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An approach is formulated which permits to analyze AC-susceptibility data at various amplitudes ft in terms of the percolation

theory. The relative superconducting volume u( i') and the lraction ofsuperconducting contacts p( f, ft ) are the main variables of

the problem. The whole set of curves 1( ?") at various ft is situated between two limiting curves which correspond to small enough

and large enough amplitudes ft. The function r(Z) can be obtained from the. second limiting curve. l1s derivative is the I.-

distribution function with reliably observable width and structure. By changing the oxygen content this distribution function can

be smoothly shifted along the l-axis. The function p( T, h) aI h+0 depends on a definite combination of Iand h'. p=p(y) where

y=h /Ho ( l -T lT r ) .  Thepa rame te rp (T ,h=0 \  t u rned todependon theoxygencon ten taswe l l .  I t seems to i nc reaseup top : l

when I. is near 60 K. This is one of the experimental motivations to extend the meaning of the parameterp so that it would take

into account cooperative phenomena such as long-range coherent state along superconducting clusters.

1. Introduction

Contactless measurements of the surface imped-
ance, which in the case ofsuperconductors are widely
known as AC-susceptibility measurements, serve as
a very convenient and widespread method of study
ofh igh- f "  superconductors (see,  e.g. ,  refs .  t1-61) .
Therefore, it is very important to realize how these
measurements depend on the material inhomogene-
ity, percolating structure of the superconducting
clusters, presence of pores and extended normal in-
clusions, intergrain weak links, etc. In this paper such
a study has been accomplished for the YBa2Cu3O7-u
ceramics.

In describing the processes which determine the
ceramics'impedance, the critical state model in some
form (e.g., ref. [7]) or the weakly connected loop
model [8 ] are usually used. In the present paper an
attempt is made to examine the experimental results
within the framework of the percolation theory

[9,10] using the peculiar properties of the super-
conducting state and Josephson junctions for setting
up parameters of the percolation problem. Such an
approach originated from the observation ! I I ac-
cording to which the real part of AC-susceptibility

X(T) for broad transitions had a kink always at one

and the same; value. This constancy of the kink level

can be rather naturally interpreted in terms of

screening properties of finite superconducting
clusters.

. We suppose a grain to be an element of the su-
perconducting network. Its average size in

YBarCu3OT-r ceramics, d: I pm, is much larger than

the magnetic penetration depth, ,t = I 500 A, and the

coherence length (=40 A. Due to inequality

d > > ( , , 1  ( l )

we can assume that the superconducting transition

of a definite grain does not depend on the state of

surrounding grains. The grains themselves are sup-
posed to be ideal, i.e, they have a sharp transition at

a certain temperature, I., which, however, may be

different for various grains. To describe the super-
conducting transition in a granular medium the con-

cept of two-stepped transition is often used: an in-

tragrain transition occurs at temperature ?"" but

superconducting wave functions of different grains

remain out of phase down to 7"0< ?"., when a long-

range phase ordering takes place ll2-141. Anyway,

the knowledge of percolation parameters is neces-
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sary to provide a consistent analysis of such kind of
cooperative phenomena [ 15,16 ]. Therefore, we con-
sider that it is possible and expedient to start with an
attempt to analyze the experimental data taking into
account cooperative phenomena only formally, if at
all.

The paper is organized as follows:
The details of experiments and experimental data

as the primary material for the following analysis,
are presented in section 2. All the measurements were
carried out with one ceramic sample, the oxygen
being gradually removed from it. This means that all
the experiments were performed on the background
of the same geometrical structure - some fixed net-
work of grains. Each annealing leads to a new dis-
tribution of the oxygen content over the grain as-
sembly, that is to a new distribution function C( f" )
of the superconducting transition temperatures.

The main content of the paper is concentrated in
section 3 where an attempt is made to interpret con-
secutively the experimental data on the basis ofper-
colation conceptions. As a subject to the percolation
theory, the YBarCu3Or_,. ceramics presents a com-
bined problem: superconducting (s-) or normal
( n- ) may be both grains - "sites", and junctions be-
tween them - "bonds". Accordingly, one can intro-
duce two parameters: u - the fraction of s-site or, in
other terms, the s-part of the sample volume

u(T ) :  I  s ( z )  d r  ,  ( 2 )
t,

and p which is the fraction of open bonds between
s-sites (an s-bond is an open bond and an n-bond is
closed ) . The merit of AC contactless measurements
is that by increasing the amplitude of the alternating
field, i, they permit closing the bonds, without
changing the value of u. In particular, with high
enough amplitudes, it is possible to decouple all
grains, i.e, to destroy all s-bonds, and to obtain p:Q.
Under these conditions the total volume of s-grains,
i.e., function u(T) can be measured.

