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In order to investigate the crossover from a homogeneous behavior to an inhomogeneous(percolative) one,
the temperatureT and magnetic fieldH dependence of the sheet resistanceRh have been measured for
two-dimensional granular aluminum films. Fitting the theory to data on magnetoconductance nearTC with use
of the diffusion constantDsTd as a fitting parameter, we have obtained the anomalousT-dependent diffusion
constantD. FromDsTd, the electron diffusion indexu, a certain critical exponent in the percolation theory, has
been obtained. In the relationRh−u, the value ofu varies abruptly near 1.5 kV. This behavior suggests the
abovementioned crossover is similar to our previous results determined from theT dependence of the upper
critical magnetic field. For percolative films atH=5 T, we have found the strongRh dependence of the
prefactoraT in the expressions=faTe2/ s2p2"dgln T+s0. The relationaT~1/Rh can be explained qualita-
tively by a model of scaling law for percolation.
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I. INTRODUCTION

Superconductor-insulator mixtures and granular supercon-
ductors have been widely investigated in order to clarify the
interplay among percolation, Anderson localization, and su-
perconductivity. Especially, transport properties of two-
dimensional(2D) granular superconducting films near the
superconducting transition temperatureTC have been very
interesting from the viewpoint of the superconductor-
insulator transition(SIT). Morphology in the specimens, that
is, the granularity on the size of grains, connectedness, and
the intergrain spacing depend on the preparation method.
When the films are produced by quench condensation onto
cold substrates, we may obtain disorder on atomic or meso-
scopic scales. In these films near percolation threshold, the
SIT has mainly been discussed.1–3 On the other hand, when
the films are made by evaporation onto room temperature or
heated substrates, we obtain granular films with large clus-
ters of macroscopic scale. For these films, homogeneous-
inhomogeneous crossover in granular superconductors has
been investigated by using percolation models.4–6

For homogeneous dirty superconductors, the supercon-
ducting correlation lengthjS is simply given byj S

2=DtGL,
where D and tGL are the diffusion constant and the
Gintzburg-Landau relaxation timetGL=p" / h8kBuTC−Tuj, re-
spectively. However, electron diffusion in percolative super-
conductors is different from that in homogeneous ones. Here,
percolative superconductors can be characterized by the con-

dition jP.j̄S, wherejP andj̄S are the percolation correlation
length and the effective superconducting correlation length,
respectively. It is known that the diffusion constantD has an
anomalous scale dependenceDsLd~L−u, whereu<0.9 is the

diffusion index.7,8 From the relationj̄ S
2=Dsj̄SdtGL, we obtain

j̄S~tGL
1/s2+ud~ uTC−Tu−1/s2+ud. As a result of anomalous

T-dependentD, the value of the upper critical magnetic field

HC2 nearTC for the case ofjP.j̄S is expected to show the

anomalous temperature dependence9 HC2~1/j̄ S
2

=1/fDsj̄SdtGLg=s1−T/TCd2/s2+ud. This power-law relation

betweenHC2 andT at temperaturesT,TC nearTC had been
observed in three-dimensional(3D) In-Ge, Al-Ge,10 and 2D
Pb.11

We have investigatedHC2sTd in 2D granular Al films in
the previous work.4 The indexu increases steeply near char-
acteristic sheet resistanceR* <1.5 kV and approaches<0.9
with increase ofRh. In films with Rh.R* , the excess con-
ductances8 due to superconducting fluctuations decreases
drastically as compared with that estimated from theories for
homogeneous films. These increments and decrements can
be explained qualitatively by the model based on the scaling
law of percolation. We will extend the idea of the percolation
model, in order to examine the effects on the weak localiza-
tion and the magnetoconductanceDs at T.TC. A prelimi-
nary result of someDs data was given in Ref. 5.

The formula forDs in homogeneous dirty superconduct-
ors is given by the theory including the diffusion constantD.
Therefore, the temperature dependence ofD can also be di-
rectly investigated by the analysis ofDs nearTC. We expect
that DsTd shows the same anomalous temperature depen-
dence as that determined from the analysis ofHC2sTd be-
cause of the symmetrical temperature dependence oftGLsTd
with respect toTC.

As temperature decreases, the interference of a single
electron wave scattered by random potentials is enhanced
and brings the precursor effect on lnT dependence of the
sheet conductance ass=faTe2/ s2p2"dgln T+s0. It has been
reported that the weak localization effect in percolative films
is weaker than that expected from the theory for homoge-
neous films.12,13 In the networks with loops larger than the
phase relaxation lengthLin, the interference effect is sup-
pressed. It is considered thataT decreases with increasingjP
beyondLin.

