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Anisotropy and structural-defect contributions to percolative conduction
in granular copper oxide superconductors
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A well-defined temperature-independent slope of the current-voltage characteristics~CVC! is a common
feature of granular high-temperature superconductors in the paracoherent state~grains superconducting; inter-
granular regions normal!. By analyzing the contributions of anisotropy and structural defects to percolative
conduction processes both in the normal state and in the paracoherent state, we quantitatively account for the
observed CVC slopes using only the normal-state resistivity values. In particular, from effective-medium
theory it is found that the CVC slope of nontextured granular YBa2Cu3O72d ~YBCO! should be equal to
approximately one-third of the normal-state resistivity extrapolated to zero temperature. Simultaneous mea-
surements of the CVC and normal-state resistivity on a batch of granular YBCO samples are also presented
that verify our predictions with no free parameters.@S0163-1829~97!01902-4#
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I. INTRODUCTION

Current-voltage characteristics~CVC! of polycrystalline
high-temperature superconductors~HTS’s! show a well-
defined temperature- and low-field-independent slope
current in excess of the critical current, a fact known sin
soon after the discovery of HTS’s.1 In contrast, in low-
temperature superconductors, the linear regime in the C
takes place only in the mixed state, the slope being stron
temperature and field dependent, and has been interpret
flux-flow dissipation.2 The resistivity associated with th
constant slope of CVC in copper oxides is commonly
signed to the intergrain junctions because they are the w
est links in the conduction path, the grain themselves go
normal only at much higher current.3 We will allude to that
resistivity as the paracoherent resistivityrp . However, the
important physically relevant resistivity of polycrystallin
materials for comparison with models or theories of jun
tions, weak-link networks, etc., is the~average! intergrain
resistivityrwl ~wl stands for weak links!. Since in the context
of CVC only the intergrain network plays a role, it is temp
ing to identifyrwl with rp , as has been in fact assumed in t
literature.4–6 In addition this resistancerwl is taken simply as
a free parameter, i.e., without trying any quantitative cor
lation with rn , the measured normal-state resistivity.7

The objective of this work is to analyze, on the grounds
a simple empirical percolation model of granular superc
ductors, the relationship betweenrwl , rp , andrn and to pro-
vide then a quantitative explanation of the values measu
for rp in polycrystalline HTS’s. We will show in particula
that in contrast with the common assumption alluded to
fore, the resistivity of the average intergrain junction can
be determined solely from the linear portion of the CV
Identification ofrwl with rp results, consequently, in an e
ror. The importance of the proper interpretation ofrp cannot
be minimized since it has been used, for instance, as a
ingredient to assess the validity of the theory of class
weak links to grain boundaries in HTS’s.4 Let us stress al-
550163-1829/97/55~2!/1209~7!/$10.00
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ready here that the percolative nature of conduction cau
by microcracks and other structural sample’s defects acts
the real intergrain resistivityrwl to yield a considerably
larger apparent intergrain resistivityrp . Paradoxically, the
paracoherent resistivityrp can be determined from th
normal-state resistivity provided separation of inter- and
tragrain contributions and proper analysis of percolative p
cesses, especially the current distribution, are made. A
result, we will show that, for YBCO,rp should be equal to
approximately one-third of the normal-state resistivity e
trapolated to zero temperature. Departure of the apparen
tergrain resistivityrp from the actual intergrain resistivityrwl
will be also correlated with the temperature slope of norm
state resistivity. The validity of our results will be confirme
by direct measurements ofrp on a batch of sintered
YBa2Cu3O72d ~YBCO! samples, no free parameters bei
involved in the numerical comparison.

II. NORMAL AND PARACOHERENT PERCOLATIVE
CONDUCTION

In this section we describe and parametrize the m
mechanisms involved in the observed normal-state resisti
rn , with both grains and grain junctions in the normal sta
and also in the observed paracoherent resistivityrp with the
grains superconducting but the intergrain junctions still n
mal. We will especially focus on the percolative factors th
control the effective length and effective cross section
current paths.

