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Electrical anisotropy in high-Tc granular superconductors in a magnetic field
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54-10131 Alessandria, Italy
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We propose an analytical model devoted to explain the anisotropy of the electrical resistance observed below
the critical temperature in granular high-Tc superconductors submitted to a magnetic fieldH. Reported experi-
mental results obtained on a YBCO sample show that the superconducting transition occurs in two stages, with
a steep drop of the resistance atTc and a subsequent, smoother decrease. In this second stage, the resistance
versus temperature curve is strongly dependent not only on the field intensity, but also on the angle betweenH
and the macroscopic current densityj . We start from the assumption that the resistance belowTc is mainly due
to the weak links between grains. In the model, weak links are thought of as flat surface elements separating
adjacent grains. We calculate the probability for a weak link to undergo the transition to the resistive state as
a function of the angle it makes with the external magnetic fieldH and the macroscopic current densityj . In
doing this, an important role is given to the strong nonuniformity of the local magnetic field within the
specimen, due to the effect of the screening supercurrents flowing on the surface of the grains. Finally, we
calculate the electrical resistance of the sample in the two casesH' j andHi j . The predictions of this simple
model turn out to be in reasonable agreement with reported experimental results obtained on a YBCO granular
specimen.

DOI: 10.1103/PhysRevB.66.184514 PACS number~s!: 74.25.Fy, 74.50.1r
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I. INTRODUCTION

If a granular sample of a high-Tc superconductor~HTSC!
is cooled down to its critical temperature~let us call itTc0)
in the presence of a magnetic field, its electrical resista
suddenly falls to a value that can be as low as 30% of
normal-state resistance just aboveTc0 ~see Fig. 5 in Sec. IV!.
This effect, common to many cuprates, is due to the su
conducting transition of the grains while the intergrain
gions ~weak links! remain in the resistive state.1 On further
cooling, the sample resistance gradually decreases, ev
ally becoming zero at a temperatureTc whose value depend
on the applied magnetic field. In this second stage of
superconducting transition, the transport properties of
specimen are entirely controlled by the weak links betwe
grains, that can be thought of as superconductor–nor
conductor–superconductor Josephson junctions2 with ran-
domly distributed critical energies. According to this a
proach, when the temperature is lowered the supercond
ing wave functions of the grains gradually lock in phas
This gives rise to long-range coherence and finally to
bulk superconductivity. Of course, the transition of ea
junction from the superconducting to the resistive state~or
vice versa! is controlled by the temperature, the current de
sity crossing the junction and the local magnetic field. Th
three parameters, together with the distribution of the
sephson critical energies, are thus expected to play a m
role in determining the electrical behavior of the materi
The transition also depends on whether the magnetic fie
applied during the cooling of the sample@field cooling~FC!#
or after cooling@zero field cooling~ZFC!#. Actually, in the
FC case field penetration and trapping within the grains
0163-1829/2002/66~18!/184514~10!/$20.00 66 1845
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duces the transition probability of the weak links, and co
sequently the value of the electrical resistance, by reduc
the flux compression factor. This last quantity will be intr
duced and discussed in Sec. III of this paper.

Finally, in many cases, the electrical properties of gra
lar HTSC belowTc0 are found to depend on the angle b
tween the magnetic fieldH and the macroscopic current de
sity j , even if the grains are randomly oriented. This indica
the existence of an electrical anisotropy of the material,
duced by the application of an external magnetic field. T
also this anisotropy is related to the complex transition
namics of the weak link network is demonstrated by its
most complete absence in high-density polycrystalline Mg2

samples, where grains are connected through metallic c
tacts and there are no weak links.3

In the following, we will propose an explanation for th
observed electrical anisotropy in a zero-field-cooled granu
HTSC. The leading idea of the model is that the screen
supercurrents flowing on the surface of the superconduc
grains create a local ‘‘demagnetizing field’’ that adds to t
external one creating a strongly nonuniform field distributi
in the intergrain regions. We will show that this field distr
bution gives rise to a structural anisotropy in the network
resistive weak links, so that the material behaves as a un
ally anisotropic medium for the current transport. By starti
from simple hypotheses, which will be discussed and s
ported by experimental evidence, we will develop a sim
network model that allows calculation of the electrical res
tance of the material as a function of the magnetic field a
of the current density in the two cases whereH' j andHi j .
Finally, we will compare the results of our calculations wi
©2002 The American Physical Society14-1
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DAGHERO et al. PHYSICAL REVIEW B 66, 184514 ~2002!
an extensive set of experimental results obtained on a YB
granular specimen.

II. THE APPROACH TO THE PROBLEM

Let us focus on a zero-field-cooled granular superc
ductor. Suppose to feed it with a current of densityj and to
apply a magnetic fieldH such that the bulk superconductiv
ity is disrupted, but the grains remain in the Meissner st
As long as the grains exclude the magnetic field, experime
show that the resistance versus magnetic field curves
very nearly reversible. This reversibility shows that it is t
flux pinning within the grains that originates the hysteres
while flux pinning in the intergrain regions is negligible. I
these conditions, the electrical resistance is found to dep
on whether the magnetic fieldH and the macroscopic curren
density j are parallel or perpendicular to each other. T
anisotropy was already seen by some measurements of
cal current,4,5 resistivity,6,7 magnetization,8 power
dissipation,9 and I -V characteristics10 in different HTSC’s.
Most of the relevant papers propose an explanation for
anisotropy based on the conventional theories of the curr
driven vortex motion in the mixed state. Within this pictur
the anisotropy arises from the fact that the Lorentz fo
between transport current and vortices depends on the a
betweenH and j . Actually, this requires that the materia
behaves as a nearly homogeneous medium with an effe
penetration depthleff , where the magnetic flux penetrates
the form of vortices as in conventional type-II supercondu
ors. As pointed out by Ginzburget al.11 this approach is rea
sonable as long asleff is much greater than the average gra
size, and fluxons can be taken parallel to the external fi
Even in this case, however, the conventional theories mus
improved—for example, to explain why, in theHi j case, the
voltage drop across the specimen is far from being ne
zero. Finally, experimental results that will be presented
the following section clearly indicate that the anisotro
gradually vanishes when the temperature approachesTc0 ,
and this behavior is not easily explicable within the pictu
described so far.