Using function u( Z) as a fundamental quantity,
we propose in section 3.2 a model of overlapping
diamagnetic rings and use it to describe the AC-sus-
ceptibil i ty atlow h.In section 3.3 we apply the same
model to interpret the data with intermediate h
values.

In the final part, section 4, we discuss once again

whether inequality ( 1 ) is sufficient to apply the per-
colation theory and what features of the AC-suscep-
tibil i ty of the YBa2Cu3O7_,, ceramics can be as-
cribed to manifestations of cooperative phenomena.

2. Experimental

A cylindrical sample of 2 mm in diameter and
about l0 mm in height was placed inside one of the
two identical couples of induction coils connected
towards each other. The coils were disposed in liquid
helium over the external surface of a small over-
turned dewar while the sample together with a ther-
mometer and a heater were placed inside the dewar.
To prevent temperature gradients, the sample was
placed in a sapphire conta iner .

The sample was made of ceramics, its density being
5.6 glcm3. X-ray examination did not detect any
traces of extraneous phases in this material. The
sample in the initial state had a sharp supercon-
ducting transition - see curve "0" in fig. l. After a
series of measurements at different frequencies and
amplitudes it was subjected to vacuum annealing,
which resulted in a slight decrease in the oxygen con-
tent. Then a new series of the low-temperature mea-
surements, followed by further annealing, was done
and so on.

The experiment consisted in measuring the dis-
balance signal by a lock-in amplifier, i.e., in the mea-
surement of the sample linear response at various
frequencies co and amplitudes ft of the stimulant field.
The coefficient ofnonlinear distortions has not been
measured specially.

The measurements were carried out in the fre-
quency range of 102-105 Hz. The amplitude of al-
ternating field h varied from 2X l0-2 to 40 Oe. The
use ofvarious frequencies was caused by methodical
reasons only. Higher frequencies were used at low
amplitudes to increase sensitivity. heating of the
sample and thermometer by alternating currents in-
duced to use lower frequencies at high amplitudes.
Though the frequency dependence ofthe signal does
exist in this range, it is considerably weaker than the
effects that will be discussed below. However, for each
amplitude h, there exists some frequency corl below
which the X(ro) dependence practically disappears.
All our results refer to the frequency range ot<o1,.In
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particular, at extremely low ft< l0-2 Oe there was
no frequency dependence up to l0s Hz.

Phase-sensitive detection permitted us to measure
both components of the signal simultaneously. In this
paper we discuss only the real part of AC-suscepti-
bil i t-v. i.e, the imaginary part of surface impedance.
The value of I. depicted on the ordinate axis in figs.
l-3. is proportional to magnetic moment of the
sample

t ,  4n7 ( l  - n )
t = -  -  t j ;

I -r +fivn

Here n l, tt ' ,. A..ugnetization factor of the sample
( in our case n r 0.05 ) and X means an effective value
of susceptibil i ty. resulting from the averaging over
thc volume of the sample. If n << 1, then I is in the
first approximalion normalized susceptibil i ty

Y=  (  - 4 r )7  (4 )

The value of I- I means that the magnetic f lux is
fully extruded from the volume of the sample. Fig.
I presents )'( Z) curves, obtained at extremely low
amplitudes /r, when neither tenfold change of the
amplitude h, nor the tenfold frequency change af-
fccls the signal. For convenience the curves are num-
be red .  A  d ig i t  nea r  cu rves  i : 0 ,  1 , . . . , 5  means  the
number of vacuum annealings the sample has been
subjected to. On all the curves, except for the init ial
one i:0. there exists a kink at low values of ) '. One

1 . 0

o . 4

20 'o  
T ,K 

uo  Bo

Fig.  l .  Curves Yl t  )  (7-)  at  extrcmely smal l  ampl i tudes i .
@l2rc=l}s Hz.  Digi ts  near curves mean the number of  vacuum
anncal inss.  Dashed l ine marks the level  of the k ink.

can see this kink also in all the papers, where the cor-
responding experimental examples are presented. It
arises at a temperature, when the concentration of
the s-grains becomes so large that inside the clusters,
there appear extended n-regions shielded from an
external f ield I I I ]. Similar explanations have been
already proposed previously 12,41. For our ap-
proach dealing with percolation ideas, it is impor-
tant that the kink is always located at the same height,
a t  I : 0 . 1 .