A. Normal-state resistivity

In electrical normal-state conduction in granular sampl
current path frustration and/or meandering of current m
occur by two quite distinct mechanisms. One is associa
with the orientational disorder of anisotropic grains.8 It de-
pends on the degree of texturization, and has its origin in
extreme anisotropy of the copper oxides, the in-plane re
tivity rab being orders of magnitude less than the out-
plane resistivityrc .

9 The upper path in Fig. 1~b! marked in
dark gray is an example of current frustration by grain m
1209 © 1997 The American Physical Society
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1210 55A. DÍAZ, J. MAZA, AND FÉLIX VIDAL
alignment. Since we are assuming, because of the extr
conduction anisotropy, a total current blockage along pa
ways with misaligned grains, the current percolates thro
the sample along unobstructed paths, entailing a cr
section reduction and path lengthening10 that increases resis
tivity by a multiplicative factor that we will denote a
1/f (0, f<1). A distinct source of~apparent! resistivity en-
hancement comes from structural defects, from those on
scale on grains, as pores or isolating boundaries, to thos
the scale of the sample, as microcracks. Figure 1 illustr
possible actual current paths~in light gray in the magnified
view!. The corresponding effect on resistivity by the latt
quality-dependent factor will be written as 1/astr
~0,astr<1!. Besides the percolative processes, a series
tribution to resistivity stemming from the intergrain ‘‘barr
ers’’ is to be added. This contribution is but the~average!
intergrain resistivityrwl mentioned in the Introduction.

Figure 2 summarizes in a flow-chart style the main st
in ‘‘constructing’’ the observed resistivity that we write a
cordingly as

rn5
1

an
~rab1rwl!, ~1!

wherean is a shorthand for

an5 fastr, ~2!

and it may be referred to as the normal-state percolative
tor. Note that 0,an<1.

Approximations in the line of Eq.~1! have been success
fully used in the study of fluctuation-induced conductivity

FIG. 1. Sketch of a granular HTS sample showing~a! the me-
andering~lengthening and shrinking! of current paths caused b
cracks and~b! a finer scale view. In the latter, the channel in lig
gray corresponds to a conducting normal-state path due to the
alignment of the grains. In contrast, the grains in dark gray form
nonconducting channel in the normal state due to the grains’ m
alignment~see the 90° tilt grain boundaries!, while in the paraco-
herent state this channel is a conducting one because of the lo
anisotropy (rab5rc50). Finally, the lower part of~b! is not con-
ducting due to structural defects~cracks, not connected grains!.
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small metal particles,11 dc conductivity,12 paraconductivity,13

and critical currents in granular copper oxides.14 Our main
contribution with respect to the aforementioned studies is
separation@cf. Eq. ~2!# of sample-dependent effects~struc-
tural factorastr! from essentially sample-independent effec
~grain’s misalignment or anisotropy factorf !. We will see
later that for nontextured samplesf is indeed very weakly
sample dependent. This splitting will manifest itself as a u
ful means to arrive at our final objective of accounting f
the well-defined slope in CVC found in polycrystalline co
per oxide superconductors.

The normal-state resistivity of polycrystalline~well-
oxygenated! HTS’s is linear in temperature. This linearity o
rn enables determination of the two sample parametersan
andrwl . More precisely, on taking temperature derivatives
Eq. ~1! and assumingrwl constant

4,15 one gets

an5
rab8

rn8
, ~3!

where the primes stand for temperature derivatives. Si
larly, from Eqs.~1! and ~3!

rwl5
rab8

rn8
rn~0!5anrn~0!, ~4!

