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Weak localization and magnetoconductance in percolative superconducting aluminum films
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In order to investigate the crossover from a homogeneous behavior to an inhomoggrezoakative one,
the temperaturel and magnetic fieldH dependence of the sheet resistaize have been measured for
two-dimensional granular aluminum films. Fitting the theory to data on magnetoconductande métr use
of the diffusion constanD(T) as a fitting parameter, we have obtained the anomaledspendent diffusion
constanD. FromD(T), the electron diffusion indey, a certain critical exponent in the percolation theory, has
been obtained. In the relatidR;—- 6, the value ofé varies abruptly near 1.5(k This behavior suggests the
abovementioned crossover is similar to our previous results determined fromdépendence of the upper
critical magnetic field. For percolative films &=5 T, we have found the stronB dependence of the
prefactorar in the expressiowr=[a1€?/(27%4)]In T+oy. The relationatx1/R can be explained qualita-
tively by a model of scaling law for percolation.
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I. INTRODUCTION betweenHc, andT at temperature$ < T nearT¢ had been

. . observed in three-dimension@D) In-Ge, Al-Ge1° and 2D
Superconductor-insulator mixtures and granular SUperconsy 11

ductors have been widely investigated in order to clarify the "\\e have investigateti,(T) in 2D granular Al films in
interplay among percolation, Anderson localization, and Suge previous work. The indexd increases steeply near char-
perconductivity. Especially, transport properties of two- . iaristic sheet resistan® ~ 1.5 kO and approaches-0.9
dimensionaI(Z_D) granglgr superconducting films near the with increase oR5. In films with Ro>R’, the excess con-
superconducting transition temperaturg have been very y,ctances’ due to superconducting fluctuations decreases
Interesting frqr_n the viewpoint Of_ the SUpe_rcondUCtor'drastically as compared with that estimated from theories for
insulator transition(SIT). Morphology in the specimens, that ,,mqgeneous films. These increments and decrements can
is, the granularity on the size of grains, connectedness, angy eypiained qualitatively by the model based on the scaling
the intergrain spacing depend on the preparation methog,, of percolation. We will extend the idea of the percolation
When the films are produced by quench condensation ontg,qqe| i order to examine the effects on the weak localiza-
cold substrates, we may obtain disorder on atomic or mesQ;,n and the magnetoconductande at T>Te. A prelimi-
scopic scales. In these films near percolation threshold, thﬁary result of somé\o- data was given in Ref. 5.

SIT has mainly been discussed.On the other hand, when e formula forAe in homogeneous dirty superconduct-

the films are made by evaporation onto room temperature Qs s given by the theory including the diffusion constant
heated substrates, we obtain granular films with large clusrperefore. the temperature dependenc®afan also be di-
fcers of macroscopic scale. _For these films, homogeneou%cﬂy investigated by the analysis Afr nearTc. We expect
mhom_ogene_ous crossover in granL_JIar superconductors h@s, D(T) shows the same anomalous temperature depen-
bein |ns]/est|gated by u;!rlg percolauog mtodePst.h dence as that determined from the analysisHgh(T) be-
or homogeneous dirty: superconductors, 2e SUPEICON:,use of the symmetrical temperature dependenceg,df)
ducting correlation lengtlis is simply given byés=Drg,, with respect toT,
. . C.
where D ‘and g are the diffusion constant and the As temperature decreases, the interference of a single

Glntzpurg—Landau relaxation t'%L?ﬂ%./{SkB'TC_T'}’ ' electron wave scattered by random potentials is enhanced
spectively. However, electron diffusion in percolative super-_ 4 brings the precursor effect on Tndependence of the

conductors is different from that in homogeneous ones. HereSheet conductance as=[a€?/ (2724)]In T+, It has been

percolative superconductors can be characterized by the COPe'ported that the weak localization effect in percolative films

dition ¢p> &, where¢p and¢s are the percolation correlation s weaker than that expected from the theory for homoge-
length and the effective superconducting correlation lengthyegus film<i213 In the networks with loops larger than the
respectively. It is known that the dﬁ_fgsmn constéhhas an  phase relaxation length;,, the interference effect is sup-
anomalous scale dependeri2@ ) <L"*, wheref~0.9isthe  hrassed. It is considered that decreases with increasirg
diffusion index”- From the relatiort 2=D(£g) 7., we obtain  beyondL;,.***5However, disorder dependence of the prefac-
Eo T(l;/(L2+0)°‘ [Te-T|"42*) As a result of anomalous tor at h_as not been studied weII._

