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Strong to weak coupling transition in low misorientation angle thin film YBa2Cu3O72x bicrystals

N. F. Heinig, R. D. Redwing, J. E. Nordman, and D. C. Larbalestier
Applied Superconductivity Center, University of Wisconsin, Madison, Wisconsin 53706
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Detailed transport measurements were made of YBa2Cu3O72x thin-film @001# tilt bicrystals with misorien-
tation angles of 3°, 5°, 7°, 10°, 15°, and 20°, encompassing the angular regime where the transition from strong
to weak coupling occurs. The study includes measurements of intragrain and intergrain extended voltage-
current characteristics in applied magnetic fields that range from zero to well above the irreversibility field. The
results show that the strong-to-weak coupling transition is progressive at 77 K, occurring at misorientation
angles between 7° and 10° in zero field, and between 10° and 15° in higher magnetic fields. The shapes of the
voltage-current characteristics of the 7°@001# bicrystals and the ratio of the inter- and intragranular critical
current densities are particularly sensitive to individual sample preparation conditions, suggesting that
substrate-film interdiffusion along the grain-boundary dislocations is controlling the effective size of the
superconducting channels between the dislocation cores. The linear decline of the intergranular critical current
density with misorientation angle predicted from present dislocation core overlap models is not found, showing
that additional features of the grain-boundary nanostructure and the mechanism of intergranular current flow
need to be invoked in order to explain transport across low-angle YBa2Cu3O72x grain boundaries.
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I. INTRODUCTION

Among the largest obstacles to bulk-scale, high pow
applications of high-temperature superconductors~HTSC’s!
are the low critical current densities and weak supercond
ing coupling across grain boundaries~GB’s! of arbitrary mis-
orientation angles. Most large scale applications dem
large critical currents in magnetic fields of a Tesla or mo
requiring that a significant fraction of the conductor consi
of a strongly coupled superconductor. It is well establish
that the intergranular critical current densityJb , in @001# tilt
thin-film bicrystals of high-temperature superconductors
very dependent on the misorientation angle,u, of the GB.1–5

As u increases from 0° to 25°,Jb decreases and the inte
granular coupling changes from strong and single crys
like, to weak and Josephson junctionlike. Experiments
different types of YBa2Cu3O72x samples have reported th
the crossover from strong to weak coupling can vary ove
wide angular range of 5° to 20°,1,4,6–8 although the criteria
for deciding when the transition occurs are not always
plicit or consistent.

A good understanding of low-angle grain boundary tra
port is both intrinsically interesting and very relevant to t
recently developed YBa2Cu3O72x coated conductors. Thes
quasisingle crystalline, biaxially textured, thick films ca
have very highJc values. They also have excellent potent
to be made in long lengths, making them useful for hi
current applications. With a buffer/substrate layer betwe
the nickel alloy and the superconductor, and using ion-be
assisted deposition to encourage grain alignment of
Y2O3-stabilized ZrO2 substrate layer,Jc(77 K) values of or-
der 13106 A/cm2 in 1–2 mm thick layers have been
achieved.9–12 Another technique, rolling-assisted biaxial
textured substrates,13 produces high-Jc material by using a
textured Ni substrate with one or more intermediate bu
layers between the substrate and the YBa2Cu3O72x layer.
PRB 600163-1829/99/60~2!/1409~9!/$15.00
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This technique now yields very comparableJc(77 K) values.
While these are encouragingly high critical current densiti
magneto-optic imaging studies14 show thatJc is still limited
by percolation in these textured polycrystalline samples. U
derstanding the current flow through the array of low-an
grain boundaries and other barriers that form in these m
rials is essential to raisingJc and advancing this technology
Understanding the current flow across individual low-an
grain boundaries, over the range of field and temperature
such conductors are likely to be used, is an important fi
step to accomplishing these goals.

