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Abstract: The former analysis of the structural data in
liquid Pb-Te alloys, based on the neutron diffraction
measurements for this system, was insufficient to obtain
the microscopic and spatial configurations in this
system. In order to obtain these configurations, we
have newly analyzed by using the Reverse Monte Carlo
simulations and the method of Voronoi polyhedron. The
partial structure factors S;(Q) and thereby gij(r) are newly
estimated by using the former data of neutron diffraction
measurements, which are now exactly reproduced by the
obtained total structure factors S(Q). From these results,
it is concluded that the liquid PbgsTeqs is spatially
configured by the mixture of some sorts of covalent-
type formation of PbTe molecules and dissociated Pb
and/or Te ions with conduction electrons, which result
is completely consistent with results of electrical
resistivity measurements and also with the thermo-
dynamic analysis.

Keywords: liquid Pb-Te, complex formation, structure,
neutron diffraction, Reverse Monte Carlo

1 Introduction

Nowadays, the solid compound lead telluride PbTe is an
important material in view of industrial technology, and
in due course, its atomic and electronic structures are
fully investigated [1]. As a result, the solid lead telluride
PbTe has a rock salt type structure with mainly a weak
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covalent bonding as one of the narrow gap semi-
conductors.

On melting of this solid lead telluride PbTe, there
occurs a small volume expansion like a similar phenom-
enon in a usual solid-liquid transition, because of a
decrease in density and the increase in concentration
fluctuations. Naturally, this material in its liquid state,
more or less, is thought to have remained in the same
bonding character, that is, mainly remaining in the
covalent-type bonding.

Earlier, on the other hand, we had serially investigated
the electronic behaviors in liquid VIb-Te alloys [2-4].
The most interesting information obtained from various
electronic properties of these liquid alloys was the
existence of the complex- or compound-forming effect,
which gave several anomalous tendencies in their
concentration dependences on typical electronic proper-
ties such as electrical resistivity and the magnetic
susceptibility. In order to certify this complex formation
in liquid Pb-Te alloy, we are also studying the thermo-
dynamic properties of this system, based on a model of
the mixture of covalent molecules of PbTe and metallic
part of Pb-Te binary alloys [5].

Since both the electronic behavior and the thermo-
dynamic one in liquid Pb-Te binary alloys have there-
fore strongly indicated the covalent-type formation of
PbTe molecule, we have to clarify the existing evidence
of this formation from the structural information. Many
years ago, this concept had prompted us to report the
structure of liquid Pb-Te binary alloys. And such an
investigation has been preliminarily reported in the form
of a university bulletin [6]. However, our former analysis
was insufficient to reveal what happened in the liquid
Pb-Te alloys, and at that time we had no technique
known nowadays, as the Reverse Monte Carlo simulation
which is a powerful method to know the three dimen-
sional and short-range configurations of the constituent
atoms in liquids. Under these situations, we have newly
analyzed the former experimental data on the structures
of liquid Pb—Te binary alloys, in order to reveal the real
microscopic feature of the covalent-type formation of
PbTe molecule.
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2 A brief review on the
experimental procedure and
results

Although the experimental procedure and the obtained
results on the neutron diffraction for liquid Pb-Te
binary alloys have preliminarily been reported in a
university bulletin [6], we will adopt them to discuss
our present purpose. The alloy compositions investi-
gated by neutron diffraction were Pb,_.Te., with ¢ = 0,
0.2, 0.4, 0.5, 0.6, 0.8 and 1.0, respectively. Each sample
was sealed into a thin quartz tube under a vacuum of
1.3 x 107 Pa. The diffraction apparatus of the Institute
for Solid State Physics, Tokyo University, at JRR-3 was
used. Using the coherent neutron scattering intensity
per atom, the total scattering intensity I(Q) was
obtained.

The observed structure factor, S°*5(Q), of each binary
alloy can be written as follows,
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The notation b; is the coherent scattering amplitude
of the element i, which is obtainable from the list
presented by Bacon [7]. Here, cpp, and cre are the atomic
fractions of the constituents, and bp, and bt are the
atomic scattering amplitudes of Pb and Te nucleus,
respectively. Along with the concentration method [8],
we assume that the partial structure factor between
atoms i and j, S;;(Q) is not changed with the concentra-
tion of cpp, = (1 — Cre).