T-dependenb, the value of the upper critical magnetic field In this paper, report the experimental data for crossovers

. from a homogeneous behavior to percolative one in the dif-
Hcz nearTc for the case o> s is expected to show the fusion constant and the electron localization effect. From the

anomalous  temperature  dependénce He, > 1/£3 experimental data oB(T) determined by the analysis of the
=1/[D(é9 76 1=(1-T/T)?2*9. This power-law relation magnetoconductance neBg, we will discuss theR, depen-
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dence of diffusion inde. As a reason for good correlation 27 \?| Aoa 1 9 7
gAL = 2 )\ a — + llj - ’\I} y
0

of superconducting properties wifR-, we will discuss the 27 > va 1+ ~a
effect of quantum percolation in the present superconducting 0 0

granular films. V¥ is the digamma function,\g=7%/8kgT, and a
=4eDH/ch.
II. THEORETICAL BACKGROUND Aoyr was calculated by Lopes dos Santos and

Abraham$? as follows:
First, theories for homogeneous 2D films will be ex-

plained. Then we will show theories for percolative films. _ & _ [ Mo
According to theories for weak electron localizafidand Ao == 5 2 PUn )| YV(mnd) =Y 7o ®)

Coulomb interaction effects, temperature dependence of o B

conductance due to quantum corrections in normal metalli/here Y(x) is given by Y(x)=In(x)+W(x). When <1,

films is given by B(n,7n) is given by B(n,7n)= (w14 n-wh! (8kgTy)].
The Aoy is shown as followg*
'=[1 F)+p]e2InT (ary+ )eZInT 2 |3 1
g = - S 2 =larytar )5, e
2mh 2mh Ao = ﬁ[EY(na) - EY(rma)} : (6)
=ary 5 T. (1) where 1/ =1/7,+4/(3750) and 7o is the spin-orbit scat-
tering time.
Here (1-F) is a screening term which goes to zdi® The electron-diffusion problem in percolative specimens

=1) in the limit for the short-range interaction and goes to lis treated as a random walk on the random netwovke
(F=0) in the limit for long-range interactiorp is the expo-  consider first a particle which has started on the infinite clus-
nent of the temperature term in the inelastic scattering ratéer, at one point 0, and moves during tirhdy a distance
1/7,«TP. Even in superconducting filmsr’ can be ex- r(t). In the macroscopic limit, when> &p, (r(t)y=2Dt is
pressed by Eq(1) under high magnetic fields which can expected, wher® is a certain diffusion constant for a par-
suppress superconductivity. In the low-temperature regiortjcle. On the other hand, if a<r(t) <& is satisfied, then
inelastic scattering is mainly due to electron-electters)  self-similarity implies that(r(t))=t?2*9 where a is a
processes. For the films whose thermal lengths longer  length of the order of the typical grain size. When a scale
than the film thicknesérr=V2D/kgT>d), the inelastic scat- dependent diffusion coefficient is defined @$(t))=D(r)t,
tering rate due to e-e processes has been calculated lye relationD(r)«r~? is satisfied at the conditioa<r < &p.
Altschuler et al'® and Fukuyama and Abrahatfisas fol-  This equation will be the starting point of our following dis-

lows: cussion on granular superconductors.
keT & o For percolative superconducting films, the valueDoin
1 Tee= ——RDIn<—>_ (2)  the expressiong4)—(6) for Ao due to quantum corrections
i 2mh &Ry aboveT. is not constant but determined on the length range

There are two contributions of superconducting fluctua-£5 as mentioned in the Introduction. Therefore, we can con-
tions to the conductance of thing films abole The firstis  sider that the value OD(ES) depends orTl in the region
the Aslamazov-Larkin contributiowr,, =€?/(1647), where E<§ as follows:
7=In(T/To).!8 The second is the Maki-Thomson contribu- *5 ~*P '
tion ay,7.1%2°The improved expression by Reizéis given D(&q) o 72+0) o 11 -T/Tg|"2. 7)
by ol =[€2/(2mhibY)[IN(1+B,) +2B,In(1+1/B,)], where et
b,=[4€?/ (3n#)]RY, andB,=7bi?/(87), andRY is the sheet A model for weak localization phenomena in 2D percola-
resistance at the normal state. Thus, the temperature depdif? networks was proposed by Palevski and Deutsther.

