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Inter- and intragrain transport measurements in YBa 2Cu3O7Àx deformation
textured coated conductors
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Using photolithography, links for transport measurement have been placed across individual Ni
grain boundaries and within individual Ni grains on several coated conductor samples. The typical
Ni grain size is;50 mm, while the YBa2Cu3O72x grains are submicron in size. It is found that the
intragrainJc(0 T,77 K) can exceed 5 MA/cm2, thus showing that present coated conductorJc values
are not significantly limited by the intragrainJc . Inter- and intragrainJc values ranged from
one-half to more than four times full-width measured values, demonstrating that current percolates
through the conductor. The misorientation angle dependence ofJc fits well with previous studies of
@001# tilt SrTiO3 bicrystals. © 2001 American Institute of Physics.@DOI: 10.1063/1.1425952#
u
or
he
d

o

o
us

i

nd
w

s

a
C
N

re

ic
k

-
o

s.

en
t-
e
e
st
t be
ay

a

at-
ed
to

re

th
an

y
he
a

the

n
ma
Coated conductors~CCs! using deformation textured
substrates such as rolling assisted biaxially textured s
strates~RABiTS™! are one of the most suitable conduct
forms for applications at 77 K. These substrates are in
ently polycrystalline and produce a network of grain boun
aries~GBs! in the YBa2Cu3O72x ~YBCO! layer.1,2 Magneto-
optical ~MO! studies demonstrate that the vast majority
these GBs have aJc value less than that of the intragrain1,2

regions. Under applied transport currents, MO imaging
the self-field shows a strong GB influence and a clear ill
tration of percolative current flow.2,3 The self-field studies
have shown thatJc is usually limited in a local region by a
small fraction of GBs, and that the majority of the sample
carrying a current much less than its localJc . Here we ex-
pand upon that earlier work by quantifying the inter- a
intragrainJc values of several CC samples. This study sho
that the intragrainJc is not the limiting factor in present CC
technology, and theJc(u) dependence of GBs in YBCO CC
fits well with previous studies of YBCO grown on@001# tilt
SrTiO3 ~STO! bicrystals.4,5

Standard optical photolithography and dry etching w
used to pattern inter- and intragrain links in several C
samples. All samples consisted of a deformation textured
substrate with a Ni/CeO2 or Y2O3/yttria-stabilized zirconia
(YSZ)/CeO2 buffer layer structure. The YBCO layers we
grown by the barium fluoride6 or trifluoroacetate7 methods.
All patterned links~inter- and intragrain! were 10mm wide
and 30mm long. Extended voltage–current characterist
andJc(H) dependencies were measured. For intragrain lin
Jc values were determined using anelectric fieldcriterion of
1 mV/cm. For a 30mm long link, this yields a voltage crite
rion of 3 nV, well above our typical measurement noise
0.3–0.5 nV. For the intergrain links, avoltage criterion ~3
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nV! was used due to the uncertainty in the width of the GB
Universal use of the 1mV/cm criterion is crucial to legiti-
mate, quantitative comparisons ofJc values. Also, it is well
known thatJc increases with decreasing film thickness,8 and
Zhaoet al. have observed significant overestimates ofJc for
links less than 10mm wide due errors introduced in
patterning.9 All these factors need to be considered wh
comparingJc values. For intergrain links, electron backsca
ter Kikuchi pattern~EBKP! analysis was used to determin
the GB misorientation angleu. Where possible this was don
in the YBCO layer; however, due to poor EBKP quality mo
angles were measured in the YSZ. We admit this may no
a true representation of the GB angle in the YBCO. X-r
diffraction and recent EBKP studies10 have shown that in
general, there is an improvement in thec-axis alignment of
the YBCO relative to the YSZ layer, and this results in
reduction ofu.

Table I lists several properties of the samples and p
terned links investigated. At least two links were pattern
per sample, but not all links were suitable for study due
multiple GBs per link or complex GB geometries. Figu
1~a! is a scanning electron microscope~SEM! image of the
pair of links patterned in sample No. 3. In this case, bo
links are entirely within the same Ni grain. However, as c
be seen in Table I, theirJc values are quite different. TheJc

of the 1.3 MA/cm2 link was limited by a largea-axis grain,
highlighted in Fig. 1~b!, that extends more than halfwa
across the link. The YBCO grains are submicron in size. T
two intragrain links of sample No. 4 were also within
single Ni grain. There is a 20% difference in theJc of these
two links, but a SEM investigation revealed no reason for
difference.

