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STRUCTURAL STUDY OF LIQUID Na-Pb
ALLOYS BY HARD-SPHERE MODEL
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Faber— Ziman type partial structure factors in liquid Na—Pb alloys have been derived by
using the so-called concentration independent method from the observed total structure
factors. A ternary hard-sphere mixture model composed of atoms Na and Pb and Na,Pb
molecule is applied to this system.

It is shown that the estimated partial structure factors under the assumption of the
mixture of hard spheres are in good agreement with the observed ones.

Keywords: Partial structure factor; ternary hard-sphere model

1. INTRODUCTION

In recent years, the so-called compound-forming liquid binary alloys
or liquid semiconductors have extensively been studied [1]. The liquid
alkali-polyvalent metal alloys such as the Na—Pb system are well
known as typical examples. Observed thermodynamic quantities [2]
and electronic properties such as resistivity [3, 4] and magnetic
susceptibility [5] of Na—Pb alloys show an interesting behaviour
suggesting the formation of a compound in their liquid states. Their
concentration dependences have a maximum deviation from smoothed
curves around the stoichiometric composition Na,Pb.

Structural study of this system by neutron diffraction has been
carried out by Takeda et al. [6]. In the Na-rich region, an additional
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small prepeak has been clearly observed in the low Q region at the left
hand side of the main peak in the structure factors. This fact also
seems to imply the formation of a local atomic association like a
molecular cluster such as Na,Pb in this alloy system [7]. The
theoretical approach via the ternary hard-sphere mixture proposed
by Hoshino [8] may be applicable to the present system.

The purpose of this paper is to derive the partial structure factors of
liquid Na—Pb alloys by the concentration independent method from
experimental total structure factors obtained by Takeda et al. [6].

And also the model of a ternary hard-sphere mixture is applied to
this system in deriving the partial structure factors, the system being
considered as a mixture of Na, Pb and Na4Pb.

2. PARTIAL STRUCTURE FACTORS

Total structure factors S(Q) experimentally obtained by Takeda et al.,
are shown in Figure 1 together with that of pure Na, taken from
the compilation of Waseda [9]. To begin with, we have re-examined
the total pair distribution function g(r), which can be written in the
following equation:

) =1+5m— [ [S@-ngsnerae ()

where py is the averaged number density of atoms, which is taken from
the experimental data [12, 13].

As shown in Figure 2, the obtained g(r)’s are in good agreement
with previous results [6]. Their structural profiles are similar to that of
pure Pb, although some fine structures can be seen.

In order to facilitate the understanding of the particular structural
behaviour, the usual concentration technique as the so-called Halder —
Wagner’s scheme [10] was used to derive the Faber—Ziman (F-2Z)
type [11] partial functions a;(Q) and the partial pair distribution
function g;(r) to characterize a mixing effect.

The F—Z type partial structure factors a;;(Q) are related to the total
weighting structure factor, S(Q), as follows;

S(Q) = wi an (Q) + 2wz a12 (Q) + wa ax (Q) (2)
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FIGURE 1 Structure factors of liquid Na-Pb alloys due to Takede er al. (1987),
together with that of pure Na taken from Waseda (1980).
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where wy; = ¢;¢;b; b_,-/(b)2 and (b)? = (Z¢; b))% ¢; and b, are the concen-

tration and neutron coherent amplitude of atomic species i, respec-

tively. The F—Z type partial structure factor is given by a generalized

equation as follows;

sin(Qr) d
Qr

ai; (Q) =1+ po /Oo 411r? [gy (r) — 1] (3)

0
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FIGURE 2 Pair distribution functions of liquid Na—Pb alloys.

The partial structure factors, in principle, depend on the alloy
composition. However, the change of the total structure factors of
liquid alloys is frequently gradual and monotonic in a certain
composition range.

In such a case, the concentration dependence of the partial structure
factors seems to be small and thus the above assumption could be
acceptable as a first approximation. The alloys with 50, 60 and 70 at.%
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Na might represent this situation. Assuming that the partial structure
factors are independent of alloy composition, the weighting factor in
Eq. (2) can be varied by only changing the concentration ¢. So we can
immediately get three partial structure factors.

As mentioned previously [6], the maximum error in the total
structure factor was suggested to be less than 2.0% and then the
possible uncertainty of the present three partial structure factor is
estimated to be of the order of 5%.

