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Transport properties of high-angle grain boundaries in Co-doped YBa2Cu3O7Àd thin films
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We have measured the electrical properties of symmetric 24°-angle grain boundaries in
YBa2(Cu12xCox)3O72d thin films, for x50 – 0.1. The Josephson properties of the grain boundaries vary
dramatically with the amount of Co doping and with the growth conditions. The critical current decreases and
the resistance increases as Co is added until the supercurrent is suppressed. TheI cRn product scales in a similar
manner as other high-Tc weak links. TheI -V characteristics become nonlinear with Co doping and often
display resonant structure. An analysis of these results indicates that these grain boundaries are not well
described by simple models.
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INTRODUCTION

The cause of the Josephson effect in high-angle g
boundaries of YBa2Cu3O72d ~YBCO! is still not completely
understood. Resolution of the puzzle is important becaus
the need to lessen the deleterious effects of grain bound
on transport for bulk applications where a high current c
rying capability is paramount. Understanding the origin
the Josephson properties is also necessary for furthering
development of a high-Tc junction technology. Already, thin
film high-angle grain boundaries have been instrumental
learning about the physics of high-Tc materials such as th
symmetry of the order parameter.1

The critical current density (Jc) across in-plane tilt
boundaries in YBCO films is suppressed relative to the b
value, and decreases markedly as the grain boundary a
increases,2 until the coupling across the boundary is suf
ciently weak to give rise to the Josephson effect. In addit
to the grain-boundary angle,Jc and Rn of high-angle grain
boundaries are also affected by oxygen annealing,3 ozone
annealing,4 oxygen electromigration,5 and growth
conditions.6 Phenomenological models have highlighted t
role of oxygen content and disorder at the grain bounda5

Recent analyses emphasizing the role of thed-wave order-
parameter symmetry have not fully accounted for the d
matic reduction inJc with angle;7 Jc decreases much faste
than thed-wave symmetry predicts. Grain boundary disloc
tions may play a role in the transport properties of asymm
ric boundaries, but for symmetric boundaries such as
type discussed here, their effect may be benign.8

Doping studies are a useful and little-explored comp
ment to the many studies of the effect of varying the gra
boundary angle. Recent investigations of Ca-doped YB
films have shown thatJc may be increased at low temper
ture for high-angle grain boundaries which are overdoped
this method,9,10 prompting excitement in the bulk applica
tions community. We note that Ca-YBCO, when used a
barrier material in superconductor-normal-supercondu
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junctions, has also played a role in high-Tc Josephson junc-
tion development.11

While underdoping will not lead to increasedJc values, a
study of underdoped grain boundaries may lead to a be
understanding of their behavior. It is possible to explore
underdoped region through oxygen reduction. A probl
with this technique, however, is that it is quite difficult t
uniformly reduce the oxygen content within the YBC
grains, much less at the grain boundaries. We have there
chosen to explore this effect by studying the transport pr
erties of grain boundaries in Co-doped YBCO films. We e
pect Co doping to provide a more uniform reduction in t
carrier concentration near the grain boundary than oxy
depletion. In this paper we expand on our initial reports.12

Co31 substitutes primarily on the Cu~1! oxygen sites in
the basal-plane Cu-O chains and causes a reduction in
carrier concentration via charge transfer.13 Co doping leads
to normal-state and superconducting properties which mi
the effect of oxygen depletion quite well,14,15 even though
extra oxygen is assimilated into the structure when Co
added.16–19 This may be compared to the effect of Ca do
ing, in which case the Ca21 substitutes on the Y31 sites, and
increases the carrier density by introducing one additio
hole per substituted ion.20 Also in contrast to Co-YBCO,
Ca-YBCO is known to be oxygen deficient.21,22 And over
time, Ca-YBCO loses more oxygen in order to compens
for the additional charge introduced by Ca doping.23 This
behavior is manifested by an increase inTc with time.

