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1. INTRODUCTION

Investigations of electron transport processes in
structurally disordered systems (amorphous and liquid
semiconductors, and also metals) have grown into an
independent and rapidly growing branch of the physics
of condensed matter.

The range of physical phenomena which occur in dis-
ordered systems is at Least as wide as the range in
crystalline solids, and the practical importance of these
systems is increasing year by year. Among disordered
structures there are good metals as well as typical
semiconductors and insulators. As usual, their prop-
erties are governed mainly by the structure of the elec-
tron energy spectrum. When external parameters are
altered or when the system changes, this structure
may be modified giving rise to changes in the various
electronic properties, in particular, to semiconductor-
metal or metal-semiconductor transitions. The spe-
cial nature of this effect in disordered systems is asso-
ciated primarily with the dominant role of disorder,
which gives rise to new transition mechanisms not ap-
plicable to crystalline solids. From this point of view,
investigations of the semiconductor-metal transition in
liquids are particularly illuminating because they pro-
vide an opportunity to alter the structure of the system
within a very wide range and thus study the role of
structural changes in the formation of the electron
spectrum. Accumulation of data on this topic is par-

ticularly desirable because the state of theoretical
ideas on disordered systems is far from that degree of
completeness which is characteristic of the theory of
crystalline solids. On the other hand, investigations of
this kind deal with the states of matter over a very
wide range of external parameters (such as pressure
and temperature) covering practically the whole range
accessible at present under laboratory conditions; this
extends greatly our ideas on the physics of condensed
matter. The founder of investigations of noncrystalline
materials and specifically of the electronic phenom-
ena—conduction mechanisms and structure of the ener-
gy spectrum—is Abram Fedorovich Ioffe. His leading
role in the establishment of this branch of physics is
generally recognized and one is left to wonder at the
foresight of the scientist who in the forties and fifties
of the present century was able not only to formulate
the fundamental problems in a new branch of physics
but also to forecast (albeit in a qualitative form) the
solutions of the most important problems.1

One of Ioffe's predictions, based on profound scien-
tific intuition, is the hypothesis of the dominant role
of the short-range structural order in the formation
of the energy spectrum of electrons in noncrystalline
materials and the idea of localization of electron states
as the structural disorder factor increases.

Further development of the ideas of A. F. Ioffe and
establishment of an electron theory of disordered sys-
tems owes much to the more recent contributions of
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P. W. Anderson, N. F. Mott, I. M. Lifshits, J. M. Zi-
man, and others.

At present the research on the topic of interest to us
is being pursued on a very wide front, including not on-
ly investigations of the semiconductor-metal (SM)
transition in such noncrystalline materials as amor -
phous and liquid semiconductors, but also studies of
impurity subsystems in crystalline matrices. Work of
the latter kind is largely an independent subject and for
this reason will not be considered in the present review.
We shall confine ourselves mainly to investigations of
electronic conduction in liquid semiconductors over a
wide range of temperatures, including the transcritical
state. Experimental studies, carried out mainly in the
last decade owing to the development of techniques for
measuring electrical properties at high pressures and
temperatures2 (4000 atm and 2000 °C), have shown that
liquid semiconductors generally undergo two transfor-
mations of the electron spectrum at high temperatures:
the SM transition occurs at lower temperatures and is
preceded by enhancement of the interaction between
electron shells of the atoms (this is a delocalization
factor, operating in opposition to the structural dis-
ordering factor), and the metal-insulator (or metal -
dense plasma) transition occurs at higher tempera-
tures, in the range of critical temperatures and pres-
sures, and is associated with a reduction in the density
of the material and with an opposite relationship be-
tween the interatomic interaction and structural disor-
dering factors. The two transitions obviously have
common criteria.

Apart from the intrinsic physical interest, the sub-
ject discussed in the present paper is also of consider-
able importance in geophysics because it makes it pos-
sible to understand a large number of fundamental
phenomena which occur in the interior of the earth.
Many molten rocks are typical semiconductors, they
exhibit the semiconductor-typé temperature dependence
of the electrical conductivity, and have high values of
the thermoelectric power whose sign may vary with
temperature. We can expect SM transitions at high
temperatures and pressures in the earth's interior.
The results of an analysis of these phenomena may be
decisive in support of the hypothesis of metallization of
molten matter in the earth's core and the high value of
the thermoelectric power can be a powerful source of
heating of certain parts of the crust and mantle.1'

In the present review we shall be concerned with the
current status of the theory. (Sec. 2) and we shall com-
pare the theoretical and experimental results (Sees.
3-5). One should also mention that understanding of
the mechanism of the SM transition requires general
knowledge of the structure of the electron energy spec-
trum and of the special features of the electron trans-
port phenomena in disordered systems. Consequently,
we shall consider briefly these topics in Sec. 2 by way
of introduction to the main theoretical and experimental
data.

l)Some of these problems are discussed in Ref. 221.

552 Sov. Phys. Usp. 23(9), Sept. 1980

2. THEORETICAL MODELS OF THE
SEMICONDUCTOR-METAL TRANSITION IN
DISORDERED SYSTEMS

A theory of the SM transition in disordered systems
should, in principle, follow the corresponding theory
for crystalline solids. First of all, one should deter-
mine the structure of the electron energy spectrum of
disordered systems and the changes in this structure
under the action of external parameters., The ideas
obtained in this way can then be used to go over to the
next stage which is a description of the electron kine-
tics and classification of the investigated systems into
metals, semiconductors, and insulators. The knowl-
edge of possible changes in the electron spectrum
should make it possible to compare directly these
changes with the transitions observed experimentally.
This approach is fundamentally clear, but its realiza-
tion meets with considerable difficulties.

In spite of much work of theoreticians and in spite of
the availability of extensive experimental data, a self-
consistent theory of electrons in disordered structures
is in practice still lacking. However, there are many
models and ideas of a qualitative nature which make it
possible to interpret the observed effects. A detailed
presentation of these ideas can be found in the well-
known books of Mott and Davis3 and Mott4, as well as
in several reviews.5"9 We shall consider briefly the
main theoretical results relevant to the subject of the
present review.

The main difficulty in the theory is the absence of
translational symmetry because such symmetry leads
to very great simplification in the case of ideal solids,
in an analysis of the electronic properties associated
with the Bloch theorem and with the results of the band
theory. As is known, classification of solids into
metals, semiconductors, and insulators is usually as-
sociated with the energy band structure. A consider-
able simplification of the theory arises also from the
fact that it is usually possible to reduce the real many-
body problem to an effective weak interaction betweeji
quasiparticles, i.e., it is possible to reduce the prob-
lem to the one- or two-particle level. In the casé of
disordered systems neither the former nor the latter
simplification is possible. Strictly speaking, in the
absence of translational symmetry we cannot introduce
the concept of the band electron spectrum or the idea
of effective quasiparticles. In view of the random na-
ture of disordered systems one has to employ charac-
teristics which are statistical averages over ensembles
describing the structure of a system of one or another
kind. It is then found that although usually it is not
possible to specify the dispersion law for electrons in
the form of a well-defined dependence of the energy on
the quasimomentum E(p), it is nevertheless possible
to describe the electron spectrum by the density of the
electron states N(E) averaged over the ensemble of
random configurations.8 The work on the theory of
imperfect crystals, particularly doped semiconductors
and alloys, giving rise to the concept of density-of-
states tails in the band gap10*13 and the ideal of local-
ization of electrons in such tails have been important in
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peratures T the conduction process is dominated by
carriers in delocalized states. The range of energies
Ea -Ev acts as a mobility gap3'5 and it is responsible
for the semiconductor behavior of the system in the ab-
sence of a true band gap. The conductivity then obeys
a typical semiconductor equation:

-•**=?*•). (1)

FIG. 1. Density of electron states in liquids: a) liquid metals;
b) quasimetallic liquids; o) liquid semiconductors (the local-
ized-state region is shaded).

the development of suitable representations. Mott3·4

proposed several possible variants of transformation
of the energy band spectrum of solids as a result of
loss of order (for example, at the melting point).
Figure 1 shows the various densities of electron states
in the order of increasing importance of the short-
range order or the degree of binding of electrons to the
potential field of the atomic structure. The case shown
in Fig. la corresponds to the total disappearance of the
band gap and then N(E) is analogous to that for free
electrons and it describes, for example, liquid metals.
In the case shown in Fig. lb there is a dip in the densi-
ty of states in the range of energies corresponding to
the band gap in the crystalline state. This range of
energies is usually called the pseudogap. The depth of
this pseudogap is usually described by the ratio g
=N(Ef)/N0(E¥), i.e., by the ratio of the true density of
states at the Fermi level to that calculated in the free-
electron approximation.

Since the pseudogap region can be regarded as the
range of energies where the density-of-states tails of
the "valence" and "conduction" bands overlap, the idea
of localization of electrons at the band edges mentioned
earlier is applied to thé two-band case in Fig. lc when
the pseudogap is sufficiently pronounced.

In general, we have Ν(Ε)ΦΟ, but we cannot exclude
the possibility of a situation in which there is a true
band gap, i.e., when there is a range of energies where
N(E) = 0. However, in spite of the fact that N(EF)φθ,
in the case shown in Fig. lc when the Fermi level lies
within the region of localized states in the pseudogap,
we effectively have a model of a liquid or amorphous
semiconductor. Since the electron mobility at localized
states bounded by the mobility thresholds £ v and Ec is
much less than the mobility of electrons of energy ex-
ceeding Eo or less than Ev, at sufficiently high tem-

where £ F is the Fermi energy of electrons, i.e., it is
governed by the thermal excitation of carriers across
the pseudogap. The presence of this pseudogap gives
rise to a number of special features of the transport
phenomena (compared with the case of free electrons),
even when there are no localized states inside the
pseudogap.

The "two-band" scheme of the density of states of the
type shown in Fig. lc is a natural consequence of the
approach postulating a pattern of a "faulty» crystal
which has initially an energy band structure on which
a random field is then superimposed. However, there
is also the fundamental problem of postulating an analog
of the band structure (of the type shown in Fig. lc) for
an intrinsically disordered system, such as a liquid or
an amorphous body, without making any assumptions
about the initial periodicity. Attempts to find the en-
ergy spectrum of disordered systems should start from
two limiting cases considered in the theory of solids:14

the tight-binding approximation or the model of almost-
free electrons.

In the former case we have electrons whose wave
functions are localized near individual atoms. As the
atoms approach one another, their levels spread into
energy bands because of the overlap of the wave func-
tions and in general this is not related to any long-
range order. Therefore, it would seem natural that in
this situation there should be some kind of "band"
structure governed only by the short-range order and
by the overlap of the wave functions of the nearest
neighbors. One would then expect to retain even the
true band gap. Theoretical papers implementing these
ideas in mathematical form have been published recent-
ly. l 5" i e Weaire and Thorpe15 considered a model Ha-
miltonian of a disordered system comprising german-
ium-type atoms (with covalent bonds) and electrons re-
garded as localized at atoms and bonds. They were
able to demonstrate rigorously that, in spite of the
structural disorder, a system of this kind should have
a band structure with a true band gap. The valence
and conduction bands are formed by electron states of
the bonding and antibonding type. It is probable that
this model will apply to the properties of systems such
as amorphous germanium and silicon.

The Zimàn group used machine calculations to
show16"19 that the density of states in amorphous Ge
and Si structures is governed by the scattering of elec-
trons by relatively small clusters (s 10 atoms) with a
specific geometry of the distribution of atoms, and the
density of states is found to be relatively insensitive to
the distribution of the clusters themselves. The densi-
ty of states has a typical pseudogap which is in full
agreement with the available experimental results.
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All these investigations confirm the idea first put
forward by A. F. Ioffe20 that the "band" structure of
amorphous and liquid systems is governed primarily
by the short-range order.