The partial structure factors thus obtained are given in Figure 3.
The partial pair distribution functions g;(r) are calculated by Fourier
transformation in the manner of Eq. (3) and results are shown in
Figure 4. The structural functions of liquid Na and Pb are also
illustrated in Figures 3 and 4 for comparison.

As shown in Figure 3, the basic profile of the partial structure factor
of apppp(Q) is close to that of pure Pb.

However, peaks of anana(Q) are located at larger Q position than
those of pure Na. As shown in Figure 4, the basic profile of the partial
pair distribution function of gpppu(r) is very similar to that of pure Pb.

On the other hand, the peaks of gnana(7) are obserbed at smaller »
position than those of pure Na. In addition, the first peak position of
gnapo(?) 1s located at a distance about 2. 9A, that is, its position is
smaller than those of gnuna(r) and gpppu(r), of which are located at
about 3.3A and 3.4A, respectively.

3. ANALYSIS BASED ON THE TERNARY
HARD-SPHERE MIXTURE MODEL

The results of the observed thermodynamic and electronic properties
of this system strongly suggest a certain chemical short-range order at
the composition of NayPb [2—5)]. Assuming that liquid Na-Pb alloys
are a ternary mixture composed of the atomic association of NasPb
and its dissociated atoms of Na and Pb, Takeda et a/. [6] have obtained
a preliminary result for the concentration dependence of the structure
factors of this sytem by using the hard-sphere mixture model provided
by Hoshino [8]. The total structure factors they obtained qualitatively
agree with the experimental results. In this paper we have carried out
calculations of the partial structure factors of Na—Pb alloys in detail
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FIGURE 3 F-Z type partial structure factors of liquid Na—Pb alloys. Experimental
results (full line); Total structure factors of pure Na and Pb (dotted line).

and have re-estimated them by using the ternary hard-sphere mixture
model.

According to the ternary hard-sphere mixture model, the total
structure factor can be expressed by the following equation;

S(Q) = [x1 5181 (Q) + x2 5552 (Q)
+ 23] (b3)7 (833 (Q) — 1) + (53(Q)*) ]
+ 2/x1 x2 b1 b2 S12(Q) + 2/x1 x3 b1 {b3(Q) ) S13(Q)
+2v/x2 X3 ba(b3(Q) ) S1(Q)] /() (4)
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FIGURE 4 F-Z type partial pair distribution functions of liquid Na—Pb alloys.
Experimental results (full line); Total distribution functions of pure Na and Pb (dotted
line).

where S;(Q) (i, j =1, 2 and 3) are the so-called Ashcroft—Langreth
(A-L) type [14] partial structure factors (1; Na, 2; Pb and 3; Na,Pb)
defined as follows;

Sif(Q) = 81+ (ei ) po / (g1 (r) — 1] exp (=i - F) dF  (5)

and;

4 .
(b3(Q)) = <b1 > exp (iQ-T,)+b2> :4b,%‘ﬁ+b2 (6)
j=1
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(B3(Q) )y ={|b Zexp zQ l + b,

2
Jj=1 >

b <4+ . sm(Qll)) B+ 8by by sin(Qly) "

|

ol Ql

and /y and /; are the distance between Na and Pb, and that between Na
and Na in the ‘molecule’ respectively, where /; = \/% ly for a
geometry of the tetrahedral unit structure. The angular bracket ()
indicates the angle average and (b?) is equal to the following formula;

(B?) = x) b? + x3 b3 + x3 (4b% + b))
=(a bt +cb3)/n (8)

x; =ni/n 9)

Here, the relations of ny = ¢;—4n3, ny = ¢c—ns3, and n = 1—4n; are
used, where c¢;, ¢, are the nominal concentration of Na and Pb,
respectively. The orientational correlation among Na,Pb, Na and Pb
are neglected in this model, since the molecule of Na4Pb is assumed to
be a hard sphere with an effective size of NayPb, o na,pb-

Each fraction of Na, Pb and NasPb were determined from the
thermodynamical analysis of this liquid system [2]. The hard-sphere
diameters were chosen so as to reproduce the first and second peak of
the experimentally obtained total structure factors and F-Z type
partial structure factors. A slightly large value of the packing fraction
in alloys, compared to the usual value of 0.45, was employed here and
it is rather realistic with respect to a considerable volume contraction
in liquid Na—Pb alloys [12, 13]. These hard sphere diameters, the
packing fractions and each fraction employed here are listed in Table I,
where we have made a slightly change for the parameters in
comparison with those in the previous work in order to reproduce
the F-Z type partial structure factors.

