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A model of an inhomogeneous superconductor is proposed and used to find the field-induced 
changes in the conductivity at a frequency w and the critical current. These changes arise due to 
field-induced variations of the correction to the conductivity related to superconducting loops 
with weak links shunting critical links of a percolation superconducting cluster. For strongly 
inhomogeneous systems the magnetic field dependence is stable to variations of sample 
microstructure and completely determined by the maximum size R, of the shunting loops, which 
is much larger than the grain size. The model is compared with experimental results on the 
magnetic field dependence of screening by YBaCuO films, when the sample is divided into pieces 
of size R, and the size R, is found. This size R, grows as T- Tc . 

1. INTRODUCTION 

One of the interesting properties of polycrystalline 
high-T, superconductors is the high sensitivity of their elec- 
tromagnetic response to a weak external magnetic field.'" 
The majority of the models explaining the magnetic field 
dependence of conductivity can be provisionally divided into 
two groups.' In the models belonging to the first group the 
response is determined by the dynamics of vortices moving 
in a viscous medium' and strongly depends on the external 
electromagnetic field frequency. Thus, according to Ref. 1, 
the characteristic value of the field for which the quadratic 
field dependence of the surface impedance becomes linear is 
proportional to frequency. As the frequency changes from 
lo6 to 10" Hz, this value should change by four orders of 
magnitude, which disagrees with experimental  result^.^ 

The models of the other group attribute the observed 
dependence to the presence of "effective" loops in inhomo- 
geneous superconducting media.24s6 The size of these loops 
gives the scale of constant magnetic fields in which charac- 
teristic conductivity changes occur. This characteristic scale 
has a weak frequency dependence, which agrees with experi- 
ment. '~~ Therefore further studies of the consequences of the 
effective loop models and their comparison with the experi- 
ment are of interest. To verify directly the existence of effec- 
tive loops and to find their size, we can study the magnetic 
field dependence of screening in samples varying in size. Ac- 
cording to the model suggested, the magnetic field depend- 
ence of electromagnetic response is determined by the size of 
the effective loops, which we denote by R,. If the sample 
dimensions are larger than R,, the dependence mentioned 
above is not affected. If, however, these dimensions become 
of order or smaller than R, , the maximum loop size is given 
by the sample dimensions and the form of the response 
should change. 

In the present study we examine the changes in screen- 
ing of electromagnetic field by a YBaCuO film subjected to 
magnetic field, when the film is cut into smaller and smaller 
pieces. It is shown that the changes occur when the size of 
the pieces becomes of the order of the maximum size R, of 
the effective loops found from fitting the theoretical re- 
sponse dependence to the experimental curve. The tempera- 
ture dependence of R, is also studied. It is shown that the 

size R, increases as T-. T,. A model is suggested which 
allows us to calculate the correction to the conductivity aris- 
ing from shunting loops with weak links3 for two-dimension- 
al strongly inhomogeneous superconducting systems. The 
magnetic field dependence of the critical current, Jc (H) ,  
found experimentally for YBaCuO is compared with the de- 
pendence following from the proposed model. 

2. EXPERIMENTAL PROCEDURE 

We studied the screening of electromagnetic field of fre- 
quency w/2a = 10-100 kHz by YBaCuO films in a constant 
or slowly changing magnetic field of intensity up to 50 Oe at 
temperatures from 77 to 92 K. The samples were placed near 
a receiving coil at a distance of 0.5 mm from the latter. An 
alternating magnetic field H, was created by Helmholtz 
coils and was uniform when the sample was absent. We mea- 
sured the amplitude P, of the emf signal in the receiving coil 
as a function of the magnetic field H and temperature T. 
When we introduced the sample in the normal state, the am- 
plitude of the emf signal in the receiving coil practically did 
not change. When the sample experienced the transition into 
the superconducting state, the amplitude became several 
times smaller. The constant or slowly changing field H was 
created by an external solenoid. The alternating magnetic 
field H, was parallel to the external constant field Hand was 
perpendicular to the YBaCuO film. 