A special difficulty arises in the derivation of the
density of electron states with a pseudogap using the
language of almost-free electrons scattered by a weak
pseudopotential of ions2' distributed in a correlated
manner in a liquid. The first attempts in this direction
were made by Edwards.21 The subsequent calculations
carried out using real structure factors of liquids and
model pseudopotentials of ions gave a density of states
very close to that for free electrons.22·23 Ziman24

showed that under certain (fairly rigorous) assumptions
about the higher correlation functions of ions (in parti-
cular, the four-ion function) it is possible to obtain a
semiconductor-type density of states. However, there
are at present no theoretical or experimental methods
which would make it possible to find the higher corre-
lation functions for a liquid.

Sadovskii25·26 showed that the use of a characteristic
binary structure factor of a liquid and the assumption
of a strong nonlocality of the ion pseudopotential cor-
responding to predominance of the backscattering makes
it possible to construct a model of the electron spec-
trum of a liquid with a pronounced pseudogap in the en-
ergy range corresponding to the band gap of a crystal.
This model is equivalent to an ensemble of ideal semi-
conductors whose energy gap in the spectrum varies in
a random manner from one semiconductor to another.

We can summarize the current situation by saying that
the evolution of the structure of the energy spectra
(densities of electron states) on transition from crystal-
line solids to liquids and amorphous structures is now
qualitatively understood but the representations em-
ployed cannot be regarded as having the same reliabili-
ty as in the case of crystals and, moreover, they can-
not be used to calculate the spectra of real systems.

A theoretical understanding of the kinetics of elec-
trons in disordered systems and particularly of possible
mechanisms of the SM transition, which is the subject
of the present review, is in an even earlier stage of
development. Before discussing the current ideas, we
shall deal first with the concept of localization of elec-
trons in a random field which is one of the main mech-
anisms for the transition from metallic to semiconduct-
ing type of conduction in disordered systems.

The first and still the fundamental results on local-
ization were obtained in the well-known work of Ander-
son. 2T We shall consider briefly the Anderson model
without attempting to be rigorous. The reader inter-
ested in details should turn to the original papers27"36

and to reviews.8·9

We shall consider a three-dimensional lattice of
sites distributed regularly or randomly. An electron
at a site ; has an energy Es which is regarded as a
stochastic variable distributed in a band of energies of

2>In the case of crystalline semiconductors such a description
has now reached a highly advanced state.1 4

width W with a certain distribution density P{Et}. The
overlap of the wave functions at neighboring sites gives
rise to an interaction Vi} describing the transfer of an
electron from one site to another. In an irregular lat-
tice the interaction Vi} is also generally a stochastic
quantity, but it is usual to consider the case of an ideal
lattice with an energy disorder of levels at the different
sites.

We shall assume that initially (at t = 0) an electron is
located at some specific site i and we shall consider
the time dependence of its wave function. The main re-
sult of Anderson is that for Vu which decreases with
distance between the sites \RtJ | faster than | ΛΜ |"a and
has an average value smaller than a certain critical
potential Ve - W, an electron remains localized in the
vicinity of the site i in the sense that even a s i - « the
amplitude of the wave function at the site i is finite and
decreases rapidly with distance. The physical mean-
ing of this result is related to the circumstance that an
electron can tunnel only to a site of energy which is
identical with the level E{ determined by the initial con-
ditions. However, under the above conditions the prob-
ability of finding, in the vicinity of a given site, another
site with the same energy increases with distance away
from this site at a rather much slower than the rate of
reduction of the interaction Vtj with the same distance.
Therefore, the probability of electron jumps is zero
and there is no electron transport in the system as long
as we consider the case of zero temperature.

We shall now consider a very much simplified version
of the proof given by Anderson. The Hamiltonian of the
Anderson model has the form

(2)

where a] and a, are the electron creation and annihila-
tion operators at sites j and i; Vu is assumed to be
equal to the constant V which differs from zero only for
transitions between the nearest neighbors.

It is assumed that initially an electron is at a site i
whose wave function is \i). Subsequantly i>0 the wave
function has the form

(3)

The quantity/»,, = lim#.«> c,(t)\z represents the probabili-
ty of finding a particle in a state \i) at the moment
t = ». The probability ptl naturally depends on the set
{Ej}. Ίίρι{Φθ, there are electron states localized
near the site i. The nature of the electron states is
governed by the one-electron Green function

(4)

representing the amplitude of the probability of a tran-
sition of an electron of energy Ε from a site j to a site
i. In particular, pu can be expressed in terms of
G(i(E) (Ref. 30). A renormalized series in the theory
of perturbations with respect to V is obtained for this
Green function. Anderson showed that the problem of
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localization reduces to a study of the convergence of
this series and, in View of the random nature of the
quantity E}, the convergence is understood to be in the
sense of probability.27"30 Simplifying the treatment in
Hef. 31, we can say that it ̂ r educes to whether the
diagonal element (4) has an isolated pole:

(5)

which can be interpretedas the eigenenergy of an elec-
tron lpcalized at the i-th site. The quantity # 4 should
be real because otherwise such a state decays with
time, i.e., an electron becomes delocalized in the li-
mit t-*<*>.. The eigenvalue $t is given by the Brillouin-
Wigner perturbation theory:

. . (6)

If the series (6) (or, more precisely, a renormalized
series in which the repeated sites are eliminated in the
sums) converges near the real axis of Ε (apart from the
point &t), a sequence of real terms converging to the
real value of # 4 is obtained along the real axis. The
localization condition reduces to the requirement of
convergence of a series of the type given by Eq. (6).3)

Since £, are random variables, the convergence of
the series (6) should be considered, as mentioned
above, in the statistical sense and this requires a com-
plex analysis.27·30 However, a simplified estimate of
the convergence condition can be obtained as follows.3l

We shall consider various contributions of the order of
V1·*1, where L » 1. Since each lattice site has Ζ near-
est neighbors, there are in all ZL contributions and
each of them is a product of L factors of the type

(7)

If we assume that the quantities Ei in these cofactors
are independent, we can find the value of the product
in question by taking the average of its logarithm over
the distribution of Et:

(8)

(9)

Then, the series (6) behaves, on the average, as a
geometric progression and converges if

Ζ exp (In | Τ {Ε) |> < 1.

This condition (the equation for E) defines the range of
energies where electrons are localized. Anderson27

used the following distribution of E(:

The scatter of the energy at sites W required for
localization clearly depends on the energy Ε of the
state of interest to us. We shall consider the state at
the center of the band where Ε = 0 (such states are
most difficult to localize). Then, the condition (9)
simplifies and reduces to the inequality31

w >2eZ. (12)

For a simple cubic lattice of Eq. (8), we can introduce
the band width B=2ZV and obtain W/S > e.

Thus, if the random scatter of the energy at lattice
sites is sufficiently large in the sense of the condition
(12), all the electron states in a band are localized. A
system is then an insulator of special type in which
electron transport can take place only as a result of
thermally activated jumps between local states. The
metal-insulator transition caused by localization in a
random field is usually called the Anderson transition.
The criterion of total localization given by Eqs. (9) and
(12) has been refined by many authors.6·30'32"34 Dif-
ferent values for the critical scatter of the energy
levels Wc are obtained depending on the approximations
used in analyzing the convergence of a series of the
type of (6). In order-of-magnitude estimates we can
use Eq. (12) or the best numerical estimate of Ander-
son.27 The fundamental point is the existence of such a
critical ratio.

For a fixed value of W the localization condition can
be analyzed as a function of E, which is the energy of a
band electron.3 0·3 1·3 5 The qualitative situation is il-
lustrated in Fig. 2 (the localization region is shaded).
The most important is the appearance of critical fields
Ec and Ea. separating the regions of localized and de-
localized states. These energies are usually called the
mobility thresholds. Naturally, location begins at
band edges and on increase in the amplitude of the ran-
dom fields W the mobility thresholds tend to move
toward the center of the band, so that the localized
states cover increasing parts of the spectrum.

A description of the behavior of electron states and
their kinetics near the mobility thresholds is the fun-
damental problem in the theory of disordered systems.
Anderson29 showed that in the range of energies cor-
responding to localized states the electron wave func-
tions decrease exponentially with distance over a length
equal to the localization radius and as the energy of the
state Ε tends to the localization threshold, the radius

for

for \E,\>\W.
(10)

Then,
wit

-«72

W . Ε

+
W E

(ID
3'We shall, in fact, ignore a number of finer aspects which

are discussed in detail in Refs. 6, 27-30, and 32.

FIG. 2. Density of electron states in the Anderson model for
a given ratio W/V. Here, Ec and Ec> are the mobility thresh-
olds.
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diverges:

(13)

where α is a length of the order of the interatomic
distance. This behavior resembles the divergence of
the correlation radius of fluctuations at a second-order
phase transition point and suggests that the behavior of
electron states in the critical region near the mobility
threshold may be governed by scaling dependences
(typical of phase transitions) with critical indices
governed only by the dimensionality of space.37 Some
results on this point are obtained in Ref. 36, where it
is shown that the index ν in Eq. (13) is the index of the
correlation length in a specific problem of a second-
order phase transition with a null-component order pa-
rameter.3 8·3 9 The index ν is calculated there by the
Wilson ε expansion method.37 It is found that for a
three-dimensional space the index is ν »0.6, in full
agreement with the Anderson result29 obtained by nu-
merical analysis of the statistics of nonintersecting
paths on a lattice, which governs the structure of the
perturbation theory series for the Green's function (4)
[see comments after Eq. (6)]. It is shown in Ref. 36
that the spatial behavior of this Green's function is
identical with the corresponding behavior of the corre-
lation function of the phase transition mentioned above.
The behavior of the Green's function in question at the
localization threshold demonstrates36 that a power-law
localization of wave functions in the Anderson model
assumed by Thouless40 is impossible. It should be
stressed that the results of Ref. 36 apply to the most
probable Green's function of an electron found using the
Anderson approach. However, the majority of the mea-
sured physical quantities are governed by the average
Green's functions. Attempts to apply an analogous
treatment to the average correlation functions (relating
to the density of states or the conductivity) have met
with serious difficulties. 4 l" 4 B It has been found that the
problem reduces to an analysis of an unstable field-
theoretic problem and the application of perturbation
theory gives nonphysical singularities reflecting prob-
ably a smooth transition from weak to strong binding.41

The size of the transition region on the energy scale is
identical with the size of the critical region in the the-
ory of phase transitions,41·44 but the scaling behavior of
the correlation functions is not observed. Similar re-
sults are obtained in Refs. 42 and 43. An analogy be-
tween localization and a transition to a spin glass state
is suggested in Ref. 45 but once again scaling behavior
is not observed. The whole problem is considerably
more complex than that of critical phenomena in
second-order phase transitions.9'

The above analysis of localization is directly applica-
ble to systems with energy disorder of which the only

4 ' in the case of a transition at the center of a band we have
B^cca UW-Wc)/We |""for WZWC.

5'The scaling theory of localization has been developed further
in recent papers2 1 6 '2 2 0 but the problem is far from finally
solved and the results obtained by different authors are quite
contradictory.

6)At absolute zero.

examples are probably disordered alloys. Real disor-
dered systems usually have structural disorder (li-
quids, amorphous bodies). It is usual to assume that
structural disorder always results in energy disorder
because of unavoidable (due to the irregular distribu-
tion of atoms) fluctuations of the potential field acting
on electrons. The above analogy with phase transitions
suggests universality of the localization effect. At-
tempts to generalize the theory of Anderson have al-
ready been made.48 With this in mind, detailed inves-
tigations have been made of electrons in a system of
randomly distributed scattering centers47"51 and fairly
rigorous results have been obtained, particularly those
on the behavior of the localization radius of the type
described by Eq. (13). It may be that further develop-
ment of methods not based directly on perturbation the-
ory (quasiclassical approach) will help to solve the
above problem of the behavior of the average correla-
tion functions.