We have previously studied the transport properties
grain-aligned YBCO thin films that were doped with Co.24

We found that the transport properties of those films dep
strongly on Co content. The bulkJc value, for example, de-
creases exponentially with the Co concentration. We also
served that the deposition parameters acutely affect the tr
port properties, much more so than for undoped films.
laser-ablated films with the same amount of Co, those gro
at higher deposition pressure and temperature will h
lower Tc values. Tc of a 5% Co-doped YBCO film
(Co/@Co1Cu#50.05), for example, may be altered by 40
©2002 The American Physical Society04-1



0
th
i

m
th
t

n
a
in

in

e
-

-
a

re
°C
0–

Ar
in

r
s
re
o

%

-
ig

e-

-
th
cu
he

ce
po
d
ol
nd
en
cu

ct-
,
d at
he

n

he

ots

di-
ght

g

ped
he

d.
O
ent,
he

BRIAN H. MOECKLY AND KOOKRIN CHAR PHYSICAL REVIEW B 65 174504
simply by changing the deposition pressure from 200 to 8
mTorr. We explained these and other results by assuming
the growth conditions alter the degree to which the Co
either clustered or uniformly distributed throughout the fil
thereby altering the length of Cu-O chain fragments in
basal plane and changing the carrier concentration on
superconducting Cu-O2 planes. We believe that films grow
at high pressure have a more uniform distribution of Co th
films grown at low pressure. We also think that oxygen
uniformly doped Co-YBCO films is more mobile than
nonuniformly doped samples.

EXPERIMENT

We deposited our Co-YBCO thin films by pulsed las
ablation onto bicrystal SrTiO3 substrates containing a sym
metric 24° tilt grain boundary. A 20-nm CeO2 buffer layer
was first deposited in all cases. The deposition rate was
Hz, and the laser fluence was 1–1.5 J/cm2. The targets con-
sisted of YBa2(Cu12xCox)3O72d , with x varying from 0 to
0.1
~Co/@Co1Cu#50 to 10%!. We employed two sets of depo
sition parameters for all films. One set of films was grown
a substrate temperature of 800 °C and an oxygen pressu
800 mTorr, and the other set of films was grown at 780
and 200 mTorr. Following deposition to a thickness of 25
300 nm, the films were cooled in 600 Torr of O2 at 30 °C/
min. X-ray-diffraction analysis indicated a completec-axis-
normal alignment with no impurity-phase peaks. The film
were subsequently photolithographically patterned with
ion etching to form multiple microbridges across the gra
boundary with widths of 1, 2, 5, and 10mm.

R-T CURVES

Figure 1 displays the temperature dependence of the
sistance measured across symmetric 24° grain boundarie
bridges with widths of 10mm. These measurements we
taken from films deposited under identical conditions
800 °C and 800 mTorr with Co contents from 0% to 10
With increasing Co content, the bulk film resistivity~above
Tc! increases,Tc decreases, and the shape of theR-T curves
changes, as expected.24 Films deposited at lower tempera
tures and pressures display less dramatic changes and h
Tc values. At temperatures below the bulkTc value, there is
a ‘‘foot’’ on the resistive transition with a resistance corr
sponding to the grain-boundary resistance, i.e., theRn value
measured from theI -V curve. For low Co dopings, the zero
resistance temperature occurs at a temperature lower
Tc . A critical current appears and Josephson behavior oc
below this zero-resistance temperature. For slightly hig
Co contents, note that the resistance belowTc increases with
decreasing temperature. Such a temperature dependen
the resistance is indicative of some sort of hopping trans
mechanism. While we have not studied this temperature
pendence in detail, we note that in hopping models the v
age dependence and temperature dependence of the co
tance are directly related. We discuss the voltage depend
below. For greater than 5% Co doping, there is no super
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rent at all. For bulk Co-YBCO films, there is a supercondu
ing to insulating crossover for doping levels above 10%24

but at the grain boundaries superconductivity is squelche
far lower doping levels. Thus even for Co-doped films, t
grain boundary clearly has a deleterious effect.

I -V CHARACTERISTICS

We now examine theI -V characteristics of these grai
boundary junctions. Figure 2 shows representativeI -V
curves at 4.2 K for Co doping levels of 0%, 3%, and 8%. T
microbridge width of these junctions is 10mm, and the films
were all deposited at 800 °C and 800 mTorr. Low-bias pl
are shown on the left~to 2 mV!, and high-bias plots are
shown on the right~to 30 mV!. The I -V curves are reminis-
cent of resistively-shunted-junction~RSJ! behavior, andI c
modulates to zero with application of a magnetic field, in
cating Josephson coupling. As shown, adding a sli
amount of Co strongly affects theI -V characteristics:I c de-
creases dramatically andRn increases until by 8% Co dopin