The simple model which is most widely used to expla
this transition from strong to weak coupling postulates t
the strongly coupled supercurrent across the grain boun
is restricted to channels between the grain-boundary dislo
tion cores or their strain fields.1,15 Since the dislocation spac
ing becomes smaller with increasing angleu, it is natural to
postulate that no strongly coupled superconducting p
across the boundary should exist above some critical mis
entation angleuc . This model provides a conceptually re
sonable explanation of why grain boundaries of increas
misorientation angle undergo a transition from strong
weak coupling with increasingu. However, neither the effec
tive size of the grain-boundary dislocations, nor the details
the grain-boundary dislocation networks are usually know
thus leaving the channel width and transition angle qu
uncertain. There is also increasing evidence that low-an
grain boundaries have quite heterogeneous dislocation s
tures. The dislocations can have multiple Burger’s vecto
be partial or primary in nature and be spac
nonuniformly.16–18 In addition, the grain boundary can b
faceted and have compositional variations associated
the facets. Such heterogeneous GB’s may well support
allel resistive, Josephson coupled, and strongly coupled
rent paths, complicating any interpretation of the measu
current-voltage characteristics.19 Thus, whatever the concep
1409 ©1999 The American Physical Society
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1410 PRB 60HEINIG, REDWING, NORDMAN, AND LARBALESTIER
tual reasonableness of the channel model, it needs m
quantitative verification, both to understand how the sup
current passes through constricted channels, and becaus
is an important technological issue for coated conduct
where some spread in the grain-to-grain alignment is ine
table.

Another check of the dislocation core model can be fou
by comparing bulk scale and thin-film transport data. Wh
the dislocations that form thin-film and bulk scale gra
boundaries should be similar, there is poor agreement
tween the results on bulk and thin-film bicrystals
YBa2Cu3O72x . For example, flux grown, bulk scale@001#
tilt bicrystals with u less than 10° tend to be strong
coupled,20 while the electron beam evaporated thin-film b
rystals of Dimoset al.1 showed weak-coupling behavior a
angles as low asu55°. Irreversibility field measurements b
Cai et al.21 suggest that strongly coupled channels can e
across 15°, 18°, and 27°@001# tilt bulk scale bicrystals.
Parikh et al.22 and Fieldet al.6 have provided evidence fo
strongly coupled components in GB’s of mixed misorien
tion angles exceeding 10° in melt-textured bulk sc
YBa2Cu3O72x . Thus there is considerable variation in th
properties of different YBa2Cu3O72x grain boundaries and
no general agreement on the misorientation at which bou
aries become completely weakly coupled. This uncertaint
compounded by the fact that most work has only reported
ratio of the intergranular and intragranular (Jb /Jc) current
densities, evaluated in zero applied field. Very little hi
magnetic-field data is available, and there are even fe
details about the extended electric field-current den
(E-J) characteristics of individual grain boundaries.23

This paper describes the extended transport behavio
both low and high fields of@001# tilt YBa2Cu3O72x bicrystal
thin films with misorientation angles between 3° and 2
comparing the results to what would be expected from d
location overlap models. Section II of the paper describes
experimental details, Sec. III the zero-field transport beh
ior, while Sec. IV shows how the voltage-current charact
istics change with misorientation angle in high magne
fields, and uses this information to compare the inter- a
intragranular irreversibility fields,H* . The variations in
properties of several bicrystals withu57° are also presente
and discussed. Section V discusses and summarizes th
sults.

II. EXPERIMENTAL DETAILS

The YBa2Cu3O72x thin-film bicrystals with thicknesse
ranging from 0.10 to 0.25mm were grown on 0.531 cm
@001# SrTiO3 bicrystal substrates made by the Shinkosha
using pulsed-laser ablation~PLD! in a KrF laser system op
erated at 5 Hz and a wavelength of 248 nm. T
YBa2Cu3O72x was grown in an oxygen atmosphere of 2
mTorr on substrates kept at 730–760 °C. The tempera
was extrapolated from optical pyrometer measurements
point on the substrate-mounting block outside of t
YBa2Cu3O72x plume. After growth, the films were pro
cessed to make well-defined test links: a single intragran
link and a number of intergranular links of varying wid
were made. Gold contact pads were sputtered onto the fi
by using a shadow mask and the links were defined us
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photolithography and ion-beam milling. The voltage t
traces were 500mm apart for the intragrain link and 100mm
apart for the intergrain links.