It is of fundamental interest to estimate the minimal
metallic conductivity, which is typical of the Anderson
model in the case when a system is at the threshold of
localization of all the states in a band.5) Estimates of
this conductivity were obtained by Mott.3·4·52 We shall
use the Kubo-Greenwood formula for the static con-
ductivity at absolute zero:3·4

(14)

where e is the electron charge, m is the electron
mass, Ω is the volume of the system, and DEF is the
matrix element of the momentum operator averaged
over the states on the Fermi surface. The Fermi level
E? is at the midpoint of the band. It is assumed that
the phases of the wave functions of electrons at neigh-
boring localization centers (atoms) are not correlated.
Then,

(15)

where Ν=Ω/α3 is the number of sites (atoms) in a
volume Ω , and the quantity δ has been estimated in
various ways.3·52 In particular, Mott3 assumed

where m* is the effective electron mass in a periodic
lattice. Then,

(17)

so that introducing an overlap integral V ~K2/1m*c? and
also assuming approximately that Ν(ΕΈ ) a l/a3W (the
notation is the same as in the above discussion of the
Anderson model), we obtain

(18)

It follows from the best estimate of Anderson27 that the
localization of electrons in the band occurs for (W/7e)
=s60 when the lattice is characterized by Ζ — 6. There-
fore, for a system with the Fermi level lying at the
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midpoint of the band the minimal metallic conductivity
is '

(19)

For fl = 4 A, Eq. (19) gives *rmU a350 ft"1- cm'1.

Mott modified the estimates given by Eqs. (16)-(19)
on several subsequent occasions.4'52 In view of the
scatter in the values of (W/V)e and the fairly large in-
determinacy of the estimate given by Eq. (16), one
should not treat the specific values too seriously.
However, Eq. (19) can be expected to give the correct
order of magnitude: ama 210" Si"1 -cm"1. Estimates
obtained using the elementary Drude formula3'4 for the
case when the mean free path is I ~a give values a

A rigorous justification of the concept of minimal
metallic conductivity is one of the main tasks of the
theory. Recently, Thouless and Licciardello53 were
able to demonstrate the existence of a universal metal-
lic conductivity minimum for two-dimensional systems.
Their analysis is in fact based on the above analogy be -
tween localization and phase transitions, and on ap-
plication to the two-dimensional Anderson model of an
analog of the Kadanoff procedure used earlier to de-
scribe the critical region in the problem of phase tran-
sitions.37 In the Anderson lattice a unit cell of side a
is replaced with a new cell of site L containing N sites
of the original lattice (Fig. 3). Periodic continuation
of such a large cell in space has the effect that in the
new lattice each of the N levels spreads into a band of
width 2A£. The initial Anderson lattice can obviously
be described as consisting of new cells of side L in
each of which there are N random levels. Then, the
effective binding of electrons at two levels in neighbor-
ing cells (an analog of the overlap integral V for the
system of new cells) is evidently of the order of Fff

a(l/Z)AE (Z is the number of the nearest neighbors)
because this type of binding ensures a band of width
2AE when the new cell is continued periodically in
space. The separation between the energy levels in
neighboring cells is of the order of W^ «L-"^"1CE),
where N(E) is the density of states per unit volume {d
is the number of dimensions of space) of the original
lattice. If one of the N bands is considered in the new
lattice, then WN can be regarded as an analog of the
statistical scatter of levels W in the original lattice.
We thus have a procedure for going over from the orig-
inal Anderson model characterized by the ratio W/V to
a new (scale-transformed) model of the same type with
an effective Hamiltonian characterized by a new ratio
WH/VN>

 which is an exact analog of the scaling trans-
formations in the theory of phase transitions.37 The
process of scale transformations can be continued along
the chain:

7)Recent results relating to this scaling description of the mo-
bility threshold can be found in Refs. 219 and 220, where it
Is shown that the problem of existence of the minimal me-
tallic conductivity is not clear even for d= 2.
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FIG. 3. Thouless and Licciardello construction. Each cell
with the side La is regarded as a site in a new lattice.

by considering cells containing N2, N3, etc. of the
original lattice sites, i.e., by increasing the sides of
each new cell by the factor L. If the states of energy
E are localized, then each transformation to a new
scale causes VH to decrease as exp(-Z,), whereas WN

decreases as L~*<*:N~l, so that VN/WN decreases as
ocjv exp(-NlM). Since for some value V/W there is a
mobility threshold for any E in the original band,30'31

there must be a maximum ratio (VK/WK)e for which ex-
ponential decrease of this kind still occurs. We can
show33'54 that in the case of delocalized states, we
have

(E) (20)

where D(E) is the diffusion coefficient of an electron of
energy E. This relationship can be interpreted as fol-
lows. A delocalized electron in a system of cells of
length L may diffuse in a time TW from one cell to
another. The coefficient of such diffusion is DocL2/Tf,.
Clearly, the indeterminacy of the electron energy is
VN<XK/TN, which leads to Eq. (20). Then, VK/WN

stKD(E)L4'2 and, application of the Einstein relation-
ship between the diffusion coefficient and the conduc-
tivity

a (E) = 2eaO (E) N (E),

gives

R \ Wn Ic'

(21)

(22)

This formula demonstrates the universality of the mini-
mal metallic conductivity for d = 2 if (VN/W,,)e is in this
case a constant under scale transformations. Numeri-
cal analysis of this model63'54 shows that for rf=2we
have (Vir/Wll)e = 0.12 ± 0.003, so that amlB « 3 x 10"5

ft"1 • cm"1, irrespective of the nature of the original lat-
tice, confirming universality of the localization effect,
similar to the universality of critical phenomena. An
analogous result is not obtained for d— 3. In this case
the minimal metallic conductivity depends on the scal-
ing length. The Mott formula (19) follows from Eq. (22)
if (VN/WN)acN1/a, but detailed numerical calculations
confirming this behavior have not yet been carried out.

It nevertheless seems natural to assume that in the
region of delocalized states we have V,,ccL"2ccN~2i and
WKccN~l (Ref. 33). This scaling approach is clearly
not rigorous and requires special justification.7)
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Wegner55 attempted to construct an analytical renor-
malization group scheme realizing the Thouless and
Licciardello procedure. The framework of two alter-
native hypotheses on the behavior of the renormalization
group transformations made it possible to obtain scal-
ing behavior of the physical quantities near the mobility
threshold. However, it should be stressed that explicit
justification of these hypotheses (calculation of indices,
etc.) may—as mentioned above—meet with difficulties
associated with the inapplicability of perturbation theo-
ry. Therefore, the question of scaling at the mobility
threshold remains open.

In a recent paper56 Mott gave qualitative reasons in
support of the dependence of the existence of a minimal
metallic conductivity on the critical index v of the lo-
calization radius [see Eq. (13)], because it is not pos-
sible to ensure that the phases of wave functions at
neighboring sites [see Eq. (15)] are random for suf-
ficiently small values of v. According to these esti-
mates, there is a minimal metallic conductivity if
v> 2/d, where d is the dimensionality of space. The
index v «0.6 obtained for d = Z (<J=4 -e) in Refs. 29
and 36 does not satisfy this condition, whereas i> = 2/3
obtained in Ref. 51 does satisfy it. For d= 2 a numeri-
cal analysis57 of a model considered in Refs. 53 and 54
is shown to give v z\, which satisfies the condition of
existence of a minimal conductivity. These results
stress the need for a correct analysis of the critical
behavior near the mobility threshold. For d=3 the
difference between the values 0.6 and 2/3 may be im-
portant but the existing theory (and experimental re -
sults!) are not sufficiently sensitive to be affected by
this difference.

Assuming that the localization effect is universal, we
can apply the results obtained in the Anderson model in
constructing a qualitative picture of electronic phenom-
ena in disordered systems, particularly in liquids.3*4

It is assumed that, as in the Anderson model, regions
of localized states appear near the band edges (Fig. 2)
and that mobility thresholds Ev and Ec (Fig. lc) occur
if the pseudogap in the density of states of a liquid is
sufficiently deep, which corresponds to a transition
from a quasimetallic to a semiconducting liquid. It
should be stressed that there is as yet no self-consis-
tent theory of the transport phenomena in quasimetallic
liquids. Typical conductivities of these liquids are
such that the mean free path of electrons is clearly less
than the interatomic distance. Then, electrons exhibit
an analog of diffuse (Brownian) motion.58*59 Mott sug-
gested for this case the following heuristic generaliza-
tion of the usual formula for the conductivity of a
liquid metal:3*4

e'Syl
12JI3S (23)

where g=N(ET)/N0{E1?), ST = 4iip%/H2 is the area of the

Fermi surface in the reciprocal space, I is a charac-
teristic length resembling the mean free path or, more
likely, the phase coherence length.59 The arguments
put forward by MotCin support of Eq. (23) are very
qualitative and are based on generalization of the Zi-
man formula in the theory of liquid metals by introduc-
tion of the dependence acN2(Ef), typical of the Kubo-Green-
wood formula (14). It is assumed that this dependence
appears in a situation when pFl/K~l because of strong
scattering. On the other hand, it is known21 that in the
case of weak scattering (liquid metals, pvl/tt» 1) this
dependence disappears completely. The result o<*g2

was obtained by Friedman60 in the random phase model
when the phase coherent length is less than the inter-
atomic distance. The Hall coefficient is then given by

(24)

where Ro is the Hall coefficient in the free-electron
approximation and C«0.7. If I ~a (a is the interatomic
distance) in Eq. (23), then for one electron per atom,
we obtain

•"•IS-*1- ( 2 5 )

For d=3 A and g= 1, we have a «1500 fi"1- cm"1. In
the case of a divalent metal, multiplication of this val-
ue by 22/3 gives 2500 fi"1 •cm"1. We have seen above
[Eq. (19)] that the transition from the scheme in Fig.
lb to the one in Fig. lc occurs at the localization
threshold for amlI1K0.06e2/^a.8) Therefore, a reason-
able estimate of the depth of the pseudo gap at which
localization begins and a liquid metal changes to a
liquid semiconductor is g2a0.2, i.e., <sr.asO.45. It
should be stressed that this estimate varies depending
on the estimated minimal metallic conductivity within
the limits3*4

gc x 0.2—0.5. (26)

8 'It would be more correct to assume3*4 that the estimate of
<rmin includes here not the interatomic distance a but aB_,
which is the distance between states with a given ~EF and
which can be greater than a.

It should be noted that these ideas on the diffusive na-
ture of the conduction process hold for microscopically
homogeneous systems when the phases of the electron
wave functions are uncorrelated over distances shorter
than the interatomic spacing. However, real systems
may contain microscopic inhomogeneities61"66 caused,
for example, by fluctuations of the density near the
critical point, formation of regions with specific short-
range order,67 etc. Then, bearing in mind the ideas on
the dominant role of the short-range order in the for-
mation of the electron energy spectrum, we can ima-
gine the appearance of regions having semiconducting
and metallic spectra with the size of, for example,
semiconducting regions governed by the corresponding
short-range correlation radius Rc>a.