FIG. 1. Temperature dependence of the resistance of Co-do
YBCO microbridges spanning a 24° bicrystal grain boundary. T
microbridges are each 10mm wide and have the Co content liste
Each of these films was deposited at 800 °C and 800 mTorr of2 ,
and is between 250 and 300 nm thick. With increasing Co cont
the resistance increases,Tc decreases, and the resistance of t
grain boundary increases with decreasing temperature.
4-2
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FIG. 2. I –V curves at 4.2 K
for bicrystal junctions made with
doping levels of 0%~top!, 3%
~middle!, and 8% ~bottom!. The
left column shows low voltage
bias plots~to 2 mV!, and the right
column displays high-bias plots
~to 30 mV!. As a small amount of
Co is added to the YBCO films,I c

decreases rapidly,Rn increases,
and theI –V curves become non
linear at high bias.
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there is no detectable supercurrent. Also note that in con
to the reported behavior for most YBCO grain bounda
junctions, theI -V curves become nonlinear at high bias~the
conductance increases with voltage bias!, so the behavior is
clearly not an ideal RSJ response. Furthermore, the bias
pendence of the conductance increases as the dopin
creases. Like the temperature dependence ofRn , this behav-
ior is also suggestive of hopping transport, as we discus
more detail below.

I c AND Rn

The measurements ofI c andRn are summarized in Figs. 3
and 4, which show how the grain boundaryJc and RnA at
4.2 K depend on Co doping for films grown under differe
conditions. Figure 3 displays these results for films grown
800 °C and 800 mTorr. There is a rapid exponential decre
in grain boundaryJc with Co content. There appears to be
increase inJc for 5% Co doping. This upturn is not unde
stood; the measurements were repeated for three diffe
5% samples, with the same result each time. Above 5
there is no detectable critical current for junctions depos
under these conditions. Figure 3~b! displays theRnA values
for the same set of junctions. There is also a strong expon
tial dependence ofRnA on Co doping, varying by nearly five
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orders of magnitude up to 10%. Again, there is a slight dip
RnA at a doping level of 5%, but beyond thatRnA continues
to increase steadily. We have pointed out that theI -V curves
are nonlinear at high bias, so we note that theRn values are
measured nearI c for the RSJ-like characteristics, and a
measured at zero bias for grain boundaries with doping
els above 5%~no I c!. We also note that there is a fair amou
of spread in the data, particularly for higher doping leve
This behavior may be caused by increasing inhomogen
with increased Co doping.24

The data are different for Co-YBCO films grown und
different deposition conditions. Figure 4 displays the resu
for films grown at 780 °C and 200 mTorr. As shown in Fi
4~a!, Jc is nearly independent of Co content up to about 3
although the spread in values does increase. There is a d
Jc at the 5% level, though theJc values are nearly an orde
of magnitude higher than for films grown at higher tempe
ture and pressure. This result supports our earlier observa
that grain boundary critical currents are strongly affected
growth conditions. TheRnA values follow a similar trend. As
shown in Fig. 4~b!, theRnA values are also virtually constan
up to 3%, increasing in value only at a Co level of 5%. W
interpret this behavior as indicating that the films grown u
der these conditions are spatially inhomogeneous comp
4-3



C
th
d
r
e

fe
a

n

o
rie
0

h
h

s
ay
ars

rain
the

s of
we

of
the

se-
i.e.,

ses
in-

er

-
in in

BRIAN H. MOECKLY AND KOOKRIN CHAR PHYSICAL REVIEW B 65 174504
to those grown at higher temperature and pressure. If the
tends to cluster under these conditions, then it is possible
more superconducting paths exist throughout the film an
the grain boundary such thatJc andRn remain unchanged fo
low doping levels. It is only for higher doping levels that th
superconductive paths become sufficiently disrupted to af
Jc andRn . These data support the interpretation of our e
lier results on bulk Co-doped YBCO films.

I cRn SCALING

Like undoped YBCO grain boundaries, theI cRn product
is not constant, but rather scales as a function ofJc . Figure
5 plots I cRn vs Jc for Co-YBCO films grown at~a! high
temperature and pressure and~b! lower temperature and
pressure. The figure plots data from films having Co conte
of 0% to 5%. It can be seen thatI cRn}Jc

0.5, as found for
undoped YBCO grain boundaries.3,25 Other types of high-Tc
weak links also follow a similar scaling relation.26 However,
in this case the variation is caused by changing the Co c
tent, not by changing the grain boundary angle or bar
material. We further observe that the data for the 800/8
films and 780/200 films follow the same trend, though t
films grown at lower temperature and pressure have hig

