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An experimental and theoretical study is made of the manifestations of quantum effects in mac- 
roscopically inhomogeneous systems for the particular case of granular metals. Far from the 
metal-insulator transition, which in the investigated granular Cu, -,Ox films is due to percola- 
tion effects, the behavior of the conductivity of these films is adequately described by the theory 
developed for homogeneous conductors. As the metal-insulator transition is approached, the 
macroscopic inhomogeneity of the samples manifests itself in the appearance of quantum effects. 
Allowance for the macroscopic inhomogeneity permits a quantitative description of the observed 
suppression of the localized contribution by the magnetic field. However, the proposed theory 
fails to explain the temperature dependence of the conductivity. 

1. INTRODUCTION 

In recent years there has been considerable interest in 
the metal-insulator transition observed upon increasing dis- 
order in systems having a metallic conductivity.' In princi- 
ple, an increase in the disorder can enhance both macroscop- 
ic potential fluctuations having a characteristic scale of the 
order of the wavelength of an electron with the Fermi energy 
and also fluctuations having a considerably larger scale. 
When only large-scale fluctuations are present in the con- 
ductor the metal-insulator transition is classical in nature 
and is due to the formation of a percolating structure as the 
result of a division of the conductor into classically allowed 
and forbidden regions for conduction electrons.' Examples 
of macroscopically inhomogeneous systems are the cer- 
mets-metallic grains embedded in an insulating matrix. In 
the case of microscopic potential fluctuations (macroscopi- 
cally homogeneous systems) the transition from a metallic 
conductivity to an activational conductivity is due to quan- 
tum effects, both single-particle (Anderson localization of 
 electron^)^ and many-particle (strengthening of the electron- 
electron interaction with increasing d i~o rde r )~  effects. In the 
general case, when potential fluctuations of various length 
scales are present, the phase transition is governed by a su- 
perposition of quantum and classical  effect^.^.^ 

At T = 0 the proximity to the transition point is charac- 
terized by a correlation length6 which tends to infinity as the 
transition is approached from either the metal or insulator 
side. Spin-flip or inelastic electron scattering processes at 
T #O lead to a phase disturbance [with frequency (T,)-'1 of 
the electron wave function and give rise to an additional 
length scale in the region of metallic conductivity-the dif- 
fusion length L = (DT,)~'' over the time of the phase distur- 
bance T, (D is the electron diffusion coefficient). The analo- 
gous role for the electron-electron interaction effects is 
played by the coherence length L,  = (fiD /kT)'I2 in the nor- 
mal metal, i.e., the length over which the wave functions of 
two quasiparticles with energy difference - k T  maintain 
their spatial coherence. The main features of the metal-insu- 
lator transition depend importantly on the dimensions of the 
disordered system in relation to these length scales. 

Experimentally, the metal-insulator transition which 
occurs upon increasing disorder in three-dimensional con- 
ductors has been studied in heavily doped semiconduc- 
tors7-" and in rather thick disordered metal The 
semiconductor samples studied in Refs. 7-1 1, particularly 
the neutron-doped samples, have a high degree of homo- 
geneity and are amenable to treatment by the quantum scal- 
ing theory of the metal-insulator t ran~i t ion .~ . '~"~  On the oth- 
er hand, it appears that the disordered metals studied in 
Refs. 12-17 characteristically contain (to some degree or 
other) macroscopic inhomogeneities, and this circumstance 
is not always taken into account in discussing the experimen- 
tal results near the metal-insulator transition. The present 
study was therefore undertaken to investigate experimental- 
ly the metal-insulator transition in conductors having mac- 
roscopic fluctuations of the potential (for the particular case 
of granular metal films) and to examine the manifestations of 
quantum effects in conductors of this type. In addition, the 
phenomena of weak localization and electron-electron inter- 
action, previously studied mainly in  semiconductor^^^-^^ 
and semi metal^,'^ were studied in detail in slightly disor- 
dered three-dimensional metal films. 

The rather thick disordered copper-oxygen films inves- 
tigated in the present study have a granular structure. The 
development of this structure with increasing oxygen con- 
centration in the films leads to a transition from a metallic 
conductivity to an activational conductivity. The experi- 
mental data indicate that this metal-insulator transition is of 
a classical (percolational) character. For slightly disordered 
samples (6 < L, ,LT) the dependence of the conductivity a on 
the temperature T and magnetic field H is adequately de- 
scribed by the existing theory of weak localization and elec- 
tron-electron interaction in macroscopically homogeneous 
disorderd metals. The macroscopic inhomogeneity of the 
samples begins to manifest itself as the system approaches 
the metal-insulator transition, at which the condition 
{ < L, L,, breaks down. For this case we obtain theoretical- 
ly the functional dependences u (T)  and a(H ) due to localiza- 
tion effects with allowance for the spatial dispersion of the 
electron diffusion coefficient D at distances smaller than 6. 
Comparison of the experimental data with the theory has 
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yielded not only a series of relaxation times for the conduc- 
tion electrons but also an estimate of 6 for samples with me- 
tallic conductivity. The temperature dependence obtained 
for the relaxation time of the phase of the electron wave 
function indicates that with increasing disorder the electron- 
electron interaction comes to govern the electron energy re- 
laxation. On the insulator side of the transition and at suffi- 
ciently low temperatures (T<  To), the conductivity is of an 
activational character [p =po ~X~(T,,/T)"~] and a negative 
magnetoresistance is observed, the relative size of which, 
log[p(T,H )/p(T,O )I, is proportional to log[p(T)/p,]. 