If the coherence length of the wave function phase is
I« Rc, the electron structure of such regions can be
discussed quasiclassically and it is governed by the lo-
cal atomic structure. Similarly, the electron response
to an external perturbation is now local. In the first
approximation we can assume that the semiconducting
regions are forbidden for the conduction electrons and
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we can introduce C(E) representing the fraction of the
volume of the system consisting of the regions which
are allowed for electrons of energy E. We can then
define C(E) by65

JV (£) = JV0 <£> C (£) , (27)

where N(E) is the average density of states per unit
volume of the system and N0(E) is the density of states
per unit volume in a metallic region, which is usually
identical with the density of states in the free-electron
model. We shall now consider an electron at the Fermi
level EF . Clearly, C(ET)=g is the Mott factor. The
Fermi level usually lies in the range of energies cor-
responding to the semiconductor gap (pseudogap) and
an electron with E ~EF experiences Bragg reflection at
the boundary between metallic and semiconducting re-
gions, its wave function decreasing rapidly within the
latter region. If we ignore the tunneling across the
forbidden regions, we find*that the kinetics of this in-
homogeneous case can be described by applying the
percolation theory. 65>68"n Then, if C(E)<C*, where
C* is the critical value in the percolation theory, the
system does not have a continuous path for an electron
of energy E, which would pass through the metallic re-
gions, and electrons of energy E are locked in metallic
islands which are separated in space. When C(E) = C*,
the first path passing continuously through the whole
sample appears in the system. Correspondingly, if
g < C* the system is in the semiconducting state and
conductivity exists only to the extent of tunneling across
the forbidden regions (the conductivity vanishes in the
classical percolation theory), for #=C* an infinite
metallic cluster appears in the system, and for g> C*
this cluster grows occupying increasingly greater por-
tion of the system (the whole volume is occupied in the
limit g-~ 1). Thus, if g> C*, we observe a continuous
(percolation) semiconductor-metal (SM) transition.
The critical value C* for this type of percolation in a
continuous medium lies, depending on the estimate,
within the range 0.15 < C <0.3 (Refs. 72 and 73), The
most reliable value is C« 0.17 for a Gaussian random
potential.73 Therefore, the criterion for the pseudogap
depth obtained from the percolation theory and corre-
sponding to the SM transition does not differ very great-
ly from the Mott criterion (26), but is not identical with
the latter. Cohen and Jortner65 proposed a description
of the transport properties of an inhomogeneous system
of this kind on the basis of the theory of an effective
medium generalizing the treatment of Kirkpatrick70 for
lattices (networks) of random resistances. They pro-
vided a quantitative description of the SM transition for
a large number of disordered systems in which one
would expect microscopic inhomogeneities. The be-
havior of the electrical conductivity in the effective
medium theory is shown by the curves in Fig. 4 taken
from Ref. 65. It should be pointed out that the be-
havior of the transport characteristics of an inhomo-

9'Moreover, Mott criticizes mainly the idea of the existence
of insulating regions in the classical theory of percolation.
The effective medium theory deals with regions characterized
by different but finite conductivities.

m * 02 04 as os i.o
c

FIG. 4. Electrical conductivity of a microscopically inhomo-
geneous system in the effective medium theory.65 Here, C is
the fraction of the volume occupied by the allowed regions; X
=orl/°'o> where <x0 is the conductivity of the allowed regions and
o-j is the conductivity of the forbidden regions. 1) X = 10"3; 2)
X = 6X10~3; 3)X = 10"2; 4)X = 6X1O"2; 5)JC = 10"1

geneous system might not be described by the simple
scheme of the effective medium theory, particularly
near the percolation transition itself where a special
treatment is needed.70<71'74 In a series of papers,4*7S

Mott criticized the ideas of Cohen and Jortner on in-
homogeneous transport. However, his criticism is
effectively based on a discussion of the Anderson model
which does not allow for the appearance of strong in-
homogeneities of metallic and insulating types because
of the absence of correlation between energies at neigh-
boring sites assumed in this model.9) In fact, real
systems may exhibit correlation producing a behavior
of the type described above. It should be pointed out
that this concept of forbidden and allowed regions may
be too approximate. For example, the model of the
spectrum of liquid semiconductors is considered in Ref.
26 and the theory automatically predicts an ensemble
of metallic and semiconducting regions with a certain
distribution of gaps in the spectrum. A description of
the kinetics in terms of the percolation theory and the
effective medium theory should be regarded only as the
first approximation to the true situation in such a com-
plex ensemble. The percolation SM transition is a
manifestation of a specific second-order phase transi-
tion associated with the percolation phenomenon it-
self.71*76 A full description of the critical percolation
region in terms of the scaling pattern of this phase
transition has been obtained recently.77*78 The question
arises of the relationship between the percolation and
Anderson transitions. The percolation mechanism ig-
nores the quantum-mechanical tunneling effects.8B>W

FIG. 5. Relationship between the percolation and quantum con-
ductivities. Here, £ p is the percolation threshold, Ec is the
mobilily (localization) threshold, and E* is the energy of the
transition from the percolation to the tunneling mechanism.
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Classical motion of an electron in a random field is
possible in the energy range E>Et, where Ev is gov-
erned by the condition C(£p) = C*. Quantum-mechani-
cal tunneling is possible in the energy range EO<E<ES,
where Ee is the mobility threshold in the random field
under consideration. The corresponding qualitative
behavior of the conductivity as a function of the electron
energy is of the kind shown in Fig. 5 (Ref. 4). At the
energy £*=£„ + AE* a transition takes place from the
percolation (quasiclassical) conduction mechanism to
the quantum process. If A .E* is sufficiently small, the
percolation theory can give a satisfactory description.
The first attempts to estimate AJB* were made by
Toulouse and Friedel (Refs. 79 and 80).10)

We shall conclude this discussion by describing a
transition from a liquid semiconductor to a metal in the
way it can occur in a real system as temperature is in-
creased from the melting point Tmp by identifying the
conduction regimes which occur in the course of this
transition.

1. Temperature range T zTm. A typical liquid
semiconductor has an energy spectrum of the type
shown in Fig. lc. Its Mott factor is g<0.15-0.2. The
conductivity is described by a formula of the type3'4

a = aoexp(— (28)

if the Fermi level is in the middle of the pseudogap,
and it is found that o-o -omn ~ 102 Si"1 • cm"1. The ther-
moelectric power may also exhibit typical semiconduct-
ing behavior4

(29)

where A = const. The behavior of the Hall effect usually
differs considerably from that expected for semicon-
ductors. "

2. T>Taf. As temperature rises, it is most likely
that the short-range order governing the energy spec-
trum of a liquid semiconductor is destroyed. The
pseudogap fills gradually4185'28 and the spectrum
changes to the type shown in Fig. lc and the Mott fac-
tor becomes 0.2 <g < 1. Then, as the factor g in-
creases, electrons become delocalized in the pseudo-
gap, we find that £c - £ T —0 in the limit g-~ gB [Eq. (26)]
and a transition from a liquid semiconductor to a quasi-
metallic state takes place.3*4 Up to the point of this
transition electron transport is governed by formulas
of semiconducting type with a temperature-dependent
gap Et—Ey. The transition point may be governed by
the Mott-Anderson or by the percolation mechanism in
the case of systems with pronounced structure fluctua-
tions (spatial inhomogeneities).4'65 Iig>ge, the quasi-

10)It should be noted that the percolation transition and localiza-
tion depend in different ways on the number of spatial dimen-
sions. The critical number of dimensions which can be used
to describe a transition (i. e., the number of critical indices)
considered in the self-consistent field approximations is dc

=4 for the localization,36 whereas it is dc=6 for the percola-
tion theory.81

metallic state is characterized either by the homogen-
eous (diffusion) conduction mechanism [Eqs. (23) and
(24)]:4'80 • _ %

a a g2 oc M'1, R = g-\ (30)

and the thermoelectric power obeys the formula for
metals4-82'83

(31)31

or by the percolation regime for an inhomogeneous
system described by the formulas of the effective medi-
um theory65'70 and by the results of Levinshtein et aZ.74

near the percolation threshold. In the quasi metallic
range we typically have (2 - 3)x 102 Si"1 • cm"1 <a
< 103 Si"1 • cm"1. The selection between these two al-
ternative (homogeneous and percolation) descriptions
of the quasimetallic region of a melt can only be made
experimentally.

3. Further increase in the temperature may trans-
form the conductivity and other transport properties to
the metallic regime with a a 3 x 103 Si"1 • cm"1. The con-
ductivity should then be described by the Ziman theory
and the Hall effect by the model of free electrons.7'83

The energy spectrum is then of the type shown in Fig.
la.

4. A further increase in temperature and/or reduc-
tion in the density of the system enhances the impor-
tance of random scattering of electrons which now has
the one-band spectrum of the type shown in Fig. 2.
Consequently, the Anderson transition occurs when the
disorder in the system becomes sufficiently
strong.4'8'27"30 The conductivity decreases to a value of
the order of amn and then the conduction process
changes (after localization of all the states in the band)
to the hopping mechanism: o«omlu, In <x<x —T*t where
x= 1/4-1 (Refs. 4, 84, and 85).

Naturally, the proposed semiconductor-metal-semi-
conductor transition scheme for liquids is fairly ap-
proximate, in accordance with the qualitative nature of
the current theory. In particular, a real system may
not exhibit some of the conduction regimes described
above (for example, pure metallic conduction), when an
increase in importance of the random scattering causes
the system to reach the maximum values of the conduc-
tivity characteristic of the diffusion regime and this is
followed directly by the Anderson transition.

The most serious shortcoming of our analysis is the
total neglect of possible effects of the electron-electron
interaction. The dominant role of this interaction in
many metal-insulator transitions in crystalline solids
is well known.4 We have not considered these effects
because of the almost total lack of investigations of the
role of the electron-electron interaction in disordered
systems. In particular, the problem of the influence of
this interaction on the Anderson localization has not
been studied at all and this is also true of the influence
of disorder on the mechanisms of the metal-insulator
transition induced by this interaction in crystalline
solids. These problems are expected to be tackled
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soon by theoreticians.11'

The following sections of this review will describe
the results of experimental investigations of the SM
transition in liquid semiconductors and metals near the
critical point and will show How they compare with the
theoretical ideas. We shall attempt to demonstrate to
what extent these results agree or disagree with the
proposed qualitative description of the transition gov-
erned by the role of disorder as given above. Natural-
ly, any real material differs considerably from the cor-
responding theoretical idealisations but in discussing
the experimental results we shall be forced to turn to
ideas and theoretical results which have not been men-
tioned above. One should bear in mind that the qualita-
tive nature of our ideas means that attempts to inter-
pret the experimental results are also essentially qual-
itative, which frequently makes it difficult to select the
appropriate theoretical model.

3. SEMICONDUCTOR-METAL TRANSITION IN
MOLTEN SEMICONDUCTORS AT HIGH
TEMPERATURES

Experimental investigations of the electrical conduc-
tivity and some other properties of liquid semiconduc-
tors confirm, on the whole, the description of the tran-
sition to the metallic conduction on increase in temper-
ature given in the preceding section. In the very first
work of A. F. Ipffe and A. R. Regel1 on liquid semicon-
ductors it was shown that those materials which retain
the short-range structure after melting retain also
semiconducting properties in the liquid phase; the elec-
trical conductivity of such melts increases exponential-
ly with increase in temperature. It is clear from gen-
eral considerations that the process of rise of the elec-
trical conductivity cannot continue without any restric-
tions. In fact, subsequent investigations86'90 carried
out at higher temperatures have shown that the conduc-
tivity of molten semiconductors tends to saturation at a
level typical of metals. However, systematic and re-
liable investigations at high temperatures have become
possible only when the experimental methods have been
developed sufficiently and techniques have become
available for carrying out measurements at high neutral
gas pressures in order to suppress boiling of the
melts.2 This technique has been used to investigate a
wide range of melts of chalcogenide semiconductors
and also of elemental materials (tellurium and seleni-
um)89"97 at temperatures from Tmp to 2000°C.12) Alloys
belonging to the Se-Te system have been studied by the
same technique also in Ref. 98.13)

The results obtained are summarized partly in Figs.
6-10. An analysis of these results (see also Refs. 99-
101) shows that at T> Tm the conductivity increases to
a level where a(T) reaches a plateau. The conductivity

11 'For lack of space we shall not discuss the first investiga-
tions on this subject, which have appeared very recently.222"226

12'Liquid tellurium has been investigated close to the melting
point Tm at high pressures.227

13)In a recent investigation228 the Se — Te and other systems
were studied at even high pressures.
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FIG. 6. Temperature dependences of the electrical conductivity
of semiconductor melts.89

at the plateau is (1 - 3) x 103 O"1 • cm'1. This typical
metallic conductivity and the absence of a significant
temperature dependence shows that the melts have now
become metallized. This demonstrates that the SM
transition has occurred. We can easily see that, in
the first approximation, the experimental results are
in agreement with the theoretical expectations (see pre-
ceding section). In fact, in the case of. those semicon-
ductors whose short-range order does not change dras-
tically as a result of melting (selenium, selenium al-
loys, selenides, etc.) and which remain semiconducting
in the liquid phase, we can identify (in accordance with
Sec. 2) three regions in the functional form of log<r(l/
T): the first corresponds to essentially semiconducting
behavior with the electrical conductivity obeying an ex-
ponential law; the second (intermediate) region is char-
acterized by a variable activation energy of conduction
which eventually decreases strongly; the third region,
described above, is typical of metallic conduction. We
shall now analyze the experimental data in greater de-
tail. We shall begin by considering the third region of
the curves of a{T), i.e., the metallic state on the pla-
teau.