dence ofR; in 2D superconductors is given by Within the framework of their model, the percolation net-
work can be divided into two basic parts,&t> (L;,,w) (w

1R = 1RY + o (T, To) + ofyr(T, T, RY) indicates the width of the channeDne part, on the scale of

+ [an@l(2m2h)IN(TIT,). 3) Li,=[D(L;,) 7in]¥?, consists of many loops of different radii

smaller than that of the order &f,. The other is the rest of
MagnetoconductanceAo is defined as Ac(T,H)  the network which on this scale does not contain loops
=o(T,H)-0o(T,0). The Ao in 2D dirty superconductors is smaller tharL;,. The first part can be regarded as a 2D sys-
given by the sum of superconducting fluctuatigdd. and  tem with an average sheet resistaite;,) on the scald.;,.
MT) and localization term\o(T,H)=Acp +Aoy +Ac;. Since the second term becomes negligible, they obtained fol-

The Ao, was calculated by Abrahams and Tsuiéts fol-  lowing relation:
lows:
inhomo _ R(Lin) homo
&2 ar = RD aT L (8)
Aoa (HT) == T (1-0a), (4) _
K where 9™ and a"[°™ are the coefficient of kT) term in
where 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 resistarigg 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 lerigth

can be regarded as almost constant for high resistance films
and we obtain following relation:

R(Ly) _ {1 (60 <L)

Ry * 1Ry (&> L.

According to percolation theories, the resistance of dis-
continuous films varies afRx(p—pc)™, when p(>pc)

— pc, Wherep, pe, andu are the film coverage, the critical
coverage, and the critical conductance exponent, respesil

9

tively. Since the percolation correlation length diverges a
& |p—pc|™, the variation of the dc resistance can be ex-
pressed in terms ofp as ép < RV~

lIl. SAMPLE PREPARATIONS

Aluminum films were made by deposition onto glass sub-
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FIG. 1. TheH dependence of the magnetoconductateefor

ultilayer films with Rg:37500 at various temperatures. The
ines are the best fit of the sum of Eq4)—<6) to the data using

(T) as a fitting parameter at each temperature. The inset shows the
temperature dependence Br;. We obtained theT-=1.81 K by
fitting Eq. (3) (solid line in the insetto the experimental data.

strates patterned by photolithography. We prepared films in We measured the resistance of films abdyen the mag-

wide ranges ofl and R using two different methods.

netic field regiortH=<5 T. Figure 1 shows thel dependence

(1) The single-layer method, aluminum was evaporatede magnetoconductance at various temperatures for a typical
in a pressure X 10°-3Xx10* mb with a deposition rate inhomogeneous film. For analyses &t with the sum of
0.5—-1 A/s. Except for one 190-A-thick film, the range of quantum correction terms due to fluctuation and weak local-

thickness is from 60 to 100 A.

ization effects, we first fit Eq3) to data onR—(T) using ay

(2) The multilayer methodalmost the same method as and T as fitting parameters. The inset in Fig. 1 shows the

that for Film of Oxidized Metal ParticledOMP) (Ref. 25].

experimental data oR5(T), where the line is the theoretical

After deposition of 30-40 A Al film in a pressure 1 curve(3). Secondly, we analyzefio using this value offc.

X 107°-3X% 10°°> mb with a deposition rate-2 A/s, an Al

We fit the sum of Eqs(4)—(6) to data usingD as a fitting

film was oxidized in 2.0¢ 10" mb for 1 min. We repeated parameter, where the inelastic scattering timés calculated
this process four times. The range of total thickness is frorjrom Eq.(2) and 750 is assumed to be very small compared
120 to 180 A. By this method, we can prepare sufficientlywith 7, at the investigated low temperaturesTas 5 K. The

thick but high resistive films.

lines in Fig. 1 show the theoretical ones obtained from the

We connected a personal computer with the thicknesgpove procedure. At low magnetic fields, the relatibor
monitor of a quartz crystal oscillator and the digital voltme- » 42 s satisfied as expected from theories.

