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J .  Phys.: Condens. Matter 3 (1991) 577691. Printed in the UK 

The structure of molten K-Pb, Rb-Pb and Cs-Pb alloys 

M A Howe and R L McGreevy 
Clarendon Laboratory, Parks Road. Oxford OX1 3PU. UK 

Received 7 June 1990 

Abstract. We have considered previously published neutron diffraction data, ob- 
tained at two different ~ourccps, on the molten alloys K,Pbi-,, RbPb and CsPb. 
The difference between results for the same system obtained at  the two % o w e s  has 
been shown to be attributable to instmental  resolution. The reverse Monte Carlo 
method has been used to produce structural models of all these melts. We have 
demonstrated that there is a range of structures consistent with the experimental 
data, all of which have in common a tendency for the lead to form clusters, typically 
of three or four atoms, with 60' Pb-Pb-Pb b n d  angles. T h e  results appear to be 
generally consistent with the existence ofmngtetrahedral Pbt- Zintl ions; however 
it seeems unlikely that all Pb a tom occur in such well  defined species since in this m e  
the Letrahedra must approach each other too dosely in order to accurately reproduce 
the experimental data. We have shown that for unconstrained (i.e. not completely 
tetrahedral) models the peak at  a momentum transfer of approximately 1 A-' ob- 
served in the diffraction patterns occurs in the partial structure factor Apbpb(Q) 
and is related to correlations between Pb cluskm. The height of this peak varies 
with Pb concentration in KSPbl-= alloys in the same way as electrical resistivity, 
and we have postulaied that this is due to electron localization associated with the 
cluster formation. For KPb the unconstrained model contains 25% tetrahedra, in 
good agreement with thermodynamic data. 

1. Introduction 

There have been a number of recent neutron diffraction experiments on the alloys K- 
Pb, Rb-Pb and Cs-Pb. Saboungi el a l ( l987)  report an experiment on the equiatomic 
KPb alloy using the Special Environment Powder Diffractometer (SEPD) at  the Intense 
Pulsed Neutron Source (IPNS) at Argonne National Laboratory, Illinois, USA. The 
equiatomic alloys RhPh and CsPb have been studied by Reijers e l  al (1989a) again 
using SEPD. Compositions other than the equiatomic have been studied only for K-Pb 
alloys. Results are report.ed for mixtures containing mole fractions of 25%, 50%, 65% 
and 80% K (Reijers et a l  1987, 198%). These experiments were performed a t  the 
High Flux Reactor a t  Petten in the Netherlands. 

The structure factors measured for all the equiatomic alloys show a sharp peak, 
known as the first sharp diffraction peak (FSDP) or prepeak, at a momentum transfer 
of approximately 1 A-' although there is a significant difference in the height of this 
peak for KPb between the sets of dat,a measured at Petten and at IPNS. This FSDP has 
been interpreted as indicating the presence of polyatomic structural units, specifically 
tetrahedral Ph:- Zintl ions (Zintl and Brauer 1933) or double tetrahedral A,Ph, 
(where A = K, Rb or Cs) units. Reijers et al (1989a) calculated structure factors 
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based on such units using both the reference interaction site model (RISM) (Lowden 
and Chandler 1973) and a model based on random packing of structural units (RPSU) 
(Moss and Price 1985). They were able to obtain results that  reproduced the gross 
features of the experimental data,  particularly in the region of the first two peaks in 
the structure factors (at  approximately 1 A-' and 2 A-' respectively) although the 
agreement was rather poorer a t  higher values of momentum transfer where the models 
tended to overestimate the strength of the oscillations. It should be pointed out that  
molecular liquids show strong oscillations at  large momentum transfer which are a 
result of the well defined distances between atoms in the molecules. Such oscillations 
are not observed for the alkali-lead systems indicating that any structural units are 
rather less rigid than molecules. This is also supported by the inelastic scattering 
experiment of Reijers et a/  (1989a) who find no evidence of modes related to the 
structural units. In their models Reijers et al (1989a) used an RMS variation in the 
Pb-Pb distance within units of 0.2 A. 