In the following we will propose a completely differen
explanation for the electrical anisotropy induced in granu
HTSC’s by the magnetic field. We will start by representi
the material as a set of irregularly shaped grains conne
through thin intergrain regions that behave as weak links.
will think of these weak links as resistively shunted Jose
son junctions with a perfect Ohmic behavior in the norm
state—that is, with a normal-state resistance independen
both magnetic field and current, as well as of the angle
tween them. This assumption again finds support in the
that, at temperatures close toTc0 , when almost all the weak
links are in the resistive state, the anisotropy disappears.
suggests that the anisotropy is related to thespatial distribu-
tion of superconductive and resistive weak links within t
material, rather than to an intrinsic dependence of the in
grain resistivity on the orientation ofH and j .

The problem now is to understand why the distribution
resistive weak links should be anisotropic. We argue that
distribution is mainly determined by the distribution of th
18451
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local magnetic field intensity in the intergrain region. As
matter of fact, the local magnetic fieldH l is given by the
superposition of the external fieldH and of the magnetic
field created by the screening supercurrents that flow on
grain surfaces. As a result, the local field intensityHl in a
given weak link can be very different fromH, and can vary
very drastically from one weak link to another. Simple ge
metrical considerations lead to the conclusion that this va
tion is related to the spatial orientation of the weak links w
respect toH. The strong nonuniformity of the local field
makes the transition probability of the weak links anis
tropic. Therefore, the spatial distribution of weak links th
undergo the transition to the resistive state becomes an
tropic as well, and the material behaves as a uniaxially
isotropic medium for the current.

The influence of the screening supercurrents of the gra
on the intergrain region was already invoked to explain ot
interesting properties of granular superconductors, such
the hysteresis of the critical current12–15and the ac magneti
zation curves.8 In the original approach by Evetts an
Glowacki12 it was assumed that a sufficiently weak magne
field can be excluded both by grains and by superconduc
‘‘islands’’ bounded by closed paths, called ‘‘rings,’’ made u
of grains connected through weak links with relatively hi
critical currents. According to their discussion, the screen
supercurrents flowing along the boundaries of the superc
ducting regions create ‘‘flux compression’’ in the surroun
ing weak links where the field has penetrated, which th
experience a magnetic field more intense than the app
one. It is worthwhile to notice that, in that paper, the loc
magnetic field outside the superconducting regions was s
posed to beeverywheregreater than the applied field.

In contrast, experimental studies of the ac magnetiza
of granular HTSC’s led Chandran and Chaddah8 to suggest
that the screening supercurrents flowing on the grain sur
give rise to flux compression in the weak links laying o
planes parallel to the external fieldH, and to an almost com
plete magnetic shielding of the weak links perpendicular
H. In spite of the oversimplification implicit in this model—
grains are thought to be cubic and arranged in a regular
tice, as in Fig. 1—the idea it is based on can be safely
sumed to explain the origin of the magnetic field-induc
anisotropy of the resistance in granular superconductors

In the present paper, we shall neglect the possible con
bution of superconducting ‘‘rings’’ to the non-uniformity o
the local magnetic field in the intergrain regions. Actual
the experimental results to which we will compare the the
retical predictions of our model were obtained on a YBC
granular specimen with a small critical current density~less
than 105 A/m2 at T527 K). A simple calculation shows tha
the maximum magnetic field created by this current den
flowing on a circular ring made up of grains and superco
ducting weak links is definitely negligible with respect to th
magnetic fields considered here, even if the ring is v
small. Notice that also in Refs. 14 and 15 experimental
sults were reported, suggesting that flux trapping or exc
sion is mostly due to the grains, rather than to persist
superconducting loops in the weak link network.

The model we are going to present in the following aris
4-2
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ELECTRICAL ANISOTROPY IN HIGH-Tc GRANULAR . . . PHYSICAL REVIEW B 66, 184514 ~2002!
from a generalization of the idea by Chandran and Chadd8

to a more realistic case, in which the grains have irregu
shape and the weak links are randomly oriented in space
will show that this model quantitatively explains the resu
of a set of resistance measurements we carried out o
YBCO granular specimen.

III. THE MODEL

A. The simplest case

To discuss the origin of the field-induced resistance
isotropy in granular HTSC’s, let us start with the analysis
the ideal, simplified case in which the material is made up
a set of identical cubic grains arranged in a regular lattice
shown in Fig. 1. Within this simple picture, the weak link
are represented by the flat, square surfaces separating
cent grains. Let the magnetic fieldH be applied parallel to
one of the grain edges, for example along the vertical dir
tion. As previously discussed,H is assumed to be intens
enough to destroy the magnetic screening of the sample
whole ~due to the supercurrent flowing on the sample s
face!, but weak enough not to penetrate into the grains. Leu
be the angle between the fieldH and the normaln to a given
weak-link surface. It is clear that, in this simple model, on
the valuesu50 ~corresponding toniH) andu5p/2 ~corre-
sponding ton'H) are possible.