Figure 2 shows temperature dependenceédafor films

ter. We recordeih situ the resistanc®(d) during deposition.
It has been found that the relatioR(d) e (d—dc)™, u

=1.2-1.3 is satisfied in the range-d.<30 A, which is
explained by the percolation model. The valuelgfdepends

near the crossover region. In the relatively high-temperature
regions, the value oD decreases ab decreases. We fit Eq.
(7) to data in these regions, regardiags a fitting parameter.

on deposition conditions. We have mentioned details of meaFor the film with the lowest resistance in Fig. 2, the value of

surement method artidependence dR-.* According to the
TEM micrograph of thin Al-AbO; film taken by Laibowitz
et al,?8 clusters of Al-ALO; films have a labyrinthlike struc-
ture.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Magnetoconductance abovel ¢

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 scalgL < &p), the electron diffusion is weaker than
that of two-dimensional film. A3 approached, extending

ofgs is shorter than that of homogeneous 2D films gy

is suppressed. It is considered tlx{s) aboveT depends
on T similarly to that belowT.
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FIG. 2. The(T-Tc)/ T dependence of the diffusion constént

The solid lines show the well-known homogenous behagior &s.
The broken lines are fitted by Ei7) using @ as a fitting parameter.
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[ e o] TABLE 1. The properties of typical filmsNjayer is number of
PN E 1 layers. The value of: was determined from fitting Eq3) to the
1.0 -%5 data.#, and 6, are obtained from analyses Hf., and Ao, respec-
o [T} tively. ot is coefficient of InT in Fig. 4.
| 0.1
03¢ YW  Neer dB) Tc®K 6 6 er
[ 14570 1 57 1.54 0.95 1.28 0.45
or _ 3750 4 155 181 077 086 201
BT T 1770 4 145 1.99 048 017 215
Ro(Q) 1540 4 131 197 -0.09 0.25 1.92
737 1 75 2.17 —0.02 0.11 1.79

FIG. 3. TheR- dependence of. The horizontal axifR; means
RN. The closed and open marks shévebtained from the analysis
of Ao aboveT and analysis 0H»(T) below T, respectively. The
solid anq do.tted lines shpw the valyes @for homogenelous and  percolation model as shown by the dotted line. Riede-
Eerco_lratl\\//\(/e f'”Ss'_ rengctnﬁlyf._ The '?\SEt Sho"_"sn_tihe tTyFi'E%' df‘ta OEendence of index determined from the analysis dfo is

co~T. We obtainedy=0.77 fitting the equatiotco(M=Hco(1  5imost the same as that obtained from the analysidofT)
—-TI/To)?@*9 to the experimental data. . . . )
shown by different marks. Some properties of typical films

This behavior is the same as that of homogeneous 2D film#re listed in Table |.

For films with larger value oR, it is clear that the cross-

over occurs from the region witfi-independenD to that o
with T-dependenD. This crossover suggests that the inho- B. Electron weak localization

mogeneous behavidés< ép) changes to the homogeneous Figure 4 shows temperature dependence of the sheet con-

behavior(és> &p) asT approached ¢ and the lengthésin-  ductancer for various multilayer films aH=5 T. Behaviors
creases. Although the temperature corresponding to eaddf single-layer films are discussed in the following section.
crossover does not vary systematically with increasé®0f  The conductance of the present films shows th& tlepen-
such crossover behavior is reasonable because the Igngth dence and superconductivity seems to disappear at measured
increases and the temperature region vigh & decreases temperatures. The data for films with the lowest value of
as the resistanc® increases. conductance show some deviation from th& ldependence.

On the other hand, the value Bf below T¢ is obtained However, it cannot be considered that these films are in the
from data on Hc, using the relation D=4cKg/ strong electron localization regime, because the temperature
(me)[Heo(T)/(Te=T)] ™. In the R-T curve at a constari, dependence does not show the relaine's™ expected for

Tc(H) was defined as a temperature at which halRifwas ~ the strong localization. By fitting Eq(1) to data on
restoredt We had noted that we obtain the similar power law @ VS InT, we determined the coefficient.