The partial structure factor S;;(Q) is defined by the
generalized equation as follows,

0
5§(Q =1+ p, f 4r? (g (r) — 1}%dr @)

where g;(r) is the averaged pair distribution function of j
atoms found at a radial distance r from the position of
atom i located at the origin and p, is the average number
density of atoms. The corresponding pair distribution
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derived from S°P5(Q), g°PS(r) can also be described in the
following form,

gos(r) = Z w;;8(r)
L,j

L 3)
i | 5@ - nsin(anda
2m°rp, !

=1+

It is emphasized that the observed structure factor
5°s(Q) and its derived pair distribution function, g°bs(r),
involve the atomic scattering amplitudes of the consti-
tuents, while, neither the partial structure factors S;(Q)
nor their derivations g;(r) involve any atomic scattering
amplitudes.

The observed structure factor 5°P5(Q) for each alloy is
shown in Figure 1. Cast a glance at these figures, there
are several prominent tendencies in accordance with the
concentration change. The first prominent feature in
S°Ps(Q)’s is that there form two peaks in the alloy of
cre = 0.5 as if the ordinary first peak is split into two
ones. And the same situation can be seen for the
concentrations of ¢ = 0.4 and 0.6. Looking at these
three S°PS(Q)’s, the second peak, or the sub-peak of the
first peak suggests a strong correlation between Pb and
Te atoms. The second prominent feature in S°PS(Q)’s is
that the height of the peak beyond 40 nm™ is gradually
decaying with increasing the concentration cr. from
cre = 0 (i.e., pure liquid Pb) until ¢ = 0.8, although the
total feature of S°PS(Q) of pure Te is quite different from
all other S°PS(Q)’s. The third feature, which is not so
prominent, is that a very small swell in a small Q-region
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Figure 1: Observed total structure factors, S°°5(Q)’s, at various
concentrations.
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can also be seen for the alloys of ¢t = 0.4, 0.5 and 0.6,
respectively.

In our previous paper, we have tried to obtain the
partial S;(Q) and thereby its corresponding gi]-(r), by
using these total structure factors, S°P(Q)’s, of the alloys
at the compositions of ¢ = 0.2, 0.4 and 0.5, respec-
tively [6]. However, it is unable to reproduce either the
observed S°°S(Q) at cre = 0.5 by using these obtained
partial structure factors. Presumably because of some
sort of erroneous amount in the experimental results, the
above treatment was insufficient to derive the exact
partial structure factors S;;(Q). Therefore, we will here-
after try to derive newly the partial structure factors
S;i(Q) by using all of measured data of Sobs(Q) at
cre = 0.2, 0.4, 0.5, 0.6 and 0.8, respectively. Using the
coefficient w; defined as w; = cicjb;b;/b?, we can obtain
the following determinant equation,

WS;(Q) = 5°%5(Q) 4)
where W is a non-square matrix, defined as,
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and S°%(Q) =

Putting the observed S°s(Q) into this equation, we can
obtain the partial structure factors, S;(Q) and thereby the
partial pair distribution functions g;(r)’s are also derived,
as shown in Figures 2 and 3. These figures are used for the
fundamental data to proceed with the RMC (Reverse
Monte Carlo) simulation, as shown in the next Section.

3 Reverse Monte Carlo simulation

The Reverse Monte Carlo (RMC) simulation, which was
originally developed by McGreevy and his co-workers, is
a useful procedure to illustrate spatially the short-range
configuration of liquids, by analyzing the observed
diffraction data [9]. And we here used the method of
RMC simulation developed by Gereben and Pusztai [10].
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Figure 2: Estimated partial structure factors, 5;(Q)’s (i,j = Pb
and Te), by using S°°S(Q)’s.
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Figure 3: Estimated partial pair distribution functions, g;(r)’s,
obtained from S;(Q)’s.

A standard procedure of the Reverse Monte Carlo (RMC)
simulation for a binary mixture will be briefly explained
in what follows.