To interpret the experimental results correctly, we need 
to know the distribution of the constant magnetic field in the 
sample. We approximate the film by an oblate spheroid. If 
the film area R is approximately 1 x 1 cm2 and its thickness 
d = 10W4 cm, then the demagnetization coefficient n along 
the minor spheroid axis, which is equal to 1 - nd /2R (see 
Ref. 7 ) ,  is almost unity. This means that for H,, = lo2 Oe 
the magnetic field penetrates such a film even in an external 
field H > n-d /2RHcl = lop2  Oe, which is much smaller than 
the fields used in the experiment. Thus, the film is in a mixed 
state. To check that the distribution of the constant magnetic 
field in the sample is uniform, we studied the field depend- 
ence of the screening with the help of receiving coils of var- 
ious diameter placed under different parts of the sample sur- 
face. In all cases, the variations were less than 10-20%, 
which is evidence for the uniformity of the constant magnet- 
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ic field in the films studied. When we measured the constant 
magnetic field near the film using the Hall generator, we 
found that in the magnetic field and temperature range stud- 
ied the constant field is essentially unscreened by the sam- 
ples. It follows from these measurements that the magnetic 
flux pinning is weak, which is typical for YBaCuO at T> 77 
K. The absence of hysteresis when the magnetic field grows 
and decreases also indicates that the pinning is weak. 

The experiments were carried out in a regime linear in 
the amplitude of the alternating magnetic field, i.e., the sig- 
nal magnitude P, in the receiving coil was proportional to 
H, and the shape of the curve P, (H) was independent of 
H,. The amplitude Hj: of the alternating field was ,-- 15 
mOe. The quantity H, consists of two terms: the magnetic 
field H :  created by excitation coils in the sample absence 
and the field H f, created by screening currents in the sample. 
The latter depends on the external constant field H. The field 
H: depends on the form of the constitutive relation between 
the screening current I, and the alternating field, as well as 
on the sample size and shape. For a thin disc of conductivity 
a, per unit area the field H, is given by an integral expres- 
sions and is not reduced to elementary functions. If, how- 
ever, we study small variations of the screening currents I, 
in the constant uniform magnetic field H, the variations of 
H, are proportional to the conductivity variations in the 
field H. In the case of a thin film of conductivity om per unit 
area the variations of H, are proportional to the variations 
of a, : AH, = ahu,  (H) ,  where a is independent of the ex- 
ternal constant magnetic field. In our experiments which are 
conducted at T = 77 K, the changes of AH, in the magnetic 
field were insignificant. Therefore, when we processed our 
experimental data, we assumed AH, a Aa, (H) .  In the case 
of strong variations of AH, (H) observed directly at the su- 
perconducting transition, such an assumption can give rise 
to systematic errors. In the present study, however, this fact 
was disregarded and all the curves were processed with the 
help of the simple relation mentioned above. 

The experiments were carried out on textured YBaCuO 
films with the c axis along the ( 100) direction obtained both 
by laser and magnetron evaporation on ZrO, and MgO sub- 
strates. The resistive superconducting transition tempera- 
tures T, were in the range of 85-91 K. The film thickness 
amounted to 0.3-1 pm. The samples had linear dimensions 
of - 1 0 x  10 mm2. To find the effect of the sample dimen- 
sions on the magnitude and form of the magnetic field de- 
pendence of screening, the sample was cut into isolated 
squares of smaller dimensions either by a diamond needle 
(the square dimensions ranged from 2 mm to 50 p m )  or by 
means of chemical etching (with squares from 1 mm to 5-6 
pm).  

For temperature control the sample was mounted on a 
sapphire rod with a heater at the other end. The temperature 
was controlled by the resistance of a thin copper wire wound 
around the sapphire rod. 

