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Abstract. The structure factors of liquid Pb, Ko.zsPbo 7 5 r  KO 6sPbo 35 and Ko.80Pbo 2o 

have been measured by means of neutron diffraction. The main peaks of the structure factors 
of the alloys are preceded by a pre-peak which is most pronounced in Ko,50Pbo This pre- 
peakindicates that there is considerable orderingin the alloys, although there is also evidence 
for a tendency towards phase separation in at least one of the alloys. From inspection of the 
radial distribution functions it follows that Pb clusters are formed, the concentrations of 
which increase when the equi-atomic composition is approached. A simple model of the 
structure of K,ljoPbo based on the reference interaction site model proves to be in excellent 
agreement with the measured structure factor. 

5oPb, 

1. Introduction 

In recent years the K-Pb system has been studied extensively. The measurements made 
include resistivity (Meijer et a1 1985), density (Saar and Ruppersberg 1988), the Darken 
excess stability function and the entropy of mixing (Saboungi etall986) and heat capacity 
(Johnson and Saboungi 1987). Recently, the structure of liquid Ko50Pb0,50 has been 
studied by means of neutron diffraction using a pulsed source by Saboungi et aZ(1987). 
They found a large and narrow pre-peak at 0.96 A-', which in their work is referred to 
as the first sharp diffraction peak. The phase diagram has been determined by Meijer et 
a1 (1985) and is shown in figure 1. The resistivity of the alloys exceeds the range of typical 
metallic values, whereas the densities, the excess stabilities, the entropies of mixing and 
the specific heat capacities show deviations from ideal solutions. These results have in 
common that the anomalous behaviour is strongest at the equi-atomic composition. 

Similar anomalous behaviour has been found in other binary alloys of alkali metals, 
on the one hand, and group IVa elements on the other, though not necessarily at the 
equi-atomic composition. For example, in the Li-Pb system the anomalous effects are 
strongest at the composition of 80at .% Li. More generally, alloys are said to form 
compounds in the liquid state at the composition(s) at which the anomalous behaviour 
occurs (Van der Lugt and Geertsma 1987). The primary cause of this phenomenon is 
the large difference in electro-negativity between members of these two groups (1.85 V 
for K-Pb on the Miedema scale), Consequently, alloying of two metalsfrom both groups 
is accompanied by a considerable charge transfer from the less to the more electro- 
negative element. This leads to alloys with strong ionic character. 
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By comparing the resistivities (Meijer et a1 1985) or the Darken excess stability 
functions (Saboungi etal 1986) of liquid Li-Pb, Na-Pb and K-Pb, a shift in stoichiometry 
is observed. Whereas liquid Na-Pb, just as Li-Pb, forms an octet compound Nao soPbo 20, 

the K-Pb system forms only an equi-atomic compound KO joPbo jo. The octet compound 
can still be understood by application of simple chemical valence rules. This is no longer 
the case for equi-atomic compounds. Analysis of the electronic transport properties and 
band structure calculations (Geertsma etal 1984, Springelkamp et a1 1985, Van der Lugt 
and Geertsma 1987) has led to the assumption that poly-anions consisting of (Pb4)4- 
tetrahedra, the so-called Zintl ions (Busmann 1961), are formed in liquid K-Pb that are 
responsible for the shift in stoichiometry from 80 to 50 at .% alkali metal. Whenever we . r-. 1 . .  . . * . .  j7.l \ A -  1 .  c n p a t  nt rn riiicterc in tnP remainner  nt tnic  naner  W P  m e a n  t n P w  I rn I' t e traneara  U ,"U-. VI L " " L Y " C V I U  111 C l l l  l"lllUll..."l V L  L l l l U  yUy"A, ..- Ill-Ull .A.-"- \* "4, . " C I Y I I " . . I U .  

Recently, the formation of poly-anions has also been observed by Barnes and 
Enderby (1988) in liquid Cuo soSeo jo. Employing the method of isotopic substitution, 
they were able to determine the partial structure factors. The Se-Se partial distribution 
function provides clear evidence that (Se2)*- ions exist in the liquid. 