wherern~0! is the extrapolation of the normal-state resist
ity to zero temperature, or simply the zero-intercept resis
ity. In writing Eq. ~4!, rab is assumed, based on singl
crystal measurements,16 to vary linearly with temperature
~rab8 50.5 mV cm K21! with a negligible zero-temperatur
intercept. For typical polycrystalline Y-based HTS’san is in
the range 0.2–0.05 andrwl in the range 15–400mV cm ~see
also Table I!. It is worth noting the low values ofan ~in the
ideal casean51!, but also the fact that the intergrain resi
tivity contribution rwl is of the same order of magnitude a
the intragrain contribution:rab~100 K!'50 mV cm. Note
that the situation is quite different for low-temperature sup
conductors. In that case the array of~Josephson! junctions
may be fabricated by pressing together bulk metallic gra
in a matrix. Because one deals with good conducting iso

od
a
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FIG. 2. Main underlying mechanisms of resistivity enhancem
in granular samples starting from the resistivity of crystallites~see
text for details!.
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TABLE I. Relevant parameters of the specimens used in this work~see text for details!.

Sample Tci ~K! rwl ~mV cm! an rn~0! ~mV cm! frn~0! ~mV cm! rp ~mV cm!

Y16D6a 91.2 370 0.087 4260 1420 1200
Y16D2a 91.4 65.6 0.064 1030 343 310
Y16D2d 91.2 18.9 0.144 130 43 50
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pic grains, the normal resistance of the junctions is sim
the measured resistance of the assembly.17

B. Paracoherent state

Below the transition temperature and for a high enou
current level~greater than the critical current of intergra
junctions but not high enough to force the transition of t
grains themselves! an ohmic regime is reached. The ma
difference between percolation in the normal state and in
paracoherent state is that in the latter the orientational di
der is irrelevant as the grain resistivity becomes vanishin
small both in theab plane and thec direction, resulting in
the loss of anisotropy. As an example consider again
upper current path drawn in dark gray in Fig. 1~b!. It is
prohibited in the normal state since current cannot flow alo
thec direction because of the extreme anisotropy. Nevert
less, once bulk grains go superconducting~but the intergrain
junctions remain normal!, nothing hinders conduction alon
that path. In sum, only the structural quality factorastr and
the intergrain resistivityrwl enter the paracoherent resistivi
rp , i.e.,

rp5
1

astr
rwl , ~5!

a relationship which through Eqs.~2! and ~4! may also be
recast as

rp5 frn~0!. ~6!

Figure 3 further illustrates the various resistivities involv
in the analysis. Note the sequencern(0).rp.rwl .

In light of Eq. ~5!, it is easy to see that the crude appro
mation often made~see Sec. I! rp5rwl is incorrect, i.e., in
generalastr,1. This is because structural defects~cracks,
etc.! obviously remain as path-frustrating mechanisms e
with the grains superconducting. A possible better appro
mation is to setrab50 in Eq. ~1!, i.e., astr5an . Again, this
involves a conceptual error as grain misalignment restr
current flow with the whole sample in the normal state b
not when the grains are in the superconducting state
singled out above. With this notation, this meansan<astr,
equality applying only for an~ideal! perfectly textured
sample.

Prediction of values for the apparent intergrain resistiv
rp requires knowledge off andrn~0! as conveyed by Eq.~6!.
The latter is readily obtained from normal-state measu
ments. Only the factorf , namely the resistivity enhanceme
by the combination of anisotropy plus grain misalignment
left. A main contribution of this work is precisely to wor
out an expression forf on the grounds of the effective
medium theory. This is done in the next section.
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III. ANISOTROPY-INDUCED RESISTIVITY
ENHANCEMENT

Effective-medium theory~EMT!, as applied to the study
of the heterogeneous media, intends to find a homogene
medium having the same overall properties as the orig
composite medium. Inhomogeneity, always understood
macroscopic inhomogeneity, may include multiphase me
but also single-phase anisotropic materials in polycrystal
form. Granular copper oxides, and in particular t
YBa2Cu3O72d ~YBCO! family we will focus on, belong to
the latter category. Although a general formulation of EM
for anisotropic media exists,18 application of it to our particu-
lar case would be much less transparent and cumbers
than the ‘‘first-principles calculation’’ we work out here.