Reijers et at (1990) have done molecular dynamics simulations on the equiatomic 
systems using an ad hoc Born-Meyer-Huggins type potential to represent interac- 
tions between alkali cations and tetrahedral Pb:- anions and again are able to obtain 
qualitative agreement with the data. Hafner (1989) has taken a different approach to 
simulation. He has  calculated effective interatomic interactions from pseudopotentials 
and considered the effect of a limited electronic free path. Be finds a tendency to form 
the 60' Pb-Pb-Pb angles founckin tetrahedra but also a rather broad distribution in 
coordination numbers indicating that the liquid does not comprise well defined Pb, 
tetrahedra. However his calculated structure factor does not reproduce the FSDP well 
although it  is in fairly good agreement with the experimental data elsewhere. It seems 
that molecular models overestimate. and the MD pseudopotential underestimates, the 
degree of ordering. 

In order to investigate this matter further and to asses  to what extent the neutron 
diffraction data  do imply the formation of structural units in these melts we have 
applied the reverse Monte Carlo (RMC) method (McGreevy and Pusztai 1988) which 
enables us to produce three dimensional structural models that  accurately reproduce 
the experimental data. Before we do this, however, we consider the difference between 
the results obtained for I<Pb at IPNS and Petten and show that it can be accounted 
for in terms of instrumental resolution. 

M A  Howe and R L McCreeuy 

2. Instrumental resolution 

The two sets of data  for KPb were measured at  approximately the same temperature 
(858 K and 870 K)  and are in good agreement a t  all points except in the vicinity 
of the FSDP. Although the height of this peak is known to vary with temperature 
(Saboungi e t  a /  1987) the direrence here seems too large for a relatively small change 
in temperature, and is also i n  the wrong direction, so we wish to consider whether it 
is genuine. 

The effect of instrumental resolution is usually neglected in  diffraction studies of 
liquids because the peaks in the structure factors are generally rather broad compared 
with the resolution function. However. in certain cases peaks can be fairly sharp, as 
is the case here with the FSDP, and the effect ought to be considered. As we do not 
know the exact resolution functions of the two instruments used we have simply tried to 
determine whether it is feasible that the difference is due to resolution. The resolution 
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of SEPD is better than that of the Petten spectrometer because it uses mainly higher 
energy neutrons. For this reason we have made the approximation that  the effect of 
resolution is relatively unimportant for the WNS data and then attempted to find a 
reasonable resolution function for the Petten spectrometer with which to convolute 
the IPNS data so as to reproduce the Petten data. This was done by assuming the 
simple functional form of a Gaussian in 8, the scattering angle, with a constant width 
As, and finding the best value of A0 by a least squares method. The  value obtained 
was A0 = 0.0035 (ES 0.2’) which gives the results shown in figure 1. This is aperfectly 
reasonable value and so we conclude that the difference between the two sets of data 
is almcst certainly due to instrumental resolution. 

’ +  
0 

I I l I I I I I  
1 2 3 4 5 6 0 1 2 3 4 5 6 7  

Momentum transfer /A” 
Figure 1. The experimental structure factan for the molten potassium-lead al- 
loys Ko.sPbo 5 (top left), Ko.zsPbo.7, (top right), Ko.esPbo.3s (bottom left) and 
Ko.nPbo.2 (bottom right). For Ko.sPb0.s the full CUTW is the Argonne data, the 
broken curve the Petten data and the broken and dotted curve is the Argonne data 
after convolution with OUT resolution function. For the other compositions the full 
curve is the experimental data and the broken curve is our deconvolution. 