This article is structured as follows: In Sec. 2 we present 
the previously obtained theoretical results which we shall 
need and the results of a treatment of quantum effects in 
metals in the presence of macroscopic potential fluctuations. 
In Sec. 3 we briefly discuss the sample-preparation and ex- 
perimental techniques. In Sec. 4 we describe the experimen- 
tal results and compare them with the theory. 

2. THEORY 

We restrict our further discussion to the case in which 
the large-scale fluctuations are dominant, i.e., there is a ran- 
dom metal network near the metal-insulator transition (as 
we shall see, it was precisely this situation that was realized 
in the experiment, the percolation path being formed by ran- 
dom bridges between granules). 

According to the theory of percolation near a metal- 
insulator transition at T = 0, the correlation length and the 
conductivity depend on the proximity to the transition point 
according to the power law2 

g-1 l-n/r~, I+, 0"- (I-n/ne) '-5-5 l=t/v, (1) 

where in the three-dimensional case (d = 3) one has t z  1.7- 
1.9, ~ ~ 0 . 8 - 0 . 9 ,  so that I = 2, while for d = 2 one has 
t z v z  1.3 and i z  1. The quantity n characterizes the con- 
centration of the insulator, with n, being the critical concen- 
tration at which the metal-insulator transition occurs. 

At values of n corresponding to the condition L, ,LT)g 
there is no spatial dispersion of the diffusion coefficient at 
distances of the order of L, ,L,, and the macroscopic in- 
homogeneity should not manifest itself in the appearance of 
quantum effects. For macroscopically inhomogeneous con- 
ductors (L, L, )g) the localization and interaction effects 
are manifested as small quantum corrections to the conduc- 
tivity, with an anomalous dependence on the temperature 
and magnetic field. The magnetoresistance mc/er of disor- 
dered normal metals for fields in the region H4kT/gLp (g, 
is the Landi factor, p is the Bohr magneton, and T is the 
relaxation time of the electron momentum) is mainly due to 
localization effects, since in these metals the interaction of 
electrons having a small combined momentum is weak." 
For three-dimensional samples whose thickness a is much 
larger than L, the magnetoresistance should be isotropic 
with respect to the relative orientation of the film plane and 
the field. We note that because L, (T,H ) -min(L, (T),LH ) 
in a magnetic field [here L, = ( f k / 2 e ~ ) ' / ~  is the magnetic 
length], in sufficiently strong fields (LHga) films with 
a 5 L, (T )  are also three-dimensional. The function a(H ) ob- 
tained in the weak-localization theory for the three-dimen- 

sional case under the condition E F r )  1 is of the form 

where 

, x<l 

L,'= (Da,') I", f (x) = 

Expression (2) is written with allowance for the spin-orbit 
interaction. The phase relaxation time T, of the electron 
wave function and the modified (incorporating the spin-orbit 
interaction) time T: are given by the expressions2': 

where T, is the electron energy relaxation time, T, is the 
characteristic time for spin-flip elastic scattering of electrons 
on magnetic impurities, and rS, is the spin relaxation time 
for the spin-orbit interaction. 

The temperature dependence of the quantum correc- 
tions to the conductivity of normal metals should be gov- 
erned by both localization and the interaction between elec- 
trons having nearly equal energies and momenta (the 
so-called diffusion channel of interaction). For three-dimen- 
sional samples the function a ( T )  at H = 0 is of the 

(4) 
where the first two terms in the braces describe the localiza- 
tion contribution with allowance for the spin-orbit interac- 
tion, the third term is the contribution of the diffusion chan- 
nel, and the function q, goes to zero as F-0 (F is the 
screening parameter). We note that in the three-dimensional 
case the contribution to a ( T )  due to the interaction effects 
should outweigh that due to the localization effects by virtue 
of the condition T, >fi/kT, which must be satisfied in order 
for (2) and (4) to apply. In sufficiently strong fields 
(H>fk/4eD~:) the temperature dependence of the localiza- 
tion contribution should be suppressed, while the tempera- 
ture dependence u(T)  due to the interaction in the diffusion 
channel remains unchanged for H 5 kT/gLp. 

As the system approaches the metal-insulator transi- 
tion, the correlation length grows, and at some values of n 
and T the condition 5 < L, ,LT breaks down. In this case the 
spatial dispersion of the electron diffusion coefficient be- 
comes important at the characteristic length scales for the 
localization and interaction effects. The length Y, over 
which the phase coherence of the electron wave function is 
maintained can in this case be determined from the following 
considerations. By definition, 2, is given by 
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where D (2,) is the diffusion coefficient on the scale of 2,. 

Here we have taken into account that the conductivity in- 
volves only those electrons belonging to an infinite c l u ~ t e r , ~  
the power P (2) of which is2 

1, % B E ,  
P (3) = P I ( E I Y ) ~ ,  egg, 

- w 

P= (1-n/nc)  B-E-B, fi=fi/v. 

The quantity D in (6)  is the macroscopic diffusion coefficient, 
which is proportional to ( 1  - n / n , ) ' - B .  Expression (6)  is 
valid for values of 2 which are much larger than the granule 
dimension b. When 2, and 2, are smaller than b, the 
quantum corrections durn, ( T , H )  to the conductivity on the 
scale of 2, and 2, are converted into the measurable 
quantity Au(T,H ) in accordance with the scaling hypothesis 
Au(T,H) = Au,, ( T , H ) ( l  - n/n,)' .  For b ( 2 ,  (c, we 
find,6 using (5)  and (6), 

- - 
t- 8 (2+?-j3)-1 .- i- 8-(2+?- &-1 e,= (D%,e ) = ( L ,  E 1 

The coherence length 2, of the normal metal can be deter- 
mined in an analogous way as 

We stress that neither 2, nor 2, depends on 6, i.e., on the 
proximity to the metal-insulator transition, since D -? - ' . 

To obtain the localization corrections to the conductiv- 
ity it is necessary to take into account not only the spatial 
dispersion of the diffusion coefficient but also the change in 
the normalization of the diffusion (Cooper) pole. Therefore, 

where Y is the density of states in the metal. Using Eqs. (6),  
(7),  and (9) ,  we find that the correction to the conductivity 
with allowance for the spin-orbit interaction is of the form 

e2 .Ao (T) = - - 1 
n2 f'-6 + B  

We note that expression (10) corresponds to the scaling the- 
ory for percolational metal-insulator transitions. In fact, 
since 

Aa(E)la(E) = A a ( P ) l a ( P ) ,  ( 1 1 )  
the observed correction Au(6 ) should be of the form 

which agrees with expression (10). 
The presence of a magnetic field gives rise to a new 

length scale L, . Therefore 
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For 2, ) 2, , Au(H ) ceases to depend on Y ,  : 

Since 1>1  in the three-dimensional case, according to (14) 
the quantum correction to the conductivity goes to zero with 
increasing magnetic field, while the magnetoresistance goes 
to saturation. In the small-field region we have - 
@-const + H 2. Unfortunately, the function 8 ( x )  cannot be 
calculated explicitly for arbitrary andp. Therefore, we did 
the calculation under the assumption that 7 = 2 and = 0 .  
The relation 1 = 2 is satisfied to good accuracy in the three- 
dimensional case.2 As to the second condition, Shklovski'i 
and ~ f ros '  give Bz0 .5 (7 ,  and, furthermore, according to 
(14) the asymptotic expression for A u ( H )  is not governed at 
all by the exponent p, which can enter only in the numerical 
coefficients. Under these assumptions and with allowance 
for the spin-orbit interaction we have 

where 

1  -dz sinxz 1 
@ ( x )  = - I,,,-,- 

a ( n ~ ) 1 1 2  
The dependence of the magnetoresistance on the magnetic 
field is shown in Fig. 1 for various values of the ratio T ,  /T:. 
One notices that the position of the maximum is independent 
of T ,  /T: for r, ST:. This circumstance is due to the fact that 
this ratio appears in the equation for the position of the maxi- 

FIG. 1. Calculated dependence of (A4H)27?+i52) /eZ2;  on (Y; ' /L , . )  
according to (15) for various values of r,/C. 
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mum in the form ( T ~ / T ~ ) ~ ' ~ ,  and so the position of the maxi- 
mum is insensitive even to strong changes in this parameter. 
It follows from (15) that in large fields the magnetoresistance 
approaches saturation as const - 1/H 'I2, in agreement with 
(14) for i = 2. We stress that all the expressions (lo), (14), and 
(15) are valid as long as the quantum corrections to the con- 
ductivity are small compared to the conductivity itself. 

3. EXPERIMENTAL TECHNIQUE 

The sample films were prepared by rf sputtering of 
99.999% pure copper in an argon atmosphere with a small 
( 5; 2%) admixture of oxygen for creating a controlled degree 
of disorder. The vacuum chamber was first pumped down to 
2.10-6 mbar at a rate of 400 liter/sec with a turbomolecular 
pump; at the time of the sputtering, which was done without 
decreasing the rate of evacuation, the total pressure of argon 
and oxygen was 1.10-2 mbar. The copper was sputtered at a 
rate of 430 h m i n  onto glass substrates at room tempera- 
ture. An interference microscope was used to calibrate the 
sputtering rate and to determine the thickness of the films. 
The films were deposited in layers-after a layer of thickness 
y 2 50 A was deposited, the substrate was covered up for 30 
sec. The cycle was then repeated. As will be seen, the layer- 
by-layer deposition enabled us to vary the dimension b of the 
crystallites (granules)-for y S 500 A the value of b turned 
out to be comparable to the layer thickness. The results pre- 
sented below were obtained mainly for samples with y = 140 
A. The resistivity of the films varied over wide limits depend- 
ing on the oxygen partial pressure PO2 .  The p(Po2) curves 
measured at 300 K and 4.2 K for films with y = 140 A are 
shown in Fig. 2. Curves of similar shape for the dependence 
ofp on the degree of disorder have been observed for granu- 
lar films of various metals. The uniformity of the oxygen 
distribution over the thickness of the films was monitored by 
Auger spectroscopy over the course of an ion etching. The 
oxygen concentration in the films was determined by ESCA; 
it was thereby established1' that all the oxygen in the interior 
of the films was bound into cuprous oxide, CuO,. The depen- 

dence on PO2 of the percent oxygen content in the films is 
shown in Fig. 2. A scanning electron microscope study of the 
films revealed a granular structure with an average granule 
dimension b z (100-300) A. Such a structure is often realized 
upon the joint evaporation of a metal and an or 
upon the sputtering of a metal in the presence of oxygen,13 
where it turns out that relatively pure metal inside the gran- 
ules is enclosed in an insulating coating. The ESCA data 
suggest that in the present case the films consist of crystal- 
lites (granules) of relatively pure metal with their surfaces 
coated with a layer of cuprous oxide. That the films under 
study have such a structure is confirmed by the entire set of 
experimental data described below. 

The resistance R of the samples was measured in a dc 
current with a digital ohmmeter having a relative precision 
of AR /R = 1 - low6. To provide a high accuracy of the resis- 
tance measurements at values of the measuring current - 1 
pA, samples of various geometries were prepared from the 
films by photolithography. For example, the samples with 
resistivities p 5; 1.10-4 0.cm consisted of a 20-pm wide 
stripe which was bent into the shape of a meander with a 
total length of 60 cm. For measuring the resistance of sam- 
ples with p ~ ( 1 . 1 0 ~ - 1 .  lo5) 0.cm it is important to keep the 
field strength E low in order to maintain ohmicity (a substan- 
tial field nonlinearity for samples of this type was observed at 
T = 4 K in fields E 2 1 V/cm). Therefore, forp 2 1. lo3 0-cm 
we used samples in the form of films 1-cm wide, while the 
values of the measuring current were decreased to l.lO-10 
A. The temperature dependence of the resistance was mea- 
sured at temperatures from 1.5 to 300 K; the magnetoresis- 
tance was determined at T = (1.5-30) K in magnetic fields 
with strengths up to 60 kOe, produced by a superconducting 
solenoid. For all the films studied the magnetoresistance was 
to good accuracy independent of the relative orientation of 
the field and film plane. The isotropicity of the magnetore- 
sistance at arbitrary values of H (a characteristic indicator 
that a sample is three-dimensional) was maintained by 
choice of sample thickness (this is why a is larger for films 
with smaller p). 

FIG. 2. Measured resistivity p of films with y = 140 A at 
T = 300 K (0) and T = 4.2 K (dashed curve) and the oxy- 
gen concentration in these films (@), plotted as functions 
of the oxygen partial pressure Po>. 
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FIG. 3. Temperature dependence of the resistivity of a series of 
samples (the samples are numbered in accordance with Table I). 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

The temperature dependence of the resistivity of a series 
of samples is shown in Fig. 3. With increasing disorder of the 
films one observes a transition from a metallic conductivity 
to an activational conductivity. An analogous shape of the 
temperature curves ofp in the vicinity of the metal-insulator 
transition with increasing disorder has been observed pre- 
viously in heavily doped semiconductors and granular met- 
als (see, e.g., Refs. 9 and 13-17). In analyzing the experimen- 
tal data, one can agree to distinguish between three 
resistivity intervals in which thep(T) curves of the films be- 
have in a similar way [as we shall see, the same goes for the 
p ( H )  curves]. Films withp 5 1.10-3 0 cm (samples No. 1-7 
in Table I) exhibit a decrease in the resistance as the tempera- 
ture is lowered from 300 to 30 K, followed by a growth de- 
scribed by a function p (T)  which is similar in shape to a 
square-root curve. In the interval -- (1.10-3-0.5) 0.cm 
[samples No. 8-12 and also the high-temperature parts of 
the p (T)  curves for samples No. 13-17] the growth of the 
resistance with decreasing temperature is also described by a 
power law, but with a different exponent. The temperature 

FIG. 4. Curves of A d H )  measured at various temperatures for 
sample No. 2. (For samples with larger values ofp the experimen- 
tal error in determining Au(H) is substantially smaller.) The solid 
lines correspond to the theoretical curves (2) calculated for the 
values of T? and $ given in Fig. 5 .  

interval in which the values ofp decrease with decreasing T 
on account of the "freezing out" of the phonons gradually 
narrows and disappears entirely atp =: 1. 0-cm. Finally, 
a tp  2 0.5 0.cm (the low-temperature parts of thep(T) curves 
for samples No. 13-19) the conductivity is activational in 
character, described by a function p(T)-exp(TJ~)l lZ.  In 
what follows we shall give a more detailed analysis of typical 
p (T )  andp(H ) curves for the different intervals of change inp. 