The hypothesis that (Pb4)'- ions persist in the liquid is also suggested by the crystal 
structure of KO jOPbO which was shown to be isomorphous to that of Nao joPbO jo 
(Hewaidy et a1 1964). According to Marsh and Shoemaker (1953), who have investi- 
gated the crystal structure of Nao joPbo in detail, the structure is tetragonal with space 
group DiE (14,/acd). Application of Rietveld analysis to a recently determined powder- 
diffraction pattern of KO joPbO 5o (Richardson 1987) has yielded: a = 11.5368 8, and c = 
18.8689 A. The unit cell contains 32 K and 32 Pb atoms. The Pb atoms are arranged in 
eight nearly regular tetrahedra surrounded by shells of K atoms. The shell of K atoms 
enclosing each Pb4 tetrahedron contains 16 K atoms, each of which belongs also to shells 
surrounding other Pb4 tetrahedra. From the Rietveld analysis follows that the average 
Pb-Pb bond length is 3.1182A, while the average K-Pb and K-K bond lengths are 
respectively 3.8011 and 4.0071 A. 

Given this experimental and theoretical information we decided to perform neutron- 
diffraction measurements to investigate the composition dependence of the structure of 
liquid K-Pb, and, more particularly, to search for further evidence for the existence of 
Pb4 tetrahedra as structural entities. Part of the results presented here has already been 
published elsewhere (Reijers et a1 1987). 
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2. Experimental 

The neutron diffraction measurements were carried out on HB1 of the High Flux 
Reactor at ECN in Petten. A bent monochromator crystal of pyrolyticgraphite was used 
to select two wavelengths (1.24 A and 2.55 A). A pyrolytic-graphite filter was placed in 
the incident beam to reduce the higher-order wavelength contamination of the 2.55 A 
radiation. The spectrometer was equipped with a movable linear-position-sensitive 3He 
detector operating at a pressure of 5 atm. This consists of two tubes, 50 cm in length, 
placed one above the other in such a way that the angular ranges overlap slightly. The 
total effective aperture is 39". The signals from the detector are divided over 256 
channels, each representing a detector element of 4 mm length, and are stored in a multi- 
channel analyser. 

A temperature-controlled furnace was used. The heating element consists of a MO 
resistance wire (total resistance: 15 Q ) ,  vertically wound back and forth between two 
aluminium oxide spacers. The spacers are held in position by a cylindrical MO heat 
shield, that is surrounded by a second heat shield. A chromel-alumel thermocouple is 
used to measure the temperature of the sample, while a platinel-I1 thermocouple feeds 
back the registered temperature to the power supply. The output of the power supply is 
adjusted to maintain a constant temperature. Because of a gradient, the temperature 
varied within 5 "C of the set temperature over the length of the sample. The furnace was 
placed in an aluminium vessel that was evacuated to a pressure lower than Torr. 
The maximum attainable temperature was 750 "C, for which 4.5 kW was required. 

To reduce background scattering, a large triangular shield was made and placed in 
front of the detector. However, this proved to be insufficient to eliminate contamination 
caused by Bragg peaks arising from the various parts of the furnace that are hit by the 
incident beam. So two pieces of Gd foil, 100 pm thick, were used to prevent spurious 
radiation entering the detector. Since Gd is a very poor thermal conductor (Gschneider 
1961), this did not result in a serious heat leakage (around 0.01% of the input power was 
lost in this way). 

The sample containers were constructed from Ti, ,,,Zro 33. This alloy combines the 
advantage of being a zero alloy with that of having an excellent resistance against 
corrosive-liquid alloys. Although in this alloy a slight tendency for chemical short-range 
order has been found by Yarnell et a1 (1973), this does not disturb the measurements. 
The material yields a smooth background that can be easily subtracted out. The sample 
containers had an inner diameter of 20 mm, a wall thickness of 0.5 mm and a height of 
60 mm. 

