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A consistent interpretation of the Knight-shift data for expanded liquid Hg is made in terms of a continuous
metal-semiconductor transition intermediated by density fluctuations.

We have advanced? a coherent physical picture
for the electrical and thermal transport properties
of expanded liquid mercury in terms of the follow-
ing four transport regimes: (a) propagation re-
gime, 11<p<13.6 gecm™; (b) diffusion regime,
9.2<p<11.0 gem™3; (c) inhomogeneous transport
regime, 8.0<p<9.2 gecm™®; and (d) pseudointrinsic
semiconducting regime, p<7.8 gcm™®; where P is
the mean mass density. The nature of the elec-
tronic structure and transport properties of ex-
panded liquid Hg in the density range 9.2-8.0 gcm™
is of considerable interest as it pertains to the
character of the metal-nonmetal transition in a
disordered one-component material. We were
able to account for the curious transport proper-
ties of Hg in that range in terms of the transport
regime (c), in which density fluctuations lead to
the simultaneous presence of semiconducting and
metallic regions of the material. The correlation
radius for the metallic regions turned out to be
15 f\, which is substantially larger than the Orn-
stein-Zernike decay length for density fluctuations
and, more important, the phase-coherence length
of the conduction electrons, <0.8 A. Thus a pic-
ture of transport by a fluctuating local conductivity
associated with relatively long-range density fluc-
tuations and with negligible contributions from
tunneling across the locally semiconducting re-
gions is consistent with the experimental situation.
The validity of this picture has been challenged by
Mott®*® who has attempted to account for the trans-
port properties in this intermediate region in
terms of thermal excitation across a mobility gap.
Mott’s model encounters three serious difficulties.
First, the Hall mobility u in the density range
9.3-8.6 gem™ is constant® and it was argued by
Mott® that in his model . is then determined by
the Hall mobility of electrons at the mobility edge,
i.e., pxn(E,), where n(E,) is the density of states
at the mobility edge and is constant in his model,
in apparent agréement with experiment.®* However,
according to the Friedman theory” for the Hall

mobility in a disordered semiconductor p<«Jn(E,),
where J is the transfer integral. In the semicon-
ducting regime, J decreases with decreasing p and
consequently u would not be expected to remain
constant if n(E,) were constant. However, it is
possible on dimensional grounds that Jn(E,) is
independent of the degree of disorder or the den-
sity. To test this possibility, numerical calcula-
tions of E, and Jr(E,) were carried out by A.
Antoniou for one-band tight-binding models with
both diagonal and off-diagonal disorder. He found
that Jn(E,) depends in general on disorder and in
some cases quite strongly. The details of this
work will be published elsewhere. Second we have
pointed out elsewhere® that Mott’s picture® leads
to a substantial disagreement between the density
variation of the electrical conductivity and the
thermoelectric power in the intermediate density
range. Mott has proposed® a density-dependent
negative heat of transport @ to account for this
discrepancy. The value of @ required varies from
0at 9.2 gcm™ to 0.25 eV at 8.0 gem™, and it is
attributed to polaron effects. Polaron theory
yields a negative heat of transport |Q| =~Ej,, the
polaron binding energy, only at temperatures such
that 4KT< |Eg| or, equivalently, 4K7< |Q|. The
latter condition does not apply here. Third, the
density dependence of the mobility gap, as extrac-
ted from conductivity data, leads to the conclu-
sion? that Mott’s picture is internally inconsistent
when combined with general thermodynamic con-
siderations on density fluctuations.

Important new experimental information con-
cerning electronic structure and transport in ex-
panded liquid Hg was recently reported by El-
Hanany and Warren® who measured the Knight
shift throughout the density range p=13.6-

7.5 gem™, El-Hanany and Warren have concluded
that the current models for the diffusion regime
(b) are inadequate and that the description of the
metal-nonmetal transition in the intermediate
(9.2-8.0 g cm™) density range (c¢) requires reex-
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amination. The purpose of this note is twofold.
First, we shall emphasize that the magnetic data®
ave compatible with the electrical transport prop-
erties in the range (b), within the framework pro-
vided by the diffusion theory. Second, and more
important, we shall demonstrate that the Knight-
shift data in the intermediate density range (9.2-
7.5 gem™) provide strong support for our physical
model of the inhomogeneous transport regime (c)
in this system.

The observed variations of the Knight shift® are
(i) in the propagation regime (a) the Knight shift
K drops by 25%, which is typical of simple metals
and needs no further discussion.® (ii) In the dif-
fusion regime (b), K is constant within experimen-
tal error. (iii) In the density range 9.0-7.5 gem™,
K exhibits a sharp drop from 2.01% to 0.13%.