Although this will not be exactly the resolution function of the instrument it 
should be a good approximation to it. We have therefore attempted to correct the 
Petten data sets, for different compositions of K-Pb alloy, for resolution. This is 
not a trivial task as there is, in  general, a range of solutions that  reproduce the 
experimental data when convoluted with the resolution function so it is necessary 
to choose a method that produces a solution with desirable properties. We tried a 
number of methods including maximum entropy and minimization methods but the 
most successful was the following. We took an estimate of the structure factor, which 
in the first instance was the experimental data itself, and convoluted this with the 
instrumental resolution function arid compared the result with the experimental data. 
We then made a small change in the structure factor by making a random change in 
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its value at  one point, convoluted with the resolution function and compared with the 
experimental data. If the agreement had improved we accepted this change but if i t  
had not we reverted to the previous estimate. The process was then repeated. This 
quite rapidly produced a solution that, after convoiution, reproduced the experimental 
data very well. However because of the randomness involved in generating i t  the 
solution contained a lot of statistical noise. This can be removed if a t  the same 
time as maximizing agreement of t.he convoluted function with the experimental data, 
the difference between neighbouring points of the solution, i.e. the first derivative 
of tlie structure factor, is minimized. This produced a fairly smooth solution but 
it showed small scale oscillations which were undesirable. To reduce these a further 
constraint was added: the deviation between the unconvoluted structure factor and the 
experimental data was minimized except in the region of 1 A-’ where the difference 
was expected to be large. These additional constraints were achieved by accepting 
only those changes in the estimated structure factor that  decreased a function that 
was the sum of three terms: the mean square deviation of the convoluted structure 
factor from the data. the mea,n square derivative of the structure factor and the mean 
square deviation of the structure factor from the experimental data except in the 
region of 1 A-’. The relative weighting of these terms was chosen so as to gaiu. the 
beneficial effects of the latter two terms whilst still getting excellent agreement with 
the experiment,al data.  

The results are sliown in figure 1 where i t  can be seen that they do not exhibit spu- 
rious small scale oscillations or excessive noise. They are however not totally smooth 
as might be expected from some mehliods of deconvolution but tend to reproduce the 
errors in the data. For our purposes we  consider this desirable. It is clear, though, 
that the effect of resolution is relatively unimportant for most of these samples because 
they do not have such a sharp FSDP as is seen for equiatomic KPb. The FSDP in the 
Petten data and the convolved Argonne data have approximately the same height and 
width. but differ by a small constant. This remaining deviation between the data sets 
disappears as Q increases; its origin is unknown but could have many causes such as 
inadequate absorption or inelasticity corrections. 

M A Howe and R L McGrceuy 

3. The reverse  hloiitc Carlo calculation 

The reverse Monte Carlo method has been described in detail by McGreevy and Pusz- 
tai (1988) and by McGreevy e1 o l  (1990). I t  is similar in operation to the standard 
Metropolis method of Monte Carlo simulation in that one represents in a computer 
a box containing a number of atoms and applies the usual periodic boundary con- 
ditions to calculate the pair correlation function g(r) and structure factor S(Q), A 
particle is then moved at  random: this move is accepted or rejected according to some 
criterion and another move is tried. This process is repeated many times. In Monte 
Carlo simulation tlie acceptance criterion is based on the energy of the configuration 
calculated usiug some interatomic potential and thus one eventually obtains, after 
the simulation has equilibrated, a system with a structure determined by the given 
interaction potential. RMC, on the other hand, is a method of modelling based on 
the experimental data: no interaction potential is used and the acceptance criterion is 
based solely on the agreement of the calculated structure factor with the experimental 
data. After convergence one has obtained a model structure that reproduces, within 
the experimental errors, whatever experimental data was available for the calculation. 



The structure of molten K-Pb, Rb-Pb and Cs-Pb alloys 581 

McGreevy and Pusztai (1990) have used this method to obtain model structures of 
molten alkali and alkaline earth halides. For these salts the neutron diffraction method 
of isotopic substitution had been used so that three different total structure factors, 
comprising three different combinations of the three partial structure factors that 
together completely describe the pair correlations in the liquid, had been obtained. 
Their models, which agreed with all three total structure factors, could therefore be 
considered to be good representations of the liquids in question. In the present case, 
however, there are no suitable isotopes to do an isotopic substitution experiment. The 
same is true for silica in which case Keen and McGreevy (1990) were able to combine 
neutron and x-ray diffraction data to obtain a model of the glass. However, because of 
the high absorption of lead, the alloys we are considering here are not suited for x-ray 
studies. It seems, then, that  we must obtain what information we can solely from the 
single neutron diffraction pattern we have for each system. 