The most characteristic feature of the electrical
conductivity of molten semiconductors in the plateau
region is that the absolute value of o;at of all the in-
vestigated tellurides and partly of selenides is within
the range 2500-3000 Q'1 • cm"1 (see Table I taken from
Ref. 89). This conductivity corresponds to the theo-
retical estimates made using the model of almost-free
electrons on the assumption that only two valence elec-
trons per atom take part in the conduction process:
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FIG. 8. Temperature dependences of the electrical conductivity
and activation energy of electrical conduction of melts of glassy
semiconductors.97

300 500

FIG. 9. Temperature dependence of the energy gap of liquid
semiconductors in the As-Se-Te system over a wide range
of temperatures. The thin curves in the inset are plotted using
the dependence log cr=/(l/T). The thick curves and those with
points are the results of direct optical measurements of the
shift of the fundamental absorption edge with temperature (Ref.
97): 1) AsSe1#5; 2) AsSei.49TeM1; 3) AsSe,.46Te0.06; 4)
AsSeu4Teoa; 5) AsSe^Te^ ; 6) AsSe0.9Teo.6; 7) AsSe0#76Te0.75;
8) AsSeo.45Te1 05; 9) AsSeo.3Te1-2. The shaded region is opaque;
CK is the crystallization region.

cr=e2/3#a»2700 n-1 -cm"1 when the average interatomic
distance is a= 3 x 10*8 cm."1 This agreement cannot be
accidental and it suggests that the upper valence sub-
bands are destroyed by fluctuations of the potential.
The electrons in these subbands form a Fermi sphere
whose radius pT is limited by the value of n/a. The
Hall coefficient calculated torpT = ir/a is approximately
three times greater than the estimate obtained from the
structure of the valence shells of atoms on the assump-
tion that all the valence electrons participate in the
conduction process. These ideas on the Hall coefficient
are supported directly by the experimental results (see
Table II for the telluride group). Thus, the available
experimental data allows us to conclude that the chemi-
cal binding remains quite strong in the melts even at
very high temperatures, la spite of the metallic nature
of conduction, the telluride melts clearly cannot be re-
garded as systems of atoms with totally ionized valence
shells and the free-electron model in the form applied
to liquid metals does not hold for molten semiconduc-
tors even in the region of saturation of the temperature
dependence of the electrical conductivity. At lower
temperatures characterized by a positive temperature
coefficient of the conductivity the rise in the conductivi-
ty is associated with the formation of a Fermi sphere,
i.e., with an increase in the density of states at the
Fermi level to values corresponding to the limiting
wave vector approximately equal to jr/a, i.e., N(EF)
« l x 1022 electrons -V"1 • cm"3. The temperature de-
pendences of the magnetic susceptibility and estimates
of the paramagnetic contribution made by free carriers
show (Fig. 11) that the increase in the electrical con-
ductivity is correlated with the increase in the para-
magnetic component of the magnetic susceptibility obey-

ing the relationship Tffocx,,^. Since X j a r a ^
follows that ffocJ^OBp). This last result is in full
agreement with the relationship accg2 discussed in
Sec. 2.

In the case of selenides whose conductivity in the
saturation region is less than that of tellurides (Table
I) we can simply put forward the hypothesis that the
valence shell of the chalcogen is even more stable and
only a small proportion to electrons in the outer valence
shell of the metal participates in the conduction pro-
cess. These qualitative ideas suggest that the satura-
tion conductivity should be between 1500 and 1000 Q"1-
cm"1, which is in agreement with the experimental val-
ues for many selenides.

We shall now consider the behavior of the curves of
ff(T) from Tmp to the temperature of the SM transition

too

O.1

U)The formula is based on the assumption of diffusion of elec-
trons, i . e . , that the mean free path does not exceed the in-
teratomic distance.

FIG. 10. Electrical conductivity and thermoelectric power of
liquid As2Te3 (curves denoted by 1) and As2Te3 • As2Se3 (curves
2) plotted as a function of 103/T CK"1) on the basis of Ref. 107.
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TABLE I.

Substance

Te
PbTe
SnTe
CeTe
InaTe3

InTe
BiaTe3

Temperature

range, "K.,

. 1000—1700
1300—1850
1430—1740
1430-1780
1540—1750
1450—1750
950—1780

SI-1. cm"1

3300
2700
2800
3000
2500
2500
3300

Substance

Sb,Te3
iGeSe

InSe
Sb sSe3
Sb2S3
PbSe

i
Temperature
range, "K

1360—1700
1780—2000
1850—2000
1800—2000
1880—2000-
1830—2000

2800
2000
1000
1450
800

1300

in the melts with the highest resistivity, such as seleni-
um, alloys of selenium with tellurium, arsenic sel-
enide, and similar melts. A characteristic feature in
the graph of lna=/(l/T) observed in this range is a
smooth increase in the activation energy of conduction
on approach to the SM transition temperature (Fig. 8).
Since the activation energy at a given temperature
represents extrapolation of the temperature dependence
Eg{T) of the pseudogap Et to absolute zero, we can plot
this temperature dependence Eg(T) (Ref. 100). We
plotted the temperature dependences of the pseudogap
of selenium,89'99 ansenic selenide,92 and Ge0-1Se0-9 (Ref.
94) using reference data on the optical width of the gap
at low temperatures. The results obtained for melts

TABLE II. Electrical properties of semiconductors melts.

Semiconductor
melt • cm"1

Sign of]
daldT

R.
cm3/C uV/deg * »)

Refer-

Ge
Si
InSb
InAs

CdSb
ZnSb
AuTe,

CuTe
Sb2Te3
SnTe
PbTe
Te

InaTe3

TITe
GaTe
Ag2S

Tl2Te

GeSe

CulbSe2
Tl2Se
TI2Se+0.8 i

Metallic melts of semiconductors

15200
12860
9350
7 000

Metal-like melts4'

—3

—6

.6-

.9-

10-'

10-s

1.06

1.4

—1 .0 0.86
0.8
0.94

1, 87, 124

t5 200
4200
3460
2600
2600
1900
1850
1870
1510
1700
1250
600
500
500
250

290
250
120

Liquid semiconductors4'

-1.6-10->">)

—8.3-10"5

—5.3-10-6

—8.3-10-5

—8.7-10"*
—15.10-6
—16-10"5

—17-10-"
—12-10"5

—14-10-'
—12-10-5

-17-10-5
—3.2-10-*
—7.4-10-*
—5.0-10-*

-(5—7)-10-*

—13.8-10-*
—3.2-10-3
—2.8-10-3

1.5
1.2
2.1
2,2
3.6
4.0 '
3,9
2.3 i

3,0

i

15

25 '

0
+2.6
+1.0
+20

+10
+42
-3.7
+26
+50

+10

+190

0.95

0.84
0.82

1.03
0.86
1.1
0.97

1.0

1.2

1.6

i% In

T
In
Sb2Se3
Sb2Sea+2.5 ax% Sb
Sb2Se3+5 aT%Te
Sb2S3
60As2Te3-40As2Se3

AsTfse2

67

51
25
16
10
40
27

1.0
3.0
2.4
3.1

i 3.0
1-10"1

J-10-1 ,
7-10-*
1-10"3

+
+

+

_j_
4"+

+
- j -

—3.6
—5

—7.3-
—2.5
—2.5-
—2.6
—3.0-
—1.0
—1.5-
—2.1-
—2.2
—3.5
—1.0
—3.0

10-")
10-*
10"3

10-2 ')
10"3

10"3

10-*
10-*
10-3 »)
10-a

-10-"
10-1')

10"1

—150

+50
+200
+180
+240

IftQA
-f-DW
- 2 2 0

+3
—20
+36

- 1 0 0

2.8

7.7
17

290

45
3.6

l , 87
97,113

US
87, 111, 125
87,113, 126

87,113
112, H I , 127

86,128
117
119
12S

128,131,
132, 135

130
U7

112, 123,

133, 187
88, 128

138
120,121,136

122
86, 90,128
80, 99, 128

138
110,139
120,1S9
120,139

114
128, 140

Notes. 1) For explanations of symbols see text. 2) All the results
are given for temperatures 20-50°C above the melting point. 3)
Data on the Lorenz number are givenin accordance with Ref. 115.
4) The selected boundaries dividing these melts into groups should
be regarded as nominal. 5) Considerable changes in properties
occur on deviation from the stoichiometric compostion or on ad-
dition of athirdelementas an impurity.

FIG. 11. Correlation between the behavior of the electrical
conductivity and the paramagnetic susceptibilily of In-Te and
Ga2-Te3 alloys and of As2Te3 (Ref. 108).

of the As-Se-Te system are represented by thin lines
in Fig. 9. The thick lines, as well as the curves with
points in Fig. 9, are the results of direct optical mea-
surements of the shift of the fundamental absorption
edge with temperature.97'102 Similar optical measure-
ments carried out on liquid selenium and on glassy
and liquid As2Se3 are reported in Refs. 99, 88, and
103-106. We can easily see from Fig. 9 that the pseu-
dogap degrades at high temperatures and this process
occurs at an increasing rate. It is important to note
also that the gap disappears at those temperatures at
which the conductivity reaches values close to amn.
Some support for the proposed explanation of the disap-
pearance of the pseudogap is provided also by the ther-
moelectric power data.102 Figure 10 (based on Ref.
107) gives the temperature dependences of the thermo-
electric power and electrical conductivity for molten
chalogenides As2Te3 and As2Te3«As2Se3. We can easily
see that the thermoelectric power has values typical of
semiconductors at temperatures T zTm and that it de-
creases on increase in temperature. It is important to
note that the thermo-emf falls to a value of the order of
k/e »80 fiV at temperatures corresponding to o=omn.
According to Ref. 3, the thermoelectric power of
amorphous or liquid semiconductors can be described
by

where Ey is the valence band edge (in the case under
consideration the dominant carriers are holes) and A is
a constant. It is assumed in Ref. 3 that in the case of
amorphous materials we have A = 1 for carriers moving
in the allowed-energy band. Thus, otak/e applies in
the case when the energy gap vanishes. It should be
noted that the correlation between the thermoelectric
power and electrical conductivity data is far from being
as reliable or as self-evident for other materials.

The proposed explanation of the phenomena occurring
in the region of the SM transition is far from unam-
biguous, as already pointed out in Sec. 2. It is very
likely that in some materials, whose structure admits
with equal probability the formation of clusters with

j different local structures, the SM transition is de-
! scribed by the formulas of the effective medium theory.
An attempt to give a quantitative interpretation of the
SM transition on this basis is made in Ref. 103 for
melts in the In-Te system. Satisfactory agreement is
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obtained there with the experimental results but the
critical values of the parameter representing the ratio
of the metallic and semiconducting phases calculated on
the basis of these data is higher than the theoretically
permissible limit. Thus, the treatment of the SM
transition on the basis of a heterogeneous model of the
melt using the effective medium theory also fails to
give rigorous quantitative conclusions. The problem of
competition between two possible SM transition schemes
based on the homogeneous and heterogeneous models of
a liquid semiconductor is discussed in detail in Sec. 2.
We have shown that both models predict quite similar
characteristic parameters of the transition. For this
reason an analysis of the electrical conductivity data,
usually carried out making a number of assumptions,
does not make it possible to draw definite conclusions.
Convincing proof in support of the heterogeneous model
and percolation nature of the transition can be obtained
only as a result of careful structural investigations of
melts in the intermediate region, but direct studies
confirming the coexistence of two structural phases
with higher and lower electrical conductivity have not
yet been made.

It seems most reasonable to assume that both (homo-
geneous as proposed by Mott and percolation) mecha-
nisms may coexist or predominate in different ma-
terials, depending on the characteristic structural and
crystallochemical properties of a material. The per-
colation mechanism of conduction in the region of the
metal-nonmetal transition will be discussed again in
Sec. 5.

The experimental data discussed in the present sec-
tion are summarized in a diagram (Fig. 12) whose the-
oretical description is given at the end of Sec. 2. The
metal-insulator transition shown in the transcritical
region will be discussed in detail in Sec. 5.

4. SEMICONDUCTOR-METAL TRANSITION AND
CRITERION FOR MINIMAL METALLIC
CONDUCTIVITY OF MELTS AT T^ Tmp

In the preceding section we have discussed the fea-
tures of the transition to metallic conduction in a li-
quid semiconductor on increase in temperature. Equal-
ly interesting is the transformation of the properties of
molten semiconductors not on the temperature scale
but on the scale of substances considered slightly above
the melting point and arranged in accordance with in-
creasing electrical conductivity. Melts of electronic
semiconductors are unique objects in the sense that
they include both metallic and essentially semiconduct-
ing compositions, as well as materials with intermedi-
ate properties. This makes it possible to analyze the
conditions and criteria for the transition from the
semiconducting to metallic conduction process. An
important feature of this analysis is the fact that the
degree of stability of the short-range order structure
at T zT^ is relatively high; consequently, the level of
fluctuations of the atomic potential is still low and we

15)Similar in content but different in terminology classification
of semiconductor melts has been proposed earlier.3'82'87'109'110

Liquid
semiconductors

Pseudogap-degradation region

FIG. 12. Generalized temperature dependence of the electrical
conductivity of molten semiconductors showing the main ten-
dencies in changes in the properties over a wide temperature
range. The dashed curve represents the probable Anderson
transition.

can assume approximately that this level is the same
for a large group of melts. It follows that the variable
parameter, which governs the process of localization
of electron states at the Fermi level in the liquid
metal-liquid semiconductor series if the interaction
potential in Eq. (12), which governs the Anderson lo-
calization of electron states at the Fermi level.

The published experimental data for electronic melts
are summarized in Table n, which gives a full list of
the materials on which the Hall effect measurements
have been carried out in the liquid phase. The data on
the Hall effect, together with those on the electrical
conductivity, thermoelectric power, and thermal con-
ductivity make it possible to establish the main rela-
tionships governing liquid semiconductors. In the pre-
sent section we shall consider the consequences which
follow from Table II.

The melts in Table H are arranged in decreasing or-
der of the absolute value of their electrical conductivi-
ty. Moreover, the melts are divided into three groups:
1) metallic; 2) metal-like; 3) semiconducting.xs>

It follows from this division that the first group con-
sists of the melts of those semiconductors which lose
their semiconducting properties at the melting point
and exhibit behavior typical of liquid metals: the elec-
trical conductivity is (5 -10) x 103 fl"1 • cm"1 and the
temperature coefficient of the electrical conductivity is
negative; the Hall coefficient R is also negative and it
agrees well with the value of Ro predicted by the theory
of free electrons. It is shown in Refs. 1 and 87 that
metallization caused by melting of semiconductors of
the first group is due to the change in the short-range
structure.

The second group of metal-like melts consists of
those materials whose properties are highly contra-
dictory: measurements of the Hall coefficient and of
the thermoelectric power, an analysis of the electron
component of the thermal conductivity, and the absence
of any significant effect of doping with a third compo-
nent all suggest that these are also metallic melts, i.e.,
that there is no gap at the Fermi level in the energy
spectrum of these materials. On the other hand, the
same melts are characterized by a positive tempera-
ture coefficient of the electrical conductivity, i.e., by
semiconducting behavior. The reasons for this com-
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plex combination of properties are discussed in Refs.
109-115. It is usual to assume at present that a posi-
tive temperature coefficient of the electrical conductivi-
ty is related not to the typical (for semiconductors)
thermal-generation of carriers across a gap but to a
minimum of the density-of-states function at the Fermi
level (Fig. lc) and to degradation of this minimum on
increase in temperature. In other words, the Mott re-
lationship accg2 applies. Attempts to show this exper-
imentally by measuring the Knight shift were reported
in Ref. 116. Indirect data in support of this interpreta-
tion follow from an analysis of the Hall effect in Ref.
117. We can thus see that melts of the second group
are also metals but they have certain special properties
associated with a minimum of the density of states at
the Fermi level. These special properties are re-
flected also in the adopted terminology: they are
called metal-like melts.

Melts of the third group [a s( l -2) X 102 ST^cm"1]
have a set of properties which largely resemble those
of semiconductors. The temperature dependence of
the electrical conductivities is clearly exponential, the
thermoelectric power may reach hundreds of more of
microvolts per degree, the Hall coefficient is consi-
derably greater than the values predicted by the theory
of free electrons, the electron component of the ther-
mal conductivity is anomalously high for a degenerate
electron gas, and in some cases the experimental re-
sults have to be interpreted invoking the ambipolar
mechanism of heat transport. U5>118 Moreover, the
doping effects are significant for some of the melts
(Sb2Se3, GeSe, Tl2Se). Addition of a third element
makes it possible to control the sign of the thermo-
electric power, as well as the values of the electrical
conductivity and Hall coefficient.1"1 U9"123 All these
properties can be explained only if we assume that the
energy spectrum of the investigated semiconductor
melts has an energy (mobility) gap. However, it
should be pointed out that semiconducting properties of
liquid semiconductors can be described only quantita-
tively by the standard theory. There are certain spe-
cial properties, the most striking of which is the so-
called p-n anomaly. It is found that the signs of the
thermoelectric power and the Hall coefficient do not
agree: the Hall effect is usually negative whereas the
thermoelectric power is positive.120"122 The unusual
properties of liquid semiconductors can be understood
qualitatively if we assume that the energy gap in the
spectrum of these materials is more likely a region of
localized states and not the gap in the sense used in the
case of crystalline materials. The region of localized
states is the mobility gap and, therefore, it acts as an
activation gap in the conduction mechanism (Fig. lc).

Our analysis of the experimental data on molten
semiconductors arranged in the order of decreasing
electrical conductivity thus yields an important conclu-
sion: variation of the absolute value of the conductivity
of the melts is correlated with changes in their proper-
ties. A reduction in the conductivity enhances the
semiconducting properties. It follows from the data
obtained that the conductivity separating melts with
metallic and semiconducting properties is approximate-

ly (1 - 3) x 102 a*1- cm"1. It is worth mentioning that in
analyzing the SM transition in Sec. 3 as a function of
temperature we have found that a conductivity of the
order of (1 - 3) X 102 fi"1- cm"1 also corresponds to the
point of transition from the semiconducting to the
metallic mechanism.

The fact that different and independent experimental
data indicate that the conductivity of (1 -3)xKPn^-cm"1

separates the semiconducting and metallic states is the
most important conclusion of our analysis of the experi-
mental data in Sees. 3and4. Since<x=(l-3)xlO2«-1-cm-1

corresponds to <7mto, whichis the minimal metallic conduc-
tivity predictedfor disordered systems by the Anderson—
Mott criterion, we can assume that the theoretical model of
the SMtransition presented in Sec. 2 describes reality and
that, in the first approximation, it is correct. In the next
section we shall discuss a third set of experimental data
showing that the concept of minimal metallic conductiv-
ity applies to the behavior of liquid metals and semicon-
ductors at transcritical temperatures and pressures.

5. METAL-SEMICONDUCTOR TRANSITION NEAR
CRITICAL POINTS OF METALS AND
SEMICONDUCTORS

A. Results of experimental investigations of cesium and
mercury

In the present section we shall consider the behavior
of metallic and semiconducting melts at still higher
temperatures at which considerable changes take place
in the density of the melts and these result in weakening
of the overlap of the electron shells. In the case of a
metallized semiconductor we may observe localization
of electron states, which is analogous to the corre-
sponding localization in liquid metals, so that it is pos-
sible to compare such materials with the usual liquid
semiconductors discussed in Sec. 4 (see Fig. 12). Con-
tinuous changes in the density of liquids can be produc-
ed at temperatures and pressures exceeding the critical
values. The majority of metals and some semiconduc-
tors have far too high critical temperatures (see the re-
views in Refs. 141 and 142) and calculations of the pa-
rameters of critical points and state equations for six-
teen metals143 have given values which are not access-
ible in steady-state experiments when a high stability of
temperature and pressure is required. Recent experi-
ence has shown that the transition from the metallic to
the nonmetallic state in metals and semiconductors is
accompanied by effects which occur in a very narrow
temperature range (10-15°C according to Refs. 144-
147) so that the attention of most investigators is cur-
rently concentrated on an increase in the precision of
experimental studies of substances with critical tem-
peratures lying below 2100 °C. Work of this kind start-
ed in the Soviet Union in the middle sixties under the
leadership of Kikoin (studies of mercury) and Velikhov
(studies of cesium); in the Federal German Republic
similar work was performed by the group of Franck.

Among the elements of various groups in the Mendel-
eev periodic system the most suitable for experimental
studies of this kind are cesium, rubidium, potassium,
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sodium, mercury, arsenic, selenium, and possibly tel-
lurium. Transitions from the metallic to the nonmetal-
lic state are exhibited by mercury,148"151 cesium,152'153

and arsenic,154 whereas semiconductor-metal—semi-
condictor transitions occur in selenium (Refs. 96, 155-
158).16) All these elements exhibit a transition from the
metallic to the nonmetallic state on continuous reduc-
tion in the density in the vicinity of the critical point at
high temperatures and pressures.

We shall now consider the behavior of liquid metals
during continuous reduction in the density in the critical
temperature range. The metal-nonmetal transition in
mercury and cesium has been investigated most thor-
oughly: the PVT dependences have been obtained for
mercury149-151'159-161 and cesium,162"165 studies have been
made of the acoustic properties of mercury,166 specific
heat of cesium,167 and thermal conductivity of mercury
(Ref. 168);17) studies have also been made of the viscosity
of mercury and cesium,163"171 electrical conductivity of
mercury146'148-151>160'172'173ll74andcesium,144'145'152ll53>175

Hall effect in mercury176 and cesium ,177 thermoelectric
properties of cesium (Refs. 144,145,175, and 178)18> and

rn-'.cni->

mercury,145-147,179-181 optical properties of mercury,1
and the Knight shift in mercury has been investigated/85

These studies have given fairly comprehensive experi-
mental data and can be used as the current illustration
of the well-known work of Zel'dovich and Landau,186 who
were the first to consider various metal-nonmetal tran-
sitions and liquid-gas phase transitions.

Clearly, the nature of the metal-insulator transition
and its position relative to the critical point in the liq-
uid-vapor phase diagram can be determined if we know
the equation of state of the metals and semiconductors
in the region of the metal—insulator transition and have
sufficiently accurate parameters of their critical points.
Unfortunately, the thermodynamic properties of metals
and semiconductors have not yet been studied sufficient-
ly thoroughly near the critical points. A good agree-
ment on the critical parameters is available only in the
case of cesium. We shall use the equation of state and
the critical parameters given in Ref. 163. The critical
parameters of cesium are Tcr = 1760±20°C, Per = U6
±5 bar, and p c r= 0.40 ±0.02 g/cm3.

In the case of mercury the scatter in the critical pa-
rameters is considerably greater than the limits of the
experimental errors. By way of example, we shall

16'The first data on the semiconductor-metal transition in li-
quid selenium were given in Refs. 96 and 158.

17)The thermal properties of mercury and cesium were deter-
mined167'168 before the metal-nonmetal transition.

18)The first study"8 involving measurements and theoretical
analysis of the behavior of the thermoelectric power in the
region of the metal-nonmetal transition was carried out to
determine the possibility of obtaining higher values of this
power for the purpose of conversion of thermal energy.

19>In a recent paper147 a Report was given of a determination
of the critical pressure and temperature (Pcr=1675 ± 25 bar
and Tcr=1495 ± 5°C>. The critical temperature reported in
this study agreed well with the published values, whereas
the critical pressure was close to the value given in Bef. 159
but very different from the values reported in Hefs. 150 and
151.

10'

1000

FIG. 13. Electronic and thermal properties of cesium in the
region of the metal-nonmetal transition at various temper-
atures, a) Temperature dependences of the electrical con-
ductivity of cesium obtained at various pressures in the region
of the metal-nonmetal transition: 1) Ref. 152 (an error in the
graph in Ref. 152 is corrected so that the order of the elec-
trical conductivity agrees with the text of the paper); 2) Ref.
175; 3) Refs. 144 and 145; 4) Ref. 204. b) Temperature de-
pendences of the electrical conductivity and thermoelectric
power (P = 120 atm) (Ref. 145). c) Specific heat ati> = 120 atm
(Ref. 167).

quote here the results of two different investigations:
P c r = l510±20bar, Tcr = 1490±15°C, pc r = 4.2±0.4 g/
cm3 (Ref. 151), and P c r = 1730 ±30 bar, TCP = 1510
±15°C, pcr = 5.9±0.2 g/cm3 (Ref. 159).19) We shall use
the equation of state found in Ref. 159, because this in-
vestigation was clearly carried out most carefully.

We shall quote the experimental data on the main
electrical properties of cesium (Figs. 13 and 14) and
mercury (Fig. 15) at high pressures and temperatures
when the density decreases continuously. In the case of
mercury we shall also give the values of the Knight
shift (Fig. 15e) and the velocity of sound in the region-of
the metal-nonmetal transition (Fig. 15f); in the case of
cesium we shall discuss the specific heat data (Fig.
13c).

1.6 20
b) P. aim?

FIG. 14. Electronic properties of cesium as a function of con-
tinuous variation of the density. The Hall mobility of cesium
and the ratio of the Hall coefficient to the free-electron value
Rt are taken from Ref. 163 (b) and electrical conductivity and
thermoelectric power are taken from Refs. 144, 145, and 152
(a).
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12 m
/".a/cm3

FIG. 15. Electrical and acoustic properties, and Knight shift
of mercury plotted as a function of continuous reduction in the
density: a) Temperature coefficient of the electrical resis-
tance;160 b) volume coefficient of the conductivity173; c) thermo-
electric power145; d) Hall mobility and ratio of the Hall coef-
ficient to the free-electron value"6; e) Knight shift;185 f) vel-
ocity of sound.166

The curves representing the electrical conductivity
and thermoelectric power of univalent cesium and di-
valent mercury exhibit the following ranges character-
istic of the metal-insulator transition whose theoretical
aspects are considered in Sec. 2: 1) liquid metal range;
2) transition range; 3) range with properties resembling
liquid semiconductors; 4) range of dense ionized gas-
es.20)

1) Liquid metal range. In this range the conduction is
metallic [Sec. 2.3, after Eq. (29)]. Both cesium and
mercury have electrical conductivities in the range a
& 2500-3000ST1 • cm*1 and thermoelectric powers a <-50
juV/°C. The mean free path is L >a. The Hall coeffi-
cient has the free-electron value R =(nec)~x (Figs. 13a-
15d). It is clear from the figures that in the case of
cesium and mercury (Figs. 14b and 15d) the Hall coeffi-
cient is a linear function of the density throughout this

20)This last region was not considered in Sec. 2.
21'in principle, such a dependence should be retained by cesium

up to the critical region, but there are no experimental data
on the range of densities from 1 g/cm3 to the critical value
(0.42 g / cm3).

22'The minimum density was not determined for cesium. The
lowest density for which calculations were made amounted to
«1.14 g/cm3 (Ret. 188).

range and this is typical of liquid metals. In the case of
cesium this is true up to «1 g/cm3 (Ref. 177),21) where-
as in the case of mercury the linear dependence ends at
«11 g/cm3 (Ref. 176).

The rapid variation in the mobility observed in this
range for mercury and cesium is a consequence of a
change in the mean free path of electrons. For exam-
ple, in the case of cesium it is estimated in Ref. 177
using the equation of state from Ref. 163 that the mean
free path should be L = 80 A when the density is p = 1.92
g/cm3 and L =10 A when the density is p = 1.1 g/cm3.
We recall that the average interatomic distance is
a = 7 A.

In the metallic range we can justifiably use the Ziman
theory83, as shown already in Sec. 2. The electrical
resistivity of mercury and cesium, whose liquid struc-
ture factor was based on the hard-sphere model, were
calculated in the low density range.187"188 It would be
interesting to find the maximum reduction in the density
of a metal at which the Ziman electrical resistivity for-
mula still holds well. According to calculations on the
reduction in the density of mercury, the lowest density
is «11 g/cm3 (Ref. 187).M)

At lower densities a good agreement between the the-
ories and experimental results is obtained if allowance
is made for the structural properties of a liquid of re-
duced density, which weakens screening and facilitates
changes in the form factor of the pseudopotential. Sev-
eral models of the pseudopotential were checked in Ref.
188 for liquid mercury with densities in the range 11.15
> p > 9.71 g/cm3 at a pressure of 2000 atm assuming a
reduction in the screening. Figure 16 shows the results
of calculations carried out using the Ziman formula and
the Harrison pseudopotential159 and also allowing for the
screening. We can see from this figure that the agree-
ment between calculations and experiment improves
considerably when the reduction in the screening is al-
lowed for.

2) Transition range. This range is characterized by
destruction of the metallic conduction and it corre-
sponds to a situation described in Sec. 2. The electri-
cal conductivity can then vary in the range ~25OO S2'1"
cm"15= a?* 200 SI'1 "cm"1, the thermoelectric power is a
<-80 fiF/deg, the mean free path L is of the order of
the interatomic distance L~a, and the Mott factor is g
< 1. In this range the Hall coefficient of mercury rises

H.D As/on 3

am two 1200 mo noo T°C

FIG. 16. Resistance of mercury at various densities and tem-
peratures calculated and found experimentally under a pressure
of 2000 atm: 1) calculation carried out using the Ziman for-
mula and the Harrison pseudopotential;189 2) calculation with
variable screening conditions;188 3) experimental results.150
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rapidly on reduction in the density to ~9 g/cm3. A
strong reduction in the temperature coefficient of the
electrical resistivity of mercury also occurs at this
density.150'"3 An increase in the Hall coefficient is us-
ually attributed to a reduction in the mean free path to a
distance of the order of the interatomic value and it
corresponds to the onset of the Mott-Anderson localiza-
tion. According to one of the hypotheses, this may oc-
cur on formation of a pseudogap between the S and P
bands.191

In contrast to divalent mercury, the level correspond-
ing to the minimum metallic conductivity of cesium lies
in the critical density region where probably separation
between two Hubbard bands begins.

A special feature of this region is that the onset of
localization is complicated by inhomogeneities, particu-
larly in the vicinity of the critical point where the con-
ductivity may be governed by closed regions with a
higher electrical conductivity. This possibility was
first pointed out in Refs. 61-64. Thus, in accordance
with Sec. 2, we are speaking here of the relationship
between the Mott-Anderson and percolation transitions.

Evidence that the transition is of the percolation type
can be provided by the relationship between the thermo-
electric power and electrical conductivity. A compari-
son of these properties for mercury made using the co-
ordinates of pressure and temperature,145 and of density
and pressure, reveals a fundamental property of the
metal— nonmetal transition, namely that the thermoelec-
tric power reaches a value corresponding to the mini-
mum of the metallic conductivity before that minimum
is reached on the conductivity scale.

By way of example, we shall consider the dependences
of the thermoelectric power and conductivity of mercury
at a constant pressure but at different temperatures
(Fig. 17). We may assume that the thermoelectric pow-
er of this system is shunted by the more highly conduct-
ing through channels, whose number decreases on in-
crease in the density.145

The acoustic properties of mercury in the region of
the metal-nonmetal transition are also of interest (Fig.

-2 -

-4 •

16S7

Hg

3000 am

2S00 atm
2000 atm

Reciprocal temperature 10"4 f K)'1

T,K
a, i*l Idea

•-500

won

FIG. 17. Electrical and thermoelectric properties of mercury
at various temperatures in the region of the metal-nonmetal
transitions.145 (Electrical conductivity data taken from Ref.
149.)

15f); here, there is a slight deviation from the linear
dependence of the velocity of sound on the density. It is
at present not clear how such deviations are related to
the metal-nonmetil transition.

In the case of cesium information is available on the
specific heat at various pressures near the metal-non-
metal transition.167 The specific heat rises strongly on
approach to the critical point (Fig. 13c). However, in
contrast to nonconducting substances (for example, ar*
gon) the interval of rapid rise of Cp and Cv for cesium
is wider on the T/Tet scale. This may be due to the fact
that the compressibility of cesium is greater than the
compressibility of nonconducting substances (in particu-
lar, that of argon).

3) Range with some properties of liquid semiconduc-
tors. The reduction in the density beginning from the
near-critical region in the case of cesium and in the
range of densities below 9 g/cm3 in the case of mercury
(see Figs. 13 and 15) demonstrates the existence of a
range with properties resembling those of semiconduc-
tors.

In this range the relationship between the electrical
conductivity and thermoelectric power is of the type

In a ~ a, (32)
which is obtained from Eqs. (28) and (29). This depend-
ence is illustrated clearly in Fig. 18. There is an im-
portant difference in the positions of this dependence in
the phase diagrams of cesium and mercury: in the case
of cesium this dependence lies in the critical density
region and extends to the gas densities, whereas in the
case of mercury this region corresponds to densities of
the liquid phase. In the case of cesium we have a tran-
sition from the metallic state to a dense plasma whose
properties are briefly described in the next subsection;
therefore, we shall confine our attention to the proper-
ties of mercury. The relationship (32) is valid up to the
critical density region. In this region the value of the
thermoelectric power falls abruptly to zero on all the
isobars.145'147-179-181 Figure 17 shows this by dashed
lines. The maximum absolute values of the thermoelec-
tric power from which it begins to fall rapidly increase
on increase in the pressure.145 The positions of the re-
sultant "zero" values of the thermoelectric power are
shown in the P—T diagram in Fig. 19. No experimental
investigations have yet been made of the subsequent fate
of the thermoelectric power in the plasma state.