The conversion from A-—L type to F—Z type partial structure
factors is straightforward using following relations [9];

an(Q) =[Su(Q) — c2] /1 (10)
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TABLE I Several parameters of hard sphere diameters, a;’s, packing fractions, 7,'s,
and each fractions, x;’s, in liquid Na—Pb alloys

ONu Opp O Nas Pb Ui Xya Xpp Xna, po
NagoPbag 31 3.26 5.25 0.508 0.762 0.190 0.048
NaqoPbsg 3.03 3.19 5.2 0.511 0.645 0.309 0.046
NagPbs 3.0 317 5.2 0521  0.526 0428  0.046
NawPbsy 3.0 3.17 515 0520 044 0530  0.030
NazgPbyg 2.98 317 5.15 0.498 0.255 0.729 0.016
a»(Q) = [$2(Q) —a] /c2 (11)
1/2
a12(0) = S1(Q) (e1¢2)' + 1 (12)

Figures 5 and 6 show the comparison of the calculated totaland F—Z
type partial structure factors with the observed ones, respectively.

4. RESULTS AND DISCUSSION

The overall agreement between calculation and experiment in the
structure factors in the first and second peak region can be recognized
as shown in Figures 5 and 6. The oscillating profiles of S(Q) in the
large Q region are also in phase with the observed ones, although the
prepeak, which may be a kind of characteristic feature for compound
formation [7], is not reproduced. The simple hard-sphere mixture
model is, however, basically adequate for this system, although fine
differences can be seen.

Concentration variation of the estimated hard-sphere diameters of
Na and Pb are also shown in Figure 7. The hard sphere diameter of Na
atom in the alloys is smaller than that of Pb atom in the entire
concentration range. This concentration dependence of hard sphere
diameters in the Na rich region may be caused by a volume
contraction. This tendency is in good agreement with the concentra-
tion dependence of the radii of Wigner —Seitz spheres of Na and Pb in
this system [15].

The measured structure factors of liquid Na—Pb alloys have the
prepeak around Q = 1.25 A~! for all alloy compositions. Misawa [16]
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FIGURE 5 Several structure factors S(Q). Experimental results (full lines); Theoretical

results (broken lines).

has shown that the growth of small prepeak at the low Q region
appears if the ratio of the intermolecular atomic spacing to the
intramolecular atomic spacing becomes larger in forming tetrahedral
and diatomic clusters or molecules. Now we assume that there exists a
tetrahedral ‘cluster’ in alloys and try to estimate the ratio of the
intertetrahedral spacing to the intratetrahedral spacing. Contribution
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FIGURE 6 F-2Z type partial structure factors. Experimental results (full lines);
Theoretical results (dotted broken lines).

of prepeak of S(Q) estimated from the result of Fourier transform at
the low Q region to the total g(r) at 80 at.% Na is shown in Figure 8.
The first peak can be seen at about r=4.37 A. That is considered due
to the intermolecular spacing. Schematic figure of the tetrahedral
configuration is shown in Figure 9. If we assume the intramolecular
spacing /=3.1, the ratio ¢ of the intermolecular spacing L to the
intramolecular spacing /is 1.41.

Alblas et al. [7] have pointed out that in liquid Na-Sn alloys,
intemediate correlation between Sn atoms’ clusters is responsible for
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FIGURE 7 Concentration variations in the hard sphere diameter of Na and Pb.
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FIGURES8 Contribution of prepeak of S(Q) at low Q region to total g(r) at 80 at.% Na.
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FIGURE 9 Schematic figure of the tetrahedral configuration. The ratio ¢ of the
intermolecular spacing L to the intramolecular spacing / are 1.41 for NasPb.

prepeak in S(Q) and have reproduce the position of the prepeak in the
S(Q) using the hard sphere model. In liquid Na—Pb system, this
analysis may be useful, although we don’t want to go into detail,
because the structural information is still not enough to analyze
further.

In conclusion, the partial structure factors of liquid Na—Pb alloys
have been obtained by Halder — Wagner’s scheme from the measured
total structure factors. The theory based on the ternary mixture model,
where Na, Pb, NasPb are approximated by hard spheres, appears to
reproduce the characteristic features of the experimental total and
partial structure factors.
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