3. EFFECTIVE LOOP MODEL 

In a previous study3 we suggested a model by means of 
which we found the correction to the conductivity of a 
granular superconducting two-dimensional system in mag- 
netic field. The resulting expression gives the form of the 
magnetic field dependence of the conductivity observed in 
the experiments on Y B ~ C U O . ~  In the approach suggested in 

Ref. 3 the screening changed due to changes in the interfer- 
ence contribution to the film conductivity of the "effective" 
superconducting loops containing Josephson links and hav- 
ing a certain maximum length L,  which, in fact, was postu- 
lated and found from experiment. This length turned out to 
be much larger thzn the grain size d .  In this section we pres- 
ent a further development of the approach mentioned above 
and suggest a model in which the maximum loop length L, 
arises in a natural way and turns out to be larger than the size 
of separate grains. 

In granular superconductors of the YBaCuO type the 
critical current is several orders of magnitude smaller than 
that in monocrystals. This is attributed to weak Josephson 
links between grains. On the other hand, if all the intergran- 
ular links were weak, the temperature of the superconduct- 
ing transition would be on the order of the Josephson energy 
E, and much lower than T, in monocrystals. However, the 
temperature of the superconducting transition in granular 
superconductors of the YBaCuO type is close to that in mon- 
ocrystals, which means that there are good superconducting 
links between grains. Thus, we can assume that the granular 
superconductors of the YBaCuO type are systems with a 
very nonuniform distribution of the strength of supercon- 
ducting intergranular links. Consider now such a supercon- 
ductor. 

We assume that the superconducting Josephson link be- 
tween the grains i and j is given by the conductivity a ( i j ) ,  
which depends on a random parameter { with the distribu- 
tion function F({). As shown below, a specific form of F ( f )  
for a highly nonuniform medium does not affect the magnet- 
ic field dependence of the conductivity. For simplicity, we 
assume that the parameter {is uniformly distributed in the 
interval - l o < g < ~ o ( ~ o )  1 ) and theconductivity isgiven by 
the expression9 

Exponentially large variations of the link conductivity can 
arise due to changes in the thickness of dielectric or metallic 
interlayers between different pairs of grains, leading to expo- 
nential changes in a .  We need to find how the conductivity of 
such a nonuniform system is affected by magnetic field. Let g 
be a number in the interval - (o<gg{o and all the links with 
6 ' > 6 be broken. Let the conductivity of the system be ~ ( 6 ) .  
The number 6 gives the probability of an arbitrarily chosen 
link not being broken: 

5 

XCQ = J F ( ~ Y E ~  . ( 2 )  
-50 

Here x(6)  is the concentration of the unbroken links and 
F(6) is thedistribution function ofg, assumed to be uniform: 

From (2)  and ( 3 )  we get 

For { close to - go the concentration x ( { )  is small and un- 
broken links form isolated clusters. The conductivity u(6)  
equals zero. Let g grow. When it reaches a threshold value gc 
for which the concentration x ( l )  equals the percolation 
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threshold x, for the percolation bond problem, an infinite 
cluster is formed. When (increases further from lC to {, + 1 
the conductivity becomes finite and grows according to a 
power law: 

where t > 0. In the interval 6, <(((, + 1 we can neglect 
changes in the conductivity of the connected links. However, 
for further growth of (, i.e., for (> {, + 1, the link conduc- 
tivity becomes exponentially small, and the conductivity of 
the whole system, in spite of the increase in the density of the 
link network, does not change. Thus, the conductivity of the 
system is determined by the critical subnetwork, i.e., by the 
infinite cluster arising for 6 - (, -- 1 .9.10 The conductivity of 
the critical subnetwork is determined by its highest resis- 
tances, i.e., by the critical links of conductivity on the order 
of a, exp( - (= ). The density of the critical subnetwork is 

p = ( x  - x,) B = (1 /to) 8 << 1 , (6)  