It is well known at AC-susceptibility of ceramics
depends on ft [ I -6 ]. Fig. 2 depicts, for example, two
whole sets of Y,(T) curves, obtained after the third
and the fourth annealings of the sample (i:3, 4).
The main result here is an obvious existence of two
limiting curves: yttt (T) at low ft (uppercurve) and
Y(2) (T) at high h (lower curve). Similar sets of

1 . 0

1 , 0

0 . 4

0 . 0

Fig. 2. Sets ofcurves I.( ?") and Io(?") aldifferent ft. The curves
are labelled by i values. The frequency is 100 Hz anywhere ex-
cept the upper limiting curves.
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curves were obtained for all other i. All upper lim-
it ing curves are shown in fig. l. All yl ' �)(I) curves
will be given below in fig. 3. Note that gradual for-
mation of lower l imiting curve with increasing ft can
be found in the experimental data presented in pa-
pe rs  [ . 3 .4 ,6  ] .

3. Interpretation of experimental data

Consider the following assumptions:
(1)  Oxygen def ic iency (0<y<0.5)  leads to a va-

riet_v of I" values for different grains, though the
transition of each grain remains narrow. The argu-
ments in favor of such assumption are based on the
following [17]. The oxygen migration through the
grain boundaries is too complicated and oxygen con-
centration leveling takes.place inside grains only. The
grains are supposed to be too small for domains of
ortho-I and ortho-Il phases to form inside them.
Small size persuades the grains to have a homoge-
neous oxygen distribution with intermediate con-
centration values and, as a result, with intermediate
transition temperatures, f" < 90 K.

(2 ) Even at our highest amplitudes, /e, the alter-
nating field does not destroy superconductivity of a
grain, i.e., u depends on Ionly, but not on h: u:u(T).

( 3 ) Field ft can destroy s-bonds. On the upper l im-
it ing curve y( ' ) ( f) this process does not take plac€
because of the smallness of /2, so that one has p-u* ( 7")
due to the inner nature of the sample. And vice versa,
on the lower l imiting curve Y(2) (T), all s-bonds are
destroyed and p-0. Note that to the intermediate
curves I( I) some p values may be attributed only
formally. The field destroys s-bonds not randomly
but depending on realized structure of s-sites, at those
regions where the density of shielding currents is the
largest. Therefore, p stops to be an independent pa-
rameter. though an average number of s-bonds for-
mal ly  ex is ts :  0 <p<p-o^.

3.1. The lower l imiting curre

In a strong AC field, i.e., with all the bonds closed,
a sample is a mixture of n-grains with /:0 and s-
grains with 7: - | /4n. The concentration u of the s-
phase should be deduced from the measured X(2)
value. In the mean-field approximation
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\t) -.."

X : ( - l  l 4 n )  # .  ( 5 )
/ .1 U"n

Here u"6s is an effective concentration of s-phase,
which differs a little from u because of the finite value
of penetration depth of magnetic field into grains.
Substituting eq. (5) into (3) we obtain

214
tcf f  -

3 -  1 4 '
Y : Y ( l - n * Y n )  ( 6 )

The right expression takes into account the demag-
netization factor of the sample; the left one, in the
mean-field approximation, the demagnetization fac-
tor of grains. Besides expression (2) for 2,, we have
for u"6

u"n(r):I*(ryP)s(,1 4,, ( 1 )

*tlrr, *(if S'la) is the normalized magnetic moment
of an s-grain depending on the )/ d ratio. It depends
on the grain shape, but in the asymptotic expressions

this dependence reduces to the values ofcoefficients
a1 and a2 only I 19 ]. For a sphere of radius d coef-
f ic ients ar :3 and a\ : i .

According to the superconducting theory, in the
vicinity of Z.