The K-Pb samples were prepared in a helium-filled glove box, in which the oxygen 
level was less than 1 ppm. Lead ingots of a nominal purity of 99.999% were commercially 
obtained from Alfa Ventron Inc., and potassium was delivered in glass ampoules by 
Kawecki and had a nominal purity of 99.9998%. The alloys for which c p b  2 0.5, where 
cpb is the concentration of Pb, were prepared by alloying the appropriate amounts of the 
pure metals in a stainless-steel crucible and by subsequent quenching of the liquid alloy 
on a copper plate. The crystallised pieces of alloy were hard and brittle, and could easily 
be crushed into smaller fragments. After that, the pieces were put, one by one, into the 
sample container, which was kept at a temperature greatly exceeding the melting point. 
Adding the sample piece by piece prevented helium bubbles forming in the sample 
during filling. This procedure could not be used for the K-rich alloys because they stuck 
to the copper plate after quenching. Besides, they are soft, so cannot be crushed. 
Therefore these alloys had to be prepared in situ. The sample depth when in the 
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containers was 4cm. After being filled, the containers were closed tightly, using a 
Helicoflex ring (type HN120, manufactured by PCchiney Ugine Kuhlmann). Sealing 
action is made possible by tightening a screw that draws a bolt upwards that in turn 
presses the Helicoflex ring radially outwards against the inner wall of the container. This 
part of the inner wall, as well as the bolt and screw, was made from Nimonic, a specially 
designed alloy with excellent mechanical properties that are preserved at elevated 
temperatures up to 800 "C. The torque applied to the screw ranged from 35 to 50 Nm, 
depending on the temperature desired. 

In a typical run, the detector was set at different angles (Q, = 25", 45", 65" and 85" for 
2.55 A, Q, = 54", 72" and 90" for 1.24 A, Q, being the angle between the centre of the 
detector and the transmitted beam), to cover a sufficiently large angular range. The 
detector stayed at a specified angle until a fixed number of neutrons had been counted 
by the monitor placed between monochromator and sample. After that, it was moved 
to another angle. For the longer wavelength it took 20 hours, for the shorter one 8 hours 
to complete a run. For the K0,50Pb0.50 specimen this amounts to an average intensity of 
70000 and 15000 counts per channel for 1.24 8, and 2.55 A respectively. Apart from the 
sample runs, we also performed an empty container run, and a run wherein the container 
was replaced by a Cd rod of the same dimensions. Both these runs took place under the 
same conditions as the sample runs. They were used to correct the intensities of the 
sample runs for container and background scattering. Two separate runs were made to 
calibrate the spectrometer. In one, the intensity of an incoherent scatterer was measured 
to find the relative counting efficiency of the channels. In the other, the (non-linear) 
relation between channel number and the angle subtended by the corresponding detector 
element, the goniometer axis and the centre of the detector, was determined. 

3. Data reduction 

We will discuss briefly the corrections that have been used to derive the structure factor 
from the raw data. More details can be found in Ruppersberg and Egger (1975) and 
Alblas et a1 (1983). First, the raw data were corrected for small variations in counting 
efficiency over the length of the detector. The data, being still a function of channel 
number and detector position, were subsequently converted into intensities that 
depended only on the scattering angle. Next, the measured intensities of the sample 
were corrected for container scattering and background scattering, according to the 
procedure developed by Poncet (1976,1977). After that, the data were interpolated on 
a constant-q grid ( A q  = 0.014 A-') and were corrected for multiple scattering (Blech 
and Averbach, 1965), incoherent scattering and inelastic scattering (Yarnell et a1 1973, 
Placzek 1952). As to the last correction, we have assumed the following approximation 
for the wavelength-dependence of the detector efficiency: 

withA = 0.9387 and B = 3.532 A-'. In the wavelength range from 1 to 3 A this differs 
by less than 1% from the exact result (see Alblas et a1 1983). The data were extrapolated 
to q = 0 by fitting a parabola CL + C2q2 to the low-q part (Pings 1968). Finally, the 
corrected data were normalised to find the scattered intensity per atom, Zyh(q), and 
from that the structure factor defined as 

€(A) = 1 - A exp(-B;3/2n) (1) 

S ( q )  = IFh ( q > / W b * )  (2) 
where b is the scattering length of a component averaged over the isotopes and nuclear 
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spin states and where (. . .) denotes an average over the concentrations of the com- 
ponents. Each wavelength requires its own normalisation factor. The two normalisation 
factors were chosen in such a way that, on average, S ( q )  had the same value for 
both wavelengths in the q range where the experimental data overlapped, and that 
simultaneously the discrete form of the following sum rule (Wagner 1978) was fulfilled: 

N 

Z qy(S(qj> - 1) Aq = - 2 ~ ~ ~ 0  (3) 
j =  1 

where N is the total number of data points ( N  = 570) and po is the particle number 
density derived from the data of Saar and Ruppersberg (1987). 

The structure factor was Fourier-transformed to obtain the radial distribution func- 
tion N ( r ) ,  defined as 

N ( r )  = 4nr2po + r rmaX q ( S ( q )  - 1) sin(qr) dq.  Jc ( b )  ( 4 )  

Using only the S(q) data up to the maximum experimentally accessible q value (8 A-'), 
led to spurious ripples in the radial distribution function. Therefore, we have extrapo- 
lated the S(q) data by using a suitable extrapolation function. For pure Pb a satisfactory 
fit was obtained by using the four-parameter function due to Verlet (1968): 

S(q) = 1 + (C/q)  exp(-Dq) cos(Aq + B )  ( 5 )  
where A ,  B ,  C and D are adjustable parameters. This is, apart from an additional fifth 
parameter, the same function as has been applied by Dahlborg et a1 (1977) to fit the high- 
q part of their structure factor of liquid Pb. For the K-Pb alloys where molecular species 
were to be expected, we used the spherical average of the limiting form of the structure 
factor of a molecule (Gubbins et a1 1973) the smallest bond of which is characterised by 
the distance d:  

S(q)  = 1 + (P/q)  exp(- (Rd2)  sin(qd)/(qd) (6) 

where the parameters P ,  R and d are found by adjustment. Note that upon Fourier- 
transformation of q(S(q)  - 1) with S(q) given by (6), a Gaussian function is obtained 
centred at r = d and of width R. The above functions were fitted to the S(q)  data between 
3.5 and 8 A-'. The accuracy of the fits is rather good. The deviation of the data from the 
fitted points is 1.5% per point, on average. The structure factors were subsequently 
extrapolated up to 20 A-'. 

4. Results and discussion 

4.1. Structure factors and radial distribution functions 

Figures 2(a-e) show the structure factors (SFS) of Pb, K0.2jPb0.7j, Ko.jOPbo.jo, K0.6jPb0.35 
and Ko,,oPbo,20 measured at temperatures slightly above the melting points (340 "C for 
Pb, 385 "C for K0.2jPb0,7j, 585 "C for K0,j0Pb0.50, 500 "C for K0.6jPb0,9j and 400 "C for 
K0,80Pb0,20), figures 3(a-e) the radial distribution functions (RDFS) that have been found 
by Fourier-transformation of the extrapolated SFS (see Q 3). For comparison, the SF and 
RDF of liquid K measured by Huijben and Van der Lugt (1979) have also been included 
(figures 2(f) and 3(f)). The scattering lengths used for the calculations were taken from 
a compilation by Koester and Yelon (1982). 
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Figure 3. Radial distribution functions found by 
Fourier-transformation of the structure factors to 
the left of them. 

Table 1. Comparison of measured structure factors of liquid Pb 
~ 

Reference r"C 

Kaplow et a1 (1965) 329 
North er a1 (1968) 340 
Waseda et a1 (1975) 340 
Steffen eral(1976) 350 
Dahlborg er al(l977) 340 
Present work 340 

2.19 2.78 4.11 1.30 6.09 1.10 
2.23 2.60 4.20 1.34 6.04 1.10 
2.28 2.46 4.23 1.29 6.17 1.11 
2.20 2.66 4.10 1.29 6.05 1.11 
2.21 2.79 4.10 1.30 6.05 1.13 
2.19 2.61 4.10 1.21 6.06 1.10 

Let us first discuss the results for pure Pb. The SF of liquid Pb has frequently been 
investigated. Table 1, partly taken from Dahlborg er al(1977), summarises some of the 
results obtained by various authors. From this table it follows that our data agree quite 
satisfactorily with those of other measurements. By fitting a Gaussian function to the 
first peak of the RDF, we find a nearest-neighbour distance of 3.39 A and a coordination 
number of 7.4. These values agree well with those reported by Waghorne et a1 (1967): 
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3.40 A and 8.0 respectively. Applying the same procedure to the second coordination 
shell yields a distance of 6.75 A. 