Figure 4 shows typical u(H ) curves obtained at various 
temperatures for films withp < 1. lop3 0.cm (sample No. 2). 
For T 2  10 K the magnetoresistance is negative, while for 
T 5  10 K we observe a transition from a positive to a negative 
magnetoresistance with increasing H. The theoretical curves 
(2) are shown by solid lines in Fig. 4; the values o f D ~ ,  ( T )  and 
DT; (T )  were used as adjustable parameters in comparing the 
theory and experiment. The qualitative behavior of the u(H ) 
curves, which is determined by the relationship between T, 

and T;, changes with temperature in the same way as for 
two-dimensional films of normal  metal^.^^-^' 

TABLE I. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
46 

17 
18 
19 

2,0.101 
1,7,10' 
7,740~ 
2,4403 
2,140~ 
1090 
810 
390 
150 
60 
10 
0.94 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

5,6.10-5 
6,640-5 
1,6.10-4 
4,4.10-& 
4,9.10-' 
9,840-A 
9,6.10-~ 
2,5.W3 
5,0.10-3 
1,5.10-2 
3,0.10-2 
9,4.10-2 
0,145 
0,27 
0,26 
0.40 
0.46 
0,74 
3,5 

12 
10 
10 
2,s 
3,6 
5.8 
3.6 
2,s 
2,9 
2,9 
2,5 
2,5 
2,s 
2.5 
2.5 
2,5 
2.5 
2.5 
2,5 

3,5 
3,5 
4 8  
6,l 
6.3 
7.1 
7,i 
7 3  
8.0 
8 4  
8.6 

8 3  

3,l 
3,1 
4,s 
2,7 
2 3  - 

- 
- 
- 
- 
- 
- 

9.0 
9,3 
9.2 
9.7 
9.8 

10,7 
13,3 

- 
- 

0 

- 
- 12 0 
- 
- 

0 

- 
0 



FIG. 5. Temperature dependence of the times 7, (e) and $ (0) 
for sample No. 2. 

The good agreement of the experimental data with 
expression (2) allows us to conclude that at distances greater 
than L, (T,H) a film withp < l.10-3 O.cm can be considered 
homogeneous and that L, ,L ,* > f (or L, > b, since far from 
the metal-insulator transition one has 6- b ). In fact, the val- 
ues of L, and L ,* found in the magnetoresistance experi- 
ments for these films at T 5  20 K and H 5 30 kOe exceed the 
estimated dimensions of the inhomogeneity (granules).2' 
Consequently, for determining the characteristic times T, 

and T: from the known values of L, and L ,* one can use the 
diffusion coefficient D, related to the measured value p by 
pD = m~$/3Ne~--,5.5.10-~ 0.cm2/sec (m is the electron 
mass and v, is the Fermi velocity).32 

The curves for T,(T) and T:(T) for sample No. 2 are 
shown in Fig. 5. The data on T, (T )  and r,*(T) enable one to 
obtain the temperature dependence of T, and the values of rS 
and T,, by a simple procedure described in Ref. 29. For the 
samples with y = 140 d; we have rs0 ~ 3 . 1 0 -  '' sec (see Table 
I) practically independent ofp; these values are close to the 
values of rso obtained for the clean two-dimensional copper 
films with a= 100 This circumstance evidently stems 
from the fact that spin flips due to the spin-orbit interaction 
occur mainly in scattering by the granule boundaries, while 
the granule dimension b, unlikep and D, depends only weak- 
ly on the oxygen concentration. The spin-flip probability in 
scattering of this sort is W = b /v,rs0 - 3.1OP4 for the films 
with y = 140 d; ( b z  100 A), whereas an estimate of Wby the 
formula W Z ( ~ Z ) ~  gives 2.10-3(a = e2/&, Z is the nuclear 
charge of the constituent atoms of the film).33 The depen- 
dence of rs0 on the granule dimension can be mapped out by 
varying the thickness of the layers making up the film: in 
comparison with the values of rs0 for the samples with 
y = 140 d;, the values of rS, for y = 50 d; are smaller by a 
factor of two, while for y = lo4 A (sample No. 3) they are 
larger by a factor of 1.5. (The electron microscope data show 
that when y is increased above 300-500 d; the values of both 
b and rS, cease to change.) The growth of T with decreasing T 
in thin copper films (a S 150 d;) has been to be 
limited by spin-flip scattering by magnetic impurities, but in 

FIG. 6 .  Temperature dependence of the conductivity u of sample 
No. 2 at H = 0 (a) and H = 30 kOe (0) (H%frc/4eDrZ (10 K). The 
solid and dashed lines are the theoretical curves calculated ac- 
cording to (4) with F = 0 and with the values of r ,  and $ deter- 
mined from the magnetoresistance. 

the comparatively thick films such a limitation does not ap- 
pear. The reason is that the scattering on magnetic impuri- 
ties occurs mainly on the surface of the films, where the 
ESCA data indicate the presence of paramagnetic cupric ox- 
ide. Analysis of the mechanisms leading to the observed be- 
havior of 7, ( T )  will be given in Sec. 4.2. 

Let us turn now to a discussion of the temperature de- 
pendence of the conductivity in the films with p < 1.10-3 
0-cm. Typical experimental curves ofu(T) for such films are 
shown in Fig. 6 for the cases H = 0 and HSW4eD.r: (10 K; 
sample No. 2). As the films were cooled from 300 to 30 K we 
observed an increase in the conductivity, while in the low- 
temperature region u(T)  fell off something like a square-root 
curve. For comparing expression (4) with experiment the 
only adjustable parameter is the value ofl;, since the charac- 
teristic times r, and T: were found from an analysis of the 
magnetoresistance. The screening parameter I: remains the 
only adjustable parameter in the case when the temperature 
dependence of u is studied in a rather strong magnetic field. 
As in the case of two-dimensional copper  film^,^^-^' good 
agreement with theory is achieved for F = 0. The main con- 
tribution to the temperature dependence of a is from the 
electron-electron interaction in the diffusion channel, since 
the relation T, ,T: >fi/kT holds over the entire investigated 
region T = (1.5-30) K (see Fig. 5). The share due to the local- 
ized contribution does not exceed 10% ofAu(T) at T S  10 K. 