We start our discussion of (ii) from the familiar
expression for the Knight shift

K=51(|ug(0)|®x,/N, ¢Y

where (|uz(0)|?) is the mean probability density

at the nucleus of an electron at the Fermi energy.
The conduction-electron wave functions are nor-
malized to unity within an atomic volume, on aver-
age. X, is thevolume spin susceptibility

Xp =Xk, (2)
where
X < n(Eg) (3)

is the Pauli susceptibility, and the enhancement
factor % arises from exchange and correlation.
N is the atomic density. The density dependence
of K can be expressed through its logarithmic
derivative,

dInK _ d1x|up(0)|%)  dlnn(Es)  dlnk
d1np d1np d1np dlnp ~ °

(4)
For a free-electron metal, the first term is unity

and the second term is 3. Writing

(|up(0)|®=NA,
(5)
n(Eg)= nfe(EF)g7
where n,,(Ey) is the free-electron density of
states, leads to

dlnk _dlnA dlng dluw 1 ©)
dlng dlnp ' dlnp  dinp 3"

In the diffusion regime, Friedman’s model” results
in
o=3nz(e?/fa)X?,
R=z"R, X", )
b= %77 (eaz/ﬁ)X,
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where ¢ is the internuclear separation, R;, is the
free-electron Hall coefficient (Ne)™, z is the num-
ber of nearest neighbors, and where we have taken
the number of triangular closed paths around each
lattice site to be equal to z. The parameter

X =Ja*n(Ep) , (8)

contains the nearest-neighbor transfer integral J
and the density of states n(Eg), at Ep. We con-
clude that the variations of o, R, and u in the
diffusion regime are not merely induced by chan-
ges of n(Ey) but can be considerably affected®®
by changes in J, which decreases with decreasing
p. The Mott relation'¥!? g [n(ER)]?, i.e., oocy2
or o< K?, is inapplicable for the diffusion regime
in Hg and is expected to be of limited applicability
for other materials. A proper diagnostic tool for
the identification of the diffusion regime is pro-
vided by the explicit relations between the Hall
coefficient and other electrical transport prop-
erties®®, i.e., 0<(R,,/R)? and pxR,,/R. These
relations among o, R, and u are of more general
validity!® than the simple tight-binding s-band
model used by Friedman.,” The density dependence
of 0 may be written from (7) and (8) as
2<dan+dlng> ()

dlno _
dlnp  dlnp/’

dlnp

Combining (6) and (9) and recalling that d Ink/
dInp is near zero in the diffusion regime,” we ob-
tain

dlno _ 5 (dan dlnA  dlnk (10)
dlnp 3 dinp ~dInp ~ dlnp/"

Let us take for J the form
Jx g™, (11)

appropriate to exponentially decaying “atomic
orbitals” or “Wannier functions,” where the Wig-
ner-Seitz radius 7, <p/%, is 2.0 A and a value
of 1.33 A can be inferred from the asymptotic
behavior of the atomic Hg 6s function!* for the
decay constant a. The corresponding value of
2d1nJ/d 1np is 7.1. The experimental value of
dlno/dInp is 13.1. Putting these figures into (10)
gives

dlnA  dlnk
m+m——3.8. (12)

Equation (12) is consistent with a change in the
value of A of a factor 2 (associated with an in-
crease in s character at low densities) with no
change in 2 over the density range (b). Since %

can also be expected to increase, we can conclude
that the Knight-gshift data are consistent withtrans-
port via diffusion and that changes in the transfer
integral and in the density of states contribute
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comparably to the changes of o. Inserting (12)
into (6), we obtain 3.5 for d Ing/d Ing correspon-
ding to a factor of 1.7 change in g over the diffu-
sion regime (b). Devillers and Ross!! have calcu-
lated the band structures of several modifications
of crystalline Hg. They conclude that “In the re-
gion 11>p>9 gem™, the main feature is that the
dominantly p-like character of the states at the
Fermi level is changing to more s-like....”

This feature should occur also for the liquid;
their results are consistent with our proposed
variation of A.

Turning now to the cardinal problem of the inter-
mediate (9.2-8.0 gcm™) density range, our inter-
pretation of the metal-semiconductor transition is
that an energy gap opens locally via Mott’s'? s-p
band overlap mechanism at a local density p,. The
allowed metallic volume fraction is?®

c= (" P()ap, (13)

where P(p) is the probability distribution of the
local density p. The Knight shift is

pi= [ oK(@P()dp, (14)

where K(p) is the value of the Knight shift at the
local density p. This expression can be simplified
by the application of the mean-value theorem after
setting p=p inside the integral

K=CK,+(1-C)K,,

K= [ K@PE)ap/ " Plo)ap, (15)

K, = LPKK(p)P(p)dp/LagP(p)dp,

which define mean values of metallic and nonmet-
allic Knight shifts, K, and K,, respectively. The
experimental data® in the density range 9.5+0.3-
7.5+0.5 gcm™ result in K(p="7.5)/K(p=9.5)~0.6,
so we neglect the small chemical shift in the semi-
conducting regions and set K, ~ 0 whereupon C(p)
=K(p)/K,. Taking K,=K(9.5+0.3)=2.01% together
with the experimental K values® we have obtained
the relation between C and p (the C scale) presen-
ted in Fig. 1. We have previously determined? the
C scale in Hg from an analysis of the electrical
conductivity data® based on the effective-medium-
theory conductivity relation reduced via the mean-
value theorem to its two-component form. That

C scale, also presented in Fig. 1, should be re-
garded as a theoretical prediction for the (macro-
scopic) density of states and the Knight shift
throughout the inhomogeneous regime. The agree-
ment of the C scale extracted from conductivity
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FIG. 1. The C scale for expanded liquid Hg in the in-
homogeneous transport regime. Solid curve, C scale
from conductivity data (Ref. 2); open circles, C scale
from Knight-shift data (Ref. 9).

data and the new Knight-shift data is as good as
can be expected in view of the rather large experi-
mental uncertainty in the magnetic data. Keeping
p inside the integral in Eq. (14) would improve
agreement with experiment, but the errors in the
data are too large to justify this nicety. Our mod-
el*2of the continuous metal-nonmetal transition
intermediated by density fluctuations in Hg is thus
supported by the new Knight-shift data.®

The next question is whether these data distin-
guish between Mott’s model'? and ours. In its
simplest form, the general expression for the
Knight shift becomes

P B L Ol uF]fIO)I 2y E)

+ %nilﬁ“lf,o—)lzzx,(Ec)- (16)

In (16), the first term corresponds to the chemical
shift from occupied states below the Fermi energy.
As it increases with decreasing density and is
small at p="7.5 gem™, it can be neglected. The
second term is the contribution of electrons near
the Fermi energy; we designate it K,. The third
term is the contribution of electrons near the mo-

‘bility edge and is proportional to the conductivity.

Thus (16) implies the following correlation between
Knight shift and conductivity

o/o,=K/K,-K,/K,, (17)

if and only if the density dependence of the transfer
integral can be neglected. In Eq. (17), o, and K,
are the conductivity and Knight shift at 9.2 gcm™.
This is to be compared with the predictions of our
model using effective-medium theory,?
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0/0,=a+ (a®+3x)/2,
a=3[(3K/K, -1 -x)+3x], (18)
x=0,/0, ,

where o, is the conductivity in the nonmetallic re-
gions, which we have shown to fit the data within
combined experimental error. K, decreases rapid-
ly with decreasing density in Mott’s model because
of the decrease in n(Ey) and therefore of x,(E,).
Mott’s model thus states that /0, vs K/K, has an
initial slope > 1 which decreases to 1. However,

as pointed out above, the density dependence of the
transfer integral cannot be neglected, so that Eq.
(17) must be modified to

%G -2) )

where J, is the transfer integral at 9.2 gcm™.

Assuming the form given by Eq. (11) for the den-
sity dependence of J in Eq. (19) gives a more rapid
fall of ¢/0, with K/K, than is predicted by Eq. (18).
Our model has an initial slope near % which re-
mains constant down to p=8.7 gcm™3, below which
it makes a transition to a slope of about 0.5. The
present magnetic data are too inaccurate to distin-
guish between the two models. On the other hand,
the predictions of the two models for the longi-
tudinal relaxation rates!® are quite dissimilar.
Until such data are available, our preference for
the inhomogeneous transport model rests on the
three objections to Mott’s model cited above.

ACKNOWLEDGMENT

We are grateful to Dr. W. W. Warren for his
useful comments.

TBased on research supported by the L. Block Fund,
NSF Grant No. DMR75-13343 and the Materials Re-
search Laboratory of the NSF at The University of
Chicago, and by the US-Israel Binational Science
Foundation at the University of Tel-Aviv.

IM. H. Cohen and J. Jortner, Phys. Rev. Lett. 30, 699
(1973).

M. H. Cohen and J. Jortner, Phys. Rev. A 10, 978
(1974).

5N. F. Mott, Phys. Rev. Lett. 31, 446 (1974).

N. F. Mott, Philos. Mag. 29, 613 (1974).

SN. F. Mott, Philos. Mag. 31, 217 (1975).

U. Even and J. Jortner, Phys. Rev. B 8, 2536 (1973).

"L. Friedman, J. Non-Cryst. Solids 6, 329 (1971).

8M. H. Cohen and J. Jortner, in Amorphous and Liquid

Metals, edited by J. Keller (unpublished).
%V. El-Hanany and W. W. Warren, Phys. Rev. Lett. 34,
1276 (1975). -
10M. H. Cohen and J. Jortner, Electvon in Fluids, edited
by J. Jortner and N. R. Kestner (Springer-Verlag,
Heidelberg, 1973), p. 383.

M. A. C. Devillers and R. G. Ross, J. Phys. F 5, 73
(1975). B

2(a) N. F. Mott, Adv. Phys. 16, 49 (1968); (b) N. F.
Mott, Philos. Mag. 26, 1249 (1972).

3¢, varea de Alvarez and J. Keller, in Ref. 8.

14F, Herman and S. Skillman, Atomic Structure Calcula-
tions (Prentice Hall, New Jersey, 1968).

15M. H. Cohen and J. Jortner, Phys. Rev. B (to be pub-
lished).