The links in Table I yield a large spread inJc(77 K,0 T)
of 0.4–5.1 MA/cm2. This is in contrast to the full width
Jc(77 K,0 T) values~where available!, which are all ;1
MA/cm2. Thus the links range from one-half to more tha
il:
8 © 2001 American Institute of Physics
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TABLE I. Comparison of properties of the samples and links in this study. AllJc values were measured at 77 K.

Sample No.
YBCO

thickness~nm!
Full width

~nm!
Full-width Jc

106 A/cm2 u/intragrain
Link Jc ~0 T!

106 A/cm2
Link Jc ~1 T!

106 A/cm2

1 310 3.3 1.26 intra 5.1 0.62
2 300 3.3 0.85 2.8° 3.0 0.39
3 380 5 N/A intra

intra~a-axis grain!
.3.5
1.3

0.41
0.10

4 380 5 N/A intra
intra

3.8
3.1

0.20
0.22

5 380 5 0.9 7.1°
5.5°

0.7
0.8

0.06
0.07

6 380 5 0.8 9.8°
2.9°

0.4
2.6

N/A
N/A
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four times full width Jc values. This demonstrates that fu
width Jc values must be the result of multiple current pa
of both higher and lowerJc , resulting from variations in the
inter- and intragrainJc . The very high intragrainJc values
strongly suggest that the full width values of Table I are n
limited by the intragrainJc , but rather by the GBs. The ful
width Jc values of the best samples, though rare, are in
range2 2–3 MA/cm2. As all the intragrain links in this study
had aJc that exceeds these values, even the best sample
not being limited solely by the intragrain.

The Jc(77 K,1 T) values~where available! for both the
inter- and intragrain links are reduced by roughly 1 order
magnitude over theJc(77 K,0 T) values. This is in contrast t
the study of Verebelyiet al., where it was found that abov
4° GBs were less sensitive to the field than the grain11

While that study was performed on STO bicrystal substra
and not CC GBs, this study could benefit from addition
Jc(77 K,1 T) data from intergrain links withu.4°.

Figure 2 plots theu dependence of theJc data from
Table I with data from studies using@001# tilt STO bicrystals.
The Jc(u) dependence of the GBs in this study and tho
using~STO! bicrystal substrates all fit very well to an exp

FIG. 1. SEM images of sample No. 3 after patterning.~a! Image of both
links of sample No. 3. The tracks run horizontal with three voltage t
coming off the top. This same structure was patterned on all the sample~b!
A closeup of the link on the left in~a!, showing the reason for the reduce
Jc of the link. An a-axis grain, indicated by the arrow, extends more th
halfway across the link.
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nential decay with a critical angleuc of 2°–3°. The intergrain
Jc values from Table I are slightly higher~for a givenu! than
those of the STO bicrystals. This is possibly due to the f
thatu was largely measured in the YSZ buffer layer, andu in
the YBCO may be less8 by 0.5°–1.5°. While the similarity
between the CC and bicrystal data of Fig. 2 may not
surprising, it is interesting to consider that all of the bicry
tals were@001# tilt boundaries, andu represents pure in-plan
misorientation. Even though there can be a high degree
c-axisalignment in the grains of CC substrates, EBKP ana
sis shows that CC GBs generally consist of both tilt and tw
components, andu represents thetotal misorientation be-
tween grains, not just in-plane misorientation. Despite t
and other potential differences between the CC and bicry
GBs, the most significant factor in determiningJc appears to
be u. There is a moderate variation of the intragrain data
Fig. 2, but not significantly more than is generally seen
YBCO films grown on single crystal substrates. Also, t
intragrain data represent films of different thickness a
deposition method, and each Ni grain acts as its own sin
crystal template~with varying vicinal angle and surface qua
ity!, so some variation of the intragrainJc is not unexpected.
All intragrain Jc values are high, comparable to the be
reproducible values obtained on single crystal substrates.
close correlation between theJc(u) dependence of the CC

sFIG. 2. Plot showingJc(u) dependence for various inter- and intragra
links. Black circles are data from pulsed laser deposition~PLD! YBCO on
STO bicrystals from Verebelyiet al. ~Ref. 4!. Open squares are also PLD
YBCO on STO, supplied by G. Daniels~University of Wisconsin!. The gray
triangles are data from Table I.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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GBs and the STO bicrystals implies that application of S
bricrystal studies to CCs is merited.