Considerable care was taken to obtain extendedE-J
curves over a wide range of electric and magnetic field. T
gold pads on the sample were contacted with spring-load
gold-plated pins connected to a Keithley Instruments 18
nanovolt preamplifier. Current was fed to the films with
Keithley Instruments 224 precision current source and a c
rent reversal algorithm was used to minimize systema
thermoelectric voltage error. The zero field critical curre
density measurements were done inside am metal shield
placed in a screened room in order to reduce the ear
magnetic field and rf noise.

The high-field measurements were made in a 14 T su
conducting magnet with the applied field perpendicular
the film surface and thus to thec axis of the YBa2Cu3O72x .
Most of the data were taken in a He-gas-cooled varia
temperature insert. Some of the higher angle bicrystals w
also measured in a more stable 1 T Cumagnet, whose field
fluctuations were60.04 mT. This greater stability reduce
the voltage noise due to Josephson vortex motion that
seen in the measurements made on weak-linked sample
the noisier superconducting magnet. Both intragrain and
tergrain voltage-current characteristics were measured
each value of the magnetic field for each bicrystal. F
higher angle bicrystals, wider intergranular links were ch
sen for the high-field measurements, so that comparable
and intragrain critical currents were measured.

III. ZERO-FIELD BEHAVIOR

Figure 1 shows the ratio of inter- and intragranular critic
current densities,Jb /Jc , versusu for the PLD thin-film bic-
rystals measured at 77 K and zero applied field using d
taken from the 5 and 10mm wide links, so as to provide the
best comparison to the 10mm wide intragranular link. Each
misorientation angle; 3°, 5°, 7°, 10°, 15°, 20°, and 24°,
represented by data from between one and four different
crystal samples, so as to show scatter due to variations
tween growth runs. Our PLD data set is indicated by
circles in Fig. 1, where it is also compared to the origin
electron-beam-evaporated~EBE! YBa2Cu3O72x @001# tilt bi-
crystal data~squares! taken from Dimoset al.1 The EBE
bicrystals were measured in zero applied field at 5 K, and
Jb /Jc ratios are calculated from theJb andJc values given in
Ref. 1.

On the whole, the EBE films have a qualitatively simil
Jb /Jc versusu relationship as our PLD grown films, bu
possess generally lowerJb /Jc ratios. This occurs even
though the EBE data were taken at 5 K, rather than at 77
The greater number of data points for our PLD samples sh
that the ratio ofJb /Jc can be almost as high as unity foru
between 0° and 7°. However, the exponential behavior
higher angles fits well with that observed by Ivanovet al.4

for bicrystals grown by PLD on yttria-stabilized zircon
substrates. This exponential decrease between 7° and 36
be seen in the inset to Fig. 1, where the absolute values oJb
are plotted.

Plotted as dashed lines in Fig. 1 are the predictions of
channel model for values ofr m50.39 and 1.13 nm, corre
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PRB 60 1411STRONG TO WEAK COUPLING TRANSITION IN LOW . . .
sponding to the estimated range of the effective core siz~1
to 2.9 b! in the literature.1,15 The change from long to shor
dashes indicates when the channels between the disloc
cores become less than a coherence length wide. Since
coherence length decreases with decreasing temperatur
ratio of Jb /Jc should be larger at 5 K than at 77 K, and the
critical crossover angle from strong to weak coupling,uc ,
should also be larger. However, when comparing the E
data with our PLD data, the opposite effect is suggested
contrast to high-angle grain-boundary transport behav
where there is good agreement between different studies
lower angle data of this study suggest that low-angle gra
boundary transport behavior is significantly affected by
growth process.

The PLD bicrystal data clearly show two distinct regim
of behavior, one at low angles (u,;7°) where there is
essentially no depression ofJb for the better films, and one a
higher angles, whereJb exponentially declines with increas
ing u. This dual behavior is shown explicitly in Fig. 1 by th
two solid lines. The goal of further understanding t
strongly coupled bicrystals (u,;7°), and thedifferences
between bicrystals with the same misorientation angle le
more detailed current-voltage measurements in high m
netic fields.

IV. HIGH MAGNETIC-FIELD BEHAVIOR

Figure 2 shows the intra- and intergrainJc(H,77 K)
curves for the magnetic field parallel to thec axis at the
standard criterion of 1mV/cm for a number of low-angle
bicrystals. All the intragranular data show an approximat

FIG. 1. Normalized Jb /Jc(0T) ratio versus @001#u using
electron-beam-deposited thin-film data from Dimoset al. ~Ref. 1!,
taken at 5 K, and pulsed-laser-ablated thin films from this wo
taken at 77 K. The solid lines show two distinct trends, one of
approximately constantJb /Jc up to 7°, and the second an expone
tial decrease starting at higher angles. The dashed lines show
predictions of the simple dislocation core overlap model forr m

5ubu, and r m52.9ubu. The inset shows the PLD film data on
semilogarithmic plot without normalization.
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exponential decrease inJc with magnetic field, which can be
expressed asJc5Jc0e2aH, whereJc0 is the zero-fieldJc , H
is the applied magnetic field, anda is the rate of decrease
This rate of decrease varies from 1.2 to 2 T21 for the data in
Fig. 2, although some films hada as high as 3 T21. This field
dependence is common for intragranular behavior
YBa2Cu3O72x films. In contrast, the intergranularJc(H)
data show significant deviations from exponential behavi

The intergranularJc(H) characteristics of Fig. 2 show
variety of behavior. For the 3° and one 7°@001# tilt bicrystal
@Figs. 2~a! and 2~c!#, the intergrainJc(H) curves also behave
exponentially and are almost indistinguishable from the
tragrain curves. The other bicrystals show an intergr
Jc(H) that decreases more rapidly than the correspond
intragrain curve in lower fields, then flattens out and d
creases more slowly than the corresponding intragran
curve. This is most obvious for the 10° bicrystal in Fig. 2~e!,
but can also be seen in the 5°@Fig. 2~b!#, and a second 7°
@Fig. 2~d!# bicrystal. In Fig. 2~d!, this 7° bicrystal appears to
have a zero-field intragrainJc which is less than the inter
grain value; however, this is an artifact due to damage s
tained by the intragrain link during thermal cycling. Finall
for the higher angle 15° and 20° bicrystals, a rapidly decre
ing Jc(H) is seen for all fields, with no evidence of an
convergence of the inter and intragrainJc(H) at higher mag-
netic fields.

The data sets show that the grain boundaryJc(H) de-
creases more rapidly than that of the intergranular link

,
n

the

FIG. 2. Jc versusH at 77 K,Hic, with Jc defined by a 1mV/cm
criterion. Both intergrain and intragrainJ were measured for eac
bicrystal film:~a! 3°, ~b! 5°, ~c! 7°, ~d! 7°, ~e! 10°, ~f! 15°. Intergrain
properties are indicated by open circles and intragrain by clo
ones.
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FIG. 3. Voltage-current density characteristics at 77 K, in applied magnetic fields withHic. The intergranular characteristics for~a! 0°,
~b! 5°, ~c! 7°, ~d! 10°, ~e! 15°, and~f! 20° YBa2Cu3O72x grain boundaries.
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lower fields and that the two characteristics tend to conve
at higher fields. It is also to be noted that the changes
intergranularJc(H) properties are gradual, rather than su
den. However, because the intergranular electric field
comes progressively more localized at the grain boundar
u increases, it is also important to compare the exten
voltage–current density (V-J) curves. We prefer to plot the
V-J, rather than the electric field–current density (E-J)
characteristic because of this localization ofE at the bound-
ary. Nominal electric-field values may be obtained by div
ing the voltages by the tap lengths of the intragranular~500
mm! and the intergranular~100 mm! sections.

Further reasons for measuring extendedV-J characteris-
tics are that they clearly show the growth of resistance at
boundary with increasingu and because they permit us
develop a more rigorous criterion for channel closure th
that given by the ratio ofJb /Jc at zero field. As already
discussed,23 one such criterion is the existence ofintergrain
e
in
-
e-
as
d

-

e

n

voltage-current density (V-J) characteristics that exhibi
qualitatively similar properties to theintragrain characteris-
tics. The basis of this criterion is the search for evidence
the irreversibility field H* in both the intragrain and the
intergranularV-J characteristics. So long as this can be o
served in both sets of characteristics, we assert that stro
coupled channels are open across the grain boundary.
merit of this criterion is that intragranular high-field prope
ties of single-crystal YBa2Cu3O72d films are well known,24

leading to a minimum of ambiguity.
Figure 3 collects some of theseV-J curves at various

magnetic fields plotted on a double logarithmic scale. Th
data correspond to the 5°, Y692s-b(7°), 10°, and 15° bic-
rystals, which are also featured in Fig. 2. In addition, theV-J
curves of Y747s-b(20°), measured in the 1 T Cumagnet,
can be seen in Fig. 3~f!. As in the Jc(H) curves, a clear
progression in their shape with increasing grain-bound
misorientation angle is seen.
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PRB 60 1413STRONG TO WEAK COUPLING TRANSITION IN LOW . . .
In Fig. 3~a!, the extendedV-J curves of a typical intra-
granular link at different magnetic fields are plotted. T
curves are smooth and almost linear on the double loga
mic scale, with a slight downward curvature in low fields a
a slight upward curvature at higher fields. The field at wh
this curvature changes sign, corresponding to the irrevers
ity field, H* , is about 3 T, which is close to the value of 4
derived by Kochet al.24 from their measurements of th
field-dependent vortex-glass transition temperature in sin
crystal thin-film YBa2Cu3O72x . The transition atH* corre-
sponds to the crossover from flux-pinning-dominated beh
ior below H* to a flux-flow state at fields aboveH* .

Both the 3°~not shown! and the Y692s-b(7°) bicrystal
@Fig. 3~c!# intergranularV-J curves appear very similar t
the intragranular curves of Fig. 3~a!, showing that it is pos-
sible to have a significant GB misorientation angle before
boundary seriously obstructs supercurrent flow. Howeve
is also clear that theV-J curves do show more structure
particularly at higher voltages, as the misorientation an
increases. Figure 3~b! shows the intergranularV-J curves for
a 5° bicrystal. Consistent with theJc(H) data in Fig. 2~b!,
the V-J curves are quite far apart between 0 and 0.5 T,
quite closely spaced between 0.5 and 4 T, and then rese
the intragranularV-J curves above 4 T. As a whole, th
curves show the continuous growth of dissipation at the G
which tends to becomes more and more Ohmic asu in-
creases, compatible with the appearance of more resis
components in the grain boundary. This is consistent w
preferential flux flow across the dislocation cores lying in t
boundary. AboveH* there is an increasing contribution t
the total dissipation of theintergranular link from the intra-
granular portions of the link. However, by 15° and 20°, th
dissipation at the boundary is so large that any additio
dissipation from the banks is negligible.

An additional sign of the weak coupling at the bounda
is the appearance of extra voltage noise in theV-J charac-
teristic, which can attain several microvolts, and whi
gradually decreases as the magnetic field increases. Bec
our superconducting magnet did not operate in persis
mode, we expect that this noise was generated by small
tuations of the magnetic field that cause flux hopping in
weakly pinned, Josephson-coupled segments of the g
boundary.

To determine the irreversibility fieldH* , a phenomeno-
logical approach was used.25,26 On a double-logarithmic
scale,H* occurs when the voltage-currentV-I characteristic
changes curvature. If theV-I characteristic is then fit to a
quadratic:

ln~V!5a1b ln~ I !1c„ln~ I !…2, ~1!

wherea, b, andc are fit parameters,H* is defined whenc
50, which corresponds to a straight line on a double lo
rithmic scale. This method findsH* as the field where the
V-I curve most closely resembles a power law.

Because of the tendency of theV-J curves of higher angle
bicrystals to exhibit a crossover to linear behavior at h
voltages, the whole intergranularV-J characteristic at any
given field will obviously not fit Eq.~1!. Accordingly, our fit
h-
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is restricted to the low-voltage regions of theV-J curve, and
we justify this by noting that there are two kinds of transp
behavior across the grain boundary. At low voltage leve
the transport is characterized by the power-law-like prop
ties of the grains and any strongly coupled paths across
GB, while at higher voltages, flux flows preferentially alon
the boundary, giving rise to an increasingly OhmicV-I char-
acteristic. Since the strongly coupled channels across the
are the feature of interest for the determination ofuc , only
the low voltage region was fit to Eq.~1!. At sufficiently high
magnetic fields and voltages, the intragrain regions on ei
side of the GB also become dissipative, causing theV-I
characteristic to change back from linear to power law.