FIG. 3. Critical current density~a! and normalized junction re
sistance~b! plotted as a function of Co content for several gra
boundary weak links grown at 800 °C and 800 mTorr.
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I cRn products for similar doping levels.
The origin of the scaling behavior for YBCO weak link

in general is not precisely determined, so it is difficult to s
what is causing the behavior in this case. Certainly it appe
not to be due to symmetry considerations, since the g
boundary angle remains the same. We might say that
increased doping acts to increase the effective thicknes
the junction barrier, whatever that may be. But since
know that the barrier is not uniform~see below!, it is also
likely that the effect is to change the number and/or nature
the superconducting and normal current channels across
grain boundary. Whether the scaling behavior is a con
quence of the nature of the barrier or of the electrodes,
YBCO, is not yet sorted out.

HIGH-BIAS BEHAVIOR

As stated earlier, we observe that at higher voltage bia
the I -V curves become nonlinear, and this nonlinearity
creases with Co doping. In fact, we find that there is a pow
law dependence ofI on V, as shown in Fig. 6. This figure
plots some examples of normalized conductance~G/A,
whereG5I /V! vs voltage biasV for films grown at~a! high

FIG. 4. Critical current density~a! and normalized junction re-
sistance~b! plotted as a function of Co content for several gra
boundary weak links grown at 780 °C and 200 mTorr.
4-4
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TRANSPORT PROPERTIES OF HIGH-ANGLE GRAIN . . . PHYSICAL REVIEW B65 174504
pressure and temperature and~b! lower pressure and tem
perature and for various Co doping levels. Note that both
magnitude of the conductance and the dependence oV
change with Co doping. This behavior is suggestive of so
sort of hopping transport. We find thatG}Vn, with a nearly
continuous increase in the powern, as more Co is added
Figure 6~b! shows the results for 780/200 films, in whic
case the nonlinear behavior is similar, though the magnit
of the conductance is larger for the same Co level, and
nonlinearity is smaller. Also note that for low doping leve
the degree of nonlinearity is similar. These observations
consistent with our picture of these grain boundaries be
more inhomogeneous for Co-doped films grown at low
temperature and pressure. We assume that the transp
therefore dominated by a small number of contacts. In
case, changing the Co content does not change the tran
through these contacts significantly until higher Co levels
reached.

This general behavior is vaguely reminiscent of studies
Nb junctions with amorphous silicon barriers.27 Similar

FIG. 5. I cRn product of several Co-doped YBCO grain boun
ary weak links as a function of critical current density for film
grown at~a! 800 °C and 800 mTorr and~b! 780 °C and 200 mTorr.
The Co content of each film is indicated by the symbol as follow
s, 0%; h, 1%; L, 2%; n, 3%; ,, 4%; 3, 5%. TheI cRn product
follows the scaling relationI cRn}Jc

n , where ~a! n50.58 and~b!
n50.44. The data combined producen50.53.
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power laws were observed in that case, and it was dem
strated that the conductance followed the Glazman-Matv
prediction28 for hopping conduction through localized state
However, the conductance we observe is much less than
thea-Si barriers, and ourG(V) data does not neatly fit reso
nant tunneling models. Since the density of localized sta
for a-Si is already quite high, this again may suggest that
are observing the effect of parallel channels of different c
ductivity. Adding Co may then alter the proportion of supe
conducting~direct channels! and normal channels. Co add
tion may also change the conductivity of these channels
altering the density of localized states or by changing
carrier concentration.

I -V STRUCTURE

We have observed clear structure in the low-tempera
I -V characteristics of more than 90 of our Co-YBCO gra
boundary junctions~out of 414 junctions measured!. This
structure occurs primarily for junctions with high-Jc values

:

FIG. 6. The normalized conductance (G5I /V) vs applied volt-
age biasV for several Co-doped YBCO grain boundary weak link
grown at~a! 800 °C and 800 mTorr, and~b! 780 °C, and 200 mTorr.
The conductance follows a power lawG}Vn. With increasing Co
content, the conductance decreases and the nonlinearity of theI –V
curve increases.
4-5
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BRIAN H. MOECKLY AND KOOKRIN CHAR PHYSICAL REVIEW B 65 174504
~Rn for these junctions is always high relative to undop
YBCO grain boundaries!. An example of such anI -V char-
acteristic is shown in Fig. 7. Similar structure observed
wide, high-Rn undoped YBCO grain boundary weak link
has been attributed to the existence of Fiske m
resonances.29 In that case, the grain boundary is modeled
a uniform tunnel junction in which resonances arise due
interference of the Josephson oscillations with the reflec
of electromagnetic waves in the barrier. We have analy
our data in terms of the Fiske mode picture, in which t
position of the Fiske peaks is given byVn5nF0n/2w, where
w is the junction width andn is the mode velocity given by
n5c@d/m r« r(2l1d)#1/2. Herec is the speed of light,l is
the penetration depth, andur is the relative permeability
taken to be unity. We can therefore extractd/« r , the ratio of
barrier thickness to dielectric constant. From this value
can derive a barrier capacitance, sinced/« r5A«0 /C, where
A is the cross sectional area. The result is plotted in Fig. 8~a!
as a function of the width. To compute these values,
assumed a penetration depth equal to 140 nm; using slig
different values will affect the results by only small factor
The result of the Fiske analysis is that thecalculated C/A
value varies markedly with width; this variation isunphysi-
cal. It is important to note that other measurable proper
such asJc andRnA do not change with width, so the grai
boundary properties do indeed appear to remain cons
with width. To make this point further, we can use this c
culated~not actual! value of C/A to compute the expecte
McCumber parameterbc , given by bc52pI cRn

2C/F0 ,
which should be consistent with the amount of hystere
seen in theI -V characteristics. The result of this comput
bc vs width is shown in Fig. 8~b!. We do not observe any
hysteresis in any of theI -V characteristics of our Co-YBCO
grain boundaries. So, from the plot, we see that the anal
appears to be reasonable for some of the junctions, par
larly those of larger widths, but for smaller widths, the res
is again unphysical, sincebc should be less than 1; we se
that the computed value is orders of magnitude too high

The point of Fig. 8 is thus to show that the Fiske mod

FIG. 7. An example of the resonant structure inherent in theI -V
characteristics of many Co-doped YBCO grain boundary w
links. The structure is most prominent for weak links with higherJc

values, and for those grown at 780 °C and 200 mTorr. This curv
from a 10-mm-wide weak link grown at 800 °C and 800 mTorr.
17450
e
s
o
n
d

e

e

e
tly
.

s

nt
-

is

is
u-
t

l

cannot successfully describe theI -V structure of these grain
boundary junctions. While it is possible to choose a value
l such that the computed Fiske capacitance matches theI -V
hysteresis for some junctions, it is clear that over a w
range of junction parameters, this analysis breaks down
addition, for most high-Tc junctions,C/A ~computed from
the I -V hysteresis! scales withRnA.30–32However, for these
Co-YBCO junctions, we find no such scaling relation usi
the C/A value computed from Fiske analysis, again indic
ing that this analysis is likely not correct. In summary, w
find that it is not possible for narrow YBCO grain bounda
junctions to support Fiske mode resonances. Therefore,
structure in theI -V characteristics must be due to somethi
else.

Resonant modes may also arise in a different region
parameter space, specifically for junctions with large valu
of inductance and capacitance. This is the so-called ‘‘bea
mode’’ picture derived from analysis of the dc supercondu
ing quantum interference device~SQUID!.33,34This may im-
ply that the resonance modes we observe are due to st

k

is

FIG. 8. The width dependence of~a! the normalized capacitanc
and~b! the McCumber parameter which are computed based up
Fiske mode analysis of the resonant structure found in many of
Co-doped YBCO grain boundary weak links. If the Fiske mo
analysis is correct, these quantities should be independent o
junction width, which they are not. Therefore, interpretation of t
I -V structure in terms of Fiske mode peaks cannot be correct.
4-6
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TRANSPORT PROPERTIES OF HIGH-ANGLE GRAIN . . . PHYSICAL REVIEW B65 174504
junction inhomogeneities. The fact that we observe sign
cantly more structure in theI -V characteristics of grain
boundaries grown at lower temperature and pressure m
support this view, given that we believe that these Co-YBC
films are more inhomogeneous. The conditions for the ju
tions to support beating mode resonances are those of s
cient inductance and capacitance, such thatbL[LI c /F0
>3/2 and 1<bC<pbL . It is interesting that we observe a
I -V structure for junctions with higherI c values, perhaps
indicating sufficientbL values to satisfy this picture. Thi
picture also implies that these junctions contain signific
inductance which is not usually recognized in the analysis
wide junctions, and only becomes apparent when the ju
tion width is narrow.