FIG. 1. In the simplest model for a polycrystalline HTSC, grai
are cubic, arranged in a regular lattice and separated from
another by intergrain regions that behave as weak links.~a! If a
weak magnetic field~thick arrows! is applied to the zero-field-
cooled material, the screening supercurrent flowing on the sur
of each grain creates a demagnetizing field~thin loops with arrows!.
~b! The effective field in the intergrain region results from the s
perposition of the demagnetizing fields of different grains and of
applied magnetic field.~c! The resulting field pattern is such that th
magnetic field is zero in the weak links withu50, and is greater
than the applied one in the weak links withu5p/2. This field
enhancement is usually referred to as ‘‘flux compression.’’
18451
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The screening supercurrents flowing on the surface
each grain, which is supposed to be in the Meissner st
create a ‘‘demagnetizing field’’ that cancels out the exter
magnetic fieldH inside the grain. In the surrounding wea
links, the local magnetic fieldH l is given by the superposi
tion of the demagnetizing fields of adjacent grains and of
external fieldH. As shown in Fig. 1, the resulting local mag
netic field is much more intense than the external one~i.e.,
the flux is ‘‘compressed’’! in the weak links havingu
5p/2, while it is zero in the weak links havingu50.

In the hypothesis that the weak links behave as Joseph
junctions, their transition to the resistive state occurs wh
the density of the current crossing the junction is greater t
a critical valuej c(T,H), which depends on the temperatu
and on the local magnetic field. Therefore, when the curr
densityj is perpendicular to the external fieldH, the condi-
tion for the resistive transition is easily satisfied in the we
links havingu5p/2, which are crossed by the current an
submitted to a strong magnetic field. The resistance of
sample is thus different from zero.

In contrast, whenj is parallel toH the weak links having
u50 remain in the superconducting state even though t
are crossed by the current~provided that the current densit
is not too large! because of the magnetic screening of t
grains. Therefore, each vertical column of interconnec
grains behaves as a superconducting path for the current
the specimen resistance drops to zero.

To summarize, the nonuniformity of the local magne
field makes the spatial distribution of resistive weak lin
depend on the direction ofj with respect toH. The macro-
scopic result is a field-induced anisotropy of the transp
properties of the material~in particular, of the resistivity!.

After this simple explanation of the basic mechanism,
generalization of the model to a more realistic situation,
which grains have irregular shape and size, has now to
considered. We shall adopt a statistical point of view a
make some simple assumptions, consistent with the exp
mental conditions.

B. The hypotheses

Let us identify the weak links with flat elements approx
mating the surface separating adjacent grains, with rand
orientation in space and average areaDs. Let n be the unit-
length vector normal to their surface,u the angle betweenn
and the applied magnetic fieldH, andb the angle betweenn
and themacroscopiccurrent densityj . ~Here and in the fol-
lowing we shall usej to indicate the vectorial average of th
current density within the whole specimen. Instead, the lo
current density will be indicated byj l .) Let H l and j l be the
local magnetic field and current density within a weak lin
Notice that, as long as the grains are in the Meissner stateH l
must beparallel to the weak-link surface—that is, tangent
the grain boundary. We will further assume that the we
links behave as ideal resistively shunted Josephson juncti
with a perfect Ohmic behavior above the transition and t
they have all the same resistive-state conductance per
surface,g.

In principle, each weak link undergoes the transition fro
the superconducting to the resistive state when the local
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DAGHERO et al. PHYSICAL REVIEW B 66, 184514 ~2002!
rent density j l is greater than a critical valuej l ,c(Hl ,T).
However, complex transient phenomena occurring at the
ginning of the conduction process make it very difficult
determine the actual spatial distribution of the resistive w
links. These phenomena are due to correlation effects ac
on the local current distribution, which, for instance, preve
the weak links embedded in a superconducting region to
dergo the resistive transition. Anyway, when the whole spe
men becomes macroscopically resistive, a stationary si
tion similar to that sketched in Fig. 2 must be reached.
equilibrium, the specimen must be thought of as divided i
a set of equipotential regions separated by resistive la
extended throughout the specimen cross section.

The equipotential regions consist of several supercond
ing grains and of the weak links between them. Of course
these weak links must be in the superconducting state, s
any potential drop within these regions is forbidden. It
worthwhile to notice that the magnetic fluxmay penetrate
within the weak links embedded in an equipotential regi
but the local current density should remain below its criti
value to avoid the resistive transition.

The resistive layers, instead, are made up of resis
weak links. Since these layers separate two regions at di
ent potential, the local current densityj l that crosses them
must be alwaysperpendicularto their surface, while the lo-
cal magnetic fieldH l is tangent to it. Since the weak links a
assumed to behave as ideal shunted Josephson junctions
perfect Ohmic behaviors above the transition, the electr
resistance of each layer may be considered as independe

FIG. 2. Longitudinal cross section of a zero-field-cooled cyl
drical polycrystalline HTSC some time after the application o
magnetic fieldH intense enough to make it macroscopically res
tive. At the equilibrium, the sample consists of equipotential sup
conducting regions~gray!, separated by resistive layers~irregular
solid lines! made up of resistive weak links. The effect of the re
tive orientation ofH andj is made clear by comparing~a! with ~b!.
It is related to the fact that the probability for a weak link to u
dergo the transition to the resistive state is larger whenH is parallel
to its surface, and smaller whenH is perpendicular to it.
18451
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both H l and j l . As already pointed out, this last assumpti
is supported by the resistance versus temperature curve
ported in Fig. 5, measured in a YBCO granular specim
described in Sec. IV.

