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Preface

The Second International Conference on the Properties of Liquid Metals
was held in Tokyo, Japan, from 3 to 8 September 1972. It was organized by
The Science Council of Japan under the auspices of The Japan Institute of
Metals, The Physical Society of Japan and The Iron and Steel Institute of Japan,
and was sponsored by The International Union of Pure and Applied Physics
(IUPAP).

Because of the success of the first conference held at Brookhaven in 1966,
it was hoped that a second conference would be given a warm reception. The
main purpose of the most recent conference was to offer a chance to scientists,
brought together from various fields of research, to have discussions centred
on the physical properties of liquid metals and alloys. The main emphasis
was on reports with regard to progress made in the intervening six years since
the previous conference towards an understanding of liquid metals and alloys
from the standpoint of much more refined atomic physics.

The conference was attended by one hundred and twenty-six Japanese and
fifty-two foreign scientists from fifteen countries, and approximately one hundred
and forty papers were submitted for presentation.

As can be seen from the contents of this volume, the fields represented
ranged over the following five main subjects: Structure of liquid metals and
alloys, Electronic states and electronic transport properties in liquid metals
and alloys, Thermodynamic properties of liquid metals and alloys, Atomic
transport properties in liquid metals and alloys, and Melting phenomena of
metals. At the opening session Professor J. M. Ziman gave a lecture entitled
“What do we not yet understand about liquid metals? > Sessions of each
of the above subjects commenced with one or two reports in the nature of
reviews summiarizing progress in the relevant field since the first conference,
followed by short contributions chosen mainly on the basis that they concerned
recent research. All of the sessions were held in the lecture hall of The Science
Council of Japan from 4 to 8 September 1972.

This volume contains eighty-four papers read at the conference including the
opening lecture given by Professor J. M. Ziman and the talks of the nine
specially invited speakers. In addition sixteen abstracts of papers from among
those read by titles only are included. Tt is a great pleasure for me to include
the report of Professor H. Ehrenreich as a special introduction to his field even
though, to our regret, he did not, at the last moment, receive our invitation.
His work concerns electronic states in alloys. The papers have been edited
by the Organizing Committee prior to publication.

During the conference an informal meeting was called by the chairman of
the Organizing Committee and attended by nine distinguished participants
from abroad and members of the Organizing Committee. Its decision,
announced on the last day of the Conference, was that a third conference on
liquid metals be held in England, the tentative date to be sometime in 1976.

Last but not least I should like to take this opportunity, on behalf of the
Organizing Committee, to acknowledge gratefully the financial support to the
conference from numerous industrial and commercial organizations in Japan
received through the efforts of the Finance Committee of The Japan Institute
of Metals. Without such warm support the conference would certainly not
have been so successful.



It is a pleasant duty for me as the chairman of the Organizing Committee
to express my sincere thanks to the authors of the papers included in this
volume, and also to the managing staff of the secretariat of The Japan Institute
of Metals who so kindly cooperated with us in our attempt to make the
conference a success.

SAKAE TAKEUCHI
1 December 1972 Chairman of the Organizing Committee
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Foreword

What Do We Not Yet Understand About Liquid Metals?

J. M. ZIMAN
H. H. Wills Physics Laboratory, University of Bristol

The six years that have passed between the Brookhaven and Tokyo
Conferences have allowed time for genuine development of our understanding
of the nature and properties of liquid metals. The work presented at the Second
International Conference and published in these Conference Proceedings
should demonstrate a real step forward.

It would be impossible—and impertinent—to attempt to summarise, in a
few words, all that has happened in between, or to assess the scientific status
of many pieces of research that are being presented for the first time in Tokyo:
that will be a task for the months and years ahead. But it may be instructive,
both to the novice and to the veteran in this field, to look back at the state of
the subject as it might have seemed at the end of the Brookhaven meeting,
and with the benefit of a little hindsight to pick out the problems that still
seem interesting. This should help us to ask the correct questions now, and
to check that important issues have not been ignored.

To avoid invidious comparisons, and to keep this commentary within
reasonable bounds, I shall talk in general, without reference to individuals and
without citations. Let us think of this work as a collective enterprise, in which
a large number of us cooperate to discover the facts and their most liksly
interpretation. For the details, the reader will no doubt turn to the Brookhaven
Proceedings, or to his own personal collection of more recent references and data.