There is no reason why we cannot do an RMC calculation for a many component 
system based on only one structure factor: the algorithm will accept as little or as 
much constraint from experimental data as can be provided. With only a single 
structure factor, however, one must be a little cautious. For example, if the scattering 
lengths of two components were the same then they would be indistinguishable by 
neutron diffraction and one could hardly expect to obtain a model in which they were 
differentiated, at  least not without some additional constraint. Fortunately in this case 
the scattering length of lead is significantly different from those of the alkali metals 
(the values, in units of lo-'' cm, are 0.367, 0.708, 0.542 and 0.9401 for K ,  Rb, Cs and 
Pb respectively). 

One additional constraint was applied, namely a restriction on the closest distance 
of approach allowed between pairs of particles. Such a constraint is normally applied in 
RMC calculations but is often not a particularly strong constraint. That is, the closest 
distances of approach are actually implied by the data  and the use of the constraint is 
to ensure that g(r) is exactly zero at closer distances, rather than just approximately 
zero. In the present case the choice of different closest distances of approach for the 
three different pairings of particles provided a distinction between the two types of 
atom additional to their different scattering lengths. The smallest of these distances 
can be determined from the total g(r) obtained by direcl Fourier transformation as 
being 2.7 8, which is the closest distance of approach for two lead atoms. This same 
value was used for all the systems modelled. It is not so clear what the distances 
should be for the other two pairings of atoms. One choice for the alkali-alkali closest 
approach would be that found in the pure alkali melts. However because of partial 
charge transfer the alkali atoms are expected to be slightly smaller in these alloys than 
in the pure melts (although this might be slightly less true for the potassium rich alloy 
K,,Pb,,,) so we chose values some 0.1 8, or 0.2 8, smaller giving 3.3 8, for the K-K 
closest distance of approach, 3.5 8, for Rb-Rb and 3.6 8, for Cs-Cs. The alkali-lead 
distances were then chosen to be the mean of the lead-lead and alkali-alkali in the 
system under consideration. Slightly different choices were also tried but were found 
to make no significant difference. 

Our starting configurations were generated in two different ways chosen so as not 
to bias the results towards a preconception of the structure. One method was to place 
atoms at random positions and then move them around until the restrictions on closest 
distance of approach were satisfied. This was used to create starting configurations of 
1000 atoms for each of CsPb, RbPb and KPb. The other method was to start from 
a configuration of 1728 atoms that had previously been obtained in a calculation for 
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molten CsCl (chosen because Cs and CI have similar ionic radii, as do K and Pb, 
but CsCl is strongly chemically ordered while KPb is not). This was used for all the 
K-Pb alloys. The calculation for KPb was thus run from two completely different 
starting configurations. The final results from the two were found to be the same (i.e. 
not with identical atonic coordinates but with identical correlation functions, within 
statistical error). After convergence the calculation continued saving one configuration 
every N accepted moves (where N is the number of atoms used in the model) in order 
to obtain better statistics on the correlation functions calculated. The numbers of 
configurations saved were 10 for KPb and 20 for all the other systems. 