Let us consider a fixed cube in which the number
density of atomic-type i and that of j are randomly involved,
in order to carry out the RMC model. Taking that p; is the
number density of the type j atoms, then the partial pair
distribution function 8;(r) is described as follows,

8g;(r) = P 5)
where n;i(r) is the number of atoms of type j at a distance

between r and r + Ar from a central atom of type i,
averaged over all atoms of the central type i.
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The partial pair distribution functions in this RMC model,
gi}.ch(r)’s and thereafter the partial structure factors S“(Q)’s

are obtainable. And also the total structure factor SRM¢(Q) can
be derived, in which the weighing factors w;’s are involved.

A chosen number of the constituent atoms are moved
randomly in the configuration, so as to close possibly the
experimentally derived partial structure factors S;(Q)’s and
then the total structure factor S°P(Q)’s. Repeating these
treatments, we are finally attainable to that S{M%(Q)’s

and S’MC(Q) have, within the range of error bars, agreed
with the observed S;(Q)’s S;(Q)’s and S°*S(Q), respec-
tively. The final three dimensional configuration is also
obtainable.

A practical procedure for this treatment can be seen
in the article described by Gereben and Pusztai [10].

Using the obtained partial structure factors from the
observed total structures, Spy_pp(Q), Spp-1e(Q) and
Ste_Te(Q) obtained in the previous section, the RMC
simulation is carried out for the liquid Phy sTeq 5, in order
to obtain their three dimensional and short-range
configurations. As per the RMC model, the cube of the
length is equal to 5.621 nm, the particle numbers of Pb
and Te atoms are equal to 2,312, respectively, which
satisfies the experimental number density and initially
the system was randomly distributed.

As seen in Figure 4, the RMC results, SifMC(Q), are
satisfactorily able to reproduce the experimentally
derived partial structure factors S;(Q) shown in Figure 2.
In order to see the validity of the application of
concentration method used for the derivation of S;(Q)’s,
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Figure 4: Reproduction of Sf™(Q)’s by using Reverse Monte Carlo
simulation, and the comparison between the observed 5°'5(Q) of
PbosTeos and the corresponding SRMC(Q) by the summation

of SS¢(Q)’s.
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Figure 5: Picture of three dimensional configuration of liquid
Pby.sTeg.s by using RMC simulation. Red and green indicate
tellurium and lead, respectively. The covalent bonds indicated by a
colored line between Te and Pb occur in the cases of r £ 0.262 nm.

we have estimated the total structure factor SSMC(Q) of
PbysTegs and compared with the experimentally ob-
served total structure factor S°°S(Q) at its composition.

Since the simulated total structure factor SRMC(Q) agrees
completely with the observed $°PS5(Q) in liquid Pby sTey s, the
application of concentration method to obtain the partial
structure factors Si}‘MC(Q)’s for the present system is there-
fore a reliable and useful technique.

Irere(r)

gras(n)

9rore(r)

Figure 6: Partial pair distribution function g,.?

three dimensional configuration of Pby sTeq s by using RMC

MC(ry’s obtained from

simulation.
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The three dimensional atomic configuration for liquid
PbgsTeq s, obtained by RMC, is shown in Figure 5. It can be
seen that there exists a lot of Pb—Te pairing, which might be
caused by the remaining covalent-type molecular complex
PbTe in the liquid state. The derived gi*“(r)’s from RMC
simulation are shown in Figure 6. The partial pair
distribution functions gl.}.{Mc(r)’s by RMC simulation are
obtained so as to reproduce the experimental ones, as
shown in Figure 3. Looking at these g“(r)’s by RMC, we
can discuss some short-range configurations in liquid
Pbg5Teq 5, which will be described in the next Section.