The consequence of the percolative nature of curr
flow in CCs and the fact that GBs and not the intragrain w
nearly always limitJc means that a sharp substrate texture
paramount to obtaining highJc tapes. An intragrainJc of 5.1
MA/cm2 in a CC of modest full widthJc ~1.26 MA/cm2!
implies that local texture is the greatest factor separa
‘‘typical’’ samples from the ‘‘best’’ samples, not film~or in-
tragrain! quality. One question such emphasis on text
raises is ‘‘what is the upper limit toJc in a CC?’’ From the
plot of Fig. 2, aJc value of 2–3 MA/cm2 is roughly equiva-
lent to that of a 3° GB. While many GBs greater than
certainly exist in the ‘‘best’’ samples, suchJc values indicate
an extremely high degree of substrate texture. It is uncer
that substrate textures can be sharpened to a significa
greater degree than those that already produce samples
range of 2–3 MA/cm2. Another means of increasing CCJc

values is to improve GB properties. While this has be
demonstrated in high angle GBs12 and in low angle GBs a
low temperatures,13 it has yet to be shown in low angle GB
at 77 K.

In summary, the high intragrainJc values demonstrate
that films of excellent quality can be grown on a metal su
strate. The derivedJc(u) dependence indicates that GBs a
the most significant factor limiting full widthJc values in
CCs, and that current flow is percolative. This study a
previous MO studies1–3 corroborate each other well on the
points. Maintaining good texture over long lengths will b
critical to producing commercial tapes, but as pointed out
Verebelyi et al.,11 the influence of the GBs in a CC is re
duced at high fields, and the application may dictate the
gree of texture required.
Downloaded 10 Apr 2007 to 128.104.198.190. Redistribution subject to A
nt
l
s

g

e

°

in
tly
the

n

-

d

y

e-

The authors thank G. Daniels~University of Wisconsin!
for helpful discussions and for supplying data for Fig. 2. T
authors also thank Pat Camus~ThermoNORAN! for helping
with GB angle measurement. This work was supported
the Air Force Office of Scientific Research, the Departm
of Energy, and the NSF-funded MRSEC on Nanostructu
Materials.

1D. M. Feldmann, J. L. Reeves, A. A. Polyanskii, G. Kozlowski, R.
Biggers, R. M. Nekkanti, I. Maartense, M. Tomsic, P. Barnes, C.
Oberly, T. L. Peterson, S. E. Babcock, and D. C. Larbalestier, Appl. Ph
Lett. 77, 2906~2000!.

2D. M. Feldmann, J. L. Reeves, A. A. Polyanskii, A. Goyal, R. Feenstra,
F. Lee, M. Paranthaman, D. M. Kroeger, D. K. Christen, S. E. Babco
and D. C. Larbalestier, IEEE Trans. Appl. Supercond.11, 3772~2001!.

3D. M. Feldmann and D. C. Larbalestier~unpublished work!.
4D. T. Verebelyi, C. Prouteau, R. Feenstra, and D. K. Christen, IEEE Tr
Appl. Supercond.9, 2655~1999!.

5G. A. Daniels and D. C. Larbalestier~unpublished!.
6R. Feenstra, T. B. Lindemer, J. D. Budai, and M. D. Galloway, J. Ap
Phys.69, 6569~1991!.

7A. Gupta, R. Jagannathan, E. I. Cooper, E. A. Giess, J. I. Landman, an
W. Hussey, Appl. Phys. Lett.52, 2077~1988!.

8S. R. Foltyn, Q. X. Jia, P. N. Arendt, L. Kinder, Y. Fan, and J. F. Smi
Appl. Phys. Lett.75, 3692~1999!.

9Y. J. Zhao, W. K. Chu, D. K. Christen, E. C. Jones, M. F. Davis, J.
Wolfe, S. C. Deshmukh, and D. J. Economou, Appl. Phys. Lett.59, 1129
~1991!.

10D. M. Feldmann, J. L. Reeves, S. E. Babcock, and D. C. Larbales
~unpublished work!.

11D. T. Verebelyi, D. K. Christen, R. Feenstra, C. Cantoni, A. Goyal, D.
Lee, P. N. Arendt, R. F. DePaula, J. R. Groves, and C. Prouteau, A
Phys. Lett.76, 1755~2000!.

12G. Hammerl, A. Schmehl, R. R. Schulz, B. Goetz, H. Bielefeldt, C.
Schneider, H. Hilgenkamp, and J. Mannhart, Nature~London! 407, 162
~2000!.

13G. A. Daniels, A. Gurevich, and D. C. Larbalesiter, Appl. Phys. Lett.77,
3251 ~2000!.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp


