
P H BASIC A L R E VI E W B VOLUME 8, NUMBER 6 15 SEPTEMBER 1973

Electronic Transport in Expanded Liquid Mercury
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We report the results of an experimental study of the electronic transport properties (Hall
effect and electrical conductivity) of expanded liquid mercury in the density range 13.6-8.5

g cm+ (temperature region 30-1500'C and pressure region 1-1900 atm). From the correla-
tion of the Hall coefficient and the conductivity, three distinct conduction regimes were iden-
tified in this one-component system: (a) the weak-scattering metallic region (13.6-11 g cm ),
(b) the strong-scattering metallic region (11.0-9.2 g cm+), and (c& the localization regime
(&9.2 g cm+). Detailed information has been obtained for the formation of the pseudogap and
the metal-nonmetal transition in this disordered system.

I. INTRODUCTION

Experimental studies of the electrical conduc-
tivity, ' the thermoelectric power, the Hall co-
efficient' and the optical properties' of expanded
liquid metals and supercritical metal vapors are
expected to elucidate the following features of elec-
tron transport in disordered systems.

(a) It will provide direct information concern-
ing different conduction regimes in a disordered
system, which are' the weak-scattering metallic
regime, the strong-scattering metallic regime,
and the semiconductor regime, through which the
system passes with decreasing density.

(b) It will provide information concerning the
metal-nonmetal transition induced by density
changes in a disordered one-component system. In

particular it is interesting to inquire whether the
metal-nonmetal transition can take place in a micro
scopically homogeneous system as argued by
Mott, ' or is it preceded by density fluctuations
which lead to electron localization in this disor-
dered system. ' In the latter case the transition
between the metallic and the semiconducting states
may be fuzzy and not be exhibited by sharp "breaks
in the conductivity. From the experimental point
of view it is important to establish how the transi-
tion can be specified in terms of the experimental
transport data.

In view of the relatively low thermodynamic crit-
ical point of mercury ' (T,= IV63 'K, P, = 1510
atm), this system is best suited for the study of
electrical transport in an expanded liquid metal.
In spite of an impressive amount of experimental
transport ' and optical data, 9 a coherent physical
picture for the electronic transport regimes and
the nature of the metal-nonmetal transition in mer-
cury did not emerge. We have recently presented
a preliminary report ' of the measurements of
the Hall effect in expanded liquid mercury, which
yields direct information concerning the formation
of a pseudogap ' in a disordered system. In the

present work we present a detailed report of the
experimental study of the Hall effect insubcritical
liquid mercury in the density range 13.6-8. 6 g
cm . We shall demonstrate that the combination
of the Hall effect and the electrical conductivity
data provides direct information concerning the
different conduction regimes and the metal-non-
metal transition in a one-component disordered
system.

II. CONDUCTIVITY REGIMES IN A DIVALENT LIQUID
METAL

A. Introductory Remarks

When the distance between divalent atoms in a
crystalline metal is continuously increased, the
overlap between the electronic bands decreases,
resulting in a metal-nonmetal transition. '
Thus, in the hypothetical case of drastically ex-
panded solid, crystalline mercury, the conduction
s band and the valence P band will be separated by
a gap. ' ' In a disordered system the Van Hove
singularities in the density-of-states function at
the band edges are smeared out. Mott and Cohen,
Fritsche, and Ovshinsky, have suggested that in
amorphous semiconductors the band edges exhibit
tails in the energy region which is forbidden in
the corresponding perfect crystalline solid. Thus,
the gap separating the valence and the conduction
band in a perfect crystalline solid semiconductor
is replaced in the disordered system by a pseudo-
gap, ' ' i. e. , a minimum in the density of states
near the Fermi energy. A gradual expansion of a
divalent liquid metal results in the formation of a
pseudogap. When the density of states in the
pseudogap is relatively high (i. e. , only somewhat
lower than the free electron value) the states in
the vicinity of the Fermi energy are delocalized,
while when the density of states in that energy
range is lowered, localized states will appear and
the conductivity energy edge is located at higher
energies. A coherent description of this physical
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B. Weak-Scattering Metallic Regime

The weak-scattering situation prevails when
the phase-coherence length of the electron exceeds
the Fermi wavelength, i. e. , Xkr &1 where X is
the mean free path and k„~E& corresponds to
the Fermi wave number. Under these circum-
stances, electron transport can be handled by low-
order perturbation theory. The electrical con-
ductivity o can be in general expressed in the
form

a =e SX/12m k, (3)

where S represents the area of the Fermi sur-
face. It was demonstrated by Faber that a first-
order correction to the Born approximation re-
sults in. X= X„g, where the free-electron mean
free path X„is calculated by the Ziman theory, '
while S=S„g". Thus, in the weak-scattering lim-
it,

a'= e'S„X,J12v'k, (4)

so that the electrical conductivity is independent' '
of the pseudogap depth g.

To the best of our knowledge no adequate theory
has yet been provided for the Hall coefficient R
and for the Hall mobility p. = IR IO' in the weak-scat-
tering region. This problem was handled by Zi-
man " and by Fukuyama et al. A plausibility
argument can be provided by considering the Hall
coefficient R for the free-electron case

R = 12v /em*St,
where m* is the effective mass and V~ represents
the Fermi velocity. For a spherical Fermi sur-
face one gets the conventional expression

R„=1/ne. (8)

Now, as pointed out by Ziman, ' Eq. (5) was de-
rived utilizing the conventional expression for the
Lorentz force F = e V x H, where H is the magnetic
field. It was argued that when gal one can ap-
ply Edward's recipe replacing the velocity opera-
tor V, by the current operator J„so that (for any

situation was provided by Mott, "who introduced
a pseudogap depth parameter g relating the density
of states N(Er) at the Fermi energy to the free
electron (fe) value

g =N(&r)/N(&r)~s .

Utilizing Anderson's model for cellular disorder,
Mott has predicted~ that metallic conductivity oc-
curs for

(2)

while for lower g values, localized states will ap-
pear in the pseudogap, so that the system will ex-
hibit the features of a semiconductor.

R = (2/ne)g (8)

Equation (8) was obtained by Fukuyama et al. "
who derived the Hall conductivity for a nearly-
free-electron system utilizing many-body perturba-
tion techniques. In conclusion, it is important to
point out that in the weak scattering metallic re-
gion no direct correlation exists between the elec-
trical conductivity and the Hall coefficient. When
the liquid metal density is lowered over a small
region (so that S„is practically invariant) the
change in the electrical conductivity reflects the
decrease in the free-electron mean free path X„.
On the other hand, deviations of the Hall coeffi-
cient from its free electron value may be tenta-
tively assigned to changes in g.

C. Strong-Scattering Metallic Region

It was argued by Mott" that the mean free path
cannot be lower than the near lattice spacing a
so that the strong scattering regime is specified
by A=a. Making use of Eq. (3) the conductivity
takes the form

a = (e 'S„a/12m'K)g' .
A tentative use" of Eq. (7) for the strong-scat-
tering region as proposed by Straub et al. ,

"
R =Rg,g (10)

yields a direct correlation between the Hall coef-
ficient and the pseudogap depth, and hence yields
a direct relation between a and R, i. e. , a~ (R,J
R) . A systematic derivation of this result was
recently provided by Friedman. It was original-
ly proposed by Cohen33 and by Mott13 that ln the
strong-scattering situation, where scattering of
the electron occurs on each lattice site, electron
transport can be described in terms of a diffusion
process, whereupon the electronic wavefunctions
do not exhibit any phase correlation between dif-
ferent lattice sites. This model was utilized by
Hindley and by Friedman for the calculation of
the electrical conductivity and of the Hall coeffi-
cient in a degenerate electron gas and in amor-
phous semiconductors.

Friedman has considered a tight-binding s band
invoking the random-phase approximation, so that
the expansion coefficients of the atomic wave func-

wave vector k) e V, -4„. This substitution does
not affect the electrical conductivity IEq. (4)],
while the Hall coefficient is scaled by the recipro-
cal pseudogap depth, so that

R = (1/ne )g ~ .

