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1. INTRODUCTION
The opening address of S. C. Moss was effective in summarizing topics where

progress has been achieved in the study of alloy phase stability; the long-term goals
seemed to be within reasonable reach, e.g., calculation of phase diagrams from first
principles, relations between structure and physicochemical properties. The purpose of
this contribution is to add another dimension, and perhaps a challenge to theoreticians
in this field, by showing complexities in the liquid state which must be included in the
modeling of phase equilibria, such as liquid-solid coexistence and the influence of the
liquid properties on the solidus curve.

In this paper, we will focus on one of many unusual liquid semiconducting alloys, !
K-Pb. The thermodynamic1'2 and electrical3 properties will be discussed and analyzed !
in terms of a disorder model introduced first by Wagner4 for crystalline semiconductors. !
The structure of the equiatomic alloy will be presented; interpretation of the first sharp
diffraction peak in the total structure factor is based on the local structures in the
crystalline phase and should be viewed as an example of the interrelation between the
solid and liquid properties.5

2. THERMODYNAMIC AND ELECTRICAL PROPERTIES
The thermodynamic properties of liquid K-Pb alloys have been measured by emf

techniques.1 The variations of the entropy, the activity coefficient, and the heat capacity
with composition have characteristic features reminiscent of liquids with intermediate-
range ordering. For example, the excess entropy of mixing has a "V" shape with the
minimum located at the equiatomic composition. The partial Gibbs free energy of
mixing has an inflection point at the equiatomic composition, which leads to a maxi-
mum in the Darken excess stability or a minimum in the concentration-concentration
fluctuation function. The heat capacity of the liquid alloys exhibits a strong departure
from additivity and goes through a pronounced sharp maximum at the equiatomic
composition; furthermore, it has an anomalous temperature dependence with large
magnitudes atypical of those observed for similar alloys2 (Fig. 1). At this point, it
should be noted that r.n analytical representation of the composition dependence of
the thermodynamic properties in terms of power series is a meaningless exercise since
such treatment cannot be used to extrapolate beyond the range of measurements.

The electrical resistivity and its temperature dependence have been measured by
Meijer et a/.3 At the equiatomic composition, a maximum of about 870 /zfi cm is re-
ported with a negative temperature coefficient of —4.6/xfi cm K"1. According to the
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Fig. 1.Variations of Cp with
temperature.2
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well-known Mott classification, KPb is a semiconducting liquid. Thus, in order to cor-
relate quantitatively the thermodynamic and transport properties, a model introduced
by Wagner4 for electronic disorder is used. At the 50-50 composition, one introduces
the quantity 8, which is a measure of the deviation from the exact stoichiometry and
is related to Xe and X^ by

S = Xe-Xh (1)

where Xe (and Xj») is the ratio of the numbei of electrons (and electron holes) to the
number of Pb atoms. The emfs, E, can be directly calculated by

— sinh'1 [8l2X°e) (2)

where the superscript " denotes the value at the exact stoichiometry. The thermody-
namic functions can then be directly evaluated from the emfs. The electrical conduc-
tivity, cr, is given by

RT \uh
(3)

where. u.e aikd uj, a.re the mobilities oi electioaft «md «lecU<an ko\<t% vlA Vm ia K\sx.
volume of KPb. The calculated and experimental values for the emfs and the electrical
resistivity for an atom fraction of K varying from 0.40 to 0.60 are given in Figs. 2
and 3, respectively. A striking good representation by this model of different sets of
measurements is obtained.

The interpretation of the thermodynamic properties, especially of the heat capac-
ity anomalies, requires a model which allows for the presence of polynuclear species,
such as KnPbn. The Wagner equations will have to be recalculated for such a model.
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Fig. 2.Measured1 (open cir-
cles) and calculated
(solid line) emfs at T
= 879KandX° -0.132
(Eq. 2).
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Fig. 3.Measured3 (open cir-
cles) and calculated
(solid line) electrical re-
sistivities at T = 879
K and X° = 0.132 (Eq.
2).
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In order to check the necessity for such a treatment, an investigation of the structure
of liquid K-Pb alloys was needed.

3. STRUCTURE OF LIQUID EQUIATOMIC KPb: EVIDENCE FOR THE PRES-
ENCE OF MOLECULAR ENTITIES

Time-of-flight diffraction measurements were carried out on the Special Environ-



ment Powder Diffractometer at the Intense Pulsed Neutron Source at Argonne National
Laboratory. The variations of the liquid structure factors with temperature were in-
vestigated. A first sharp diffraction peak (FSDP) was observed at Q~0.96 A"1 with
a magnitude which decreased with increasing temperature; the main peak remained
unaltered. The presence of the FSDP is a distinctive signature in many amorphous
materials. In the liquid, it is indicative of a degree of bonding and, in this case, ishould
reflect the presence of molecular entities with intermediate-range order. The structure
of solid KPb (a Zintl compound) has been investigated by x-ray diffraction and found
to be similar to that of NaPb; the structural unit consists of nearly regular Pb4 tetra-
hedra surrounded by a Na4 antitetrahedron (i.e., Na atoms sii opposite the four faces
of a Pb4 tetrahedron). Using a model previously developed for chalcogenide glasses,6

the total structure factor was caloilated on the basis of structural units distributed ac-
cording to a random packing of hard spheres with random uncorrelated orientations.5

; The structural units were constructed to be like the Na4Pb4 units in the solid, but with
a size parameter expected of KPb. The agreement between tbe molecular model based
on the presence of K4PI14 in the liquid and t'ae measurements is striking and lends
credibility to the presence of K4Pb4 species in the liquid; with a reasonable choice of
the two adjustable parameters, cr the hard sphere diameter and T/ the packing fraction
of the structural units, the positions and magnitudes of the FSDP and the main peak
are well reproduced (Fig. 4).
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Fig. 4.Measured5 (open cirles) and calculated (solid
line) S(Q) for KPb(/).

4. CONCLUSIONS
It is hoped that this short contribution on the physicochemical properties of an

unusual class of liquids will serve as an incentive to explore the close relation between
solids and liquids. First-principles calculations of the liquidus and of the coexistence of
two phase equilibria must include the sometimes complex properties of the liquids and
not assume ideal or regular behavior of the thermodynamic properties. Theoretical



advances in the description of the solid properties will ultimately help to better define
the properties of the liquid.
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