At a given temperature, the transition of a weak link to t
resistive state is completely determined byH l and j l . As a
good approximation, we can say that the transition occ
when

j l5 j l ,0~T!
H0

pHl
, ~1!

where j l ,0(T) is the value of the local critical current densi
in zero magnetic field, andH0 is given by

H05
f0

4m0l~T!Rg
.

Herel(T) is the magnetic penetration depth,Rg is the mean
radius of the grains, andf0 is the flux quantum. Equation~1!
represents the envelope of the Fraunhofer-likeI vs H curve
of a single Josephson junction in the presence of a magn
field parallel to the junction itself.2 Using the envelope in-
stead of the true function is usual when a statistical appro
is needed, i.e., when a large number of junctions enter
the model. Actually, as far as the inverse proportionality b
tween j l andHl is concerned, the validity of Eq.~1! is sup-
ported by experimental results that will be discussed in S
IV.

For any given valuej l of the current density, Eq.~1! can
be interpreted as a condition on the intensity of the lo
magnetic fieldHl . The critical value ofHl giving rise to the
transition will be indicated in the following by

Hc~ j l !5H0

j l ,0~T!

p j l
. ~2!

With reference to the equilibrium situation described
Fig. 2, the local current density in a resistive weak link
given by

j l5 j•n5 j cosb.

Thus, Eq.~2! becomes

Hc~ j l !5H0

j l ,0~T!

p j

1

cosb
5Hc~ j !

1

cosb
. ~3!

We will assume that, for a given value of the local curre
density, the critical fieldsHc( j l) of the weak links follow a
Gaussian distribution with mean value^Hc( j l)& and standard
deviation sc . In fact, the fluctuation ofHc( j l) around its
mean value—within the weak-link ensemble characteriz
by a given value ofj l—is due to several uncorrelated cause
the grain orientation mismatch, impurity segregation at
grain boundaries, nonstoichiometric local oxygen conte
etc. In these cases the assumption that the fluctuatio
Gaussian is generally accepted. We further assume thatsc is
proportional tô Hc( j l)&. This assumption can be justified b
observing that when̂Hc( j l)& is, for instance, reduced as
consequence of an increment ofj l , also the fluctuation

-
r-
4-4
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ELECTRICAL ANISOTROPY IN HIGH-Tc GRANULAR . . . PHYSICAL REVIEW B 66, 184514 ~2002!
around its value must change accordingly. Actually, it m
be noticed that̂ Hc( j l)& depends onj l and thus on the
spherical anglesu andw, and that the average is intended
be made over the set of weak links characterized by gi
values of these angles.

Equation~3! indicates that the critical field of each wea
link depends on the angleb between its normaln and the
current densityj . However, the intensity of the local mag
netic field in the weak link,Hl , is expected to depend i
some way on the angleu betweenn andH. That this depen-
dence should exist is suggested by the simple model of c
grains, where the value of the local field was easily de
mined for all the allowed values ofu. In the more realistic
case of irregular-shaped grains we are facing here, flux l
meander through the sample, without violating the requ
ment of continuity. It is thus very likely, for instance, th
flux lines are forced to pass through weak links with a ve
low value of u, or that weak links withu close top/2 are
almost completely screened. Since the value ofHl in a given
weak link characterized by an angleu also depends on th
position and on the angle distribution of the nearby we
links, it is reasonable to assume also in this case a Gaus
distribution ofHl(u) around its mean valuêHl(u)& with a
variances l proportional, as in the previous case, to^Hl(u)&.
SinceH l should always be tangent to the grain surface,
can rather safely assume that the dependence of^Hl(u)& on
u is expressed by the equation:

^Hl~u!&5H8 sinu ~4!

analogous to the expression of the local magnetic field in
sity on the surface of a superconducting sphere immerse
a uniform magnetic field.16 In this equation,H8 is a constant
magnetic field intensity that is related to the external m
netic field through a ‘‘flux compression factor’’k that takes
into account the effect of the flux exclusion by the grain
Finding an explicit expression fork will be the aim of the
following section.

C. Flux compression factork

Let us now assume that the magnetic fieldH is applied
parallel to thez axis ~whose direction is defined by the uni
length vectoruz). To determine the value ofH8, we first
write down an expression for the mean value of thez com-
ponent ofH l over the ensemble of weak links with the sam
u. With reference to Fig. 3 one finds

^Hl ,z~u!&5^Hl~u!sinu&5^Hl~u!&sinu5H8~sinu!2.
~5!

The mean value of thez component over all the weak lin
ensemble is now given by a simple solid angle average:

^Hl ,z&5^^Hl ,z~u!&&u5
1

4p E H8~sinu!2dV5 2
3 H8. ~6!

In order to find the compression factor, we express
same quantity in a different way. In fact, if no supercondu
ing rings survive, the magnetic field is only excluded by t
grains and its dispersion at the sample edges is expecte
18451
t

n

ic
r-

es
-

y

k
ian

e

n-
in

-

.

e
-

to

be negligible. In these conditions, the magnetic fluxF is
very nearly constant all along the specimen and obviou
equal toHAH , whereH is the intensity of the applied mag
netic fieldH ~which is taken parallel to thez axis! andAH is
the specimen cross section perpendicular to it. On the o
hand, the explicit calculation of the flux gives

F5E
AH

H l•uzdS5E
AH8

Hl ,zdS5^Hl ,z&AH8 . ~7!

The integral has been restricted to the portionAH8 of the
specimen cross section in which the magnetic field has p
etrated. Provided that there is no flux penetration into
grains,AH8 can be taken as a constant quantity. Finally,^Hl ,z&
is obviously the mean value ofHl ,z over AH8 .