The satisfactory agreement of the experimental data 
with the results of the theory developed for homogeneous 
conductors indicates that L, ,L. 2 6 at T 2 1.5 K and H 5 30 
kOe for samples withp < 1.10W3 0-cm. The behavior of the 
a ( T )  and u (H)  curves for samples withp 2 1.1 0-3 O.cm does 
not find explanation in terms of the theory of weak localiza- 
tion and electron-electron interaction in macroscopically in- 
homogeneous metals. For example, the temperature depen- 
dence of the conductivity of samples No. 8-12 at T S  30 K 
can be approximated as u(T)  = uo + AT ' I 3 >  as is done, e.g., 
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FIG. 7. Dependence of a, and T, on the oxygen concentration 
n(n, = 12%). The scatter in log/ 1 - n/n,  I corresponds to an ac- 
curacy of -0.1 at.% in the determination of the oxygen concen- 
tration. (Each of the symbols used in this and the following figures 
corresponds to a particular sample, numbered as in Table I). 

in Refs. 14 and 34. However, because comparison with the 
theory yields values of a. much larger than the temperature 
dependent termA T ' I 3 ,  one cannot assume that such a depen- 
dence is due to the critical behavior of a near a metal-insula- 
tor transition of the Anderson type in a homogeneous sys- 
tem. In view of the granular structure of the films in 
question, it is natural to assume that the observed behavior 
of the conductivity is due to quantum effects in the presence 
of macroscopic inhomogeneities of the sample and that the 
metal-insulator transition is due to the vanishing of the infi- 
nite cluster of granules connected together by metallic 
bridges. 

Figure 7 shows a plot of uo(n - n, ) obtained by extrapo- 
lation to T = 0 of the corresponding u(T)  curves (n is the 
oxygen concentration in the film). The experimental data are 
satisfactorily described by a function of the form 
a,-(1 - n/nc)', where t-2.3 f 0.3. This value of the criti- 
cal exponent of the conductivity is consistent with the value 
t=: 1.9 from percolation theory and also with the 
experimentally determined36 value t 1.9 f 0.2 for cermet 
films fabricated by the joint sputtering of a metal and an 
insulator, but it differs substantially from the values t 5 1 
which are characteristic for the metal-insulator transition in 
macroscopically inhomogeneous  conductor^.^-" The criti- 
cal concentration of the insulator Cu20 is 0.35 + 0.05, cor- 
responding to a percolation threshold of 0.65 + 0.05, which 
is higher than both the value for cermet films ( - 0 . 4 ~ ) . 5 ) ' ~ , ~ ~  
and the theoretical value -0. 17.2 Such a large value of the 
critical concentration of the metal in films consisting of oxi- 
dized granules was also noted in Refs. 15 and 28 and is due to 
the specific structural features of these films (the insulator 
coats the metallic granules and "disconnects" them from the 
infinite cluster). 

For samples withp 2 1.10-3 a - cm the absolute values 
of Aa(H)  and the shape of the a(H) curves are no longer 
described by expression (2). The experimental a(H) curves 
obtained at various temperatures for sample No. 10 are 
shown in Fig. 8. The solid lines in Fig. 8 show the functions 

703 10' ti, Oe 

FIG. 8. Curves of A d H )  measured at various temperatures for 
sample No. 10. The solid lines correspond to the theoretical 
curves (15) calculated for the following values of T,/T$: 1) T = 1.8 
K ,  T,/T$ = 70; 2) T = 3.0 K, T,/T$ = 25; 3) T = 6.5 K ,  T,/T$ 

= lo; 4) T = 10 K,  T , / T ~  = 2. 

(1 5) obtained with allowance for the macroscopic inhomoge- 
neity of the samples; the dashed line is the upper limit of 
applicability of the theory-L, z b z  100 A. (The lower ap- 
plicability limit, which is determined by the condition 
2, zL,  2 f,  corresponds to a value H z  650 Oe for sample 
No. 10 and shifts to lower values of H with increasing p.) 
Comparison of the experimental data with expression (15), 
which contains three unknown parameters, viz. f ,  2 , ,  and 
2:, is facilitated by the fact that the maxima of the theoreti- 
cal curves constructed for T,/T,* 2 3 correspond to the same 
value of the quantity 2,*'/L $ z 1.2 (see Fig. 1). The maxi- 
ma of the experimental a(H ) curves obtained for T 5  6 K also 
lie on a single vertical line, since for T 5 6 K the time T: and, 
thus, 2: -(T:)'/(~ + i - B )  become practically independent of 
T(T~,  (7,). Knowing the value of H which corresponds to 
the maxima of the low-temperature a(H) curves, one can 
determine 2: for T 5  6 K and then make further compari- 
sons with the theory with the aid of two adjustable param- 
eters. One of these parameters is the quantity 2:/f ', which 
is the same for all the experimental a(H) curves obtained at 
T 5  6 K. (We note that for T2 6 K the temperature depen- 
dence of this quantity should also be weak-proportional to 
( T ~ ) ' / ( ~ + ~ - ~ ) - ~ s  is confirmed by experiment.) The second 
parameter is the ratio T,/T,*. Thus in spite of the apparent 
indeterminacy in finding the three unknowns-two tem- 
perature-dependent (2, and 2:) and one temperature-in- 
dependent (6)-there is a relatively simple procedure for 
uniquely separating them in measurements of the a(H) 
curves over a rather wide temperature interval including the 
temperature region in which 2: (2, (7, (T, ). 