4 Information on the short-range
structure in liquid Pb-Te alloys

Now we are in a position to determine the short-range
configurations around Pb and Te atoms by using the
partial pair distribution functions g;(r)’s described in
Figure 3 or those in Figure 6. In this system, the averaged
co-ordination number Z within the sphere of radius R,
seen from one of the constituents located at the origin, is
generally described as follows,

R
Z =47p, J‘ g(r)radr
0

R
= 4mp, I (2b8pb-pb(T) + 2Cpb Cre8pp_1e(T)
0
+ C%egTe—Te(r)]rzdr
R
= 47p, I [cpb {CPu&pb_pb(T) + Cre8py_1e(N)}
0
+ Cre {Cpb8pp_1e(7) + Crere_te(r)}1r2dr
R
= Cpp | 411p,, j {cpb8py-pb(r) + Cre8pp_te(r)}r3dr
0
R

+ Cre| 4710, I {Cre&re_1e(r) + Copgre_pp(r)}r3dr | or,
0
= CppZpp + CreZte

(6)

We can take that the length of R is approximately equal
to 0.40 nm, which is equal to the second minimum
position of the total g(r) in liquid PbgsTeqs. Since the
lowest minimum position of gp,_1.(r) is equal around the
position at r ~ 0.36 nm, the shape of total g(r) is
influenced by its contribution to yield the second
minimum around r = 0.40 nm.
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The physical meaning of Zp;, is the co-ordination
number within the sphere of radius R around a Pb atom
located at the origin, and Zr. means that around a Te
atom. In the case of liquid Pbg sTeq s, Zpy, is expressed as
follows,

R
Zpb = Zpb-pb + Zpb-Te = 4710,(0.5)> _[ Spp_pp(T)r2dr
(0]

R )
+ 471p,(0.5)? J Spp_Te(r)r2dr
0
In a similar way, we have,
R
Zte = Zte-pb + Zre-Te = 471, (0.5)? '[ Spp_1e(r)r?dr
° 8)

R
+ 471p, (0.5)? IgTe_Te(r)rzdr
0

Usually, the above method is utilized to know the
information on the short-range atomic configuration in
liquids, under the situation that g;(r)’s are known.
However, the short-range pair distribution function
8pp_te(r) has clearly two mountains up to 0.35nm, and
therefore the above method might be insufficient to
know a detailed short-range configuration. Therefore,
we wish to proceed with utilizing the results obtained by
the RMC treatment in liquid PbgsTeq 5 in order to know
their short-range configurations, in the next Section.

5 RMC method on the short-range
configurations in liquid
Pbo.sTeo.s

The obtained partial pair distribution functions shown in
Figure 6 have very interesting features. In the case of
8pp_1e(r), there are two peaks within a short-range
distance, up to r = 0.35 nm, as indicating two types of
the nearest neighboring atom’s contact. In other words,
they are the first mountain of the peak position at
r = 0.24 nm and the second one of the peak position at
r = 0.30 nm, respectively. It must be plausible to con-
sider that the first mountain might correspond to a group
of the covalent-bond forming and the other one might
correspond to a group of non-covalent bond forming,
namely, forming a metallic mixture of Pb**, Te?* and the
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conduction electrons set free from constituent atoms in
the mixture. The above inference seems to be acceptable,
because the conduction electrons have a space to move
among the constituent ions, while the inter-atomic
distance must be smaller, in order to form a kind of
covalent-type bonding. In fact, this inference can be
deduced from the resistivity measurement [3].

There is a problem in how to assign the border
between these two peaks. Although the minimum
position is located at r = 0.28 nm, the first mountain is
much more sharp than the second one, whose sharpness
is naturally related to these peak heights of gy, _1.(1),
being as 2.20 and 1.25. In order to determine the real
border position between these two mountains, the length
between 0.24 nm and 0.30 nm should be divided by their
inverse ratio of the sharpness or peak height of these
mountains. Then we can decide that the border position
is equal to 0.262 nm.