Let us start with a simple, well-understood point—the electronic transport
properties of the alkali metals. Within the usual errors and uncertainties of
theoretical physics, the nearly-free-electron formula had been shown to agree
fairly well with experiment, although minor variations in the estimation of the
pseudopotentials could produce large variations in the calculated transport
properties. But there was still a need to stabilize these calculations, and to
get much better quantitative estimates for derivative parameters such as the
thermopower, and temperature and volume coefficients of resistance. Dis-
crepancies between theory and experiment were more obvious in the ¢ simple ’
polyvalent metals, where the thermopower would usually turn up with the
wrong magnitude, if not the wrong sign. The properties of Hg seemed
especially difficult to interpret, particularly when alloyed with other metals.

Nevertheless, all this seemed a routine operation of merely improving the
ingredients in the formula. What was not stated at Brookhaven was that the
experimental data were very incomplete, and referred almost entirely to metals
of relatively low melting point. More recent measurements of the resistivity
of more refractory elements such as the alkaline earths do not fit in at all well
with simple pseudopotential theory: ten-fold discrepancies between theory and
experiment have been disclosed.

Again, the properties of liquid transition metals were ignored at Brookhaven,
except for some mysterious susceptibility data. It is true that resistivity values
were available from much older work, but the theory of these was not discussed.
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Since that time, some remarkable trends have been observed in the transport
coefficients for this whole group, which require qualitative and quantitative
explanation. It is worth mentioning, incidentally, that a good theory of the
properties of liquid Fe at extreme pressures and temperatures would be a
valuable contribution to geophysics, to put genuine numbers into the dynamo
model for the magnetism of the earth.

We see, therefore, that the critics of the simple NFE model of liquid metals
had a better cause than the possible discrepancies that they were looking for
in the alkali group. What mechanisms might be invoked to explain the
anomalies? Three different types of explanation seemed plausible at the time.

Was it all due, for example, to ‘ failure of the Born Approximation’. This
is easy to say, but difficult to prove. The NFE formula is obviously suspect
as merely the first term of an infinite perturbation expansion. It is natural to
suppose that higher-order terms, involving the higher-order atomic correlation
functions, could give rise to large corrections, although very little precise
evidence for the nature and magnitude of these terms was actually given at
Brookhaven.

An obvious need, therefore, was to develop an ‘exact’ formula for the
transport coefficients in a disordered system, not dependent on the Boin
approximation for the scattering factors. This means some fairly heavy
analytical theory, starting off from an exact abstract expression such as the
Kubo formalisms. Despite its difficulty, this is at least a genuine mathematical
problem, capable of precise formulation. In particular, there was—and
remains—a need for a new derivation of the Hall coefficient. This is a
formidable technical problem, since the NFE approximation always gives
exactly —1/nec whatever the nature of the scattering mechanism. Theoretical
speculation is not aided by the fact that the experimental value is often very
close to this number for most liquid metals, and yet can actually become
positive in a few cases.

Another obvious point of attack was on the pseudopotential or model
potential used in calculating atomic form factors. Variations in this factor
can cause big differences in the transport coefficients. The NFE formula is
particularly vulnerable to small changes in the pseudopotential near 2Kp,
since it is the backward scattering that dominates the electrical resistivity. The
energy dependence of the pseudopotential can be very important in calculations
of the thermopower or the volume dependence of the transport coefficients.

This is why the resonances in atomic potentials need careful consideration.
At the time of the Brookhaven conference, it was just beginning to be recognized
that the d-band in a transition metal could be thought of as deriving from a
d-resonance in the pseudo-atoms or muffin-tin potentials of the assembly, but
this was not taken into account in any of the theories of liquid metals presented
at that meeting, and there was no suggestion that similar resonances, above or
below the Fermi level, might play an important part in atomic form factors in
other metals.

It is surprising, also, to notice how little attention was paid to the other
standard model of the electronic structure of transition metals. Only one
paper at Brookhaven discussed the problem of setting up a tight-binding
formalism for the d-electrons in a liquid transition metal. This, surely would
be the natural first step to a derivation of the transport properties in terms of
conduction by s-electrons with scattering into empty states in the d-band,
s-d hybridization, etc. It would be interesting to see whether a 2-band model
of a liquid transition metal could be made to work when each band must have
its own spherical Fermi surface.