Q o l ) ( T ) ) ' : f ( 7 . - T ) 1 7 , , , t o : , 1 ( 0 ) .  ( 9 )

The experimental value of the coefficient B=3
120,21 l. As 2 - 2 approaches zero ar 7". linearly, when
Told<< I and the distribution function g( ?") is broad
enough,

(dt '  I  dT)-  |  >> T(^ol  d )2 . (  l 0 )

the difference between u and u.6 reduces to two cor-
rections, small in parameter )"s/d,

/  , r  ̂\  du .o  T  /  ̂ ^ \ '
u ( f ) = u . r , (  l + a , " ' j  l - - ' ' "  1 " " 1 .  ( l l )' " \  ' d /  d T 2 1 a 2 \ d ) '

Condition (10) means that the width of the dis-
tribution function is larger than the temperature in-
terval, where the penetration depth of the field into
a grain,,lu( 1- TlT.;-rrz, is comparable with d. This
condition is obviously violated for the sample in the
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init ial state, not subjected to vacuum annealing yet
(r=0). We used in thrs case another l imiting pro-
cedure. substituting the d function into eq. (7):

g (  7 ' )  =  0 .9d (  T -7 , )

Here the factor 0.9 is the ratio of the sample density
ro the ideal one. Having used the ,1( 7") dependence
(9 ) in the vicinity of I., with the experimental value
for B, we obtained dlio=I2 from the curve
Y6t) (T).The value obtained is in a good agreement
with preliminary estimates. Thus justif ies the use of
the d tunction.

Now while handling all the other curves with the
help of  expressions (6) ,  ( l l ) ,  we may use the not
estimated but experimentally measured value of l"s/
d. Figure 3 presents the results ofsuch processing to-
gether  wi th the in i t ia l  y l t )  (T)  curves.

It seems rather strange, the l imiting values of func-
tions i ' ,(0) decrease from one annealing to another
but at the same time the distribution functions g;( I)
have no low-temperature tails. It looks as if one part
of grains decreases their Z. with annealing in a cor-
related manner, while the others become abruptly
unobservable (normal, or break down into many
small grains transparent to the field, or become
permeable to vortexes, etc. ), and as if the volume of
this second group increases with every annealing. At
the same time, X-ray examination did not detect any-
traces of the tetra phase in states i:4,5. We have'no
explanation of this fact yet. We wil l discuss this ques-
tion once more in the final part of the paper.

Below, we consider corrections ( ) '(2)-u) to be
smal l  in  accordance wrth f ie .  3.  i .e . .  Y(2t  xu.

3.2. The upper limiting curve

Let the normal conductivity of the medium be so
small that exponential decay of the field can be ne-
glected. Let us introduce the distribution function of
loops lbrmed by grains with respect to the areas of
these loops. Suppose the number of loops with area
s in the interval ds per unit volume is p".o(s) ds, and
the volume, shielded by these loops is

{  o ( s )  ds : s3 / ' p " .o ( s )  ds . ( 1 2 )

If F".n(s) is a fraction of volume, shielded by all s-
grains and by all loops with the areas less than s,
overlapping taken into account, then

", i , ,  ,

Fig.  3.  (a)  L imi t ing cuIves Yl t '  (T)  (sol id l ines) andlhe volume

ofs-phase ur(7)  (dashed l ines).  r . ' r (7)  are obtained under as-

sumplion dlio=const= 12. (b) Distribution function of s-grains

over the transition temperatures gi (T) =du'/dT.

[ 1 - t " . o ( s )  ] , ( . o ( s )  d r :dF " .p ( r )  ,

where from

F " . o ( s ) :  I  -  (  I  - u )  e x p (  - 1 ( s )  ) ,

t
I ( s ) : l  f ^ ( s ) d s ,

( 1 3 )

(  l 4 )

and at the upper l imiting curve )/( ') ( Z) one has

Y t t t ( T ) : F " . o ( c o )

: 1 - ( l - u )  e x p ( - / ( * ) )  .  ( 1 5 )

I t  is  seen f rom eqs.  (14)  and (15)  that  exp(-1)  is
the mean value of the magnetic permeabil ity 4=
(-l + an;';;t over the space between s-grains.
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All the functions introduced, rp, f and F depend on
p and u values. It is easy enough to deduce them ex-
plicit ly when u:p:1. Indeed, suppose a 3D lattice
in which each site has z neighbors, and a particle
making a random walk on such a lattice. The num-
ber ofpaths by which it can get back after N sleps is
"^N-r's. If one takes into account the self-avoided
paths only, then their number is (Z)Nt/ t '8 

l22l.For
a simple cubic lattice z:6, and Z:4.7 1221.

