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We present a classical effective-medium theory for the magnetoconductivity tensor in
disordered materials which undergo a metal-nonmetal transition via a microscopically
inhomogeneous transport regime.

The microscopic inhomogeneities' always pres-
ent in disordered materials are a major source
of difficulty in dealing with their transport prop-
erties. The inhomogeneities are associated with
fluctuations' ' in, e.g. , bonding configurations, '
composition, ' or local density, ' which are inde-
pendent of one another when separated by more
than twice a correlation radius. The condition
of the material is approximately constant within
the correlation radius, i.e., within the fluctua-
tion. These inhomogeneities give rise to poten-
tial fluctuations, which in turn can give rise to
microscopic inhomogeneities in the electronic
structure: randomly distributed localized states
and extended states confined largely to semiclass-
ical percolation" ' channels for energies near
the mobility edges. "'" In the cases of interest
to us, the phase coherence length is shorter than
the amplitude coherence length for the relevant
extended states. " '4 The latter is essentially the
correlation radius of the condition of the materi-
al. Thus, one can make a semiclassical approxi-
mation treating the system as having randomly
distributed, locally uniform configurations and
calculating the local properties semiclassical-
ly."' This approach has been carried out suc-
cessfully by Eggarter and Cohen' for the calcula-
tion of the mobility of electrons in gaseous He.
Cohen and Sak' have developed a theory of the
metal-semiconductor transition in binary-alloy
systems based on the same ideas.

Once one has made the semiclassical approxi-
mation, the transport problem becomes equiva-
lent to that of conduction in a macroscopically in-
homogeneous medium. There is a substantial
body of theory for such media, " "and Kirkpat-
rick"' has pointed out its relevance to the pres-
ent problems. The simplest and perhaps the
most useful such theory is the effective-medium

theory of Bruggeman" and Landauer. "
The problems we are dealing with, which arise

near mobility edges during the course of metal-
semiconductor transitions, relate to random sys-
tems in which a volume fraction C has a conduc-
tivity 0, and the remainder a conductivity 0, sub-
stantially less than cr, . The results of the effec-
tive-medium theory for the conductivity cr of the
material can then be expressed as""

(T fGQ7

f =a+[a'+ —'x]'~',

a = —,'[(—,'C ——,')(1 —x) + —,'x],

x =v, /o, . (4)

Equations (1)-(4) a,re not sufficient by them-
selves to establish that the material is micro-
scopically inhomogeneous. Knight- shift data can
be used" to establish values of C. Lacking these,
thermodynamic data can be used' instead to esti-
mate C. Even and Jortner" have shown that cor-
relations among the conductivity, Hall constant,
and Hall mobility are particularly helpful in
drawing inferences about transport regimes. An
effective-medium theory has not been construct-
ed'" for the full magnetoconductivity tensor. Her-
ring" considered the somewhat different case of
weak, continuous variations in the electrical
properties. The closest available is the work by
Juretschke, Landauer, and Swanson, "which
gives both Hall effect and conductivity in several
porous media (o, =0) in which the pores are suffi-
ciently far apart to be nonoverlapping. This lat-
ter constraint restricts the validity of their re-
sults to first order in e = I —C. They find
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which fluctuations of the fieM from the medium
value average to zero. This gives the effective-
medium condition

&(os 1- so+ ski) '(oi- o)) =o (14)

This is to be solved to first order in the field for
0'~~

(o,,/(o, + 2o)')
((o, +2cr) ')

In (15), o; is o, with probability C and o, with
probability 1 —C. Carrying out the averages
gives

R =kRo,

& =g&o~

h=g/f,

(2f + 1)'(1 —C)(1-xy)
(2f + 1)'(1 —C) + (2f +x)'C

y = ttg/pp

(15)

(16)

(I't)

(18)

(19)

(20)

*Research supported in part by the U. S. Army Re-
search Office (Durham), and benefited from general
support of Materials Science by the National Science
Foundation at the University of Chicago, and by the Is-

Here R is the Hall constant and p, the Hall mobil-
ity. The significance of the subscripts is evident.

The results (16)-(20) agree with (5) to first or-
der in e for x =0.

Plots off, g, and h versus C are given in Fig.
1 for various values of x and y. They indicate
several classes of behavior for materials under-
going a metal-nonmetal transition via an inhomo-
geneous transport regime. " We call attention to
two patterns. For x andy both small, e.g. , x
-10 ' and y -10 ' as in metal-ammonia solutions, '
0 and p. drop rapidly in the region 0.4&C&1. For
x somewhat larger and y of order unity, e.g. , 10 '
~x & 10 ' and 1 ~y & 3, 0 and R can vary strongly
for 0.4& C&1, whereas p, exhibits only weak vari-
ation, changing by -30%, while o changes by an
order of magnitude. Such values of x and y are
typical of high-temperature materials such as ex-
panded liquid Hg"'" in the density range 9.3-8.0
g cm ' and liquid Te" "in the temperature
range 670-1200'K, and the behavior of 0, R, and
p, expected from (1)-(4) and (16)-(20) is observed
experimentally. We expect, therefore, that the
theory presented here will be of genera& utility in
the analysis of similar materials.
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