He,-T relation for percolative films by the use of different ~ Figure 5 shows th&; dependence aiy. The value ofar
criterion Te(H). Strictly speaking, however, thee,-T rela- 1S @lmost the constant value=2 for relatively clean films.
tion, namely, the temperature dependenceHgl near T This valug is reasonable, if we take account of the sum of
seems to depend on this criterion. This means that there f¥/0 contributions of weak localizatiofp=1) with inelastic
some ambiguity in the data oD(T) at temperatures very
nearTc. Actually, in theHc,-T analysis, we could not ob-

serve an evident crossover as shown in Fig. 2. On the con- B 500 00°%

trary, for the analysis of magnetoconductance, we can obtain -‘@;oooo"o

reliable temperature dependenceDoby the use of the only 300k . g 22t

value of T at zero magnetic field. Therefore, tlRXT) in "'Xz.i:ﬁ%‘ aaass

Fig. 2 indicates the crossover from the inhomogeneous to o~ w 4 oo o0

homogeneous region. gL 200k mmunnﬂi‘“” I
Figure 3 show theR; dependence of). The open and 5 L

closed marks show the data obtained from analysddof [ -

andAgo, respectively. The inset shows the typical experimen- 10 vvv v Y Z

tal data onHc,-T. We obtainedd from fitting the relation vvy ;WOO

Hep o (1-T/To)??* to experimental data. The values &f 0% Oiwo .

are nearly O for films with smaller than 1.%)k This means ’”g 0 Tﬁ

the scale-independem for films in the homogeneous re- (K)

gion, where the conditiorts> &y is satisfied. AsRy in- FIG. 4. Temperature dependence of the sheet conductance for

creases, index deviates near 1—-2(k from the solid line various films atH=5 T. The values ofr of the present films show
0=0 for the homogeneous system. The values#oh the the InT) dependence and indication of superconductivity cannot be
high R region are close to that estimated from the classicabbserved.
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FIG. 5. TheRy dependence ofi. The value of horizontal axis S . . < ‘s Te
R+ is defined aff=30 K. Values ofat were determined using Eq. 2k _ oL
(1) from data in Fig. 4 at temperatures 10<KT <30 K. The dotted ° L @°°
line shows that is independent oRy for the caseép<Lj,. The % °1(‘)0 150 200 T 5 T
solid line shows the relatioao1/R, which is suggested from 4A) Ro(@)
Eq.(8). —— . e o
_ _ © : © g
scattering rate due to e-e scattering and Coulomb anomal 2, AL T 201 ° e 1
(F=0) in EqQ. (1). The value ofa; decreases wheR in- o ° . | o - .
creases beyond 6—8X% This decrease cannot be explained I e e < ': .
by the theories of the weak localization and the Coulomb . 8 .
anomaly for the 2D homogeneous system. We consider tha |8 , , > " %0
this behavior is due to a crossover from homogeneous tc ° 100, 150 200 )
inhomogeneous films. For the purpose of the explanation of . . , e ,
the ar—Ry relation, we apply the percolation moéefor e . 2t @ X ]
weak localization phenomena in 2D percolation networks to & s "o g <
the present data. The fact that the valuexpfis below unity N : . | L o
indicates that percolation reduces not only weak localization R : U
but also Coulomb anomaly effects. However, there is no the- . .
oretical prediction for the percolation effect on the Coulomb  osfs ] 05f °o A
anomaly. Assuming that the effect on the coefficiéhtF) S0 100 200 (A
in Eq. (1) due to the Coulomb anomaly is similar to weak dh Ro(®

localization effects, we obtain the relatiomr«1/R(ép

> Lin) from.Eq.(B), which is Sho".V” by the solid Ilne in Fig. (b), (c), and(d), respectivelyR dependences of those properties
5. For clarifying the crossover in ther—R5 relation and .o shown in(@), (b'), ('), and (d’). The horizontal axiR, in
also the effect of percolation on the Coulomb anomaly, noty) (b), (¢'), and(d’) meansRY. In (d’) the value of horizontal

only theoretical investigations but also detailed experimenta)yis Ry is defined aff=30 K. The closed®) and oper(O) marks

studies of temperature and magnetic field dependence @how the data for the multilayer and single-layer films, respectively.

dirty films are necessary. The (A) and (W) show the data for a thick single-layer and ten-
layer films, respectively.