On the other hand, when the velocity operator in
the Lorentz force is replaced by the current opera-
tor an additional g factor is introduced into the
Hall coefficient whereupon
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tions on different lattice sites have no phase cor-
relation. Utilizing the Kubo-Greenwood formula, '
the electrical conductivity and the Hall coefficient
can be expressed in terms of the components of
the conductivity tensor

2

o=o =——Za JN(E )
27T e 6 2 p

3 Sz F

0'~ 3QZ

o„„H 'Z e JN(Ez)

(1la)

(1lb}

X= a JN(E~},

one gets for the electrical conductivity

o=-', vZ (e /ha)X

(12)

(13)

where Z is the number of nearest neighbors, Z
represents the number of triangular closed paths
around each lattice site, q corresponds to a geo-
metrical factor, J is the interatomic exchange
integral between nearest neighbors (which is kept
constant considering just cellular disorder), and
finally a is the lattice spacing which for a liquid
metal is n =a . Following Mott, ' ' we assume
that these theoretical results are applicable to the
more general case of a conduction band originating
from s and P overlap.

Defining an auxiliary parameter

where F is the filling band factor

F =E~/W (17a)

and W is the bandwidth. In a monovalent metal
F = &, while in divalent metal where the metallic
properties originate from overlap between bands
a unique determination of F is difficult but we may
expect that 0. 5 &F & 1.0. Setting Z = Z and q = 3,
we get, from Eq. (14},

(R„/R) = lq„

where

0. 7 & ~ & I. 5.

(18)

(19)

Our experimental results for expanded liquid
mercury indicate that ~= 1 for that system. It is
important to point out that for a divalent liquid
metal, ~ is not well defined, and may exhibit a
density dependence. For the sake of quantitative
analysis, Eqs. (13)-(15)should be utilized.

From the foregoing discussion we conclude that
in the strong scattering metallic region (a) the
electrical conductivity is proportional to (R,JR),
(b) the Hall mobility is proportional to R„/R, and
(c) the electrical conductivity can be correlated
with the square of the pseudogap depth, while simi-
larly p, is proportional to g.

The Hall coefficient is

R=———X

while the dali mobility p. is given by

(14)

(15)

D. Expanded Liquid Mercury in the Strong-Scattering Region

It will be useful to provide numerical estimates
for the electrical transport properties of an ex-
panded liquid mercury in the strong scattering situ-
ation. We shall make use of values

6=3, Z=Z.

Utilizing Eqs. (13)-(15)for the strong-scatter-
ing limit we can directly relate the electrical con-
ductivity and the Hall mobility to (R/R~, ), the de-
viation of the Hall coefficient from the free-elec-
tron value,

(16a)

The coordination number in normal liquid mercury
at room temperature was determined by Rivlin et
al. who get

Z=10, a=3 A .
Invoking the assumption that these parameters are
slowly varying with moderate density changes we
get, from Eqs. (13)-(15),

(16b)
o = 1700(R„/R)' 0 'cm '

p =0. 28 (R„/R) cm V sec

(20)

(21)
It is important to note that Eqs. (13)-(16)pro-

vide a general result of the Friedman model. These
relations should be utilized for a quantitative test
for the applicability of the strong-scattering re-
gime.

Finally, one can establish a semiquantitative re-
lation between the Hall coefficient and the pseudogap
depth. Following Friedman' ' Eq. (14) can be re-
written in the form

(17)

o 0 — 1700 ' 0 cm (22)

p, „=p, d
-0. 28 R' cm V 'sec ', (23)

where do and d represent the mercury density at
room temperature and at higher temperature and

In order to correct these results for density changes
[expressed in terms of the parameter a in Eqs.
(13}-(15)],we shall define the normalized conduc-
tivity o„and the normalized mobility p,„ in the form
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pressure, respectively. It is expected that Eqs.
(22) and (23) will be valid over all the strong-scat-
tering regions while, when at densities below the
metal-nonmetal transition the transport proper-
ties will exhibit deviations from these relations.

m. EXPERIMENTAL PROCEDURES
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FIG. 1. Block diagram of the experimental setup.

We have measured the Hall coefficient and the
electrical conductivity of subcritical mercury over
the temperature range 20-1500 'C and in the pres-
sure range 1-2000 atm. In a separate report we
have presented a detailed account of the experimen-
tal techniques developed by us for the measurement
of the Hall effect and the conductivity at elevated
temperatures and pressures. The experimental
setup consists of the following components
(a) high-pressure vessel for the pressure range
1-2000 atm; (b} temperature-controlled furnace
for the range 20-1500 'C; (c) a recrystallized
alumina sample cell for simultaneous measure-
ments of the Hall coefficient and of the conductivity.
The dimensions of the liquid-metal sample are
15x13x0.5 mm. (d} a magnet (200-mm diam,
300-mm length, - 100-G field strength) located
within the high-pressure vessel, and its ac power
supply (10-kW narrow-band power amplifier};
(e) Hall-current generator (10-W power amplifier,
current up to 5 A); (f) Hall-voltage detection sys-
tem consisting of a filter, a low-noise amplifier,
a second filtering state followed by a phase-sensi-
tive detector; (g) conductivity-measurement unit.

A block diagram of the experimental setup is
portrayed in Fig. 1, while in Fig. 2 we display
the electronic setup for Hall-effect measurements.

The Hall coefficient was measured by the double-
ac method. ' An ac current of -5 A at 21.6 kHz
and an ac magnetic field at - 100 G at 1.6 kHz pro-
duced Hall voltages of 10 '-10 ' V (in subcritical
mercury at different temperatures and pressures)
at the sum and at the difference frequencies. The
Hall voltage was measured at the difference fre-
quency of 20 kHz.

OSCILLATOR CUI POWE R ~@I IMPEDANCE

t KROHN HITE 4200~ AMPLIF IER MATCH

II

MIXE R

FOR REFERENCE

& I
- (LI2 FOR REF ERQNCE CHANNEL BROOKDEAL

40I P S D

FIG. 2. Block diagram of the electronic system for
double-AC Hall-effect measurements. {P. S. D. is
phase-sensitive detector. )

The following tests were performed by us to
check the operation of the experimental setup for
Hall-eff ect measurements.

(a) Linearity checks of the Hall voltage as a
function of the magnetic field (at a constant cur-
rent) and as a function of the Hall current (at a
constant magnetic field) did yield satisfactory re-
suIts. This linear dependence indicates that most
systematic errors in the double-ac method have
been eliminated. ' To get rid of other spurious
effects ' in the double-ac method, which maintain
the linear dependence of the Hall voltage on the
magnetic field and on the Hall current, we have (i)
chosen the frequencies of the Hall current, the
magnetic field, and the Hall voltage to be located
well above the mechanical or the thermal frequen-
cies characterizing the sample; (ii} maintained
structural stiffness to eliminate possible motional
freedom of the sample cell; (iii) devoted special
attention to the linear performance of the "criti-
cal" parts of the detection system (i. e. , sample
electrical contacts, first filtering detection stage
and preamplifier).

(b} Linearity of the Hall voltage on the cell
thickness was verified.

(c) The absolute value of R at room tempera-
ture (RT), T = 30 C, accounting for the finite sam-
ple size, was determined to be R/R„= 0. 92+ 0. 10
[where the Hall voltage is V» = (3. 1 a 0.1)x 10 9 V].
The main uncertainty in this value originates from
the determination of the sample thickness. This
value is within 6% of Greenfield's result.

(d) Our results for R/R„ in the temperature
region 30—300 'C are consistent with previous
data "

(e) The experimental results for the Hall coef-
ficient (and for the electrical conductivity) were
identical upon heating and upon cooling of the cell.

The resistivity of mercury was measured by
the four-probe method at a frequency of 10 Hz,
eliminating contact- resistance errors.
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The experimental accuracy of our measurements
can be summarized as follows: (a) Absolute ac-
curacy of pressure measurements in the range
1-2000 atm is + 2 atm. (b) The temperature in
the range 30-1500 'C was stabilized to within
~ 0. 2 'C, while the absolute determination of the
temperature is accurate within +0. 4% (i. e. , +6 C
at 1500 'C). (c) The absolute value of R is be-
lieved to be accurate within + 10%, while the rela-
tive values of the Hall voltage (normalized to the
room-temperature value) are obtained to better
than 5/0. (d) The relative resistivity (normalized
to the room-temperature value) are accurate to
within 2%.

IV. HALL EFFECT AND ELECTRICAL CONDUCTIVITY IN
EXPANDED LIQUID MERCURY

8 —0.8

—0,7

—0.6

I

—0.2

—O. I

We have measured the Hall effect and the elec-
trical conductivity of subcritical mercury in the
temperature region 20-1500 'C and in the pressure
range 1- 1900 atm. This region corresponds to the
density range 13.6-8. 5 gmcm . The density data
were obtained from a recent work of Hensel et
al. "who measured simultaneously the density and

the electrical conductivity. Near the critical point
a small (-0. 5%) uncertainty in the temperature
measurement leads to a considerable error in the
density. In view of the uncertainty in the absolute
determination of the temperature both in Hensel's
measurements and in ours, we have utilized the
electrical conductivity, which is determined quite
accurately (+ 1%) as a common variable for com-
parison with Hensel's density data. From the
present simultaneous determination of the Hall
coefficient and of the conductivity and from Hen-
sel's simultaneous measurements ' of the con-
ductivity and the density we have extracted the den-
sity dependence of the Hall coefficient and of the
Hall mobility. In a preliminary report we have
utilized our temperature and pressure measure-
ments to obtain the density from Hensel's equation
of state data. ' The present data are more de-
tailed and more accurate than those previously re-
ported by us.

Our experimental results for the density depen-
dence of the electrical transport properties of ex-
panded liquid mercury are presented in Figs. 3
and 4, where we have displayed the Hall voltage
V& normalized to the room-temperature value
VRr--3. 1 nV), the Hall mobility p= [ R I o', the
electrical conductivity and the Hall coefficient
R/R„normalized to the free-electron value.

V. ELECTRONIC TRANSPORT IN EXPANDED LIQUID
MERCURY

On the basis of our combined Hall effect and
conductivity data we can distinguish three dis-
tinct conduction regimes in expanded liquid mercury.

08 I I

IO I I I2
d(g /cm&)

l3 l4

a. Weak seatterin-g regime (11.0&d & 13.6 g
cm '). In this region the transport properties of
liquid mercury are amenable to theoretical de-
scription in terms of the free electron model. The
high conductivity can be handled by Ziman's theo-
ry, '2 which can be recast in the form of Eq. (4),
where the mean free path (or the scattering time)
can be expressed in terms of the Born approxima-
tion, utilizing the pseudopotential proposed by
Evans. The mean free path thus obtained is
X = 3a = 7 A and the self-consistency condition for
the applicability of the weak-scattering picture is
satisfied.

No good theory is as yet available for the Hall
coefficient in the weak-scattering regime. If Zi-
man's equation (7) or alternatively Eq. (8) are
to be believed, then our experimental results
R/R„= 1 imply that g = 1 in this regime. The cal-
culations of the density of states for normal liquid
mercury by Evans and by Chan and Ballantine~
indicate that at d = 13.6 g cm, g = 0. 9 —1.0.

The decrease of the electrical conductivity over
the weak-scattering regime (accompanied by a
parallel decrease in p, ) reflects the decrease of
the mean free path from ~=7 A=3a at d=13. 6 g
cm to X= 2 A=a at d= 11.0 gcm . At the lower-
density limit of the weak-scattering regime,
X= a. The basic condition for the applicability of
the weak-scattering model kr X» 1 (where k» n
E„=l. 16 A the Fermi wave number) breaks
down for d=11.0 gcm, where Xk~= 2. 3. Thus,
the density d= 11.0 gcm represents the onset of
the strong- scattering regime.

FIG. 3. Density dependence of the Hall voltage V (nor-
malized to the room temperature value VRT) and of the
Hall mobility in expanded liquid mercury.
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(normalized to the free-electron value) and of the elec-
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b. Strong scattering regime (9. 2 &d & 11.0 g
cm ). The identification of this regime rests on
the following qualitative arguments: (a) The change
of the conductivity (300-3000 Q ' cm ') in this den-
sity region is consistent with Mott's general argu-
ments' ' for the magnitude of the conductivity in
the strong scattering regime. (b) The positive de-
viations of R/R„ from the free-electron value are
consistent with the tentative use of Eq. (10) or
the more elaborate result of Friedman's theory
[Eqs. (16) and (18)]. In Fig. 5 we present the den-
sity dependence of g in the strong-scattering re-
gion. It should be stressed that g is temperature
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independent at constant density, as expected.
(c) A qualitative correlation of the electrical trans-
port properties indicates that in this density range
o decreases by a factor of -8, R/R„ increases by
a factor of -3, while p, decreases by a factor of- 2. 5. This behavior is consistent with the func-
tional dependence [see Eqs. (12)-(16)], aa(R„/R),
and tLa(R„/R). Utilizing Eq. (IV), we have ong,
(R/R„) ag ', and p ag, where g varies in the
range g = l. 0-0. 3 (see Fig. 5).

Detailed quantitative physical information con-
cerning the strong-scattering regime is obtained
by utilizing our results to test Friedman's random-
phase approximation. Making use of Eqs. (13)-
(15), we plot in Figs. 6 and 7 the normalized con-
ductivity and the normalized mobility vs Rq, /R.
In the density range 11.0-9. 2 g cm the following
experimental correlations hold:

o„=2600 (R„/R) 0 cm

p,„=0. 24 (R,QR) cm'V sec

These experimental relations are in excellent
quantitative agreeme~t with the theoretical pre-
dictions given by Eqs. (22) and (23).

We conclude with the following comments: (a)
Figures 6 and 7 clearly exhibit the onset and the
termination of the strong-scattering regime. These
data are obtained from the correlation of two trans-

0.25—

0.00
IO I I I 2 13

d(g/cm&)
1000.

I

I I

0.3 0.5 I.o
g=(Rfe/R) Valid Only in S.S. Region

FIG. 5. Density dependence of the pseudogap depth
parameter obtained from Hall-effect data in expanded
liquid mercury.

FIG. 6. Dependence of the normalized conductivity
on the pseudogap depth parameter in the strong-scattering
regime.
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the onset of activated transport.
(c) From the correlation between the thermo-

power S and the electrical conductivity for the
semiconductor region ln(o/oo}= (1 —eS/Ks} Schmutz-
ler has demonstrated that the onset of the semi-
conducting behaviors occurs for d &7. 8 gcm

Finally, we would like to point out a rather seri-
ous disagreement between our value of d = 9. 2 g
cm for the onset of localized states and the value
of d = 5. 5 gem estimated by Hensel from his opti-
cal data. This discrepancy probably originates
from the extrapolation procedure employed by
Hensel.

VI. BRIEF COMMENTS ON THE INAPPLICABILITY OF
PERCOLATION THEORY FOR THE DENSITY RANGE

11.0-9.2 g cm

0 0'o. I I

0.5 0.5 I.O

g&{Rfe/R) Valid Only in S.S. Region

FIG. 7. Dependence of the normalized mobility on the
pseudogap depth parameter in the strong-scattering re-
gime.

port properties (o and R) and cannot be obtained
from "breaks" in the conductivity alone. (b) The
lower density limit for the strong-scattering re-
gime (d= 9. 2 gcm ') corresponds tog=0. 32. The
critical g= 0. 32 value for the termination of the
strong-scattering regime is in excellent agreement
with Mott's theoretical prediction for the onset of
localized states and semiconducting behavior at
g j.

c. Localization region (d &9. 2 gcm ). Here the
electrical conductivity o & 300 (Qcm) ' and the Hall
coefficient exhibit strong density dependence, while
the mobility is practically constant. The Fried-
man theory for the strong-scattering regime [Egs.
(12)-(16)] breaks down at d & 9. 2 g cm . In this
region, whereg&3, localized states are expected
to appear in the pseudogap near the Fermi energy.
The appearance of such localized states in this
disordered system implies semiconducting be-
havior, whereupon electron transport will be gov-
erned by thermal excitations above the conduction
edge. Supporting physical information for the
semiconducting nature of expanded liquid mercury
in the density region d & 9. 2 g cm is obtained from
the following experimental data.

(a) The slow variation of the mobility p over
the density region 9. 2—8. 5 gcm may be remi-
niscent of the behavior of liquid semiconductors,
where p, is expected to be temperature independent.
while the electrical conductivity and the Hall co-
efficient exhibit temperature dependence.

(b) The density dependence (at constant tempera-
ture) and the temperature coefficients of the elec-
trical conductivity, as recorded by Schmutzler,
exhibit a sharp increase at d & 9 gem, indicating

The question of the relation between the localiza-
tion problem in disordered systems and classical
percolation theory was first considered by Ziman'
and later elaborated on by Zallen and Scher. '
Cohen et al. ' ' have studied transport in disor-
dered systems in terms of lattice percolation theo-
ry. Recently, Kirkpatrick has provided a de-
tailed theoretical study of band percolation in a
three-dimensional lattice presenting both analyti-
cal results based on the effective medium theory
and numerical data for the electrical conductivity.
This approach considers an inhomogeneous rne-

dium, with an allowed fraction of conducting regions
for electrons at the Fermi energy. Let P be the
fraction of allowed volume; then according to IQrk-
patrick the electrical conductivity is

o" z(p —3), 1 &P-0. 4 (24a)

o" (p p.)"', p.&p&-0 4 (24b)

o=0, P &Pc (24c)

R„/R = P(p), (25)

where P(P) is the percolation probability (i. e. ,
fraction of allowed nonisolated volume for elec-
tron transport}, which according to numerical
calculations is given by'

P(p}=P, p&p 4

P(P) 1 -25(P-0.3) P& 0 4

(26a)

(26b)

Kirkpatrick has argued that our experimental
electronic transport data in the density region
d= 11.0-8. 5 gcm" in mercury can be interpreted
on the basis of percolation theory. This sugges-
tion drastically differs from our interpretation of

P, is the percolation threshold which is estimated
numerically to be =0. 2.

Concerning the Hall coefficient for the percola-
tion problem, Juretchke and Landauer have
claimed that R„/R =p for relatively large-p values,
while recently Kirkpatrick ' has argued that
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the transport data in the density region 11.0-9. 2

gem ', where we visualize electron conduction in
the strong scattering regime (see Secs. II and IV)
to proceed in a medium which is microscopically
homogeneous for electron transport.

A detailed reevaluation of our experimental
data leads us to the conclusion that Kirkpatrick's
percolation model is inadequate for the transport
data in the density region 11.0-9. 2 g cm because
of the following reasons.

(a) Utilizing Eqs. (25) and (26) to evaluate p we
have replotted our conductivity data according to
the predictions of the effective medium theory
(Fig. 8). Systematic deviations are exhibited from
the linear plot, which is predicted by Eq. (24). A
better fit is obtained for the strong-scattering
model. This result provides a supporting argu-
ment favoring the homogeneous strong-scattering
picture.

(b) Kirkpatrick's arguments predict that the
Hall mobility will exhibit a weak dependence on

P in the range 0. 5 &P & 1.0, possibly tending to
fall off for p & 0. 5, as from Eqs. (24)-(26) one
has4'"

y, ~ (3/2ne ) (1 —1/3p) . (27)
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FIG. 8. Attempt to tit the mercury conductivity data
in the density range d =11.0-9.2 gcm 3 to Kirkpatrick's
percolation theory. Dashed line represents the prediction
of effective-medium theory [Eq. (24a)] while the solid
line represents the prediction for the strong-scattering
homogenous model preferred by us.

In Fig. 9 we present the values of the product pd
according to Eq. (27), and compare them with the
prediction of the strong-scattering theory. Again
the fit to Friedman's theory is superior.

(c) The percolation concepts in a one-component
system where no covalent binding effects are opera-
tive, may be applicable only provided that density
fluctuations lead to microscopic inhomogenity. A
recent unpublished estimate by Cohen and Jortner
of thermodynamic fluctuations in subcritical and
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04 05 06
P
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07 08 09 I0

FIG. 9. Attempt to fit the mercury Hall-mobility data
to percolation theory, where the solid line represents
Kirkpatrick's result [Eq. (27)], while the dashed line
corresponds to the strong-scattering situation.

In this paper we have demonstrated the appli-
cability of combined Hall-effect and conductivity
data to yield the following physical information
concerning electron transport and the metal-non-
metal transition in a disordered one-component
system.

(a) Two metallic conductivity regimes were
unambiguously identified in expanded liquid mer-
cury.

(b) The transition density between the weak
scattering and the strong-scattering metallic re-
gimes is specified in terms of the following ob-
servables: (i} onset of deviations of (R/R„) from
the free-electron value; (ii) o = 2800 9 ' in agree-
ment with Mott's predictions'0'~'"'"; (iii) onset of
the relations o o- (Rf,/R)2 and p, ~ (R„/R).

(c) The termination of the strong scattering
regime occurs at d = 9. 2 gem . This density is
characterized by the following features: (i)
g= 0. 32; (ii}o'= 270 0 cm ', which are in perfect
agreement with Mott's arguments concerning the
onset of localization in a disordered system. ~ '+
Thus, the density range d & 9. 2 g cm is assigned
by us to correspond to the localization regime.
This conclusion is supported by the onset of a sub-
stantial temperature dependence of the electrical
conductivity at about d & 9 g cm . One should,
however, note that from the correlation between
the electrical conductivity and the thermoelectric
power data we concur with Schmutzler and Hensel
that semiconductor behavior is encountered in the
density range d & 7. 8 g cm . The behavior of ex-
panded liquid mercury in the density range 9. 2-

supercritical mercury utilizing the equation-of-
states data of Hensel, indicates that for d &9.5 g
cm the correlation length of the density fluctua-
tions is smaller than the interatomic spacing.
Thus in the density range 11.0-9. 2 g cm elec-
tron transport in this system is expected to pro-
ceed in a homogeneous medium.

VII. DISCUSSION
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7. 8 g cm is not well understood. Two extreme
possibilities may be considered: (i) localized
states near the Fermi energy set in at 9. 2g cm '
as predicted by Mott, while only at d- 7. 8 g cm '
the energy gap between the Fermi energy and the
conduction edge is 4k~T, manifesting itself in the
thermopower-conductivity relation; (ii) the densi-
ty range 7. 8 &d & 9. 2 g cm characterizes a con-
tinuous metal- semiconductor transition region.
Thus, in all fairness we have to assert that on the
basis of the electrical transport and thermoelec-
tric power data we cannot ascertain whether the
metal-nonmetal transition is sharp (occurring at
9. 2 gem ) or fuzzy (taking place in the density
region d=9. 2 gcm to d& 7. 8 gcm ). For the
time being, in the absence of further theoretical
work on the subject, we prefer to adopt Mott's
picture and to assign the onset of localization,
i. e. , the metal-nonmetal transition, to occur at
d=9. 2 gcm

(d) The critical density for metal-nonmetal
transition in expanded liquid mercury assigned
by us (dc„= 9. 2 gem ) considerably exceeds the
thermodynamic critical density (dc T = 4. 5 gem ).
There is no correlation between dcM and d&T in
contrast to some theoretical conjectures.

(e) The high value of dc„=9. 2 gcm ' in liquid
mercury can be rationalized for in terms of the

large energy gap (5 eV) between the s and P atomic
states of Hg. Thus large exchange integrals (and
consequently high densities) are required for suf-
ficient interband overlap. On the other hand, the
critical density for metal-nonmetal transition for
Cs vapor' is considerably lower (dc„=0. 45 gcm ).
In the Cs system, spin pairing, resulting in the
formation of diatomic Cs2 molecules, may take
place. If this conjecture will be supported by ex-
perimental paramagnetic susceptibility data then
the physical situation in dense alkali fluids will be
reminiscent of spin pairing in concentrated metal-
ammonia solutions. ' The metal-nonmetal transi-
tion in the cesium system will then occur via over-
lap of the Zg and Zu bands of the diatomic mole-
cule. The level spacing of the molecular Zg and
Zu states in Cs2 is approximately 1 eV, so that the
metal-nonmetal transition in this system will oc-
cur at considerably lower density as compared to
the case of expanded mercury.
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