14,15However, disorder dependence of the prefac-
tor aT has not been studied well.

In this paper, report the experimental data for crossovers
from a homogeneous behavior to percolative one in the dif-
fusion constant and the electron localization effect. From the
experimental data onDsTd determined by the analysis of the
magnetoconductance nearTC, we will discuss theRh depen-
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dence of diffusion indexu. As a reason for good correlation
of superconducting properties withRh, we will discuss the
effect of quantum percolation in the present superconducting
granular films.

II. THEORETICAL BACKGROUND

First, theories for homogeneous 2D films will be ex-
plained. Then we will show theories for percolative films.

According to theories for weak electron localization13 and
Coulomb interaction effects,12 temperature dependence of
conductance due to quantum corrections in normal metallic
films is given by

s8 = fs1 − Fd + pg
e2

2p2"
ln T = saT,I + aT,Ld

e2

2p2"
ln T

= aT
e2

2p2"
ln T. s1d

Here s1−Fd is a screening term which goes to zerosF
=1d in the limit for the short-range interaction and goes to 1
sF=0d in the limit for long-range interaction;p is the expo-
nent of the temperature term in the inelastic scattering rate
1/tin~TP. Even in superconducting films,s8 can be ex-
pressed by Eq.(1) under high magnetic fields which can
suppress superconductivity. In the low-temperature region,
inelastic scattering is mainly due to electron-electron(e-e)
processes. For the films whose thermal lengthtT is longer
than the film thicknessstT=Î"D /kBT.dd, the inelastic scat-
tering rate due to e-e processes has been calculated by
Al’tschuler et al.16 and Fukuyama and Abrahams17 as fol-
lows:

1/tee=
kBT

"

e2

2p2"
RhlnS p"

e2Rh

D . s2d

There are two contributions of superconducting fluctua-
tions to the conductance of thing films aboveTC. The first is
the Aslamazov-Larkin contributionsAL8 =e2/ s16"hd, where
h=lnsT/TCd.18 The second is the Maki-Thomson contribu-
tion sMT8 .19,20 The improved expression by Reizer21 is given
by sMT8 =fe2/ s2p"b2

1/2dgflns1+B2d+2B2lns1+1/B2dg, where
b2=f4e2/ s3p"dgRh

N , andB2=pb2
1/2/ s8hd, andRh

N is the sheet
resistance at the normal state. Thus, the temperature depen-
dence ofRh in 2D superconductors is given by

1/Rh = 1/Rh
N + sAL8 sT,TCd + sMT8 sT,TC,Rh

Nd

+ faTe2/s2p2"dglnsT/T0d. s3d

MagnetoconductanceDs is defined as DssT,Hd
=ssT,Hd−ssT,0d. The Ds in 2D dirty superconductors is
given by the sum of superconducting fluctuations(AL and
MT) and localization termsDssT,Hd=DsAL +DsML +DsL.
TheDsAL was calculated by Abrahams and Tsuneto22 as fol-
lows:

DsALsH,Td = −
e2

16"h
s1 − gALd, s4d

where

gAL = 2S 2h

l0a
D2Fl0a

2h
+ CS1

2
+

h

l0a
D − CS1 +

h

l0a
DG ,

C is the digamma function, l0=p" /8kBT, and a
=4eDH/c".

DsMT was calculated by Lopes dos Santos and
Abrahams23 as follows:

DsMT = −
e2

2p2"
bsh,tindFYstinad − YSl0

h
aDG , s5d

where Ysxd is given by Ysxd=lnsxd+Csxd. When h!1,
bsh ,tind is given by bsh ,tind=sp2/4dfh−p" / s8kBTtindg.
The DsL is shown as follows:24

DsL =
e2

2p2"
F3

2
Yst1ad −

1

2
YstinadG , s6d

where 1/t1=1/tin+4/s3tSOd and tSO is the spin-orbit scat-
tering time.

The electron-diffusion problem in percolative specimens
is treated as a random walk on the random network.7 We
consider first a particle which has started on the infinite clus-
ter, at one point 0, and moves during timet by a distance
rstd. In the macroscopic limit, whenr @jP, kr2stdl=2Dt is
expected, whereD is a certain diffusion constant for a par-
ticle. On the other hand, if aa, rstd,jP is satisfied, then
self-similarity implies that kr2stdl~ t2/s2+ud, where a is a
length of the order of the typical grain size. When a scale
dependent diffusion coefficient is defined askr2stdl=Dsrdt,
the relationDsrd~ r−u is satisfied at the conditiona, r ,jP.
This equation will be the starting point of our following dis-
cussion on granular superconductors.