Both intragrain and intergrainV-I curves were fit to Eq.
~1!, using the magnetic field at which thec parameter goes to
zero to defineH* . The results of this analysis are summ
rized in Table I, which shows the inter- and intragrainH* for
each sample within an error bar of approximately60.5 T.

For misorientation angles at or below 10°, the inter- a
intragranularH* (77 K) values were rather similar. Betwee
10° and 15°,HGB* (77 K) dropped sharply, becoming muc
less than that of the intragranular region, and by 20°
downward curvature of the double-logarithmicV-I charac-
teristic was seen, even at zero field. Focusing on the data
of Table I, we see that theH* values derived from measure
ments of the intragranular curves ranged from 2.6–4.0
while the intergranularH* values ranged from 3.0 to 3.5 T
~3°–7°!, was 5.5 T at 10°, fell sharply to 0.7 T~15°!, and
then became 0 T at20°. We do not understand the stron
enhancement ofH* at 10°, which may be a limitation of ou
evaluation procedure in the limit of almost closed channel27

SinceH* is measured from the low-voltage regions of t
V-I curve that are dominated by transport through
strongly coupled GB segments, the strong depression ofHGB*
in the 15° bicrystal indicates that strongly coupled chann
no longer exist, signaling that the transition misorientati
angle between strong and weak coupling occurs between
and 15° for these laser-ablated films.

The variation in high-field transport properties for a sing
misorientation angle can be seen explicitly in Fig. 4, whi
shows the intergranularV-J curves of three different 7°
@001# tilt bicrystals. In Fig. 4~a!, the intergranular curves ar
close to power law, similar to those of a single crystal.
Figs. 4~b! and 4~c!, there appears to be a significant weak
coupled component to theV-J characteristic. In sample
Y752s-b(7°), seen in Fig. 4~c!, the intergrainJc drops off
very rapidly in field, corresponding to the low intragrainH*
values seen in this particular film. These bicrystals w
grown several months apart, and several modifications to

TABLE I. Irreversibility fields at 77 K.

Sample HGE* ~T! HGrain* ~T!

Y696s-b(3°) 3.0 3.5
Y743s-b(5°) 3.5 2.6
Y692s-b(7°) 3.5 4.0
Y695s-b(10°) 5.5 3.8
Y700s-b(15°) 0.7 3.8
Y747s-b(20°) 0
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FIG. 4. IntergranularV-J curves forHic in large magnetic fields at 77 K for~a! Y692s-b(7°), ~b! Y727s-b(7°), and~c! Y752s-b(7°).
ul
in
tu

n
e

ite
w
yi
ld

is
-
po

th
e-
ig
o

ld

g a
on

h-
ain
gers

the

gle

le

r-

r
0°,
growth chamber were made in the interim, making it diffic
to determine which variable controlled this wide variation
transport behavior. Nevertheless, the intragranularlike na
of the V-J curves of the 7° bicrystal seen in Fig. 3~a! pro-
vides further evidence that some 7° grain boundaries do
restrict the supercurrent across them, while others pos
significant barrier.

V. DISCUSSION AND CONCLUSIONS

Extensive characterizations of pulsed-laser-depos
@001# tilt YBa2Cu3O72x bicrystals have revealed several ne
features of the current transport across grain boundaries l
in the low to high misorientation angle range. Zero-fie
measurements ofJb /Jc versusu reveal that there are two
different regimes of behavior for the PLD bicrystals in th
study and that the ratioJb /Jc for the PLD bicrystals is gen
erally larger than that found earlier for electron-beam eva
rated bicrystals. From 0° to 7°,Jb /Jc'1, with essentially no
misorientation angle dependence for the samples with
highestJb /Jc values. This result is striking and not in agre
ment with dislocation overlap models. It also suggests s
nificant material-dependent preparation effects, as we n
discuss.