Comparing Eq.~7! with the equalityF5HAH gives

^Hl ,z&5H
AH

AH8
~8!

and, by comparing this result with Eq.~6!, an expression for
H8 is finally obtained:

H85
3

2

AH

AH8
H5kH, k5

3

2

AH

AH8
. ~9!

In conclusion, taking into account Eq.~4!, the mean value of
the local field intensity obtained by averaging over all t
weak links with the sameu can be written:

^Hl~u!&5kH sinu. ~10!

D. Transition probability for the weak links

As previously pointed out, we suppose that a weak l
with a given value ofu undergoes the transition to the resi
tive state when the local magnetic field within it,Hl(u),
becomes equal to a current-dependent critical fieldHc( j l).
The transition probability for this weak link is thus:

FIG. 3. Representation of the vectors characterizing the posi
of a single weak link. The figure also shows that the local magn
field is always parallel to the weak-link surface.u is the angle
between the unit-length vector normal to the surface,n, and the
applied magnetic fieldH.
4-5
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Ptr~u,b!5E
2`

1`

f ~Hl uu!P„Hl>Hc~ j l !…dHl , ~11!

where f (Hl uu) is the distribution of the local field intensit
for a givenu, andP„Hl>Hc( j l)… is the probability forHl to
be greater thanHc( j l). According to previous assumption
f (Hl uu) can be written

f ~Hl uu!5
1

A2ps l

expF2
~Hl2kH sinu!2

2s l
2 G , ~12!

where Eq.~10! has been used to express the mean value
Hl(u). Similarly, the expression forP„Hl>Hc( j l)… reads:

P„Hl>Hc~ j l !…5E
0

Hl 1

A2psc

e2@Hc2^Hc~ j l !&#2/2sc
2
dHc

5
1

2 F11erfS Hl2^Hc~ j !&/cosb

&sc
D G ,

~13!

where Eq.~3! has been used to express^Hc( j l)& in terms of
the angleb. It can be noticed that Eq.~11! already contains
all the information about the field-induced anisotropy we
dealing with in the present paper, in the sense thatPtr will
have a different expression as the current densityj is parallel
or perpendicular to the applied magnetic fieldH. As a matter
of fact, the relationship betweenb and u is different in the
two cases. With reference to Fig. 4, it is clear that

cosb5cosu if Hi j ~14!

cosb5sinu cosw if H' j , ~15!

wherew is the angle betweenj and the plane containing bot
H and n. Taking into account Eqs.~14! and ~15!, we shall
indicate the transition probability functions forHi j andH' j
as Pi

tr(u) and P'
tr (u,w), respectively. By using Eqs.~11!–

~13!, and by taking into account the expressions for cob
given in Eqs.~14! and ~15!, one obtains

Pi
tr~u!5E

2`

1` 1

A2ps l

expF2
~Hl2kH sinu!2

2s l
2 G

3
1

2 F11erfS Hl2^Hc~ j !&/cosu

&sc
D GdHl ~16!

and

FIG. 4. Graphic representation of the vectorsH, j , andn in the
two cases where~a! Hi j and ~b! H' j .
18451
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e P'
tr~u,w!5E

2`

1` 1

A2ps l

expF2
~Hl2kH sinu!2

2s l
2 G

3
1

2 F11erfS Hl2^Hc~ j !&/sinu cosw

&sc
D GdHl .

~17!

E. Calculation of the specimen resistance

As discussed above, when the specimen resistance is
ferent from zero, the specimen itself can be described a
series of equipotential stripes, separated by thin layers m
of resistive weak links. The dependence of the transit
probability of the weak links on their angular position mak
these resistive layers look very different in the two casesHi j
andH' j , as shown in Fig. 2. Since, in agreement with t
experimental results reported in Fig. 5, all the weak links
assumed to have the same resistive-state conductance
unit surfaceg, the conductance of each layer is simply pr
portional to its areaS. The mean value of the areaS can be
easily calculated by taking into account that each laye
made of resistiveweak links, and that its projection on
plane perpendicular to the current densityj must be equal to
the specimen cross-section areaAj :

FIG. 5. ExperimentalR-vs-T curves measured in the YBCO
specimen described in the paper, in the presence of a magnetic
H perpendicular to the current densityj . The curves in~a! were
measured with a magnetic field of intensityH52.83103 A/m and
different values of the current density. The curves in~b!, instead,
were obtained with a current densityj 52.83104 A/m2 and differ-
ent values of the applied magnetic field. The drop of the resista
at the temperatureTc0.65 K is due to the superconducting trans
tion of the grains, while the intergrain regions remain in the res
tive state. Notice that the residual resistance just belowTc0 ~that is,
the resistance of the whole weak-link network! is almost indepen-
dent of both the current density and the magnetic field.
4-6
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^S&5
Aj

^ucosbu& res
. ~18!

Here, the subscript res means that the average is made
the ensemble of the resistive weak links. Thus

^ucosbu& res5

E Ptr~u,b!ucosbudV

E Ptr~u,b!dV

, ~19!

where Ptr is given by Eq.~16! or Eq. ~17! according to
whetherHi j or H' j , and the integrals are extended to t
whole solid angleV54p. The mean value of the resistanc
of each layer is thus

r 5
1

^S&g
5

^ucosbu& res

gAj
. ~20!

Let nL be the number of resistive layers: the resistance
the specimen is thus given by

R5nLr 5nL

^ucosbu& res

gAj
. ~21!