For percolative superconducting films, the value ofD in
the expressions(4)–(6) for Ds due to quantum corrections
aboveTC is not constant but determined on the length range

j̄S as mentioned in the Introduction. Therefore, we can con-

sider that the value ofDsj̄Sd depends onT in the region

j̄S,jP as follows:

Dsj̄Sd ~ tGL
−u/s2+ud ~ u1 − T/TCuu/s2+ud. s7d

A model for weak localization phenomena in 2D percola-
tion networks was proposed by Palevski and Deutscher.14

Within the framework of their model, the percolation net-
work can be divided into two basic parts, ifjP@ sLin ,wd (w
indicates the width of the channel). One part, on the scale of
Lin>fDsLindting1/2, consists of many loops of different radii
smaller than that of the order ofLin. The other is the rest of
the network which on this scale does not contain loops
smaller thanLin. The first part can be regarded as a 2D sys-
tem with an average sheet resistanceRsLind on the scaleLin.
Since the second term becomes negligible, they obtained fol-
lowing relation:

aT,L
inhomo=

RsLind
Rh

aT,L
homo, s8d

whereaT,L
homo andaT,L

inhomo are the coefficient of lnsTd term in
Eq. (1) due to weak localization in homogeneous and inho-
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mogeneous films, respectively. It can be considered that the
measured sheet resistanceRh of a high resistive film in the
percolative region is determined mainly by the change of a
coupling strength between grains and depends strongly on
the strength. Therefore, it is considered that the lengthLin
can be regarded as almost constant for high resistance films
and we obtain following relation:

RsLind
Rh

= H1 sjP , Lind
~ 1/Rh sjP @ Lind.

s9d

According to percolation theories, the resistance of dis-
continuous films varies asR~ sp−pCd−m, when ps.pCd
→pC, wherep, pC, andm are the film coverage, the critical
coverage, and the critical conductance exponent, respec-
tively. Since the percolation correlation length diverges as
jP~ up−pCu−n, the variation of the dc resistance can be ex-
pressed in terms ofjP asjP~Rn/m.

III. SAMPLE PREPARATIONS

Aluminum films were made by deposition onto glass sub-
strates patterned by photolithography. We prepared films in
wide ranges ofd andRh using two different methods.

(1) The single-layer method, aluminum was evaporated
in a pressure 1310−5–3310−4 mb with a deposition rate
0.5–1 Å/s. Except for one 190-Å-thick film, the range of
thickness is from 60 to 100 Å.

(2) The multilayer method[almost the same method as
that for Film of Oxidized Metal Particles(FOMP) (Ref. 25)].
After deposition of 30–40 Å Al film in a pressure 1
310−5–3310−5 mb with a deposition rate,2 Å/s, an Al
film was oxidized in 2.0310−4 mb for 1 min. We repeated
this process four times. The range of total thickness is from
120 to 180 Å. By this method, we can prepare sufficiently
thick but high resistive films.

We connected a personal computer with the thickness
monitor of a quartz crystal oscillator and the digital voltme-
ter. We recordedin situ the resistanceRsdd during deposition.
It has been found that the relationRsdd~ sd−dCd−m, m
=1.2–1.3 is satisfied in the ranged−dC,30 Å, which is
explained by the percolation model. The value ofdC depends
on deposition conditions. We have mentioned details of mea-
surement method andd dependence ofRh.4 According to the
TEM micrograph of thin Al-Al2O3 film taken by Laibowitz
et al.,26 clusters of Al-Al2O3 films have a labyrinthlike struc-
ture.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Magnetoconductance aboveTC

The clusters in percolative films are discontinuous. The
only maximum cluster expands from end to end. The maxi-
mum cluster has multifractal geometry. Because the dimen-
sion of the maximum is an intermediate value between 1 and
2 in the scalesL,jPd, the electron diffusion is weaker than
that of two-dimensional film. AsT approachesTC, extending

of j̄S is shorter than that of homogeneous 2D films andDsj̄Sd
is suppressed. It is considered thatDsj̄Sd aboveTC depends
on T similarly to that belowTC.