In order to perform calculations on the grounds of t
EMT, we must first model granular~nontextured! HTS’s in
some manageable but realistic way. Among the differ
simple geometrical forms one can choose in modeling
grains, we have selected an oblate ellipsoid~Fig. 4!. There
are several physical reasons that support this choice, the
cipal one being the preferred growth along theab plane of
HTS systems as observed in single crystals and in SEM p
tographs of polycrystalline samples. Moreover, in an obl
ellipsoid, thea and b axes are geometrically equivalent,
fact that agrees with their established equivalence in

FIG. 3. Schematic figure showing the main resistivities involv
in this work on a typical resistivity vs temperature curve for
granular superconductor.rn~0! is the extrapolation to zero tempera
ture of the normal-state resistivityrn , rp is the resistivity of the
paracoherent state~grains superconducting; intergranular regio
normal!, rwl is the average intergrain resistivity~wl stands for weak
links!, andrab is the intragrain in-plane resistivity. The other tw
relevant parameters are the structural factorastr accounting for po-
rosity, microcracks, etc., and the anisotropy factorf arising from
the anisotropy and misalignment of grains~astr ,f,1!.
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1212 55A. DÍAZ, J. MAZA, AND FÉLIX VIDAL
physical properties of copper oxide HTS’s. In sum, polycr
talline HTS’s ~and in particular, YBCO! is modeled as con
sisting of grains taken as oblate ellipsoids, their princi
axes coinciding with the crystallographic axes, with a me
aspect ratioc/a and random orientations.

Consider an ellipsoidal grain in the heterogeneous m
dium surrounded by all other grains that one assumes
replaced by an equivalent homogeneous medium of
known conductivity seff . Let Jin be the current density
through the reference grain when an electric fieldE is ap-
plied to the composite medium, andJeff be the current den
sity that would flow through the homogeneous medium on
Since the homogeneous medium represents a spatial ave
the average ofJin over all possible orientations of the refe
ence grain, denoted as^Jin&, should also giveJeff , i.e.,

^Jin&5Jeff5seffE. ~7!

This is the main statement of the EMT. The calculation ofJin

or equivalently the electric fieldEin within the ellipsoid un-
der the applied fieldE is a classical textbook result19

Ej
in5F11

nj
seff

~s j
in2seff!G21

Ej , with j5x,y,z, ~8!

wheres j
in are the principal valuessa , sb , and sc of the

conductivity tensor and thenj are the so-called depolariza
tion coefficients, whose principal values for an oblate ell
soid are given by19

n335nz5
11e2

e3
~e2arctange!,

~9!

n115n225nx5ny5
1

2
~11nz!,

wheree is the eccentricity of the oblate ellipsoid given b
e5A(a/c)221. The main condition~7! is written now, by
Eq. ~8!, as

seff5 K F11
nj

seff
~s j

in2seff!G21

s j
inL . ~10!

FIG. 4. Geometry of a HTS anisotropic grain used in this wo
Note theab HTS planes stacked in parallel to theab sections of the
oblate ellipsoid.
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In our particular case this calculation is greatly simplifi
becausesa'sb@sc .

9 After some straightforward algebra
and denotingsab[sa.sb , one arrives at the expression

seff5
3nz23

3nz25
sab . ~11!

The factor in Eq.~11! represents the resistivity enhanceme
due only to the combination of grain anisotropy plus m
alignment~random orientations!, so it is directly the factorf
in Eq. ~2!, i.e.,

f5
3nz23

3nz25
. ~12!

It can be said that the anisotropy contribution is a samp
dependent mechanism in that grain’s eccentricity en
neatly the result in Eq.~12!. This is not quite so. First, this
dependence is a very weak one, as can be seen in Fi
which is a plot of the anisotropy resistivity factorf as a
function of the aspect ratio of grains. Second, by sim
estimating aspect ratios from many granular YBCO throu
SEM micrographs published in the literature as well as fr
our own samples, we have verified that the range spanne
less than may be thought in advance: Most aspect ratios
between 2.5 and 4.5. This is thex-axis band drawn in Fig. 5
The important result is that the correspondingy-axis band
greatly narrows and ranges only from 0.28 to 0.38. In su
we conclude that as a rule of thumb for YBCO to with
about 20%, we can take the value 1/3 for the factorf .