Turning now to the SFS of the alloys, we see that both the main peak, i.e. the peak at 
about 2 Awl, and the high-q oscillations change continuously in going from Pb to K. 
However, unlike that which occurs with the SFS of the pure components, a pre-peak 
appears in front of the main peak in the SFS of the alloys. Although its position, 0.97 A-', 
remains unaltered (within the experimental accuracy) as a function of composition, its 
height varies strongly. The maximum height is attained at the equi-atomic composition. 
At this composition one can also distinguish a shoulder at the right-hand side of the main 
peak. Both the pre-peak and the shoulder reveal important structural aspects. The 
shoulder is, following the arguments given by Alblas et a1 (1983) and Reijers et a1 (1987), 
interpreted as an indication for the existence of small structural units. Thus the shoulder 
supports the assumption (Geertsma et a1 1984) that (Pb4)4- ions persist in the liquid 
alloy. From the presence of the pre-peak it follows that K atoms dominate among the 
neighbouring atoms of the Pb clusters. A simple approximating formula (Boos et a1 
1972) that converts the prepeak position to a distance in real space yields 7.96 A. In the 
solid, this distance varies from 7.42 to 8.03 A,  so that our value can be considered as an 
average inter-cluster separation. The SF of K0,80Pb0.20 shows, in addition to the pre-peak, 
a large small-angle scattering. This will be discussed in the next section. The same effect, 
though weaker, is observed in Ko,25Pbo,7j. 

Finally, we also performed measurements at higher temperatures? (500 "C for Pb, 
585 "C for K0,2jPbo.7j, 740 "C for Ko.jOPbO.jO, 600 "C for K0,6jPb0,3j and 500 "C for 
Ko.80Pbo.20). The pre-peak and the shoulder become weaker as the temperature is 
increased. This indicates that the above-mentioned structural properties gradually dis- 
appear when the temperature rises. 

To obtain information about the real-space structure we have determined the RDFs. 
We define the first coordination shell as lying approximately between 2.5 A and the 
onset of the steep rise beginning, say, at 4.5-5 A. The only alloy showing also a coor- 
dination shell beyond that, centred at 7 A,  is K0.25Pb0,7j. Except for Ko.80Pb0,20, two, 
more or less well-defined maxima, can be distinguished in the first coordination shell. 
The first maximum is at approximately the same position as the first peak in the RDF of 
pure Pb. This maximum becomes less distinct with increasing K concentration. The 
second maximum, next to the first maximum, shows up as a shoulder in Ko.zsPbo.75 and 
KO,,, Pb0,35, whereas in Ko,soPbo,jo a separate peak has clearly developed. In KO.80Pb0.20 
both peaks together form a broad maximum. Here, we again find support for our 
hypothesis that Pb4 tetrahedra exist. If K-Pb were simply a mixture of K and Pb atoms, 
the only driving force between the atoms being a tendency towards hetero-coordination, 
the first coordination shell would have shown one maximum only, as has been observed 
among others in the compound-forming alloys Au-Cs (Martin et a1 1980) and Cs-Sb 
(Lamparter et all984). However, the fact that there are two preferred nearest-neighbour 
distances can point either to phase-separation or to the existence of clusters of atoms. 
In the former case, the two maxima correspond to the nearest-neighbour distances in 
either of the two phases. This has been observed in the Cs-rich compositions of the above- 
mentioned Au-Cs and Cs-Sb alloys. In the latter case, the two maxima characterise the 
intra- and extra-cluster distances, i.e. the distance between atoms within the same cluster 
and the distance between atoms not belonging to the same cluster. The latter group 
includes the distance between K atoms, the distance between unbound Pb atoms, the 
distance between Pb atoms each belonging to different tetrahedra, and the distance 
between a free K or Pb atom and a Pb atom in a tetrahedron. Evidently, for those 
T These are not shown here. They can be supplied on request. 
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Table 2. Results of Gaussian fits to the two maxima in the coordination shell of the radial 
distribution function. 

1st peak 2nd peak 

4 ( 4  0 1  (4 A ,  &(A) %(A) A2 

&zsPbo,s 3.322 0.260 5.836 4.078 0.294 3.617 
&50Pb050 3.298 0.278 3.712 4.065 0.310 3.363 
&65Pbo35 3.390 0.359 3.848 4.167 0.307 2.583 
&80Pb020 3.602 0.426 4.212 4.568 0.397 2.995 

compositions for which cK 6 0.6.5, the possibility of phase separation must be excluded 
here since, at least up to cK = 0.6.5, K-Pb is a strongly compound-forming alloy. Thus 
we are led to the conclusion that the double-peak structure is due to the presence of 
clusters. 