This thought leads to the third suggested explanation for the discrepancies
now observed between experimental fact and the NFE theory. Are these
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discrepancies due to the appearance of strong ‘ band-structure ’ in the density
of states? It had been established that minor variations from the free electron
density of states would not give rise to changes in the calculated transport
coefficients, but if there were pseudo-gaps with low energy density then localized
states, or mobility edges might be expected to occur. The question was,
however, how to test this experimentally. Many phenomena, such as optical
absorption, the Knight shift, and positron annihilation, obviously depend on
the density of states; but the evidence from these has always been somewhat
ambiguous, because of uncertain factors such as matrix elements.

The calculation of the density of states from first principles is thus a clear
aim of current theory. The standard perturbation scheme for such a calcula-
tion, involving atomic potentials and liquid structure factors, was already well
known at Brookhaven, but the formulae had not been evaluated. Despite
some substantial and reliable calculations since then, it is not certain that this
sort of perturbation series is the best available method, and several other
general schemes have been proposed. In all this, the effect of the disordered
structure may be less important than the nature of the atomic potential. For
example, a d-resonance should show up clearly as a strong d-band hump in
the density of states, whatever the arrangement of atoms. We might ask,
similarly, whether some other feature of the local potential can give rise to
pseudo-gaps in appropriate circumstances.

What was, I think fairly well established at Brookhaven was that the structure
factor itself plays a relatively passive role in the theory of the electronic
transport coefficients. It can be measured with greater accuracy than the other
factors in the NFE formula, and is much the same for most pure liquid metals.
But we need a good theory of this fundamental function, especially if we are
to predict its form under extreme conditions such as high temperatures and
pressures.

At Brookhaven, there were two firms active in this conventional large-
scale industry. One approach was through molecular dynamics, using real-
space, real-time, Monte-Carlo models. The competing method was to try to
solve analytically the hierarchy of equations for the atomic correlation functions.
It was satisfying to observe that both methods were getting quite good results,
in adequate agreement with experiment.

The more interesting question was whether the details of the radial distribu-
tion function in a liquid can provide reliable evidence about the nature of the
interatomic forces. Was it really true that these forces, in metals, have
relatively long range oscillatory terms, associated with Friedel oscillations in
the screening charges? The question was then left open: what is the present
position concerning this fundamental physical parameter?

From there we go on to the study of the dynamics of liquids. Plenty of
data from inelastic neutron diffraction have now been available for some years,
but a complete quantitative analysis of the collective and particulate motion
in liquids was still lacking. This branch of the subject is not necessarily confined
to metallic liquids, but these provide good experimental test materials for
models of spherically symmetrical monatomic fluid systems.

Inelastic neutron diffraction is an expensive and somewhat contrived
phenomenon to observe: atomic diffusion in liquids is a significant macroscopic
parameter of great practical importance under quite simple physical conditions.
At Brookhaven, only empirical correlations were noted, and the models used
for theoretical derivation of diffusion coefficients were obviously inadequate.
One puzzling phenomenon did, however, get a good quantitative explanation.
The electromigration of impurities in liquid metal solvents was shown to be
due to momentum transfer from the current of conduction electrons, and thus
depends mainly on the differential resistivity of solvent and solute species.
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We now come to the study of the electrical properties of liquid alloys. In
many ways, these are subject to the same theoretical principles as the pure
liquid metals. To calculate the transport coefficients, one only needs structure
factors and pseudopotentials. But the experimental data are much richer, and
the sources of uncertainty or error are that much greater—with all that this
implies by way of speculative conjectures, adjustable parameters and fudge
factors. At Brookhaven the characteristic puzzles and theoretical possibilities
were already beginning to show up. It was obvious, for example, that informa-
tion about partial structure factors was essential, either through sophisticated
experimental research or by inspired theory. The time has come to give
analytical meaning to terms like  clustering ’, “ bonding’, * local order > which
have been used rather loosely and qualitatively in the past and to derive the
appropriate statistical distribution functions directly from the interatomic
forces, with due deference to the geometrical constraints. Are the vagaries of
the partial structure factors responsible, for example, for the mysterious
behaviour of the alloys of Hg, which was vaguely attributed to * band structure
effects ’, or is this due simply to resonances in the atomic pseudopotentials?
As for the Hall effect, susceptibility Knight shift, etc., etc., in liquid alloys,
there is much qualitative speculation but almost nothing quantitative in the
Brookhaven proceedings.