An interpretation of this number in light of Eqs.~2! and
~3! is pertinent. We are saying that for a nontextured gra
lar, but otherwise structurally perfect, HTS sample~no pores,
microcracks, other phases, ...! astr51 and f'1/3 so that
an'1/3 by Eq.~2!. From Eq.~3!, rn8.3rab8 , i.e., this ideal
sample should have a temperature slope of resistivity ab
three times that of single crystals, i.e., around 1
mV cm K21.

. FIG. 5. Resistivity enhancement factorf due to the combination
of grain misalignment and anisotropy calculated on the ground
the effective-medium theory.a/c is the mean aspect ratio of th
grains. As can be seen,f is only weakly dependent ona/c. In
particular, for a typical variation ofa/c in YBa2Cu3O7-d between
2.5 and 4.5,f ranges only from 0.38 to 0.29~dashed bars!.
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55 1213ANISOTROPY AND STRUCTURAL-DEFECT . . .
Based on the preceding discussion, the question natu
arises as to the existence of granular samples of such
quality that they have resistivity slopes this low. The answ
can come only from experiment: when studying dc cond
tivity in nontextured oxide cuprates Halbritter and collabo
tors ~Ref. 12! came across a subgroup of samples wh
~temperature! resistivity slopes clustered at about 1
mV cm K21, which is 3.6 times that of single crystal, an
also had very low zero-intercept resistivities. As a furth
natural check, we have looked into our own resistivity d
bank to find that the lowest slope value was 1.
mV cm K21, i.e., 3.3 times the intrinsic resistivity slope o
theab plane~in this case, however, the zero-intercept res
tivity had a medium value!.

These two numerical examples can be brought to an e
closer accord with our model estimates by realizing th
however structurally perfect those samples may be, so
degree of porosity is surely present. We want then to s
stract the effect of porosity from the observedrn8 values so as
to compare with the value ofrn851.5 mV cm K21 for ideal
samples. First-order correction for porosity may be obtain
simply by applying the classical results for composite me
one of which~air! is isolating ~see, e.g., Ref. 19, Sec. 9!.
Denoting byvpor the volume fraction of voids, the correctio
to subtract the porosity contribution from the observed re
tivity is r→r@123/2vpor#

21. A very typical value for porosity
is 10%, i.e.,vpor50.1. Application of the above factor to th
numerical examples leads to temperature slope fa
changes of 3.6→3.1 and 3.3→2.8, which are yet closer to th
expected value of 3.

There are then experimental and theoretical bases for
fact that when microcracks or other path-frustrating mec
nisms, other than anisotropy, are absent, the observed
perature slope of resistivity in polycrystalline nontextur
YBCO should be around~precision may be increased if th
aspect ratio of grains is well known! three times that of the
intrinsic ab-plane resistivity slope. This result, by Eq.~6!,
amounts to stating finally that the paracoherent resistivityrp
should equal one-third of the zero-intercept normal-state
sistivity rn~0!. Since both resistivities are easily measurab
the experimental check is obligatory and it is the conten
the next section.

IV. EXPERIMENTAL VERIFICATION

At the end of the last section some suggestive evide
for the validity of our results was given. Here we want to u
Eq. ~6! to determine in YBa2Cu3O72d the apparent intergrain
resistivityrp associated with the linear regime of CVC fro
normal-state resistivity and then make a comparison with
measured values.