The procedure just described would be expected to produ'ce the least ordered 
structure that is both physically self-consistent and consistent with the data and con- 
straints. To see whether it is possible to find a more ordered structure we have done 
two calculations for KPb starting with a configuration produced by the MD simulation 
of Reijers el n l (1990) .  In the first of these we accepted only moves that improved the 
fit (the usual procedure, see McGreevy and Pusztai (1988), is to allow some moves that 
worsen the fit to avoid the possibility of getting trapped in local minima) and ran the 
calculation until agreement with the data was obtained; i.e. the initial configuration 
was  changed only as much as was necessary to obtain agreement with the data.  In 
this way we hoped that the Pb, tetrahedra that exist in the simulated configuration 
would be retained by the RMC calculation if they were actually consistent with the 
experimental data. The second calculation was slightly different because it included 
an additional constraint concerning the coordination of Pb  atoms. The atoms within 
the Pb, tetrahedra of the hlD simulation do not get further than 3.6 8, from one an- 
other. This means that all the Pb  atoms have exactly three Pb  neighbours within this 
distance. We retained this condition in our RMC calculation by rejecting any move 
that would change tliis coordination number. I n  what follows we will refer to these 
calculat.ions as RMC-I1 and R M C I I I  respectively and to that described in the previous 
paragraph as RMC-I. 

M A  Howe and R L McCreewy 

4. Results 

A comparison of some of the RMC structure factors after convergence are shown in 
figure 2. In the case of the equiatomic alloys the agreement, although not perfect, 
is very good, reproducing both the peak at  approximately 1 A-' and the structure 
a t  higher momentum transfer, and can be considered to be within the experimental 
error. This is also true for the RMC-I, 11 and 111 calculations for K,,,Pb,,, although 
for clarity they are not all shown. The agreement i n  the case of the other K-Pb alloys 
does not appear so good but in these cases the quality of the data is apparently less 
good too. The resolution is rather poorer and may not have been entirely corrected 
for by our correction procedure ( i t  was not possible to get any better agreement with 
the uncorrected data). We believe, therefore, that even in these cases the agreement 
is reasonable. 

The partial pair correlation functions g(r) for K,,,Pb,,, and CsPb are shown in 
figure 3. Considering first those for K,,,Pb,,, wesee that for RMC-I the three functions 
gKK(r)! gKpb(r) and gPbPb(r), although they do show small differences and peak at  
slightly different positions, are on the whole fairly similar to one another. In CsPb 
there is more difference, with a much taller and sharper peak in gPbPb(r). This can 
be understood as being due to the larger size constraint imposed for Cs than for K 
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Figure 2. Comparison of RMC (full curve) with experimental data (broken curve) 

(bottom left), RbPb (bottom centre) and CsPb (boltom right). For Ko.sPbo.5 the 
experimental data is the Argonne data and the RMC result is from RMC.1, for the 
other composilions of KsPbi-= we have used OUT deconvoltion. 

forKo.sPbo.5 (topleft), Ko.zsPbo.is (top centre), Ko.asPbo.ss (top right), Ko.ePbo.2 

in the calculations and it may be that such a larger peak would be a more realistic 
description for KPb. The result of RUC-11, equally consistent with the experimental 
data, indeed has aslightly more sharply peaked gpbpb(r) although the main difference 
is a rather broader gKK(r). RMC-I11 again produces a broader gKK(r) with a slightly 
narrower gPbPb(r). However it is clear that in RMC-111 the Pb, tetrahedra are not as 
well separated as they are in the MD configuration, since the first minimum is non-zero. 

The corresponding partial structure factors are shown in figure 4. Despite the 
apparent similarity of the three partial g(r)'s for RMGI ,  the structure factors are not 
similar as it is quite clear that the FSDP seen in the experimental data at Q ~3 1 A-' 
is reproduced predominantly in one of the partial structure factors: APbPb(Q). This 
is also true for RbPb and CsPb and for all the other compositions of K,Pb,-, and 
indicates that  this feature is due to lead-lead correlations, presumably between neigh- 
bouring lead clusters. RMC-I1 and 111, however, produce a different result: although 
the structure factors are similar to those of RMC-I at higher Q the FSDP is distributed 
differently being seen in both AKK(Q) and APbPb(Q) with a corresponding negative 
peak in AKPb(Q). This is a feature typically found in ionic systems, indicating charge 
ordering, and can be considered to be due to the ionic potentials used in the MD 
simulation. 