Using the three dimensional results of RMC simulation,
we have estimated the number of Pb atoms around each Te
atom, which is shown in Table 1. The coordination number
zero in Table 1 means that there are 796 Te atoms around the
sphere of these ones within the radius r = 0.262 nm that
have no neighboring Pb atom at all. In other words, these Te
atoms have no covalent-type bonding, and therefore they are
constructing the metallic part. The ratio of 796 by 2,312 means
that the fraction of metallic part is equal to 0.344 and
therefore that of covalent-type bonding molecules is equal to
0.656. In view of the two mountains of pair distribution
function gpy,_.(r), the first one is the covalent-type bonding
group and the second one corresponds to the metallic group.
The fraction, 0.656, of covalent-type bonding formation given
by the first mountain is just a comparable value of 0.64
obtained from the electrical resistivity measurement [3] and
that of 0.665 obtained by the thermodynamic calculation [5].
The coordination number 1 in Table 1 means the formation of
diatomic covalent-type molecule and its fraction is equal to
(1,012/2,312) = 0.438, in comparison with the total number of
Te atoms. The coordination number 2 in Table 1 means that
some of the Te atoms have two neighboring Pb atoms as a
configuration, indicating the tetrad covalent-type molecules,
namely, the molecule of (2Pb—2Te) = {2(PbTe)} forms a kind
of square. And the fraction of Te atoms forming this square is
equal to (409/2,312) = 0.177, in comparison with the total
number of Te atoms. The coordination number 3 might be
understandable by that the group of {4(PbTe)} forms, for
example, a kind of cubic structure, although its fraction is
very minor, being equal to 0.038. Therefore, in the three
dimensional data obtained by the present RMC simulation in
liquid PbysTeq 5, there exist various types of the covalent-type
bonds, forming randomly one dimensional dipoles, two
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Table 1: Number of bonded coordination around each Te atom
and number of Pb atoms belonging to its group

Number of Pb atoms
belonging to its group

Number of bonded coordination
around each Te atom

0 796
1 1,012
2 409
3 87

4 9

Total number = 2,312

dimensional tetrads and three dimensional cubes, as shown
in Figure 7.

Now we will investigate the cases of gp,_p,(r) and
8re_1e(r) in what follows. In the case of gp,_p, () up to
r = 0.46 nm, the mountain has the maximum at the
position r = 0.34 nm and a shoulder around r = 0.40 nm,
which fact seems to be an overlapping of two mountains.
The existence of these two mountains seems to be natural.
On one hand, in the group of mountains at the peak
position of r = 0.46 nm, a Pb atom is located at the
position of the other neighboring Pb atom, which is used
for the formation of the covalent forming molecule. On
the other hand, in the group of mountains at the peak
position around = 0.40 nm, both Pb atoms might belong
to a metallic region. The difference in these peak
positions in the pair distribution function, gp,_p,(r), can
be ascribed to the difference in their inter-atomic
potentials. In the mountain group of the peak position
at = 0.34 nm, the main inter-atomic potential is caused by
the interaction between the ionized Pb** ion and the
electric dipole (or multipole etc.) through the conduction
electrons, which seems to be smaller than the inter-ionic
potential between Pb** ions through the conduction
electrons, and naturally the inter-atomic distance be-
comes longer.

In a similar way, we can analyze the case of gpo_1.(7)
up to r = 0.47 nm. The mountain has the maximum at the
position r=0.35nm and a gradual shoulder around
r = 0.40 nm, which situation seems to be an overlapping
of two mountains. In the group of mountains of gp._1.(r) at
the peak position of r = 0.35 nm, in which one of the Te
atoms belonging to a pair of Te-Te may be used for the
formation of the covalent forming molecule. On the other
hand, in the group of mountains at the peak position
around r = 0.40 nm, both Te atoms might belong to a
metallic region.

In Table 2, we summarize all the partial coordination
numbers in liquid Pbg sTeq s. The characteristic feature is,
therefore, that the neighboring inter-atomic distance is
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Figure 7: Possible examples of the covalent-type molecules,
PbTe, 2(PbTe), 3(PbTe) and 4(PbTe).

relatively shorter than that of solid semiconductor PbTe,
and that the coordination numbers around the consti-
tuent atoms are smaller than six coordination as in the
solid state. Using Table 2, we can estimate the averaged
numbers of nearest neighboring atoms around either an
arbitrary atom, Pb or Te. The averaged number around
Te atom forming a covalent-type molecule is equal to
(1.4 + 2.9) = 4.3 and that forming a metallic region is
equal to (1.3 + 2.6) = 3.9, respectively. Therefore, both
averaged numbers around Te atom are about four, which
is certainly smaller than the nearest neighbor’s number
of solid PbTe which is equal to six.