To evaluatenL , we must first calculate the total number
resistive weak links,N, involved in the creation of a given
pattern of resistive layers.N is proportional to the integral o
the transition probability of the weak links,Ptr, over the
whole space. More precisely, ifNT is the total number of
weak links in the whole specimen,N is given by

N5NTE Ptr~u,b!dV. ~22!

On the other hand, the number of weak links that compos
single resistive layer,nw , is

nw5
^S&
Ds

5
Aj

Ds^ucosbu& res
, ~23!

whereDs is the average area of a resistive weak link and
of the order of the square of the grain radiusRg . Thus the
number of layers is thus

nL5
N

nw
5N

Ds^ucosbu& res

Aj
, ~24!

and the specimen resistance becomes

R5N
Ds~^ucosbu& res!

2

gAj
2 . ~25!

It is worthwhile to notice that, in Eq.~25!, the specimen
resistance turns out to be proportional to the total numbe
resistive weak links. Actually, as is well known from th
percolation theories applied to the superconduct
transition,17 this is not true in the proximity of the percola
tive threshold, since below a minimum number of resist
weak links not a single resistive layer is generated. This
plies that below a given value ofH the specimen is in the
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superconducting state and obviously Eq.~25! is not valid.
This point will be taken into account in comparing the the
retical results with experimental data.

F. Anisotropy of the resistivity

As previously pointed out, all the information about th
anisotropy of the resistance is already contained in the t
sition probability@see Eqs.~16! and~17!#. Ptr enters directly
into the calculation of the specimen resistance through
mean value ofu cosbu over the ensemble of resistive wea
links. We shall useRi andR' to indicate the resistance in th
case whereHi j and H' j , respectively. According to Eqs
~25!, ~22!, and ~19!, and by using the expressions for cosb
reported in Eqs.~14! and ~15!, one finds

Ri5
Ds

gAj
2 NTE Pi

tr~u!dVF E Pi
tr~u!ucosuudV

E Pi
tr~u!dV

G 2

~26!

and

R'5
Ds

gAj
2 NTE P'

tr~u,w!dV

3F E P'
tr~u,w!usinu coswudV

E P'
tr~u,w!dV

G 2

. ~27!

In order to evaluate the anisotropy of the resistance~that
is, its dependence on the respective orientation ofH and j !
we shall define a parameterh such that

h5
Ri

R'

5
r i

r'

. ~28!

The last equality holds because the current always flow
the same direction with respect to the specimen~and the
direction of the magnetic field is changed instead!. On ac-
count of Eqs.~26! and ~27!, h can be written as follows:

h5

E P'
tr~u,w!dV

E Pi
tr~u!dV

F E Pi
tr~u!ucosuudV

E P'
tr~u,w!usinu coswudV

G 2

.

~29!

As in the preceding section, the integration domain is
whole solid angleV. Actually, when the explicit calculations
are carried out, the symmetries of the problem allow restr
ing theu andw integrals to the range@0,p/2#. The parameters
that can be used for fitting the experimental results are
contained into the functionsPi

tr(u) and P'
tr (u,w) appearing

in the above expression. One of these parameters is^Hc( j )&,
which is the average of the critical fields over the weak-li
ensemble and can be expressed in terms of the critical
rent intensityj, according to Eq.~3!. Another parameter is
the flux-compression coefficientk, which, according to Eq.
4-7
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~10!, simply represents a scaling factor of the applied m
netic field intensityH in the evaluation of̂ Hl(u)&. As al-
ready stated, the standard deviationssc ands l can be taken
as proportional respectively tôHc( j l)& and ^Hl(u)&, and
the proportionality constants become therefore nondim
sional parameters to be used for the fit. Actually, as we w
see later, the choice of their values has little influence on
theoretical curves, and thus they can be considered as
crucial parameters for the fit. As discussed in Sec. V,
most important parameter in fitting the experimental data
^Hc( j )&, which represents the ‘‘strength’’ of the weak-lin
ensemble characteristic of the specimen under considera
Results of the numerical calculations are reported and
cussed in Sec. V.

IV. EXPERIMENTAL RESULTS

In this section we report the results of an extensive se
resistance measurements we carried out on a granular YB
specimen. The sample, of about 131310 mm3, was ob-
tained by sinterization of high-purity powders of Y2O3,
BaCO3, and CuO in the stoichiometry ratio 1 : 2 : 3. The
oxygen content of the YBCO chains was then modified b
long-time annealing~30 days! in a controlled oxygen atmo
sphere atT5720 K. This process had a twofold effect on th
critical parameters of the material. First, it lowered the cr
cal temperature down toTc0565 K; second, it reduced th
critical current, which was found to be as low as 2
3105 A/m2 at T527 K and in zero field. While the firs
effect can be ascribed to a change in the oxygen dopin
the grains, the second is mainly due to a strong weakenin
the links between grains. This made the transport prope
of the material belowTc0 be mostly controlled by the wea
links in a wide range of magnetic fields.

The resistance measurements were carried out by u
the conventional four-probe technique. The four conta
were obtained by Ag evaporation at the opposite ends of
sample. Both the current and voltage leads were made of
Pt wires fixed to the Ag contact by using Ag conducti
paste. To eliminate the possible unwanted contributions
thermoelectric voltages, the current-reversal technique
used. Moreover, to avoid the small Joule heating of
sample, the current was injected into the sample only du
the time strictly necessary for the measurement. The m
netic field was applied either parallel or perpendicular to
current, which was always flowing along the same directi
i.e., parallel to the longest side of the sample.