One of the possible interpretations can be given on the
basis of allowance for the contributions made to the kin-
Ins-, tr'.cm-i

FIG. 18. Dependences of the electrical conductivity on the
absolute thermoelectric power of mercury at two pressures.145
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FIG. 19. Positions of points with zero thermoelectric power
of mercury plotted in the P—f diagram: o) results from Refs.
145 and J.79; a) Ref. 174; +) Ref. 181. Tal represents the
critical point of mercury according to Hef. 159; TaZ is taken
from Ref. 151. Curve 1 gives the calculated positions of the
minima of the thermoelectric power in a mercury plasma and
curve 2 gives the corresponding positions for a cesium plas-
ma.1'9

etic properties of mercury by, on the one hand, fluctua-
tions of the density resulting in an increase in the depth
of the potential wells and, on the other, by an increase
in the Fermi level of the electron gas because of in-
crease in temperature.179 This possibility is supported
also by the calculations made in Ref. 192. The experi-
mental data on the electrical conductivity and thermo-
electric power suggest that a pseudogap does indeed ap-
pear on expansion in mercury.191 This is demonstrated
also by the data on the Hall effect,"6 while the recent
measurements of the optical reflection coefficient in the
frequency range 0.3eV«Kw<3eV and of reduction in the
density of mercury indicate (Fig. 20) that small reflec-
tion coefficients (0.2) correspond to densities below 8
g/cm3 (Ref. 184), i.e., they lie in the same region.

Direct calculations of the electron spectrum of mer-
cury in various hypothetical structures carried out in
Ref. 193 for varying lattice constants also show that the
energy gap in different structures should appear when
the density becomes 8.5 g/cm3. This value is in good
agreement with the experimental data; however, further
calculations194"197 indicate that the densities at which the
energy gap opens differ from structure to structure and
the transition region may lie between 9.3 and 4 g/cm3.

The uncertainty about the possible formation of a pseu-
dogap on expansion of mercury has increased after re-
cent measurements of the Knight shift (see Fig. 15e).185

These results indicate the possibility that a pseudogap
exists in mercury at densities p> 9 g/cm3. The reasons
for this disagreement between the experimental results
are not clear.

4. Range of dense ionized gases. In the range of den-
sities below the critical value a metal may undergo a
transition to a dense plasma state. Calculations of the
thermoelectric power and electrical conductivity have
been made for this range using an ionized gas model and
allowing for the reduction in the ionization potential on
increase in the density because of the interaction be-
tween charged and neutral particles :tS8>t99l2tra see also
the reviews in Refs. 200 and 201. This interaction re-
sults in an exponential dependence of the electrical con-

23'The results of Ref. 202 suggest that the attraction of ions
via a neutral gas should induce the ionization potential.

24'This interaction was also partly considered in Ref. 229.

11(1775,1090)

IOJUSSO.I2Z0).

FIG. 20. Frequency dependence of the optical reflection co-
efficient on reduction in the density of mercury.184

ductivity on the density, as demonstrated in the first
paper by Vedenov198 and in his subsequent work (Refs.
199 and 209-211).23'-24' Moreover, allowance for this
interaction may give rise to new effects in the plasma.
In fact, an expression for the thermoelectric power of a
dense plasma is obtained in Ref. 199:

a ~Tr- (32')

where AE~(I0/2) (1 - op /p a); a -1; /„ is the atomic ioniza-
tion potential; p,.r is the critical density of the metal.
Here, A£ represents the change in /0 on reduction in the
density because of the interaction between charged and
neutral particles. We can then expect an increase in the
absolute value of the thermoelectric power since the
plasma density decreases. It is clear from Eq. (32) that
the thermoelectric power should exhibit a minimum at
values of A£ equal to the ionization potential of a motal
atom. Lines of such minima for cesium and mercury at
various pressures were predicted in Refs. 178 and 179
and were detected experimentally for cesium in Ref. 144
(Fig. 21).

The relationship between the thermoelectric power
and electrical conductivity in the ionized gas range is

-a, ii\/fc

I3DD

WOO 1500
Temperature, °C

2D0D

FIG. 21. Temperature dependences of the thermoelectric
power of cesium at pressures below the critical point (20 a
60 atm) and above this point (120 atm), based on Ref. 144.
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obtained in Ref. 203:

d la or
(33)

This dependence is analogous to Eq. (32) applicable to
liquid semiconductors. One of the interesting results in
this range is an electrical conductivity minimum report-
ed in Ref. 144 (Fig. 22).25) This effect has been consid-
ered in many papers using a variety of models: allow-
ing for the formation of ion complexes,206 employing the
fluctuation model,207 etc.26) The results obtained using
some of these models are shown in Fig. 22. The ranges
of existence of a nonideal cesium plasma were deter-
mined in Ref. 212.

A variant of the Ziman theory for the electrical prop-
erties of a dense cesium vapor was considered in Ref.
203, where a pseudopotential describing the interaction
of an electron with neutral atoms was suggested. A
semiconductor model, analogous to the theory of an ex-
trinsic semiconductor with partial ionization of donor
centers, was applied by Faber to cesium vapor83 but
without allowance for the reduction in the ionization po-
tential due to the interaction between charges and neu-
tral ions. In this range there may be a considerable
contribution to the conduction process from clusters.
This subject is being pursued actively200 employing var-
iants of the cluster model.2"

B. Results of experimental investigations of selenium and
arsenic. Se-Te system

1) Selenium and arsenic. It should be pointed out that,
in contrast to metals, very little is known about liquid
semiconductors near their critical temperatures and
pressures. Information on the electrical conductivity
obtained in two laboratories is available.155"158 Figure
23 shows the temperature dependences of the electrical
conductivity of selenium obtained at various pressures.
It is clear from this figure that below 500 atm the tem-
perature dependences exhibit a steep fall when a certain
temperature (which varies with the pressure) is reached
on the saturation line.28) The 500 and 1000 atm isobars
lie well above the critical point of selenium and, there-
fore, the results obtained apply to the region of contin-
uous reduction in the density of selenium.29'

Measurements of the electrical condictivity demon-
strate another interesting feature, namely conductivity of

i5)Moreover, it was reported in Ref. 208 that the electrical
conductivity minimum occurred at much higher temperatures
than in Ref. 144, but interpretation of this minimum encoun-
ters considerable difficulties.

26'in one of the models it is pointed out that charged drops can
appear under these conditions because of the strong attraction
of atoms to ions.208

27)This topic will not be considered because a recent review230

has been devoted to the subject.
28'The critical temperature and pressure of selenium are

TCP=1766 °K and Pc r=268 atm (Ref. 215). The critical pa-
rameters reported in Bef. 157 are TCP=1590°C and i»6r=380
atm, which can be seen to be different from those given in
Bef. 215.

29'The experimental data reported in Bef. 155 are in good
agreement with those of Ref. 231, whereas a higher satura-
tion value of the electrical conductivity is given in Ref. 157.

1500 2000 2500

FIG. 22. Temperature dependences of the electrical conduc-
tivity of a dense cesium plasma at a pressure of 20 atm: 1)
Ref. 144; o) experimental points from Ref. 204; +) point taken
from Ref. 205; 2) calculated curve from Kef. 206; 3) calcu-
lated curve from Ref. 207.

the exponential dependence of the electrical conductivity
at temperatures 1700-2000 °K and conductivities of the
order of 200 8"1«cm"1, i.e., at values corresponding to
the minimal metallic conductivity.

It is clear from Fig. 23 that the experimental curves
demonstrate a reduction in the activation energy on in-
crease in temperature.89*96 This reduction in the acti-
vation energy of conduction has been interpreted as a
consequence of a progressive (with temperature) reduc-
tion in the pseudogap. It is estimated that the pseudo-
gap disappears at 1500°K. According to the experi-
mental data,96 metallization occurs at T~ 1700°K. In
view of the approximate nature of the extrapolation, the
agreement between these metallization temperatures of
selenium should be regarded as satisfactory.

The saturation region is followed by a range where
the electrical conductivity falls steeply from a level
corresponding to the minimum conductivity. If we as-
sume that in this range of temperatures and pressures
the selenium represents a homogeneous system, we can
interpret this transition to the insulating state as an An-
derson transition associated with the electron localiza-
tion (Sec. 2); the electrical conductivity then changes
abruptly (under experimental conditions the transition
is nonabrupt because of finite temperatures) from the
metallic to the hopping conduction mechanism. It would
be interesting to determine the electrical conductivity
corresponding to the onset of the hopping mechanism,

/o3/r,°K'

FIG. 23. Relative changes in the electrical conductivity of
selenium and arsenic above the critical points.166
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FIG. 24. Changes in the electrical conductivity of the Se-Te
system with different selenium concentrations plotted as a
function of temperature and composition (P=180 atm).91 a)
Temperature dependences of the electrical conductivity of
various compositions in the selenium-tellurium system, b)
Composition dependences at a constant temperature (the dashed
line shows the ratio of the energy gap to the conductivity). c)
Dependence of the energy gap on the composition of the selen-
ium-tellurium system at T = 750°K.

since this would make it possible to check the correct-
ness of theoretical estimates.155'156

It is interesting to compare the electrical conductivity
of selenium in the electron localization region with the
value for the metal which is the closest analog of selen-
ium and which has approximately similar critical pa-
rameters. This metal is arsenic, whose electrical con-
ductivity has been measured at pressures exceeding the
critical value of 330 atm (Ref. 154).

Figure 23 shows the temperature dependences of the
electrical conductivity not only of selenium but also of
arsenic.156 The steep fall of the conductivity of seleni-
um beyond the plateau has already been explained by the
Anderson localization. We can see from this figure that
in the case of arsenic the steepest fall of the electrical
conductivity begins from 200 O'^cm"1. Up to this value
the localization effect may be shunted by regions whose

conductivity is equal to or greater than the minimum
metallic value.

2) Se-Te system. We shall compare the transition
from the metallic to the nonmetallic state in metals and
to the metallic state in semiconductors and in ordinary
semiconductor melts by considering the results of an
experimental study of the electrical conductivity of the
selenium-tellurium system at various temperatures and
for various tellurium concentrations.91 This investiga-
tion was carried out at a pressure of 180 atm. The re-
sults are given in Fig. 24. The metallic component here
is tellurium (it has metallic conduction)89 whose amount
is reduced continuously. The system then goes over in-
to a typically semiconducting state. The curves in Fig.
24 show some characteristic features considered above
for mercury and cesium, and also for selenium at
transcritical temperatures. This may be regarded as
an indication of the identity of the nature of the corre-
sponding phenomena occurring in these systems.

We can summarize by concluding that in the case of
metal-nonmetal transitions under transcritical condi-
tions the processes of electron localization begin in the
vicinity of the electrical conductivity values corre-
sponding to the minimum metallic conductivity and in
this sense the results of these investigations are in
agreement with the results reported earlier (Sees. 3 and
4) for liquid semiconductors.

6. CONCLUSIONS

We have attempted to summarize all those theoretical
and experimental investigations of low-density liquid
semiconductors and metals which are of direct rele-
vance to the phenomena of localization (or delocaliza-
tion) of electron states. The experimental results re-
viewed in the last three sections demonstrate the com-
mon features of the semiconductor-metal transition ob-
served in independent experiments and they show that
the existing experimental data largely support the qual-
itative description of this transition as due to the influ-
ence of disorder. In particular, it is clear that such a
theoretical concept as the minimal metallic conductivity
is undoubtedly a feature of the experimental results if
only as a characteristic scale and it has universal
meaning as the conductivity separating a metal from a
semiconductor. We shall stress only this fundamental
aspect and note that accurate quantitative relationships
governing the minimal metallic conductivity cannot be
as yet obtained theoretically or experimentally.

The general quite unsatisfactory state of the theory
and experiment is manifested by the fact that selection
cannot be made between the existing theoretical models.
As a rule, we cannot say definitely whether in a given
specific case the microscopic inhomogeneities are im-
portant (giving rise to an inhomogeneous percolation
conduction regime), what is the role of the electron-
electron correlations, whether the minimal metallic
conductivity has any deeper meaning than a simple char-
acteristic conductivity scale, etc. These problems can
only be solved by further efforts of theoreticians and
experimentalists.
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