6 Bond angle distribution in liquid
Pbo.5Teo.5 by USing RMC
configuration

The bond angle distributions in liquid Pbg 5Teq 5 are also
estimated by using the three dimensional configuration
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Figure 8: Bond angle distributions in liquid Pbg sTeq 5 obtained from
three dimensional configuration of Pby sTeq s by using RMC
simulation.

of Pbg sTeq s by using RMC simulation, in order to make
sure whether any small but local group of the solid NaCl-
type structure remains or not. In order to identify the
existence of such a solid NaCl-type structure, it is
necessary that the numbers of Pb and Te must be, at
least, required more than 14, respectively. However, the
three dimensional covalent-type molecule in liquid
PbosTeg s seems to be a cube of 4(PbTe), which is too
small in comparison with the unit of NaCl-type crystal.
As seen in Figure 8, distributions of bond angles tell us
no apparent agreement with the solid-type FCC bond
angles, which has resulted from that either Pb atoms or
Te ones in their solid type form the FCC structure,
respectively.

Furthermore, we have tried to construct the Voronoi
polyhedron to ascertain whether there exists any special
polyhedron or not [11]. And results tell us that there is no
existence of any particular polyhedron indicating a
short-range crystalline structure. Then the packing
fraction becomes small and the constituent atoms are
randomly distributed in the three dimensional space.

Table 2: Partial co-ordination numbers in liquid Pby sTeq s by three dimensional RMC

Pair Average Co-ordination Total Total fraction (%) Total fraction
length/nm number, Z fraction (%) thermodynamic (%) electrically

Pb-Te (covalent) 0.24 1.40 + 0.15 65.6 66.5 64.0

Pb-Te (metallic) 0.30 1.30 + 0.15 34.4

Pb—Pb (cov.-met.) 0.34 2.79 + 0.25

Pb-Pb (met.—met.) 0.40 2.85 + 0.40

Te-Te (cov.—met.) 0.35 2.90 + 0.20

Te-Te (met.—met.) 0.40 2.60 + 0.25
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7 An explanation for the short-
range structure in liquid
Pbo.sTeo s

It is known that the solid Pbg sTeq 5 has a rock salt type
structure with mainly a covalent-bonding nature, as one
of the narrow gap semiconductors, and its lattice
constant is equal to 0.646 nm, that is, the nearest
neighboring distance between Pb and Te atoms is equal
to 0.323 nm. On melting of this solid PbgsTeys, there
occurs a small volume expansion like the same
phenomenon in a wusual solid-liquid transition.

Naturally, this material in its liquid state, the number

of nearest neighboring becomes smaller than six, as

shown in the previous sections. Liquid PbgsTeqs has
therefore three distinct properties, as follows.

1) Under the present situation, we have found that the
nearest neighboring configuration for Pb—-Te pairing
in liquid Pbg sTeq s, gpp,_1e(r) has two peaks at 0.24 nm
and 0.30nm. The ratio of Zp,_10(0.24nm) to
Zpp-1e(0.30 nm) is approximately equal to 2:1. As
described in the former sections, the short length at
0.24 nm can be understandable by a local formation
of covalent bond. The electronic ground states of Pb
and Te atoms are given by Ph(4f**5d'°6s’6p?) and Te
(4d™5s°5p™), respectively. The outer electron’s con-
figurations of these atoms are fundamentally similar
to atoms of C(2s?2p?) and 0(2s°2p“), respectively,
which form a covalent-bonding CO composed of two
ordinary covalent bonds and one dative bond.

2) A rather short length such as 0.24 nm is never
explained by the ionic bonding between Pb®" and
Te* ions, because the Pauling’s ionic radii of Pb?"
and Te? are 0.133nm and 0.207 nm, respectively,
and thus a reliable inter-ionic distance of ionic pair
Pb**Te?” might be equal to around 0.34 nm.

3) According to the electrical resistivity, this liquid
system is evidently given by a mixture of some of
the covalent-type molecules and the metallic region
composed of positive Pb ions, positive Te ions and
conduction electrons set free from these Pb and Te
atoms [3,12].