FIG. 6. d dependences df, ng, Tc, and ag are shown in(a),

C. The Ry and d dependence of transport properties Figures §a)—6(d) showd dependence of those properties.

We mentioned that the crossover from homogeneous t¥alues of 6, Hey, T, and ay for single-layer films seem to
inhomogeneous films occurs &g, increases, where we as- correlate withd. If it is assumed that the coverageis re-
sumed the following relatiogp « RE’“. We prepared the films lated tod, this behavior is reasonable. However, the data for
whoseR was almost the same but thickness was differentthe thick single-layer film and multilayer films deviate from
In Figs. §a)—6(d’), we show thed andR- dependence of,  such behaviors. It means that these values do not depend on
Hco, Te, andeay, in order to clear the relevant scaling param-d. On the other hand, as known from Figa®, it is found
eter. For data om, we showed the result from the analysis of that there is no remarkable difference &R relation
Heo(T)=H,(1-T/T)??*9 at temperatures beloW.. The  among multilayer films, single-layer films, and even excep-
closed and open marks show data for the multilayer filmgional thick single-layer films. As shown in Figs(i8) and 6
whose thickness is thicker than 100 A and data for thegc’), the superconducting properties, not oflput aIsoH?;2
single-layer films whose thickness is thinner than 100 A, rein the expression oHcy(T)=HZ,(1-T/T¢)??*® and T,
spectively. By the single-layer method, we obtained excepshow good correlation withR-.*
tionally a thick films whose sheet resistance is relatively As a reason for correlations of superconducting properties
high: The data are shown by triangular méuk). The mark  with R, following quantum percolation model may be con-
(M) shows the data for films that consist of ten layers. sidered. We regard the present granular films as random net-
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works which consist of grains bound by junctions whose V. CONCLUSION
normal tunneling resistanceR'“° varies in place to
place<> Theories point out that in such a junction with lati

RU“, the phase coherence between two constituent SUPeLyq electron localization properties of evaporated granular
conductors aff =0 can establish only wheRy™"is smaller  aiyminum films. In order to change the coupling strength
thanh/4e?. When such circumstances can be allowed at fipetyween grains and the area coverage, we have adopted two
nite temperatures, it can be considered that there are boHifferent kinds of film preparation. One of them is a single-
Josephson junction and non-Josephson juction in a film. Thigyer method and the other is a multilayer method. We have
indicates that the effective percolation coverage, that is, thanalyzed the data oR(T,H) as follows. (1) Ac=Ac_
effective &p in superconductindilms depends on the ratio of +A¢\;+Ao, for the magnetoconductance an@) o

the number of Josephson junctions to that of all. Taking into= a1(e?/27%4)In T for the conductance at a high magnetic
account that this ratio depends on the macroscBpicit is  field H=5 T.

reasonable that superconducting parameters correlate to thelt has been found that the superconducting propewjes
macroscopidry. For further investigations of the quantum T, and ng correlate much better with the sheet resistance
percolation, not only experimental but also theoretical deR than the film thicknessl. This result indicates that the

For clarifying the crossover from homogeneous to perco-
ve behaviors, we have investigated the superconducting

tailed studies are necessary. percolation lengttép is determined byrR-, but not byd. For
Figure d’) showsR- dependence aky. It is found that  this reason, we discussed the quantum percolation model.
there is a remarkable difference e@f between two kinds of In order to confirm th& dependence of diffusion constant

films. The value ofat in single-layer films seems to decrease D(T) aboveTc, we fit the theories to the data & with use
when theR increases beyond 1-2X% Thick single-layer of D(T) as a fitting parameter. The value DfT) decreases
films show the same behavior as that of multilayer films. ltasT approached . This result is consistent with the behav-
seems that the crossover resistance of single-layer films isr expected from the percolation model. Becau3er)
smaller than that of multilayer films. It is deduced in the slightly depends oii, we cannot refer the quantitative com-
framework of a classical percolation model tlgtis a func-  parison of the strength d(T) between results from th&o
tion of d becausegp is longer in thinner films. However, analysis abovd@ . andHc, analysis belowT..

Figs. @d) and &d’) show thatas is a function of neither Although the value of coefficient is almost constant
thicknessd nor sheet resistancB. In order to examine =2 in the homogeneous region for both single-layer and
whetherar depends on the number of layers, we made thenultilayer films, thea; for multilayer films decreases steeply
films which consist of ten layers. The data are shown bwith increase oR; and showsat<1/R in the region be-
closed square marks in Figgdp and &d’). It is shown that  yondR-=5-8 k(). For theR dependence oy, however,

a1 is not determined by the number of layers. At the presenthere is large difference af; between thin single-layer films
stage, we have no explanation for this differencexgfbe-  and thick multilayer films. At present, we have no exact ex-
tween single-layer and multilayer films. planation for this difference.
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