MAGNETIC-FIELD DEPENDENCE

It is not possible to check whether the beating mode p
ture is correct, though we can offer evidence to support
idea of inhomogeneities at the grain boundaries. We o
observe nonidealI c(H) diffraction patterns, particularly for
narrow junctions. A striking example is shown in theI c(H)
diffraction pattern displayed in Fig. 9, which is taken from
10-mm-wide junction. This pattern in fact is reminiscent of
dc SQUID, with two apparent periodicities, one being due
the size of the junction and the other due to two Joseph
contacts. This pattern can be described by two supercond
ing filaments of width 2mm each spaced 10mm apart.

SUMMARY

A look at the variety of data we have presented convin
us that the transport properties of these high-angle g
boundaries cannot be described by assuming an ideal tu
barrier betweend-wave superconducting electrodes. Sin
the angle of all our tilt boundaries is fixed, the symmetry
the wave function in the electrodes has no direct bearing
the trends we report. It is also clear that the picture of
ideal tunnel barrier between electrodes of varyingTc does

FIG. 9. A striking example of the 4.2-K magnetic-field diffrac
tion pattern of a 1% Co-doped grain boundary weak link that is
mm wide. A pattern similar to this is expected if two 2-mm-wide
weak links are separated by a distance of 10mm. Such patterns
demonstrate the inhomogeneity of many grain boundary weak li
17450
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not describe our data. We do see a reduction inTc of the
electrodes as Co is added to the YBCO. For tunnel juncti
the I cRn product should depend only onTc of the electrodes,
but this is not the case; the junction properties deterior
much faster than those of the electrodes. While there rem
a significant bulk filmTc for Co dopings greater than 5%, fo
example, the grain boundary critical current abruptly disa
pears for these higher doping levels. Thus doping the YB
films with Co also degrades the properties of the gr
boundaries, not just the grains themselves. We do not bel
that Co migrates preferentially to the grain boundaries, ho
ever. We have previously shown24 that Co-YBCO films
grown at high temperature appear to be uniform. This find
suggests that Co migration is not significant at our grow
temperatures, and the mobility of Co does not seem to
sufficient for the Co atoms to migrate preferentially to t
grain boundaries. If the properties of the grain boundaries
then largely determined by oxygen disorder, adding Co
pears to increase this disorder.~There is no reason to believ
the spatial uniformity of Co to be worse at the grain boun
ary, since inspection typically shows good cation crystall
order of YBCO grain boundaries.! The thin-film growth con-
ditions, however, also affect the film and grain-bounda
properties, so we believe that the properties of the gr
boundary are driven by disorder.

These ideas are also supported by examining the temp
ture dependence of the junctionRn values. As we have
shown, the value ofRn and its temperature dependence a
significantly altered with Co doping and growth condition
If the Josephson properties are determined by tunneling,
resistance should be independent of temperature or the p
erties of the electrodes.

High-Tc grain boundaries have also been conjectured
contain a significant number of localized states.35,36 Such
models purport to explain theI cRn scaling which we have
mentioned, since it is incompatible with an ideal tunnel jun
tion picture. If, however, the number of these localized sta
are decreased by adding Co, then we should move to
tunneling picture with Co addition, which appears not to
the case:Rn remains far too low even asI c quickly goes to
zero. Alternatively, if we imagine the number of localize
states to be increased by Co doping, then we would exp
Rn to decrease, which it does not. A more complex pictu
must govern the behavior we observe.

We have also demonstrated how the tunneling pict
cannot cleanly explain theI -V structure we observe over th
large range of junction properties that we present. A narr
tunnel junction cannot support such electromagnetic re
nances. We believe that the model of YBCO grain boun
aries consisting of a number of superconducting connect
has merit in explaining our data. In this picture, we c
imagine that the effect of Co doping is to suppress the
perconductivity of these connections, essentially shutting
superconducting contacts as Co is added. This can exp
the increasing inhomogeneity of the grain boundaries as
amount of Co is increased. A quick reduction in superco
ducting current paths is then accompanied by an increa
number of nonlinear resistive paths, which is consistent w
the data we have presented.

We have shown how the Josephson properties of h
angle YBCO grain boundaries change with Co doping a

0

s.
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growth conditions. These results emphasize that the in
faces in these materials remain of prime importance, and
the transport properties across these interfaces are more
plicated than a picture comprised of grains ofd-wave sym-
metry separated by a simple tunnel barrier.
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