We measured the resistance of films aboveTC in the mag-
netic field regionHø5 T. Figure 1 shows theH dependence
of magnetoconductance at various temperatures for a typical
inhomogeneous film. For analyses ofDs with the sum of
quantum correction terms due to fluctuation and weak local-
ization effects, we first fit Eq.(3) to data onRhsTd usingaT

and TC as fitting parameters. The inset in Fig. 1 shows the
experimental data onRhsTd, where the line is the theoretical
curve(3). Secondly, we analyzedDs using this value ofTC.
We fit the sum of Eqs.(4)–(6) to data usingD as a fitting
parameter, where the inelastic scattering timetin is calculated
from Eq. (2) andtSO is assumed to be very small compared
with tin at the investigated low temperatures asT,5 K. The
lines in Fig. 1 show the theoretical ones obtained from the
above procedure. At low magnetic fields, the relationDs
~H2 is satisfied as expected from theories.

Figure 2 shows temperature dependence ofD for films
near the crossover region. In the relatively high-temperature
regions, the value ofD decreases asT decreases. We fit Eq.
(7) to data in these regions, regardingu as a fitting parameter.
For the film with the lowest resistance in Fig. 2, the value of
D is almost constant in the wide temperature region nearTC.

FIG. 1. TheH dependence of the magnetoconductanceDs for
multilayer films with Rh

N =3750V at various temperatures. The
lines are the best fit of the sum of Eqs.(4)–(6) to the data using
DsTd as a fitting parameter at each temperature. The inset shows the
temperature dependence orRh. We obtained theTC=1.81 K by
fitting Eq. (3) (solid line in the inset) to the experimental data.

FIG. 2. ThesT−TCd /TC dependence of the diffusion constantD.
The solid lines show the well-known homogenous behaviorjP,jS.
The broken lines are fitted by Eq.(7) usingu as a fitting parameter.
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This behavior is the same as that of homogeneous 2D films.
For films with larger value ofRh, it is clear that the cross-
over occurs from the region withT-independentD to that
with T-dependentD. This crossover suggests that the inho-

mogeneous behaviorsj̄S,jPd changes to the homogeneous

behaviorsj̄S.jPd asT approachesTC and the lengthj̄S in-
creases. Although the temperature corresponding to each
crossover does not vary systematically with increases ofRh,
such crossover behavior is reasonable because the lengthjP

increases and the temperature region withj̄S.jP decreases
as the resistanceRh increases.

On the other hand, the value ofD below TC is obtained
from data on HC2 using the relation D=4cKB/
spedfHC2sTd / sTC−Tdg−1. In the R-T curve at a constantH,
TCsHd was defined as a temperature at which half ofRh

N was
restored.4 We had noted that we obtain the similar power law
HC2-T relation for percolative films by the use of different
criterion TCsHd. Strictly speaking, however, theHC2-T rela-
tion, namely, the temperature dependence ofHC2 near TC
seems to depend on this criterion. This means that there is
some ambiguity in the data onDsTd at temperatures very
nearTC. Actually, in theHC2-T analysis, we could not ob-
serve an evident crossover as shown in Fig. 2. On the con-
trary, for the analysis of magnetoconductance, we can obtain
reliable temperature dependence ofD by the use of the only
value of TC at zero magnetic field. Therefore, theDsTd in
Fig. 2 indicates the crossover from the inhomogeneous to
homogeneous region.

Figure 3 show theRh dependence ofu. The open and
closed marks show the data obtained from analyses ofHC2
andDs, respectively. The inset shows the typical experimen-
tal data onHC2-T. We obtainedu from fitting the relation
HC2~ s1−T/TCd2/s2+ud to experimental data. The values ofu
are nearly 0 for films with smaller than 1.5 kV. This means
the scale-independentD for films in the homogeneous re-

gion, where the conditionj̄S.jP is satisfied. AsRh in-
creases, indexu deviates near 1–2 kV from the solid line
u=0 for the homogeneous system. The values ofu in the
high Rh region are close to that estimated from the classical

percolation model as shown by the dotted line. TheRh de-
pendence of indexu determined from the analysis ofDs is
almost the same as that obtained from the analysis ofHC2sTd
shown by different marks. Some properties of typical films
are listed in Table I.

B. Electron weak localization

Figure 4 shows temperature dependence of the sheet con-
ductances for various multilayer films atH=5 T. Behaviors
of single-layer films are discussed in the following section.
The conductance of the present films shows the lnT depen-
dence and superconductivity seems to disappear at measured
temperatures. The data for films with the lowest value of
conductance show some deviation from the lnT dependence.
However, it cannot be considered that these films are in the
strong electron localization regime, because the temperature
dependence does not show the relationR~e1/kBT expected for
the strong localization. By fitting Eq.(1) to data on
s vs ln T, we determined the coefficientaT.