The values of f (denoted g, ) obtained by processing the 
magnetoresistance data are shown in Fig. 9. The values of6, 
are in satisfactory agreement with the values of f calculated 
with the formula f = 5O(l - n/nc ) -0.9 A. This fact once 
again confirms the correctness of the assumptions we have 
made about the structure of the films and the percolational 
nature of the observed metal-insulator transition). 

In principle, the experimental determination of 2, 
and 2: should make it possible to find the times 7, and T: 
for a suitable choic of diffusion coefficient D. To estimate D 
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7,. sec 

FIG. 10. Temperature dependence of r, for samples No. 2, 10, 
and 12. 

FIG. 9. Plots of6 = 50(1 - n/n, ) O A and D vslH. The error in 
determining 6 corresponds to an uncertainty in n of 0.1 %. 

in the resistivity interval p = (1.10-3-0.5) 0.cm we have 
made use of the circumstance that forp between 5.10-5 and 
1 R-cm the values of T,, determined from the magne- 
toresistance data are practically independent ofp (see Table 
I) and are close to the values of T,, obtained for clean copper 
films with a z 100 A.29 As we have mentioned, this explains 
why the granule dimension is the same in films with different 
oxygen concentrations. Having assumed that T,, remains 
nearly unchanged at about 3.10-I' sec as p is increased 
further up to 0.5 D.cm, one can obtain an estimate ofD from 

t - B 142 + i - 81, which is valid the relation 9: = ( 3 / 4 ~ ~ , ,  6-  ) 
for T 5 2 K (T,, (T, ). The values of D thus obtained are plot- 
ted against a, in Fig. 9. The experimental data are consis- 
tent with the dependence D- f - i+a - f I.' implied by 
percolation theory. 

Knowing D, one can determine the times 7, and T: in 
films with pz(1.10-3-0.5) R-cm and analyze the resulting 
T, ( T )  curves. The T, ( T )  curves for samples No. 2,10, and 12 
are shown in Fig. 10. The very fact that T, is temperature 
dependent indicates that the main process in the relaxation 
of the phase of the electron wavefunction is inelastic scatter- 
ing, since the time T, should not depend on temperature [see 
formula (3)]. For the investigated films in the temperature 
region T = (1.5-10) K the wavelength 1, of a thermal 
phonon becomes comparable with the electron mean free 
path I-b inside the granules. Unfortunately, there have 
been no satisfactory calculations of the inelastic electron- 
phonon scattering time rEh in the "dirty" case (1, > I ) .  The 
expression for rEh in the "clean" case (AT (1 )37 

[where O,(Cu) = 315 K is the Debye temperature, < 
(3) =: 1.202, and A (Cu) ~ 0 . 1 5  is the electron-phonon interac- 
tion constant] satisfactorily describes the power-law behav- 
ior T, (T )  - T -3 observed in films withp 5 1. lop4 0-cm. The 

absolute values of T,, however, turn out to be an order of 
magnitude smaller than those calculated according to for- 
mula (16). 

For highly disordered films the temperature depen- 
dence of T~ in the low-temperature region becomes weaker, 
and the absolute values of 7, are practically independent of 
the resistivity over the range from l.10-3 to 0.5 Recrn. This 
is apparently because in this temperature region the value of 
T+, for the films in question is determined by electron-elec- 
tron collisions in a macroscopically inhomogeneous three- 
dimensional system. 

For films withp =:(1.10-3-0.5) R.cm the a ( T )  curve in 
the interval Tz(1.5-30) K is described satisfactorily by the 
expression a = a, + A T ,  where a z 1/3 and the coefficient 
A turns out to be independent of a. (see Fig. 11). Similar 
behavior has been observed for films with values ofp in this 
range in all the s t ~ d i e s ' ~ - ' ~ , ~ ~  that have been done on the 
metal-insulator transition in disordered metal films. (In 

FIG. 11. Curves ofAa(T) for samples No. 7-14 and 17. The ar- 
rows correspond to T = To for samples No. 13, 14, and 17. 
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Refs. 13, 15, and 17 the Au(T) curves were approximated by 
a logarithmic function, which in the investigated tempera- 
ture intervals differs only slightly from a power-law depen- 
dence with exponent a= 1/3.) In a strong magnetic field, 
which suppresses the temperature dependence of the local- 
ization contribution, the exponent a changes from - 1/3 to - 1/4. It is important to note that the calculated tempera- 
ture dependence of u due to quantum effects under percola- 
tion conditions does not agree with the observed u(T)  curve. 
First of all, the temperature dependence of a turns out to be 
different. Second, and this is particularly important, the ex- 
periment yields values of A which do not depend on a,, 
whereas according to (10) the coefficient A should be propor- 
tional to ao. Further, the quantum corrections turn out to be 
much smaller than the experimentally observed quantity 
Aa(T). Allowance for interaction effects does not alter the 
picture described above. Thus the behavior of o ( T )  observed 
near the percolational metal-insulator transition apparently 
cannot be explained by the theory of quantum corrections to 
the conductivity. 