We have fitted two Gaussian functions to the two maxima in the following way. The 
first Gaussian function was fitted to the leading edge of the total RDF. The fitted function 
was subsequently subtracted from the RDF and another Gaussian function was fitted to 
the net result. Table 2 gives the distances dk around which the peaks are centred, the 
half widths 0, of the peaks and the areaSA, under the peaks. The values of d l ,  d 2  and 
A l  show all the same trend. From Ko,2jPbo,,5 to Ko,joPbo,50 they decrease, reaching a 
minimum value for the equi-atomic composition, and from Ko.j0Pbo,50 onwards to the K- 
rich alloys they increase again. 

As has been argued above, the main contribution to the first maximum comes 
from intra-cluster Pb-Pb correlations. Assuming that this is the only contribution, 
the coordination number of Pb atoms within a cluster can be calculated. The partial 
coordination numbers where N y )  is the number ofj-type atoms surrounding an i- 
type atom in the k-th maximum of the first coordination shell, are related to Ak as 
follows: 

The weights wr, are given by 

wc = c,c, b,b,/(b)2. (8) 
(1) Table 3 gives the weights and the partial coordination numbers NPbpb. If all Pb atoms 

were arranged in tetrahedra, the first maximum should give = 3. In table 3 
one sees that it is always larger than this value. Similarly, where we compare dl with the 

Table 3. Weights of the partialradial distribution functions and partial coordination numbers. 

(1) 
WKK WKPb WPbPb NPbPb 

KO 2jPb0 75 0.0133 0.2038 0.7830 5.59 13.31 
KO 50Pbo j0 0.0788 0.4039 0.5173 3.59 4.16 
K065Pbo35 0.1766 0.4873 0.3361 4.01 - 
K080Pb0Z0 0.3716 0.4760 0.1524 5.52 - 
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Pb-Pb distance within a tetrahedron in the crystal (3.1182 A), we find that, for all alloys, 
dl is larger than this distance. From the alloys investigated the values NPbPb = 3 and dl = 
3.1182 A are best approached by K0,50Pb0,j0, so that we conclude that in this system the 
concentration of Pb4 tetrahedra relative to the total concentration of Pb atoms is the 
largest. 

To derive partial coordination numbers from the second maximum is more difficult, 
because it consists of contributions of various extra-cluster distances. Comparing the 
weights we can, to first approximation, neglect the K-K contribution for K0.25Pb0,75 and 
Ko,50Pbo,jo. For these systems we have calculated NKPb under the assumption that only 
K-Pb correlations contribute (see table 3). For &,2jPb0,7j, N$ib is too large, probably 
due to the neglect of the contribution of Pb-Pb correlations. The value calculated for 
K0,j0Pb0,50 on the other hand is lower than in the crystal structure. In the crystal we have 
NKPb = 7 .  Besides, the average K-Pb distance is smaller in the crystal (3.8011 A) than 
the value of d2 in the liquid (4.065 A). 

( 2 )  

4.2. Zero-wavevector limit 

The SF of K0,80Pb0,20 shows an increase towards small q values. Also, the SF of K0,75Pb0,25 
does not converge to the typical small values associated with a zero-wavevector limit 
determined only by the compressibility. On the other hand, no increase for q + 0 has 
been found for K0,j0Pb0.50 and K0,,5Pb0,35. Unfortunately, the smallest experimentally 
attainable q value, 0.3 A-', is rather large for making a reliable extrapolation to q = 0. 
Consequently, we do not give numerical values of the zero-wavevector limit of the SFS. 
Instead we will discuss the small-angle scattering of both K0.soPb0.20 and K0.25Pb0.75 in a 
qualitative way. 