where 0 > 0. 
As is well-known," the conductivity of a homogeneous 

(formed by equal resistances) percolation network near the 
percolation threshold grows slower than the density of the 
infinite cluster, i.e., t >p. This means that most of the mass 
of an infinite cluster is in dead ends or in long, and, therefore, 
high-resistance, chains in parallel with short segments of 
cluster chaim9 In the case of a very nonuniform system, 
when ( changes in the interval c, <c<g, + 1, the resulting 
long chains which shunt critical links have almost the same 
conductivity as the latter, i.e., are, in fact, low-resistance. 
This is related to the fact that the probability of two links 
from the interval 6, ((~6, + 1 being on the same shunting 
chain is small in proportion to the parameter a =: l/{, ( 1. '' 
Therefore the chains shunting a critical link almost always 
have only one high-resistance link determining the conduc- 
tivity of these chains. In the case of an arbitrary distribution 
function F( f ) ,  the parameter a is 

4 
a = F ( ~ ~ ) I ~ F ( E ) ~  . 

For a function F(() which has no resonance singularities at 
{-{, and is finite in a sufficiently wide interval of 6 values 
(in the strongly inhomogeneous case this interval is much 
larger than unity) this parameter satisfies a ( 1. The con- 
ductivity of long chains in parallel with a critical link is com- 
parable to the conductivity of the latter and is insensitive (to 
order a)  to the specific form of the distribution function 
F({). 

When a highly nonuniform superconducting system is 
placed in a magnetic field, the shunting chains must substan- 
tially change their conductivity in fields of order @,/S, 
where @, is the flux quantum, and S is the area of the shunt- 
ing loop. For long chains the area S is much larger then the 
area of a single Josephson junction. Consequently, the cor- 
rection to the conductivity of the critical subnetwork con- 
nected with long loops in parallel with a critical link must be 
much more sensitive to the magnetic field than the conduc- 
tivity of a single Josephson junction. In the fields H-@,/S 
we can therefore disregard the changes in F(() and assume 
that the response of the system does not depend on the form 
of the distribution function F(() and is determined by the 
change in the correction related to the shunting loops. This is 
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one of the important differences between the suggested ap- 
proach and other models of the Josephson medium.I2 

Thus, in the case of a strongly inhomogeneous medium 
long shunting chains can determine the magnetic field de- 
pendence of the conductivity. Since a highly nonuniform 
system is essentially at the percolation transition [p ( 1; see 
Eq. (6)] ,  its topological properties must be universal. On 
the other hand, the conductivity of long loops in parallel 
with a critical link is essentially insensitive to the form of the 
distribution function F(6) and is determined by its value at 
{ = (,, which does not change in the fields H-@,/S which 
are important for the correction. We should therefore expect 
that a large group of highly nonuniform superconducting 
systems would exhibit universal behavior in the magnetic 
field. This is also one of the differences between the suggest- 
ed approach and other models of a Josephson m e d i ~ m ~ ~ ~ ' ~  in 
which the magnetic field dependence of the response is de- 
termined by the distribution function F(() and is therefore 
sensitive to the size and position of separate grains, the orien- 
tation of the Josephson transition with respect to the mag- 
netic field, etc. From the standpoint of experiment univer- 
sality should decrease the number of fitting parameters used 
to interpret the experimental results. As shown below, the 
field dependence is given by a single parameter R ,  which is 
the largest size of the shunting loops. 

Let us find the correction to the conductivity of the 
critical subnetwork connected with the chains (loops) 
shunting the critical links. We determine how the loops are 
distributed in length. Let the critical link between the grains 
i and j be at the origin, r = 0, and an additional, shunting, 
link be at an arbitrary point r. Let the system consist of 
grains of size d and assume that an arbitrary chain of the 
infinite cluster has the form of the Brownian particle trajec- 
tory. Let a random trajectory leaving the grain j intersect a 
trajectory leaving the grain i with some probabilityp at each 
step of length d. This probability is proportional to the prob- 
ability for the chain to intersect the critical subnetwork. 
Since, according to ( 6 ) ,  the critical subnetwork density is 
small in comparison with unity, we can assume that the 
probability for an arbitrary chain from the grain j to intersect 
trajectories from the grain i is smal1,p ( 1. The probability of 
a given Brownian trajectory from the grain j not intersecting 
other chains from the grain i and coming to a point r after N, 
steps is 