After normalizing the number of paths per laltice
site. the number of loops containing N grains is

V. Gantmakher et al. / AC-susceptibility of YBa{u jO7_, and percolation

e ' . r ( N ) i c  ( : ) N N - 2 ' 8 .

Hence, putting sccN2, one finds

g r . r  ( s ) : c  ( i ) - ' 45 - t  +  .

for i:1,..., 5. Two things can be deduced from the
figure.

(a) It seems that the dependence I(u) can be de-
scribed by the power law

I :  K(p)  (u-  uo} t  /z ( 1 8 )

Coefficient Kx l0 for realizations i: 4 and i: 5 with
narrow distribution function, 7.x60 K and, appar-
ently, with pr 1. Other realizations have K:3.

(b) The fact that 1is not a universal function of
tl means that the parameter p differs for various re-
alizations. A sharper increase of1 with a points to a
greater value ofp. Intersection of curves Y{') and
)'l') in fig. 1 leads to the same conclusion about the
ratio of p values. Compare with fig. 3, where p:0
and where Y\2t2y5zt in the whole temperature
range.

3. 3. Intermediate curves

The amplitude of the AC freld influences the re-
sponse of the YBa2Cu3O7 -u ceramics because s-junc-
tions become transparent to the field. It is easy to
conclude from fig. 2 that s-bonds are not destroyed
simultaneously. There are two reasons for this.

First, the junctions are situated in different geo-
metrical conditions. Some of them are shielded by

., the neighboring s-clusters, while the others are in the
regions of field concentration. The field amplitude
on the junction may thus be both, less and more than
fr. Second, there is a variety of parameters of the
junctions itself, described by the variety of critical
currents 1.(Z) and coupling energies

E = I,Q1J /2nc, Qo:rhc / e . ( 1 e )

The two causes of dispersion of the junctions re-
sponse to the field should be taken into account in
integral ( l4) in different ways. Geometrical disper-
sion can be accounted for by making the upper limit
s of the integral to depend on ft, while the variety of
junctions should affect the integrand. However, we
do not see a way yet to distinguish these two sources
of inhomogeneity from the experiment. Therefore,
in this section we describe the observed dependences
from the phenomenological point of view.

As is seen from fig. 3, the intermediate curves sep-
arate from the lower limiting curve one by one, at
quite definite temperatures. These are the temper-

(  1 6 )

( r 7  )

Probably expression ( l7 ) may be generalized to the
case of an almost regular lattice, pxl, ux I if one
substitutes 2by puZ. However it is certainly unappl-
icable for small p or u in the vicinity of the perco-
lation threshold and below it. because it does not take
into account the cluster pattern ofgrain distribution.
Instead, the problem of the ant in the labyrinth must
be dealt with [9 ].

An attempt trying to obtain information abolt g
and./functions right from the experiment is quite
natural. For this purpose fig. 4 depicrs 12(u) func-
tions. where

/ : l n  [  (  1  - Y ! ' ) )  /  ( l  - Y [ ' )  ) )  ,

0 -F
0 . 0

Fig.4. Dependences ofintegral ( l4) on the volume ofthe s-phase
for realizations l-5.

0 . 1
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atures. when the strongest (or the most shielded)
bonds cannot withstand the applied field ft any fur-
ther. Denoting the corresponding field value h by h.
we summarized all the data on l"( 7') dependences
for various realizations i: l , ..., 5 in fig. 5. In all the
cases straight lines were obtained. Introducing two
characteristic constants ho, and ?"ou we obtain

h " : h o , ( l - T l T o t )  . ( 2 0 )

(Maybe it would be more correct if a value of the
mean f ie ld h( l  -  Y)  or  of  the local  f ie ld h( l  -  Y /3)
will stand for ft. and not that of ft, the result being
sti l l  independent of this. )

The linear dependence (20) may be the result of
the l-dependence of the crit ical current in the vi-
cinity of Z.

I, x / Ih( / / 2T) x /2 x (7. - T) ( 2 t  )
(/ is the superconducting gap).