Figure 5 shows theRh dependence ofaT. The value ofaT
is almost the constant value=2 for relatively clean films.
This value is reasonable, if we take account of the sum of
two contributions of weak localizationsp=1d with inelastic

FIG. 3. TheRh dependence ofu. The horizontal axisRh means
Rh

N . The closed and open marks showu obtained from the analysis
of Ds aboveTC and analysis ofHC2sTd belowTC, respectively. The
solid and dotted lines show the values ofu for homogeneous and
percolative films, respectively. The inset shows the typical data of
HC2−T. We obtainedu=0.77 fitting the equationHC2sTd=HC2

0 s1
−T/TCd2/s2+ud to the experimental data.

TABLE I. The properties of typical films.Nlayer is number of
layers. The value ofTC was determined from fitting Eq.(3) to the
data.u1 andu2 are obtained from analyses ofHC2 andDs, respec-
tively. aT is coefficient of lnT in Fig. 4.

Rh
N sVd Nlayer d sÅd TC sKd u1 u2 aT

14570 1 57 1.54 0.95 1.28 0.45

3750 4 155 1.81 0.77 0.86 2.01

1770 4 145 1.99 0.48 0.17 2.15

1540 4 131 1.97 20.09 0.25 1.92

737 1 75 2.17 20.02 0.11 1.79

FIG. 4. Temperature dependence of the sheet conductance for
various films atH=5 T. The values ofs of the present films show
the lnsTd dependence and indication of superconductivity cannot be
observed.
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scattering rate due to e-e scattering and Coulomb anomaly
sF=0d in Eq. (1). The value ofaT decreases whenRh in-
creases beyond 6–8 kV. This decrease cannot be explained
by the theories of the weak localization and the Coulomb
anomaly for the 2D homogeneous system. We consider that
this behavior is due to a crossover from homogeneous to
inhomogeneous films. For the purpose of the explanation of
the aT−Rh relation, we apply the percolation model14 for
weak localization phenomena in 2D percolation networks to
the present data. The fact that the value ofaT is below unity
indicates that percolation reduces not only weak localization
but also Coulomb anomaly effects. However, there is no the-
oretical prediction for the percolation effect on the Coulomb
anomaly. Assuming that the effect on the coefficients1−Fd
in Eq. (1) due to the Coulomb anomaly is similar to weak
localization effects, we obtain the relationaT~1/RhsjP

@Lind from Eq. (8), which is shown by the solid line in Fig.
5. For clarifying the crossover in theaT−Rh relation and
also the effect of percolation on the Coulomb anomaly, not
only theoretical investigations but also detailed experimental
studies of temperature and magnetic field dependence of
dirty films are necessary.

C. The Rh and d dependence of transport properties

We mentioned that the crossover from homogeneous to
inhomogeneous films occurs asRh increases, where we as-
sumed the following relationjP~Rh

n/m. We prepared the films
whoseRh was almost the same but thickness was different.
In Figs. 6(a)–6sd8d, we show thed andRh dependence ofu,
HC2, TC, andaT, in order to clear the relevant scaling param-
eter. For data onu, we showed the result from the analysis of
HC2sTd=HC2

0 s1−T/TCd2/s2+ud at temperatures belowTC. The
closed and open marks show data for the multilayer films
whose thickness is thicker than 100 Å and data for the
single-layer films whose thickness is thinner than 100 Å, re-
spectively. By the single-layer method, we obtained excep-
tionally a thick films whose sheet resistance is relatively
high: The data are shown by triangular marksmd. The mark
sjd shows the data for films that consist of ten layers.

Figures 6(a)–6(d) showd dependence of those properties.
Values ofu, HC2, TC, andaT for single-layer films seem to
correlate withd. If it is assumed that the coveragep is re-
lated tod, this behavior is reasonable. However, the data for
the thick single-layer film and multilayer films deviate from
such behaviors. It means that these values do not depend on
d. On the other hand, as known from Fig. 6sa8d, it is found
that there is no remarkable difference inu−Rh relation
among multilayer films, single-layer films, and even excep-
tional thick single-layer films. As shown in Figs. 6sb8d and 6
sc8d, the superconducting properties, not onlyu but alsoHC2

0

in the expression ofHC2sTd=HC2
0 s1−T/TCd2s2+ud and TC,

show good correlation withRh.4

As a reason for correlations of superconducting properties
with Rh, following quantum percolation model may be con-
sidered. We regard the present granular films as random net-

FIG. 5. TheRh dependence ofaT. The value of horizontal axis
Rh is defined atT=30 K. Values ofaT were determined using Eq.
(1) from data in Fig. 4 at temperatures 10 K,T,30 K. The dotted
line shows thataT is independent ofRh for the casejP,Lin. The
solid line shows the relationaT~1/Rh, which is suggested from
Eq. (8).