In the case of alloys, a large zero-wavevector limit indicates a tendency towards 
phase separation, i.e. large concentration fluctuations. Additional evidence for this can 
be found in the phase diagram (figure 1). In the range between 10 and 30 at .% Pb and 
in the range between 70 and 90 at .% Pb, the liquidus curve is relatively flat and shows 
hardly any curvature. This too reflects a tendency towards two-liquid immiscibility 
(Geertsma 1985). We have already noted that a pre-peak can also be observed in the SFS 
of both K0,80Pb0,20 and K0.2jPb0.75. This pre-peak can be assumed to be a faint remnant 
of the pre-peak in the SF of K0,jOPb0.50. The combination of pre-peak and tendency 
towards phase separation implies that there will be a K-Pb phase dominated by Pb4 
clusters surrounded by K atoms as in KO,sOPbO,sO, whereas the other phase consists mainly 
of K atoms for K,,,0Pb0,20 or  Pb atoms for K0.25Pb0.75. 

The picture given above of K0,80Pb0,20 being separated into a phase having the 
structural properties of the equi-atomic alloy and aphase containing the remaining alkali 
atoms, is in fact very similar to the behaviour of metal-salt mixtures like K-KCl. The 
phase diagram of K-KC1 is characterised by a large miscibility gap (Bredig 1964) and its 
SF shows a strong small-angle scattering in K-rich compositions (Jal et a1 1988). Both 
phenomena are a consequence of a tendency towards formation of salt-like and metal- 
like regions. Another system having similar behaviour is liquid Au-Cs. This alloy is 
known to form a compound of ionic character at the equi-atomic composition, whereas 
in the Cs-rich alloys a strong small-angle scattering is observed (Martin et a1 1980 p 49). 
This has been explained by Martin et a1 (1980 p 61) by assuming that the Cs-rich alloys 
consist, over a time-average, of ionic AuCs regions and metallic Cs regions. 

Returning now to K-Pb, in terms of chemical thermodynamics the presence of 
concentration fluctuations in the concentration range between the pure metal and the 
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equi-atomic compound are an indication of the high stability of the latter. Inspection of 
the phase diagram of many alkali group I11 and alkali group IV systems (Thummel 
and Klemm 1970, Tamaki and Cusack 1979) shows that it must be a rather common 
phenomenon. 

4.3.  Rim-calculations 

Finally, we have tried to model the SF of Ko.50Pbo,,o using the reference interaction site 
model (RISM) proposed by Chandler and Andersen (1972) to describe pair-correlation 
functions in molecular systems. They solved the generalised Ornstein-Zernike equation 
by assuming that the direct correlation function between two molecules can be approxi- 
mated by the sum of direct correlation functions between the interaction sites, i.e. the 
individual atoms of which the molecules consist. A numerical procedure to solve the 
RISM equations was developed by Lowden and Chandler (1973), who applied RISM to, 
among others, liquid CC14, CS, and C6H6 (1974). 

The total SF in RISM is defined as 

where pm is the density of molecules, w,,(q) is the Fourier-transform of the pair- 
correlation function between sites a and y of the same molecule and h,,(q) is that 
between sites a and y of different molecules. Taking into account the fact that the atoms 
vibrate around their equilibrium position inside the molecules, w,,(q) can be written as 

0.,(4) = (sin(qd,,)/qd,,) exp( -i(4Ada,)2) (10) 

where day is the equilibrium distance between sites a and y ,  and Ad,, is the root-mean- 
square fluctuation in day. According to the definition of Ashcroft and Langreth (1967), 
the total SF can be written as a linear combination of partial SFS S,(q) as follows: 

' ( q )  = (clcJ)1'2 (blb]/(b2))Sl,(q) (11) 
1.1 

where i and j denote the type of atom and c, and cI are the corresponding concentrations. 
By combining (9) and (11) the expressions for the partial SFS and, upon Fourier-trans- 
formation, for the partial RDFS can be derived: 

m 

and 

Here n is the number of atoms in a molecule. The notation a = i ( y  = j )  means that the 
summation is only over those sites a(y) that are of type i ( j ) .  The functions waY(r) and 
ha,(r) are the Fourier-transforms of wq(q) and h,,(q) respectively. 