The underlying basis for dislocation core or strain-fie
t

re
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d

ng

-

e
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overlap models is discussed in Refs. 1 and 15. Assumin
symmetrical tilt boundary, the grain-boundary dislocati
~GBD! spacingD, as a function of misorientation angleu, is
given by28

D5ubu/@2 sin~u/2!#, ~2!

whereubu is the magnitude of the GBD Burgers vector. Hig
resolution transmission electron micrographs of the gr
boundaries in our laser-ablated films show that these Bur
vectors are of thea@100# type, with magnitude 0.39 nm,17

although evidence from studies of bulk scale bicrystals18,19

indicates that multiple Burgers vectors can coexist in
same GB~e.g., a/2@110#,a@100#,a@110#!. Within the as-
sumptions of the overlap models, transport across low-an
GB’s is primarily determined by the fractional area@12(D
22r m)# of strongly coupled channel. Using the low-ang
limit of Eq. ~2! (D;b/u), Chisholm and Pennycook15 pre-
dicted that the ratio of the inter- and intragrain critical cu
rent densities should linearly decline with increasingu, fol-
lowing Jb /Jc'122r mu/ubu. By assuming a crossove
misorientation angle from strong-to-weak coupling at 1
they found a large, strain-enhanced GBD radius ofr m
52.9ubu.
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In fact, a crossover from strongly to weakly coupled b
havior is expected when the channel width goes below;j,
rather than when it goes to zero. This does not simplify
problem however, since the effective GBD core radius is
uncertain. Usually,r m is assumed to be equal toubu, by
estimating the size of the cation disordered region,16 but it
might be as large as the 2.9ubu suggested in Ref. 15. From
the measuredHc2 of YBa2Cu3O72x ,29 one findsj(77 K)
'3.5 nm, suggesting a strong-to-weak coupling transitionuc

at ;6° at 77 K and;8° at 4 K. Plotted as dashed lines
Fig. 1 are the predictions of the channel model forr m

50.39 and 1.13~2.9ubu! nm.1,15 The changes from long to
short dashes indicate when the channels between the d
cation cores become less than a coherence length wide
K. Since the coherence length decreases with tempera
channels should be smaller at 5 than at 77 K, and the rati
Jb /Jc and the crossover angle should be larger at 5 than a
K. In fact, the EBE data at 5 K and our PLD data at 77 K
explicitly contradict such a prediction.

We believe that the underlying reason for this variabil
of behavior lies in the extreme sensitivity of the GB chann
to film formation conditions. There was significant scatter
theJc values of several low-angle bicrystals with the sameu,
even though all substrates of a given misorientation ca
from the same batch and all films were made in nomina
the same way. Particular study of the films made on four
@001# tilt bicrystal substrates showed that the ra
Jb /Jc(77 K) varied from 0.3 to 0.95, indicating a strong se
sitivity to small changes in growth parameters. This variab
ity leads us to postulate that the underlying cause of
differences in the 7°@001# tilt bicrystals shown in Fig. 4 is
small variations in the effective channel widths across e
GB due to small differences in film growth temperature a
thermal history.

The grain boundary in film Y692s-b(7°) @Fig. 4~a!#
shows practically no influence of the boundary, while t
two others share a distinct ‘‘kink’’ in the higher voltage par
of the characteristics that reflects dissipation within
boundary, which is quite obvious in theV-J data taken on
the 10° bicrystals. We believe that the principal factor co
trolling the channel width is the extent of diffusion up fro
the substrate. Sr and Ti can diffuse into the bulk of t
YBa2Cu3O72d during film growth30 thus making it very
likely that there is preferential diffusion along the dislocati
cores. Substitution or addition of Sr21 or Ti41 to the core can
only increase the effective core radius and diminish the ch
nel width, adding resistance to the boundary, thus explain
the variation in the observed properties.