The polycrystalline YBCO samples used for that purpo
were prepared using the conventional ceramic proc
Samples were sintered in air at 930 °C for 6–24 h and t
annealed in pure oxygen at 350 °C for 6 h. Quality of t
samples was verified by x-ray diffraction, which showed th
they are single phase within 4%. The high values of
inflexion-point temperature of the resistivity transition~Tci
in Table I! provide an extra validation of their quality
Sample porosity as estimated from comparison with
YBCO density~6.36 g cm23! is around 10–15 %.
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Contact pads were made by silver evaporation onto
samples. A subsequent annealing at 350° in O2 atmosphere
for 1 h reduced the contact resistivity to 1025–1026 V cm2

~typical contact area around 1 mm2!, which corresponds to
high-quality contacts.20 CVC curves were measured by usin
a specially designed cryostat that maintains the sample
liquid-nitrogen bath, controlled in temperature by varying
vapor pressure. All these experimental precautions ens
that heating in the contacts due to the use of relatively h
currents was negligible. Measurements were made with
rect current.

Figure 6~a! shows the entire CVC for one of the YBCO
samples. Notice how neatly the double transition, name
that of the intergrain junctions as well as that of the grains
captured. We want to stress that their respective critical c
rents differ~see the inset! by a factor of 23103. In this figure
the well-defined slope~first linear portion! of CVC so often
referred to in this paper is also clearly displayed. Note a

FIG. 6. ~a! Complete current-voltage characteristics of one
the samples YBa2Cu3O7-d used in this work. Note the two linea
regimes corresponding to junctions going normal~between a few
mA and 3.5 A! and to the whole sample becoming normal~I.4.5
A!. In the inset a detailed view of the intergrain transition is plotte
~b! Resistivity vs current density equivalent to curve~a!. The two
well-defined resistivity plateaus corresponding to the linear regim
of ~a! are clearly shown. The lower plateau corresponds to a p
coherent resistivityrp50.31 mV cm. The value of 1.9 mV cm of
the higher plateau agrees quite well with the value of 2.1 mV cm
extrapolated from the normal-state resistivity to the actualT588.25
K.
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1214 55A. DÍAZ, J. MAZA, AND FÉLIX VIDAL
that CVC must be driven quite far in current to get a relia
slope, as for instance the slope in the large scale fram
about 20 times higher than the slope extracted from the i
~over the apparently linear portion!. A linear behavior ofV
vs I with a temperature-independent slope above a cer
current entails a progressive coincidence at any tempera
between the differential resistance (dV/dI) and the absolute
resistance (V/I ) as current increases. Stated otherwise, a
high enough current level the measured resistance sh
saturate to a temperature-independent value. This is in
what has been observed by some authors when studying
‘‘tail’’ of the resistance transitionR(T) as a function ofI in
various families of copper oxide superconductors.5

There is a second linear regime@I.5 A in the example of
Fig. 6~a!# that obviously should correspond with the who
sample gone normal. Both regimes are better visualized
resistivity vs current plot as in Fig. 6~b!. Here it is seen the
two plateaus with well-defined resistivities, i.e., ohmic r
gimes, corresponding to the intergrain network and norm
state, respectively. We have checked that indeed the hi
resistivity value coincides quite well with the linear extrap
lation of the normal-state resistivity to the actual temperat
of 88.25 K.

The current dependence of the apparent integrain netw
resistivity for the three samples analyzed here is plotted
Fig. 7~a!. Since~resistivity! saturation is reached at a diffe
ent rate for the various samples~different critical currents,
etc.! we have given the figure a uniform look by scaling ea
sample’s current density differently. As an example,
sample Y16D2a of Fig. 6~b!, the current density as plotted i
Fig. 7 has been normalized by 225 A cm22. This procedure
does not obviously change the saturation values ofrp . These
three samples, whose main relevant parameters are show
Table I, were chosen from a larger batch as representa
of low, medium, and high intergrain resistivitiesrwl as given
in the table. Note that indeed a factor of 20 separates
extreme values ofrwl . Also shown are the normal-state pe
colative factoran , and the normal-state zero-intercept res
tivity rn~0!. Both an andrwl have been calculated from th
measuredrn~0! and rn8 using Eqs.~3! and ~4!. The central
point here is that according to our results in Secs. II and
the normal-state intercept resistivityrn~0! times the anisot-
ropy factor f should coincide with the paracoherent resist
ity rp . The fifth column of Table I shows the product for
value of f51/3 as argued above. Finally, the last colum
displays the experimental values forrp . As may be seen
predicted values forrp agree with experimental data withi
20% and, even as importantly, with no free parameters
fact, we believe that the comparison could be still improv
if we knew the aspect ratio of the grains for each of the th
samples@cf. Eq. ~12!#.