The resistance versus temperature curves reported in
5 were obtained at~a! a fixed value of the magnetic field an
different current densities, or~b! at a fixed current and dif-
ferent magnetic fields. In both cases, the magnetic fieldH
was perpendicular to the currentj .

The clear step of the curves at the temperatureTc0
565 K indicates that, at this temperature, the grains beco
superconductive while all the weak links remain in the res
tive state. It is clearly seen that the residual resistance
below Tc0 is practically independent of both the magne
field intensityH and the current densityj. If the temperature
is further lowered, instead, theR(T) curves split depending
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on the values ofH and j. Figure 6 shows the resistance ve
sus temperature curves obtained with fixed values ofH andj
in the two cases whereHi j andH' j . It is clearly seen that
the residual resistance just belowTc0 is as well unaffected by
the respective orientation of these two vectors. Since
belowTc0 practically all the weak links are still in the resis
tive state, this residual resistance can be identified with
of the wholeweak-link network. Therefore, these results i
directly support our hypothesis that the normal-state re
tance of each weak link is independent ofH andj—and thus
on their respective orientation.

In order to study in greater detail the anisotropy of t
resistance highlighted by the curves in Fig. 6, and to co
pare the predictions of our model with the experimental
sults, we measured the resistance of the sample as a fun
of the magnetic field intensity, by keeping both the tempe
ture and the current fixed to a certain value. For exam
Fig. 7 shows two sets ofR-vs-H curves obtained after cool
ing the sample down toT527 K in zero field, and then by
applying a magnetic fieldH perpendicular toj . The two sets
of curves refer to different values of the current densityj
543104 A/m2 ~open and solid squares! and j 56
3104 A/m2 ~open and solid triangles!. For these values o
the current density, self-field effects are very small and th
we could neglect them.

In Fig. 7, solid ~open! symbols indicate the resistanc
measured while the magnetic field intensity is increased~de-
creased!. It is clearly seen that the curves are very nea
reversible up to about 4.53103 A/m. In this regime, the
magnetic flux is very likely to be excluded by the grains, a
the variation of the resistance due to the magnetic field
be ascribed to the transition of weak links from the sup
conductive to the resistive state, or vice versa. Moreover,
curves reported in Fig. 7 show that an approximate inve
proportionality exists between the magnetic fieldH and the
current densityj for a given value of the specimen resistanc
In other words, the same resistance, let us sayR.2 mV, is
obtained withH.1.63103 A/m and j 563104 A/m2, or
with H.2.43103 A/m and j 543104 A/m2. This is exactly

FIG. 6. ExperimentalR-vs-T curves measured withj 52
3104 A/m2 and H52.83103 A/m, in the two cases whereH' j
~open triangles! and Hi j ~solid squares!. Notice that the residua
resistance just belowTc0 is independent of the orientation ofj with
respect toH. As discussed in the text, this suggests that the ani
ropy is not due to an intrinsic dependence of the intergrain resis
ity on the angle betweenH and j .
4-8
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what is expected according to our model if Eq.~2! holds true
and the sample is not too close to the percolation thresh

When the field is increased above 4.53103 A/m, the
magnetic flux begins to penetrate into the superconduc
grains, where it remains trapped when the external field
decreased, thus giving rise to a strong hysteresis. Let us
cuss for a while what happens in this irreversible regime.
the beginning of the flux penetration into the grains, the
crement of the local magnetic field in the intergrain regio
for a given increase of the external field is smaller than in
reversible regime. This results in a reduction of the slope
the R-vs-H curve. For higher values of the applied field, t
flux penetration into grains gives rise to a decrement of
local magnetic field, even if the external field is increas
and then the slope of the curve becomes slightly negative
clearly shown in the figure. Within the model developed
the present paper, this effect can be interpreted as due
reduction the flux compression coefficientk, which therefore
turns out to depend on the magnetic field. Actually, we d
regarded this dependence and tookk as a constant, which is
only true as long as the magnetic fielddoes notpenetrate into
the grains. Incidentally, this is one of the reasons why
validity of our model is restricted to the reversible regim
Let us just point out here that if the field is further increas
~as we did in another set of measurements not reported h!
the slope becomes positive again. At about 1.63105 A/m,
the resistance becomes practically constant and saturate
current-independent value. Notice that the same behavior
be observed, close toTc0 , in the curves reported in Fig. 5~a!.

In Fig. 8 twoR-vs-H curves are shown, obtained with th
same values of the current density (43104 A/m2) but in the
two casesH' j andHi j . By starting from these data sets, th

FIG. 7. Resistance versus magnetic field curves atT527 K for
two different values of the current density:j 543104 A/m2

~squares! and j 563104 A/m2 ~triangles!. The magnetic fieldH
was applied perpendicular to the current densityj . Solid ~open!
symbols indicate the resistance measured when the field is
creased~decreased!, as indicated by the arrows. The onset of irr
versibility at H'4.53103 A/m is due to flux penetration and flu
trapping inside the superconducting grains. Below this value,
stead, theR-vs-T curves are nearly reversible, which indicates t
almost complete absence of flux trapping either by grains or
superconducting rings. In this regime, the changes in the resist
due to the magnetic field are attributed to weak-link transitio
Notice that the curves are in fair agreement with Eq.~2!, since the
same value of the resistance is obtained for magnetic field va
inversely proportional to the current densityj.
18451
d.

g
is
is-
t
-
s
e
f

e
,
as

a

-

e
.
d
re

to a
an

magnetic field dependence of the ratioh5Ri /R' can be
easily obtained. As a matter of fact, this dependence is
ported in Fig. 9~solid triangles! together with a similar curve
obtained with a current densityj 563104 A/m2 ~solid
squares!. In the same figure, the best-fitting curves calcula
by using Eq.~29! are also shown~open circles!. The numeri-
cal integration of Eq.~29! was performed by means of th
computer programMACSYMA version 2.2, by Macsyma, Inc
The values of the best-fit parameters, reported in the fig
caption, will be discussed in the next section. Let us j
point out here that, in spite of the many simplifications im
plicit in our model, there is fair agreement between theor
ical and experimental data.
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FIG. 8. Resistance vs magnetic field curves at the same va
of current density and magnetic field, in the two cases whereH' j
~triangles! and Hi j ~circles!. The anisotropy of the resistance in
duced by the magnetic field is clearly seen. The values ofh reported
in Fig. 9 are taken from these curves and from a similar couple
curves measured with a current densityj 563104 A/m2.

