)
was reconstructed (2w is the bridge width). This can
be done by taking H,(y), which gives the best fit to
the measured H,(x, y) outside the sample (Iyl >w),
thus greatly improving the convergence of the inte-
gralin Eq. 4 and making it practically independent of
afora>2w. Weseta = b = 4w and took F(y) of the
critical state model for a strip, for which Fuy) =
Joflyl = wyat lyl =w, Fyy) =0atlyl >w,and (7)

Jeo 0 + 28)°
Ho= ol ey rzr—aws?| T 1 ©

Here H,, is the applied field, and the averaged critical
current density J, was determined by fitting the
measured H,(x, y) with Eq. 5 beyond the bridge, w <
y| < 4w, where the influence of local inhomogene-
ities in the films is weak. For instance, a current loop
of size L produces a field H(r) = L/r? at distance r >
L, so the contribution to H,(r) from typical inhomoge-
neities with L ~ 0.1w to 0.3w atr = 2w to 3w is only
a few percent of H,(r) at r = L. Notice that a, b, and
Foly) in Eq. 4 are only auxiliary quantities to account
for the long-range character of H,(x, y) for the sheet
geometry (719). We made sure that J(r) calculated
from Egs. 1 and 4 is indeed insensitive to the specific
choice of Fy(y). The value ¥ ~ z,/2w in Eq. 4 ac-
counts for H,(x, y) being measured at finite height z,,
and the fact that the Fourier components F(k) with
k > 1/z, should be excluded to avoid fictitious short-
wavelength noise currents and thus to make the
inversion scheme stable (16). We set & = 0.8 um, but
because & is much smaller than the spatial resolution
of our MO technigue, the calculated J(r) only very
weakly depends on &. ‘
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Hillslope Evolution by Bedrock Landslides

Alexander L. Densmore,* Robert S. Anderson,
Brian G. McAdoo, Michael A. Ellis

Bedrock landsliding is a dominant geomorphic process in a number of high-relief land-
scapes, yet is neglected in landscape evolution models. A physical model of sliding in
beans is presented, in which incremental lowering of one wall simulates baselevel fall and
generates slides. Frequent small slides produce irregular hillslopes, on which steep toes
and head scarps persist until being cleared by infrequent large slides. These steep
segments are observed on hillslopes in high-relief landscapes and have been interpreted
as evidence for increases in tectonic or climatic process rates. In certain cases, they may
instead reflect normal hillslope evolution by landsliding.

Bedrock landsliding is an important pro-
cess in the evolution of diverse landscapes
(1-5). Most models of landscape evolution,
however, assume that diffusive processes
shape hillslopes (4, 6) or that slopes are
instantaneously  lowered above some
SCIENCE e
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threshold (7). Likewise, models of bedrock
landslides have ignored long-term hillslope
evolution by discrete events (8-11).
Several factors argue for the inclusion of
discrete landslides in landscape evolution
models. First, rates of landscape evolution
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