Figure 7~b!, a graphic version of the same comparison
a plot of the ratio of the experimental resistivityr to the
product of the zero-intercept resistivityrn~0! and the anisot-
ropy factor f . For current high enough to reach the ohm
regime, we see how the resistivity of the samples conver
to frn(0), i.e., their plotted ratio goes to 1. The dashed ba
in the figure corresponds to the extreme values of 0.28–0
for f , the central value taken as 1/3, associated with g
aspect ratios between 2.5–4.5~see left vertical axis!. The
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excellent agreement is a graphical representation of the
two columns in Table I.

It is useful to get back to the intergrain resistivityrwl and
its connection withrp . The experimental validation of the
relationship rp5 frn(0) provided in Table I is formally
equivalent to the equalityrp5rwl/astr in Eq. ~5!. We can then
put into numbers the error involved in the identification ofrp
with rwl . For the three samples in Table I,rwl differs fromrp
by factors of 3.2, 4.7, and 2.6, respectively. A partial conc
sion is that unless such an error is acceptable the interg
resistivity cannot be determined solely from measureme
below the critical temperature of the grains, i.e., in the pa
coherent state. Formally, above the critical temperature
the grainsrn8 and rn~0! are the data available to determin
the two unknownsan andrwl @see Eq.~4!#. On the contrary,
below that temperature, onlyrp is a datum for the two un-
knownsrwl andastr @see Eq.~5!#.

V. CONCLUSIONS

This paper has addressed the physical meaning of
well-defined resistivityrp measured from the current-voltag

FIG. 7. ~a! Resistivity for our three granular samples as a fun
tion of current density obtained from their current-voltage char
teristics@cf. Fig. 6~b!#. For easier comparison, a scaling factor h
been applied to the current density values of each sample~see text!.
~b! Same curves normalized by the intercept resistivityrn~0! times
the anisotropy factorf . The observed convergence towards 1 for
samples is a no-free-parameter validation of our analysis.
dashed band covers the limiting values off corresponding to ex-
treme aspect ratios of grains.
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characteristics of granular high-temperature superconduc
@see for instance Fig. 6~b!#. As advanced in the Introduction
arguments have been provided against identification use
different groups ofrp with the more physically relevant av
erage intergrain resistivityrwl . The ~average! intergrain re-
sistivity rwl is not accessible from the ‘‘superconducting
state in spite of only intergrain boundaries being normal, b
paradoxically, it is accessible from the normal-state si
Furthermore we have shown that the apparent intergrain
sistivity rp is also predictable~within about 20%! from the
normal-state resistivity with no free parameters involved.
concrete terms, for nontextured YBa2Cu3O72d samplesrp
come out to be one-third of the normal-state intercept re
tivity. An explanation for this fact has been put forwa
based on the analysis of the percolative processes ta
om
i,

ur

. W

. C

.
M

. P
rs

by

t,
.
e-
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ng

place in electrical conduction in granular media. As an int
mediate result we have derived the resistivity enhancem
due to anisotropy in randomly oriented granular samples
ing the approach of the effective-medium theory. Within t
scope of the analysis here, simultaneous measuremen
normal-state and paracoherent-state resistivities could
vide an effective and quick measure for the degree of tex
ization ~factor f ! of grains in polycrystalline samples, bu
this issue is left for future work.
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