For samples with p 20.5 0.cm the conductivity ob- 
served at low temperatures (see Fig. 3) is activational in na- 
ture, with a temperature dependencep(T) of the form 

p=po exp(ToIT)'". (17) 

Analogous behavior ofp(T) has been observed on the insula- 
tor side of the transition in both semiconductorslO~" and 
disordered  metal^.'^,'^^'^ Such a behavior of p ( T )  follows 
from a treatment of the hopping conductivity with a variable 
hopping length in homogeneous conductors with a Coulomb 
gap in the electron spectrum.' Here To-e2/xg, where x is 
the dielectric constant. Since x - (n/nc - 1) - " (where r ]  is 
the critical exponent of the dielectric constant) in the critical 
region, we have To-(n/nc - I)"+". The applicability of 
this model to granular conductors was discussed in Ref. 38, 
and in Ref. 39 it was shown that for materials of this kind one 
should replace < in the expression for To by 68 is, where S is 
the damping length of the electron wavefunction in the insu- 
lator and s is the distance between granules. For our samples 
the experimental values of To are given in Table I, and the 
dependence of To on the oxygen concentration in the films is 
shown in Fig. 7. The increase in To for the more disordered 
films is due to a decrease in the correlation length 5 and 
dielectric constant x upon advancing into the dielectric re- 
gion. The critical exponent of To for our films was 1.2 * 0.3, 
which is close to the value of 77 + v obtained in percolation 
theory [v = 0.8-0.9 (Ref. 2), r] = 0.73 + 0.07 (Ref. 40)]. The 
value obtained for To in (17) in each case practically coin- 
cides with the upper boundary of the temperature interval in 
which (17) holds (see Fig. 11). For T >  To, Aa(T)  exhibits a 
power-law behavior with an exponent a close to 1/3, as in 
the casep = (1.10-3-0.5) 0-cm. 

A dependence of the form (17) has also been obtained 
for granular materials in a treatment of the tunneling of ther- 
mally excited charge carriers between adjacent granules 
with allowance for the Coulomb i n t e r a ~ t i o n . ~ ' . ~ ~  This result, 
however, was obtained under certain assumptions about the 

FIG. 12. Curves oflog[p(T,H )/p(T,O)] vs H for samples No. 16,18, 
and 19. 

structure of the granular metal: 1) b /s = const, with wide 
variations in the value of b,41 or 2) b is small ( 5  30 
which was not the case in our e~periment.~'  

The magnetoresistance observed in the strong-localiza- 
tion region is negative at arbitrary values of H, and the 
curves of lgb(T,H )/p(T,O)] versus H are similar in shape to a 
square-root function (Fig. 12). In the strong-localization re- 
gion the appearance of magnetoresistance in classically 
weak magnetic fields is attributed to a possible lowering of 
the mobility threshold, leading to a negative magnetoresis- 
t a n ~ e . ~ ~  In the case when the temperature dependence ofp is 
described by expression (17), we have for a negative magne- 
to re~is tance~~ 

where N is the electron concentration. The experimental val- 
ues of logb(T,H )/p(T,O)] at fixed H turn out, in agreement 
with (18), to be proportional to log[p(T)/po]. For samples 
No. 16, 18, and 19, whose the magnetoresistance curves are 
shown in Fig. 12, the ratios 

lg [p (T, H ) I p  (T, O ) l  IH'" lg [ p (T)/pol 
are practically the same, amounting to - l.10-5. By assign- 
ing a value N (Cu) = 8.5-10" cm-3 (Ref. 32), one can deter- 
mine the coefficient B in formula (18); in our case we get 
Bz0.11. 

5. CONCLUSION 

We have found that the disordered Cu,-,- 
Ox (x = 0.02-0.2) films studied in our experiments exhibit a 
combination of both quantum effects (electron localization 
and enhancement of the electron-electron interaction) and 
classical percolation effects. Behavior of this sort is due to 
the presence of both small-scale and large-scale structural 
inhomogeneities in these films. Here the transition from me- 
tallic to activational conductivity is classical in nature and is 
satisfactorily described by percolation theory. Such a metal- 
insulator transition is apparently characteristic of a large 
number of granular  system^.'^-'^ Far from the metal-insula- 
tor transition the observed behavior of a ( T )  and a(H) is de- 
scribed well by the theory of quantum corrections to the 
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conductivity as developed for the homogeneous case. As the 
transition is approached the condition 6 < L, L ,  breaks 
down; this circumstance is responsible for the particulars of 
the manifestation of quantum effects in films with 
z (1- 10-3-0.5) 0-cm. The theory developed for the mani- 

festation of quantum effects in percolation systems gives an 
adequate description of the magnetoresistance of such films 
and enables one to determine the correlation length in them. 
At the same time the temperature dependence in films with 
p 2 l.10-3 0.cm is not explained by the theory of quantum 
effects; this apparently indicates that the observed behavior 
of u(T)  is of a different origin. 
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