Rather than using a mixture of alkali atoms and tetrahedra as Alblas did for the Na- 
Sn system (Alblas et a1 1983), we have invoked a single-structural unit for RISM that was 
motivated by the crystal structure of Ko,soPbo.so. This unit was originally proposed by 
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Saboungi et a1 (1987). In solid KO jOPbO 50 the Pb atoms are arranged in nearly regular 
tetrahedra, surrounded by 16 K atoms. Four of these K atoms are positioned approxi- 
mately opposite the centres of the faces of the Pb4 tetrahedra. On the basis of this 
information, a structural unit consisting of two regular interlocking tetrahedra of dif- 
ferent size has been constructed. The smaller tetrahedron has the Pb atoms at its corners, 
the larger one the K atoms. The positions of the K atoms in the structural unit are taken 
to be the same as in the crystal. As has been noted by Van der Lugt and Meijer (1987) 
and by Van der Lugt and Geertsma (1987), these positions correspond with the ones 
that are favoured because of the electron distribution: electron clouds protrude from 
the Pb4 tetrahedra at the side-faces, accommodating the stripped K atoms. In figure 4(d), 
the measured and calculated SF are plotted together. The following set of parameters has 
been used for the RISM calculations: d = 3.1182 A, D = 6.5702 A, oK = 3.0 A, o p b  = 
4.0 A, AdpbPb = 0.2 A, AdKK = 0.4 A, A d K p b  = 0.4 Aandp, = 0.0027 k3, wheredand 
D are the lengths of the sides of the smaller and larger tetrahedra respectively, o i s  the 
hard sphere radius and the Ad,s are the root-mean-square fluctuations. The distances 
were derived from the crystal structure data and pm was calculated from the measured 
density of liquid KO 50PbO 50 (Saar and Ruppersberg 1988). The remaining parameters 
were found by adjustment. 

The correspondence between the two SFS is rather good, except for the height of the 
pre-peak which is greater in the calculated than in the measured S(q). Additional 
calculations involving free K and Pb atoms have shown that this is a consequence of our 
assumption that all atoms are arranged in structural units. However, the neutron- 
diffraction measurements of Saboungi et a1 (1987) showed a much higher pre-peak than 
our measurements. At present, it is not clear what this difference is caused by. A similar 
discrepancy has been found in the SFS of CC14 that were measured using reactor and 
pulsed-neutron sources (Bermejo et a1 1988). 

Inspection of the partials (figures 4(a-c)) reveals that the pre-peak is mainly caused 
by Pb-Pb correlations and also to a lesser degree by K-K correlations. The K-Pb partial 
has a minimum at the position of the pre-peak. In the first coordination shell of the total 
RDF (figure 5(d)) three maxima can be distinguished, the last two of which show up as 
only one peak in the measured RDF. From comparison with the partials (figures ~(u-c)) 
it follows that the first maximum is a Pb-Pb peak, the second consists of a mixture of K- 
Pb and K-K contributions, and the third peak is again due to Pb-Pb correlations. The 
following coordination numbers have been calculated from the partials: Npbpb = 3, 
NKPb = 5 and N K K  = 4. The values of Npbpb  and NKpb agree well with the corresponding 
values found from the RDF of KO 50Pb0 jo (3.59 and 4.16 respectively). 

5. Conclusion 

Neutron diffraction measurements on a number of liquid K-Pb alloys indicate that 
among the alloys investigated the equi-atomic alloy has a special position. The Pb-Pb 
coordination number and the Pb-Pb distance, calculated from the first maximum of the 
coordination shell of the RDF, attains a minimum value for this composition. Fur- 
thermore, it has been argued that the double-peak structure of the coordination shell 
gives support to the idea of the formation of Pb4 tetrahedra. A RISM calculation based 
on a structural unit (K4Pb4) that incorporates Pb4 tetrahedra gives a reasonable descrip- 
tion of the structural features. In both KO soPbo 20 and Ko,2jPbo 75 indications of a tendency 
towards phase separation have been found. 
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Figure 4. Results of the RISM calculations for 
KO soPbo The above three plots show ( a ) ,  the K- 
K partial, ( b ) ,  the K-Pb partial, and (c) the P b  
Pb partial structure factor. In ( d )  the measured 
structure factor (dots) is compared with the total 
RISM structure factor (solid curve). 

FigureS. Radial distribution function determined 
by using RISM for ( a )  K-K pairs, (6) K-Pb pairs, 
and (c) Pb-Pb pairs. In (d )  the total radial distri- 
bution function based on RISM (solid curve) is 
compared with the measurements (dots). 
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