Dl2  

27t"Nk 
Ir12 P N r) = ( )  exp [- 2d2Nk ) (1 - piNk 

where D is the space dimensionality. The same is true for the 
trajectories from the grain i. The total probability of two 
trajectories from the grains i and j (of length N, and N, 
respectively) intersecting at some point r is equal to the sum 
over r of the products of the probabilities (7) :  
P(i -, j, N = Nk + N,,,) 
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where N is the total length of the trajectory connecting the 
grains i and j. Thus, Eq. (8)  gives the length distribution of 
shunting loops. It is seen that shunting loops of length 
L = Nd > d / p  = L, are exponentially unlikely. This means, 
in fact, that due to the finite density p of the critical sub- 
network~, the intergranular links are shunted by chains that 
are short in comparison with L, ~d /p>d. As calculations 
show, the contribution of shunting trajectories to the con- 
ductivity of a two-dimensional system for a p  < 1 low-density 
critical subnetwork is the most important one; see Eq. (15) 
below. Hence we call these shunting loops effective from the 
point of view of conductivity. 

To find the correction to the critical link conductivity, 
we must sum the contributions of all loops shunting this link. 
As mentioned above, in the limit of a low-density critical 
subnetwork the contribution of shunting loops containing 
more than one critical link can be neglected in the parameter 
I/&,,< 1. We therefore assume that a shunting loop contains 
only one critical link. To find the conductance of the loopX, 
shunting the superconducting junction between the grains i 
and j we determine the current I,, flowing in this loop. Let an 
alternating voltage U, = U,, exp(iwt) from an external gen- 
erator be applied to the points i and j. The phase difference 
p,, of the order parameter near the generator outlets i and j 
oscillates at a frequency w: 

Let the loop X, enclose the magnetic flux Qk . For the phase 
difference at the Josephson junction in the loop Xk we get 

Here we have assumed that the current in the loop Xk is 
small and the distance between i and j is much shorter than 
the length of the loop X, . The current I, flowing in the loop 
Xk is 

where Ij is the critical Josephson current. The current I, at 
the frequency w in the linear in U, regime is 

Thus, the correction to the critical link conductivity due to 
the shunting loops changes in the magnetic field as follows: 

(60) = (x [O(Xk. H, - O(Xk, O)]) 
xk 

= 2iq'l,){c cos - 
xk [ (2) -11 , .  

The brackets mean averages over realizations. Since the Jo- 
sephson junction area is much smaller than the area enclosed 
by the loop X, , we neglect the changes in I, in the magnetic 
field. 

The area enclosed by the loop X, is proportional to the 
square of the loop dimension, Sk oc R :. If the loops have the 
Brownian shape, then the size of the loop X, consisting of 
Nk grains is proportional to N :/2. Thus, we have S, = 0Nk.  
To estimate the constant fi we set N = 4 and consider grains 

in the form of discs of diameter d in the vertices of a square of 
side length d. Then0 = ( d  /4) '. For other configurations we 
find similar expressions. In what follows we will use this 
value of B. For the magnetic field flux through the loop Xk 
we have the following expression: 

As comparison with experimental results shows, the 
thickness of the films we studied is much less than the great- 
est length L, of the shunting loops. Therefore we find the 
correction to the conductivity in the two-dimensional case. 
Substituting ( 13)  into ( 12) and using (8),  we have for the 
magnetic field variation of the average, in realizations, cor- 
rection to the critical link conductivity ( D  = 2) : 

-F AJ [COS((LXX) - 11 exp (14) 
0 

where A = e i ( I J ) / k  and a = v d  /8Q, are constants. In de- 
riving Eq. (14) we multiplied the probability density 
P(i-j,Nk ) by anormalizationfactor v d  2.  We thus allow for 
the fact that the trajectory should come back not to the point 
r = 0, but to the region whose area is of order d *. 