It is natural that in this case Io, would be close to
the temperature at which the maximum of distri-
bution function g, ( Z) is observed. It is easy to check
that it is really so (compare figs. 3 and 5).

Now we will try to frnd a universal form for all in-
termediate curves. Let us start with model (12)-
( l5 ), where the susceptibil i ty depends on the loops
distribution function. Consider rather low temper-
atures, where a(I)*const. In this region the func-
tion l,.o and, as a result, X both change mainly be-
cause of the dependence of p on h. Then it seems
natural that the field, h normalized bv the critical

Fig. 5. Separating field ft. against the temperature for different
real izations.

value i" from eq. (20) is taken as an argument of the
universal function we are looking for: experimen-
tally measured temperature dependence can be
transformed into a function of hlh, due to the l-de-
pendence offt". So as an argument we use the quantity

--  h Tr,-T' t ,
^ :  

h ; t - r y r  1 :  T u - T  ' (22)

where ?"[; is the temperature at which curve Y,(T),
obtained with the amplitude fi, separates from the
lower l imiting curve Y[2)Q). Point x=l corre-
sponds to this separation temperature: T=T1,1.

A function of this new argument can be given by
the

F : ( l - Y i ) / ( l - Y : " ) . (23)

According to eq. ( 14) it is equal to exp( -1). Be-
sides the dependence on hlh,, it contains in the in-
tegrand only parameter u which is constant in the
temperature range under consideration.

In fig. 6 all the intermediate curves with different
i are plotted in these coordinates (some of the curyes
are not shown not to overload the graph). It is not
surprising that all the curves converge at the point of
p: x: I . This results from the definition: at the sep-
aration point { :Y[z) . More informative is the left
part of the graph, where all the curves transform into
straight lines

I t : l i x , (24)

o . 2

0 . 2  0 . 4  0 . 6  0 . 8
h/h .

Fig. 6. Universal dependence of the mean magnetic permeability
in the space off the grains on the normalized amplitude ft. Inset
shows the change ofthe slope ofthe lines (24).
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whose slopes depend on i, but not on ft. The fact that
the l ines (24) pass through the origin means, ac-

cording to eq. ( 14), that at low fr the full shielding
of the volume by s-currents takes place. The same
follows from the l imiting curves I(r) in f ig. l.

It should be noted that in essence transformation
(22). (.23 ) is similar to another one which was pro-
posed in ref. [6] on the basis of other considera-
tions. Therefore, it is not an argument in favor of the
model of overlapping diamagnetic loops ( l2)-( I 5 ).
This model could be checked by theoretical analysis
ofthe dependence ofy; on u(0). Apart from this, it

should be yet elucidated why a linear dependence
(24) takes place in such a wide range of l i  values.

However, both steps require mathematical'elabora-

tion of this model.

4. Discussion: results and problems

Two alternative approaches to the experimental
material of this paper are possible - from the side of
the percolation theory and from that of physics of

superconductivity. Consider the first one:
A problem exists, to what extent the percolation

theory in its classical form is suitable for description
of superconducting transition in the inhomogeneous
medium and whether inequality ( I ) is a sufficient
condition for its usage. This question in turn falls into
two.

First. model ( 12 )- ( I 5 ) implicitly suggests that the
mean field /z in our s-composite does not decay in-
side the sample. This assumption fits the experi-
mental fact that at the percolation threshold the
screening factor  is  ) ' ( ' )  :0 .6-0.7 l l ,11 l ,  though the
size of the sample is usually by three orders of mag-
nitude larger than the average size d of the structure
elements (grains). Even ifan exponential decay of
the field inward the sample exists, then in the vicin-
ity of the threshold an effective penetration depth is

6"rr)) d.Not in any case, neither in ours nor in ear-
l ier experiments I l-6 ] any peculiarit ies of function