4) The metallic fraction of this system is going to
increase with temperature [3]. Taking that the
required energy from the covalent-type bonding to
the metallic one is equal to E,y, then the metallic
fraction is given by {exp(-Eyn/RT)}. Since the
present result finds out that the metallic fraction at
1,200 K is approximately equal to (1/3), the estimated
E,m is equal to 11.0KkJ/mol. As seen in Table 1, the
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existing fraction of the covalent complex is equal to
(2/3) and the metallic fraction is (1/3), respectively.
This kind of co-existence of the covalent PbTe
molecules and the metallic remains makes it possible
to exchange from the covalent molecules to the
metallic state or vice versa, under the condition of
thermodynamic equilibrium. Accompanying with this
situation, the lifetime of the covalent molecules of
PbTe in the system must be finite, as discussed
below.

5) The lifetime can be estimated as the dissociation of
covalent diatomic molecule PbTe. According to a
review article written by Hanngi et al. [13], the
reaction rate in relation to this dissociation, under the
approximation of harmonic potential model for
bonding, is given by the following equation,

1_ (Erﬂexp(_%} (8)

T ) 2m RT
where T means the lifetime or the relaxation time of the
diatomic molecule, and r, is equal to the length where
the bonding is broken, r, the bond length, w, the
angular frequency of vibration and E,, the energy for its
dissociation, as discussed above. Taking r, ~ 0.27 nm,
Io ~ 0.24 nm, wy =103s1 (as an assumption as the
same order of the lattice vibration), Eyn ~ 11.0 kJ/mol
and T = 1, 200 K, we have the lifetime 7 as being equal to
1.5 x 102 s, that is, about 15 times of vibration makes it
possible to dissociate the covalent bond from the
metallic one.

8 Discussion

Gierlotka et al. have insisted that a complex of Pb** and
Te?” ions is stable in liquid Pb-Te alloys, and by using
the ionic model, they have explained the mixing
enthalpies and Gibbs free energies of mixing in liquid
Pb-Te alloys [14]. However, if we accept this concept,
then at least there forms a mixture of metallic lead and
the molten salt of Pb*Te®> in the alloy with the
condition of 0 < ¢ < 0.5. In view of a common sense,
this situation is very difficult to exist stably in one
phase, because the mixture of molten salt and liquid
metal exhibits the two phase separation. In particular, if
we assume that the bonding character of liquid
Pby.sTeg 5 is a mixture of Pb?" ions and Te?" ions, which
situations were proposed by Gierlotka et al., then the
closest inter-ionic distance must be close to about
0.341nm, which is obtainable from the Pauling’s ionic
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radius of Pb*" equal to 0.120nm and that of Te* is
0.221nm. However, the closest inter-atomic distance
between Pb and Te atoms observed in the present
investigation is located at r = 0.24nm, which result
completely contradicts the ionic model.

Although we could not distinguish the concrete forming
shape of the liquid lead telluride PbTe at the time we had
measured the resistivity of this system, its forming shape can
be, under the present investigation, cleared out as the
covalent molecular complex, as shown in Figure 7. Since the
solid thin film (300 nm) of lead telluride PbTe has the value
of about 1.5 x 1073 Qm in its electrical resistivity at room
temperature [15], the electrical resistivity in its bulk crystal
must be of the same order or smaller than its value. If liquid
PhgsTeq 5 is mainly exhibited by a molten salt, then we can
guess its electrical resistivity as the order of 1073 ~ 1072 Qm.
However, the real electrical resistivity in liquid PhgsTeys is
the order of 8.0 pQ m, which value can often be seen in ill-
conditioned liquid metals and alloys. Therefore, the electrical
resistivity data indicate that the molten PhgsTey s cannot be
explained in terms of molten salt at all.

It is therefore concluded that molten PbgsTeq 5 is a
mixture of covalent-type complexes of the molecules
PbTe, 2(PbTe), 3(PbTe) and 4(PbTe), and the metallic
remains composed of the positive ions of Pb**, Te*" and
the conduction electrons being set free, which concept
was already concerned in our previous report [3].

Under this situation, it is inferred that all liquid
Pb;_Te. (1 > c =¢cre > 0) alloys are also mixtures of
covalent-type molecules of PbTe and the metallic part
which is provided from the remains of Pb and Te atoms.
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