The resistivity of a square network of equal resistances 
is equal to the resistance of a single element. In our case, 
small variations of the conductivity per square of a two-di- 
mensional cluster are proportional to small variations of the 
average conductivity of cluster critical links in the magnetic 
field. Hence the right-hand side of Eq. ( 14) is proportional 
to small variations of the film conductivity Suu (H) in the 
magnetic field. For aHL, < 1 the cosine in the integrand 
(14) can be expanded in powers of H. It is seen that 
8u(H)  a H as H-+ 0. For large values ofH the upper limit of 
the integral ( 14) can be replaced by l/aH. As H- co we 
have Su(H)  a In H. For H = 0 the correction to the critical 
link conductivity connected with the shunting loops is 

It is seen that the contribution of the loops in parallel with 
critical links determines the conductivity of critical regions 
belonging to the critical subnetwork. 

Since the shape of the shunting loops is Brownian, their 
greatest size is R, = (L,d) ' I 2 .  

4. RESULTSAND DISCUSSION 

Screening in magnetic field versus sample dimensions 

As has already been noted, the variation of the screen- 
ing signal AP, in the magnetic field H i s  proportional to the 
variation of the magnitude of an alternating current I, in- 
duced by the field H, . In terms the model considered in Sec. 
3 this means that AP, = Po, (H) - P,, (0)  is proportional to 
the field variation of the correction to the film conductivity 
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uY, arb. units 

FIG. 1 .  Magnetic field dependence of the screening for a 
YBaCuO film (T, = 85 K, magnetron evaporation, H, = 20 
mOe, o / 2 ~  = 10 kHz, and T = 77 K ) .  Curve I: the whole sam- 
ple; curve 2: sample divided into 6 X 6pm2 squares. Solid curves: 
approximation by Eq. ( 14). 

connected with superconducting loops with weak links: 
AP, a Sa, (H). The function So, (H) is determined, ac- 
cording to ( 14), by the greatest dimensions R, of the effec- 
tive loops. Comparing the experimental curves P, (H) with 
Eq. ( 14), we can find R,. If R, changes under external 
forces, so does the function P, (H) .  One of the direct tech- 
niques for changing R, is dividing the sample into smaller 
and smaller parts. When the dimensions of the separate parts 
are much larger than R,, the latter does not change. When 
the dimensions become comparable to R,, its value starts 
changing, which leads to changes in the characteristic scale 
length of the function P, (H). 

Figure 1 shows plots of magnetic field screening versus 
magnetic field for an intact sample (curve 1) and a sample 
divided into separate squares with sides of length about 6 
pm. The solid curves are the result of approximation by 
means of Eq. ( 14). It is seen that when the sample is divided 
into small separate squares, the screening differs from that in 
the undivided sample. In Fig. 2 the size R, is plotted against 
the size of separate parts (R, = R, for the undivided sam- 
ple). It is seen that when the square size is larger than R,, R, 
changes only slightly. The change (decrease) becomes sig- 
nificant, when the dimensions of separate parts are on the 

FIG. 2. R dependence of the maximum loop size R,, when the sample is 
divided into squares of side length 2R. Solid curve: Eq. (16) without 
fitting parameters (R,, = R ,  for the undivided sample) different points 
correspond to different YBaCuO samples; T = 77 K. 

order of R,. To estimate how the size R, should change, 
when the sample is divided into separate parts, we multiply 
the integrand in (14) by an additional cutoff factor, 
exp( - x/LR ), which allows for loops X,  whose length is at 
most LR . The length L,  is chosen in such a way that the size 
ofa Brownian trajectory of length L, is equal to the size R of 
sample's separate parts, LR = R 2/d. Then the greatest size 
of effective loops follows from ( 14) : 