Nevertheless, we must be very careful not to avoid the really important
problems just because they are practically unsolved. Such basic thermo-
dynamic parameters as the partial enthalpy of mixing of liquid metals can often
be described phenomenologically with parametrized formulae, but there is no
theory for the deviations from ideal solution behaviour. Explanations of
excess volume of mixing are quite lacking. It is useless to turn to the corres-
ponding data for solid alloy phases, since these are even more difficult to
understand. Indeed, the liquid alloys are the simplest metallic mixtures and
should be studied with all the forces that we can muster—experiments on
photo-emission, soft-X-rays, partial structure factors, etc., associated with
theories of ineratomic forces, electron charge distribution, and so on. Scientific
mastery of the energetics of liquid alloys is one of the most important goals of
our research.

Another modification of a pure liquid metal is obtained by expanding it,
above its critical point, into a low density fluid or vapour. In addition to its
interest from a thermodynamical and statistical point of view, this phase shows
remarkable electrical behaviour. The transition from a metallic to a semi-
conducting regime was reported at Brookhaven, but the mechanism of this
transition has not been proved decisively. It may be due, for example, to the
appearance of a pseudogap containing localized states, due to the increase of
disorder. Or it may be a cooperative transition of the electron distribution,
going over from a nearly-free-electron gas, with long range screening of ionic
charges, to localized electrons on the atom and molecules. Another theoretical
possibility is a percolation transition associated with the absence of continuous
paths along which electrons can move from atom to atom. We must hope to
get better evidence for and against these various hypothetical mechanisms—
although the true situation may only be describable in terms of all three effects
acting simultaneously. It is interesting, also to speculate on whether the
mutual interdependence of electron—electron screening and interatomic forces
can actually drive the thermodynamic critical point into synchronism with the
metal-non-metal transition.

It is helpful to study the chemical analogue of a dense metal vapour—the
metal-ammonia solutions, which certainly show a rapid transition to metallic
conduction at sufficiently high concentrations. The thermopower also goes over
very convincingly from semiconductor to metal values. The experiments on
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these systems are by no means new, but they certainly deserve continued research
and careful theoretical analysis.

Another analogue of a metallic vapour is impurity-band conduction in
doped semiconductors. But this system is really much more complex because
the impurities themselves can be of opposite signs (i.e. partially compensated).
From the point of view of a mobile carrier, it is also significant that many
pairs of neighbouring impurities may lie much closer together than the charac-
teristic Bohr radius of an impurity level wave function. This model is therefore
much more like a gas than a liquid.

Finally, experiment and theory is being extended to liquids that one would
expect to be metallic, and which yet seem more like semiconductors in their
electrical properties. The most extraordinary case is the alloy of Mg with Bi.
Both Mg and Bi make perfectly good NFE liquid metals; yet in the neigh-
bourhood of the concentration 60 %, Mg, 409 Bi the liquid mixture has quite
a low conductivity. More such cases have now been studied and present a
real challenge to theory. Is this again a structural effect, where Mg,Bi,
molecular complexes form temporarily in the liquid, or is it something to do
with electron transfer to produce an * ionic salt’ containing Mg'* and Bi——
ions? Another example is the range of behaviour of the Se-Te alloys, which
varies from metallic liquid Te to semiconducting liquid Se. What is the
essential difference between these two elements in the liquid state?

From this point we could go on to discuss the unusual properties of
amorphous and glassy semiconductors. The fundamental question, which
was asked in 1966 but which is still not adequately answered, is how we
can get band gaps in a material without long range order. But this is a good
enough problem for a theoretical conference of its own: we must somewhere
draw a line about our subject.

I have tried here to show the general nature of the problems in this field, as
they might have seemed five or six years ago. The question we must ask, after
attending the Tokyo Conference or reading these Proceedings, is how much
further progress we have made. 1 think that some problems will now look
very simple and may be judged solved in principle. Other problems may seem
less interesting, quantitative calculations being dependent on too many
uncertain parameters to be worth lengthy computation. But I guess that the
field of research into liquid metals will remain for some years in a healthy state,
with many difficult experiments and speculative theories to keep us all happy.
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