FIG. 9. Comparison between experimental and theoretical
sults concerning the anisotropy factorh for two different values of
the macroscopic current densityj. Solid symbols represent exper
mental data, while open circles are theoretical points calculated
means of Eq.~29!. The theoretical curves shown here are those t
best fit the experimental data, and were obtained by takingHc* ( j )
53.03103 A/m and Hc* ( j )52.03103 A/m for j 543104 and 6
3104 A/m2, respectively. The ratio between the two values
Hc* ( j ) clearly the inverse of the ratio between the current densit
in agreement with Eq.~2!. The widths of the distributions of critica
fields and local fields were taken as beingsc50.3̂ Hc( j l)& ands l

50.7̂ Hl(u)& for both the curves. Notice that the actual values
^Hc( j l)& may be an order of magnitude greater than those
Hc* ( j ), owing to the effect of the flux compression coefficientk.
4-9



er
lts
e
m
a
n
e
ac
t
p
ld

m
bl

o
d

ty
an
n
n
th
de
se

ar
is
tin
c

al
i.e

d

t is
by
he
tic
ut
ical
ec-
, of
ondi-

an
gle
en-
ly,
of
een
ains
nsi-

-
y in
r,
li-
the
lly

ms
in

ined
men
eri-
lity
he
the

of
le

-

o

ll,

r-

h,

d.

l.

P.

ica,

DAGHERO et al. PHYSICAL REVIEW B 66, 184514 ~2002!
V. DISCUSSION AND CONCLUSIONS

The results reported in Fig. 9 show that there is a gen
agreement between the experimental data and the resu
our model. The agreement is particularly good for interm
diate values of the magnetic field intensity. Instead, so
deviations between experimental and theoretical results
evident for low and high values of the applied field. O
account of what was already pointed out in the previous s
tions, these deviations are not surprising. As a matter of f
our model has been developed under the assumption tha
specimen was neither too close to the superconductive
colation threshold~that takes place when the magnetic fie
is too weak!, nor in the condition of flux penetration within
the grains~that occurs when the field is too intense!.

Let us now focus on the best-fitting values of the para
eters that enter in our model. In principle, the adjusta
parameters of the model are the mean critical field^Hc( j )&,
the flux compression factork, and the standard deviationss l
and sc , characterizing the spread of the local values
Hl(u) andHc( j ). Since, according to the assumptions ma
above,s l andsc are taken as being proportional to^Hl(u)&
and^Hc( j )&, respectively, it can be easily shown thatPi

tr(u)
and P'

tr (u,w) depend mainly on the quantityHc* ( j )
5^Hc( j )&/k and, to a minor extent, on the proportionali
factors fors l and sc . Hc* ( j ) represents the reduced me
critical field of the weak links, which depends on the inte
sity of the current densityj and on the flux compressio
factork. Thus, according to the present model, comparing
experimental data with the theoretical results allows the
termination ofHc* ( j ) as the main best-fit parameter, who
value is only little affected by the other two parameterss l
and sc . Hc( j ) can thus be taken as a quantity apt to ch
acterize the ‘‘strength’’ of the weak-link ensemble and it
strongly dependent on the type of granular superconduc
material. It has been observed that thermal treatments
produce strong changes in this quantity, leaving practic
unaffected the superconducting properties of the grains,
the critical temperature and the value of the magnetic fiel
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which the flux begins to penetrate into the grains.18

In conclusion, we have presented a simple model tha
able to explain the anisotropy of the resistance shown
granular HTSC’s in the presence of a magnetic field. T
model can be applied if the intensity of the applied magne
field is such that the bulk superconductivity is disrupted, b
the grains remain in the superconducting state. This phys
requirement is easily fulfilled in samples where the conn
tions between grains is weak, as a result, for instance
thermal treatments and annealing processes. In these c
tions, we have shown that there is no need of assuming
intrinsic dependence of the intergrain resistivity on the an
betweenH andj , as instead the models based on the conv
tional theories of current-driven flux motion do. Incidental
the motion of unpinned vortices is actually the main origin
the resistance in those materials where the links betw
grains are so strong that the flux can penetrate into the gr
and even become unpinned well before the resistive tra
tion of the weak links sets in.3

If the material is made up of weakly linked grains, in
stead, the local magnetic field and the local current densit
a given weak link arealways perpendicular to each othe
provided that the flux penetration into the grains is neg
gible. In this case the proposed model, which describes
anisotropy of the resistivity as being due to the spatia
anisotropic distribution of the resistive weak links see
more appropriate. Actually, the results of the model are
reasonable agreement with the experimental data obta
from resistance measurements in a YBCO granular speci
that satisfies the above-mentioned conditions. Good exp
mental evidence is also found for the inverse proportiona
between the mean critical field of the weak links and t
current density, which is the basic assumption over which
proposed model has been developed.
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