FIG. 6. d dependences ofu, HC2
0 , TC, andaT are shown in(a),

(b), (c), and (d), respectively.Rh dependences of those properties
are shown insa8d, sb8d, sc8d, and sd8d. The horizontal axisRh in
sa8d, sb8d, sc8d, andsd8d meansRh

N . In sd8d the value of horizontal
axisRh is defined atT=30 K. The closedsPd and openssd marks
show the data for the multilayer and single-layer films, respectively.
The smd and sjd show the data for a thick single-layer and ten-
layer films, respectively.
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works which consist of grains bound by junctions whose
normal tunneling resistanceRN

micro varies in place to
place.,. Theories point out that in such a junction with
RN

micro, the phase coherence between two constituent super-
conductors atT=0 can establish only whenRN

micro is smaller
than h/4e2. When such circumstances can be allowed at fi-
nite temperatures, it can be considered that there are both
Josephson junction and non-Josephson juction in a film. This
indicates that the effective percolation coverage, that is, the
effectivejP in superconductingfilms depends on the ratio of
the number of Josephson junctions to that of all. Taking into
account that this ratio depends on the macroscopicRh, it is
reasonable that superconducting parameters correlate to the
macroscopicRh. For further investigations of the quantum
percolation, not only experimental but also theoretical de-
tailed studies are necessary.

Figure 6sd8d showsRh dependence ofaT. It is found that
there is a remarkable difference ofaT between two kinds of
films. The value ofaT in single-layer films seems to decrease
when theRh increases beyond 1–2 kV. Thick single-layer
films show the same behavior as that of multilayer films. It
seems that the crossover resistance of single-layer films is
smaller than that of multilayer films. It is deduced in the
framework of a classical percolation model thataT is a func-
tion of d becausejP is longer in thinner films. However,
Figs. 6(d) and 6sd8d show thataT is a function of neither
thicknessd nor sheet resistanceRh. In order to examine
whetheraT depends on the number of layers, we made the
films which consist of ten layers. The data are shown by
closed square marks in Figs. 6(d) and 6sd8d. It is shown that
aT is not determined by the number of layers. At the present
stage, we have no explanation for this difference ofaT be-
tween single-layer and multilayer films.

V. CONCLUSION

For clarifying the crossover from homogeneous to perco-
lative behaviors, we have investigated the superconducting
and electron localization properties of evaporated granular
aluminum films. In order to change the coupling strength
between grains and the area coverage, we have adopted two
different kinds of film preparation. One of them is a single-
layer method and the other is a multilayer method. We have
analyzed the data onRhsT,Hd as follows. (1) Ds=DsAL

+DsMT +DsL for the magnetoconductance and(2) s
=aTse2/2p2"dln T for the conductance at a high magnetic
field H=5 T.

It has been found that the superconducting propertiesu,
TC, andHC2

0 correlate much better with the sheet resistance
Rh than the film thicknessd. This result indicates that the
percolation lengthjP is determined byRh, but not byd. For
this reason, we discussed the quantum percolation model.

In order to confirm theT dependence of diffusion constant
DsTd aboveTC, we fit the theories to the data onDs with use
of DsTd as a fitting parameter. The value ofDsTd decreases
asT approachesTC. This result is consistent with the behav-
ior expected from the percolation model. BecauseDsTd
slightly depends onTC, we cannot refer the quantitative com-
parison of the strength ofDsTd between results from theDs
analysis aboveTC andHC2 analysis belowTC.

Although the value of coefficientaT is almost constant
<2 in the homogeneous region for both single-layer and
multilayer films, theaT for multilayer films decreases steeply
with increase ofRh and showsaT~1/Rh in the region be-
yondRh>5−8 kV. For theRh dependence ofaT, however,
there is large difference ofaT between thin single-layer films
and thick multilayer films. At present, we have no exact ex-
planation for this difference.
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