To understand the underlying reasons for misorienta
angle effects in low-angle boundaries, it is thus appropr
to consider the ‘‘best,’’ rather than the ‘‘worst,’’ bicrystals
As Fig. 1 shows, the data indicate two quite distinct fun
tions for Jb(u). Up to about 7°, there can be little or n
diminution of current density, while above 7°,Jb shows the
same exponential dependence onu, which is already well
known from experiments on higher angle@001# thin-film tilt
bicrystals. Somewhat surprisingly, there appears to be
barrier to intergranular current flow at lower angles, and
simple linear decrease inJb /Jc for small u expected within
the dislocation core overlap model was not observed.
-
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One factor that may keep theJb /Jc ratio high at low
angles is that the grain-boundary dislocations can act
strong pinning centers, akin to those produced by heavy
irradiation. Their effective density at 7° corresponds to t
vortex spacing at;20 T, setting up the possibility that th
intergranular pinning may actually be stronger than th
intragranular pinning in the banks on either side of the GB
A significant pinning effect of grain-boundary dislocation
has recently been seen by Diazet al.31 in a 4° @001#
YBa2Cu3O72d thin film and by Caiet al.32 in several bulk
scale boundaries of higher angle.

A second, independent factor that can keepJb high at low
angles arises within the framework of the model of Kupr
anov et al.,33 in which the channels are long enough a
narrow enough to be unable to support vortices. Transp
then takes place at the depairing current density. Since
depairing density for a full gap exceeds 107 A/cm2 at 77 K,
even a large fraction of nonsuperconducting dislocat
cores can still leave enough narrow channels across the
to support the 1 – 33106 A/cm2 that is supported by flux
pinning within the grains on either side of the grain boun
ary. However, this mechanism breaks down when the ch
nels become so small that strong proximity effect depress
of the order parameter andJd occurs. Such a model makes
clear that the ratioJb /Jc depends both onJb and the intra-
granular critical current density,Jc at low misorientation
angles. Consistent with this, we generally observe o
channels up to misorientation angles of at least 20° for bu
scale YBa2Cu3O72x bicrystals, which have significantly
lower intragranular critical current densities~;5
3103 A/cm2 at 77 K, 0 T versus 106 A/cm2 for the thin
films!.

A detailed model of the grain boundary which incorp
rates the influence of the grain-boundary dislocation str
ture and the strain effects that they produce has been
sented recently by Gurevich and Pashitski.34 The basic
postulate is the proximity of all high-temperature superco
ductors to the metal-insulator transition. It is well know
from electron-energy-loss measurements on Y-Ba-Cu
grain boundaries that the boundaries tend to become
poor asu increases, leading to a depression of the chem
potential and an increase in the dielectric screening lengt
the boundary. Thus, although channels of width less thaj,
as seen in bicrystals havingu;5 – 10°, may support critica
currents at the depairing level, in fact the dielectric propert
of the dislocation cores produce a strong depression of
channel properties. Diffusion of foreign atoms from the su
strate along the dislocation cores will only exacerbate t
tendency, narrowing the channels and producing a stron
weak coupling crossover at even lower angles, consis
with the behavior observed here.

To test these ideas of open channels, it is importan
have an experimental test of whether or not strongly coup
channels across the grain boundary exist. To search for th
we measured the extended voltage-current density (V-J)
characteristics, looking for the transition from clearly sing
crystal-like behavior to clearly Josephson-coupled behav
High magnetic-field measurements of irreversibility fiel
H* (77 K), were made to determine the closure of stron
coupled channels across the grain boundary. In the P
films, the measured values of the intergranularH* were
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close to the intragranular values up to a misorientation an
of 10°, above whichH* became much smaller than the i
tragranular values.

We conclude that the measured closure of stron
coupled grain-boundary channels occurs at 10°,uc<15°.
This value ofuc is higher than that derived from zero-fie
measurements. Dislocation overlap models thus need to
account of the detailed structure of the channels between
cores. Study of the extendedV-J curves of severalu57°
thin-film bicrystals indicates that one showed no evidence
weak coupling in high fields, supporting the conclusion fro
the zero-field data that some 7° bicrystals do not restrict
supercurrent. The implication is that weak coupling in lo
angle grain boundaries~<7°! of YBa2Cu3O72x has a signifi-
cant film growth and processing component. Given
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present strong interest in the many types of biaxially orien
coated conductors, this issue now becomes one of pract
and not just conceptual importance.
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