The dependence ( 16) corresponds to the solid curve plotted 
without fitting parameters in Fig. 2. The size R, found from 
experimental data processing is, as a rule, several times larg- 
er than the mean microcrystal size found by means of an 
electron microscope. A similar pattern is observed in other 
inhomogeneous superconducting sy~ tems . ' ~ . ' ~  

Let us now compare the response AP, found in our 
model and in the model of independent loops2 with experi- 
mental results. Consider the behavior of 
AP, = P, ( H )  - P, (0) when the sample is divided into 
separate parts. According to the independent loop model,2 
the signal AP, (H)  is proportional to the variation of the 
sum of the magnetic moments of independent loops in the 
magnetic field. When the sample is divided into parts of size 
R, the number of such loops does not change if R > R,. 
Therefore the field-induced variation of the total magnetic 
moment of a set of independent loops should not change 
either. This conclusion disagrees with the experiment. 

According to our model, the resulting signal AP, (H) is 
determined by conductivity variations and is therefore sensi- 
tive to the distribution and magnitude of the superconduct- 
ing current in the sample. The signal AP, (H) is proportion- 
al to the magnitude of the screening current I,. According 
to the Maxwell equations, the current I, is proportional to 
the sample dimensions R. Therefore we have AP, (H) a R. 
In the experiment the signal AP, (H) was approximately 
proportional to the dimensions of separate parts and de- 
creased by several orders of magnitude, when the sample was 
divided (Fig. 3).  This clearly indicates that, in spite of a 
certain similarity between the approaches of Refs. 2 and 3, 
the latter gives a more adequate relation between the mag- 
netic field and conductivity in YBaCuO. 
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f lu (H) ,  arb. units 

FIG. 3. Field-induced changes in the screening, AP,,, (H) 
= P,, ( H )  - P,, ( O ) ,  versus the size 2 R  of separate sample pieces; differ- 

ent points correspond to different YBaCuO samples; T = 77 K. 

Temperature dependence of screening in magnetic field 

In Fig. 4 we have plotted the signal P, in the receiving 
coil at the frequency of 100 kHz versus the magnetic field H 
for different temperatures. Approximating each curve by 
Eq. ( 14), we find the temperature dependence of the greatest 
size R ,  of effective loops. This dependence for a YBaCuO 
film produced by laser evaporation is shown in Fig. 5. It is 
seen that, as T -  T,, the maximum size R ,  of the effective 
loops grows. A similar behavior is observed in other 
YBaCuO films. We believe that this can be attributed to the 
decrease in the density p of the superconducting cluster 
(critical subnetwork) as T- T,,  which reduces the proba- 
bility of trajectory intersection (pccp) and, as a conse- 

quence, increases the maximum size of the shunting loops: 
L, = d/pcc l/pas T-T, .  

This dependence R ,  (T)  disagrees with the results of 
our brief report,'' where we argued that R,  is temperature- 
independent. In Ref. 16 the experimental curves were pro- 
cessed under the assumption that the constant magnetic field 
component normal to the film is screened in the same way as 
the alternating field H,.  As further studies showed, this as- 
sumption is not valid. 

Correction to the critical current in the effective loop model 

According to the model presented above, the supercon- 
ducting loops Xk shunt critical links of the superconducting 
cluster, giving rise to the increase in conductivity at a fre- 
quency w as well as to the changes in the current-carrying 
ability at zero frequency. The critical superconducting cur- 
rent I, increases when the shunting superconducting loops 
are connected, since extra channels for current transport 
arise. Evidently, when the critical current in all the elements 
of the superconducting cluster increases, so does the critical 
current density J,  of the sample. 