/ at the threshold were observed.
The problem is not in the field distribution con-

trolled by the crit ical currents [7,23] but in the
propagation of an incident electromagnetic wave of

an infinitely small amplitude through the s-compos-
ite space. (We mean s-clusters in an insulating me-
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dium with elements which fit condition ( 1 ) and

without dissipation in junctions. Apparently, the ex-
periments with YBarCu3OT-,, at small amplitudes lz

simulate just such medium. ) Sometimes, in discuss-

ing the AC-susceptibility of s-composites, an expo-
nential decay of the field is introduced as something
selfevident. However, the AC-response of composite

superconductors has been examined theoretically, as

far as we know, only under the condition d<A (see

l24l and references therein).
Second, we have not discussed yet the possible

contribution of cooperative phenomena. In a com-
posite apart from the temperature of the supercon-

ducting grain transition, f., there should be another

characteristic temperature 7"0 of the long-range phase

ordering [12-.14].In general, this may be included

into our model by introducing sharp change of p at
point ?'0. Maybe, the kink in the Y(') ( ?') curves is

due to just this process, and not to the cluster shield-
ing, described above in classical terms. This could be

stated more definitely, if we had calculations of

shielded volume 1(u) even under the simplest as-

sumptions - without correlation effects and with
n -  I

Let us try now another approach, along the lines

of the physics of superconductivity. The presented

data prove that it is possible to move 7'. gradually

, from 90 to 60 K, by decreasing the oxygen content.
The absence among gr ( Z) functions in fig. 3 of one

with a maximum between 65 and 80 K is a casual

factor, caused by the conditions of the third an-

nealing. In another set ofannealings, such functions

e x i s t e d  [ 1 1 ] .
In general, existence of parameter i/d gives some

freedom in the transition from Y(2t to r'. Namely,

one can choose for each i its own 7l d value, keeping

the value u(0)  constant :  u(0) :0.9.  For  the i  =4

curve this would demand the value of dlTo to be

about 5 instead of 12. The result of such processing

is depicted in fig. 7. A comparison of f igs. 
'3 

and 7

shows that the positions of maxima of g,(l) func-

tions have not changed.
In fig. 7 the area under all g ( I) curves is the same:

u(0):0.9 and the diff iculty in the interpretation
which we have discussed above in section 3.1, van-

ishes. However, another, a more serious one appears

instead.
The increase of the ̂ (.'ld parameter lifts the func-
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Fig. 7. The same as in fig. 3 but curves i,(I) are obtained un(er
an assumpt ion D;(0)  =const=0.9 (gt=drt /d,T).

t ion u(Z) in the whole temperature range and, in
particular, in the vicinity of the kink

y ( t t  -  y (2 )  } -0 . l  .

This leads to inequality u>Y and the difference in-
creases with i. We would have to give up the state-
ment that the kink in I( ') ( Z) curves is always ob-
served at one and the same fraction of the s-phase,
a statement which is natural in the framework of per-
colation theory. And we would have to explain ap-
pearance of the kink at one and the same )t value
instead. This again brings us to the problem of the
coherent state.

In section 3.2 we have already mentioned that the
function I(u) at low ft is not universal and that p is
larger for the realizations with T.x 60 K. Of course,
the explanation may be just a structural one - the

boundaries between the grains with intermediate ox-
ygen concentrations 0.5 <"y< 1 may be wider and less
regular than at y:0.5. However, another explana-
tion is possible, that right here the cooperative phe-

nomena become important. It follows from fitg. 3, as
well as from fig. 7, Ihat realizations i:4, 5 with
7"x60 K have much narrower distribution func-
tions. The problem is whether this may be impor-
tant, i.e., whether the variety of the grain's I. may
affect the appearance of a coherent state. Instead of
convincing theoretical considerations, we can pro-
pose only an analogy. The key idea of Anderson's
model of the metal-insulator transition in disor-
dered media is that about the chains of resonant sites.
The probability for two neighboring sites to be res-
onant depends on the dimensionless ratio of the band
width l,l'to the overlap integral -r. The first controls
the mean energy difference between these two sites,
the second determines the difference permitting the
sites to remain resonant. In our case the width of the
distribution function g ' is a natural counterpart to
the bandwidlh W, and the Josephson energy E de-
fined in eq. ( 19) can be proposed to the role of-r. It
follows from frg. 5 that d almost does not change
from one realization to another.

There exists one experimental argument pointing

to the cooperative phenomena as to a possible cause
ofthe sharp increase offunctions Ilt) and )'! ') . The
structural causes for the contrast between them and
functions )'5t) and )' l ') (the width of boundaries,
etc. ) would remain in the magnetic field. But, ac-
cording to section 3.3, the differences vanish with
increasing ft: curves p(x) for realizations i:3 and
i:4 coincide. This argument, however, may hardly
be considered as a decisive one.
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