Let the loop Xk shunt the critical link of the supercon- 
ducting cluster between the grains i and j and let a constant 
phase difference p,, corresponding to the critical link cur- 
rent I :  be given between these grains. The phase difference 
at the Josephson junction of the loop XL is defined by (9).  
Substituting (9)  into ( lo),  we have for the current through 
the loop Xk : 

pa, arb. units 

I C 

FIG. 4. H magnetic field dependence of P,, screening in a YBaCuO film 
for different temperatures; H,,, = 20 mOe, d 2 . n  = 100 kHz, T, = 91 K; 
laser evaporation. 

Ik = I, [sin pij C O S ( ~ Q , ~ / @ ~ )  + cos pij sin(2~c@~lQ,~)] . ( 17) 

To find the total correction to the current, we need to 
sum the currents in all loops X ,  in parallel with the critical 
link. When we average over realizations, we have to bear in 
mind that the loop Xk can, with equal probability, be on 
either side of the chain containing the critical link. This 
causes the loop to be traversed in the opposite direction and, 
consequently, reverses the sign of the magnetic flux en- 
closed by this loop. Therefore averaging causes the second 
term in the right-hand side of Eq. ( 17) to vanish. Thus, ac- 
cording to ( 17), the average critical current changes by 

FIG. 5 .  Temperature dependence of the maximum effective loop size R, 
for a YBaCuO film obtained by laser evaporation; o/2r = 100 kHz. 
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JJ,, arb, units 
., 

4 - 

0 1 2 H ,  arb. units 
I I 

arb. units 

FIG. 6. Critical current density variation SJ, = J, ( 0 )  - J, ( H )  versus 
magnetic field H. Solid curve: results reported in Ref. 13; dashed curve: 
the effective loop model [Eq. ( 19) 1. 

Using the same reasoning as above, when we derived Eq. 
( 14), we find for the field-induced changes in the correction 
to the critical current density connected with the supercon- 
ducting loops Xk : 

- 
dx 

= CJ [I  - m s ( a ~ x ) ]  exp (- t) - X '  (19) 
0 

where C is a field-independent constant. The relation 
SJ, (H) is the same as for the correction to the conductivity 
( 14). We have compared ( 19) with the experimental results 
of Ref. 13 (see Fig. 6).  

Note the difference between the effective-loop model 
and other weak-link models used to account for the magnetic 
field dependence of the critical current (see, e.g., Refs. 12 
and 13). For one thing, they differ in the scales of magnetic 
fields affecting the critical current. In the model considered 
in Ref. 13 this scale is H = @,/d 2, while in the effective loop 
model it is H = @ g / d  ' and for p 4 1 is much smaller. The 
important consequence of our approach is that Eqs. (14) 
and ( 19) do not depend on the details of the granular system 
(i.e., on the distribution of grains in size and shape, their 
location, the strength of intergranular links, etc.). 

5. CONCLUSION 

Using a model of a highly nonuniform superconducting 
medium we have found field-induced changes in the conduc- 
tivity at frequency w and the critical current of a granular 
superconductor. These changes are related to the changes in 
the correction to the conductivity of the granular supercon- 
ductor connected with superconducting loops in parallel 

with critical links. The greatest size R ,  of the shunting loops 
is inversely proportional to the critical subnetwork density 
p, and for a strongly inhomogeneous system is much larger 
than the grain size. The magnetic field dependence of the 
conductivity and critical current does not change with sam- 
ple microstructure and is completely determined by the size 

R, .  
By dividing the sample into smaller and smaller pieces 

we have obtained direct evidence for the existence of effec- 
tive loops and measured their maximum size R , .  In accor- 
dance with the model suggested, the changes in the screening 
in films divided into separate pieces in the magnetic field are 
proportional to the dimensions of the separate pieces. 

When the sample temperature approaches the super- 
conducting transition temperature the size R ,  grows, which 
is related to the decreasing density of the superconducting 
critical subnetwork as T- T, . 

The magnetic field dependence of the critical current 
found in the effective loop model agrees with experimental 
results on YBaCuO reported in Ref. 13. 
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and the probability of two weak links in succession can be ignored. 
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