To consider whether the clusters indicated in RMC-I are the Pb, tetrahedra that 
have been hypothesized we have calculated bond angle correlations and nearest neigh- 
bour distributions, some of which are shown in figures 5 and 6 respectively. Neighbours 
are defined as those within 3.6 8, of a Pb (chosen from the maximum separation of 
tetrahedral P b  in the MD simulation) or 4.0 8, of a K (because of the slightly larger 
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Figure 3. The partial pair correlation functions ~ A A ( F )  (left), gApb(7) (centre), 
and gpbpb(T) (right) for Ko.sPbos (top) and CsPb (bottom). For Ko,sPbo.:. the 
full curve is the result of RMC-I, the brokn  of RMC-11, and the broken and dotted of 
RMC.UI. 

K-K cut-off). The bond angle distributions calculated were similar for all the systems 
and we show only those for K,,5Pb,,,. For RMC-I1 and 111, which both started with 
well separated Pb, tetrahedra, the Pb-Pb-Pb distribution is almost entirely a peak 
about cos0 = 0.5 as would be expected for tetrahedra. However the distribution of 
number of near neighbours in RMC-11 shows that a majority of the leads have zero, 
one or two lead neighbours within 3.6 A rather than the three that would be obtained 
from the starting configuration of tetrahedra. This indicates that in order to obtain 
a good fit to the experimental data, starting from the MD configuration, RMC-I1 has  
broken up the tetrahedra into fragments which have retained their internal angles of 
approximately 60'; these fragments have not yet come close enough to one another 
to either produce any neighbour numbers greater than three or introduce any 'bond 
angles' significantly different from 60". The neighbour distribution obtained from 
W C - I  is really rather similar, the difference being that there are slightly fewer three 
coordinated leads and there are some four and five coordinated ones. The bond angle 
distribution is peaked at cos0 a 0.5 but also indicates a significant number of larger 
angles. This suggests a similar structure to that found from RMC-II but slightly more 
disordered. (Note that if RMC is run on from the RMC-I1 structure then the RMC-I 
structure is eventually obtained.) For CsPb we find a slightly greater tendency to 
tetrahedra formation than KPb (RMC-I), i.e. a sharper 60' peak and a larger degree 
of three-fold Pb-Pb coordination, and for RbPb a slightly smaller tendency (see later 
discussion). 

Turning our attention to the results for the non-equiatomic K-Pb alloys we see 
that the partial g(r)'s (figure 7) slope gradually towards their limiting values of 1 a t  
large r, gKpb(r) sloping upwards and gKK(r), in the case of the lead-rich alloy, or 
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Figure 4. The partial stmdwe factors AAA(Q)  (left), AApb(Q) (centre), and 
Apbpb(Q) (right) for I<o.sPbo.s (top) and CsPb (bottom). For KO sPb0.5 the full 
curve is the result of RMC-I, the broken of RMC-11, and the broken and dotted of 
RMC.111. 

gPbPb(r), in the case of the potassium-rich alloys, sloping downwards. This indicates 
a degree of phase separation, or clustering, in these alloys. The fact that  the limiting 
value of 1 is reached only at  the largest distance for which g(r) is calculated, which 
is half the box size, suggests that the box used was not quite large enough to provide 
an entirely accurate description of this phase separation and may partly explain why 
the agreement with the experimental data in these cases is not as good as it might 
be. The partial structure factors (figure 8) show an FSDP only in ApbPb(Q), with 
the peak height being small for K,,,Pb,,, and Ko,25Pbo,75. K,,Pb,,, and Ko,65Pbo,35 
also show steep rise a t  the lowest Q value, indicative of phase separation; this rise is 
probably larger than it should be since to adequately model this effect would require 
additional data  below 0.5 A-'. 

Considering now the neighbour distributions for the E;-Pb alloys as a function 
of composition we find that increasing the lead concentration causes a shift in the 
distribution of number of lead and potassium neighbours of a lead atom towards higher 
and lower numbers respectively, as might be expected. However decreasing the lead 
concentration does not have the opposite effect. Although there is a slight increase in 
the number of leads with no lead neighbours the distribution for K,,,Pb,., is really 
remarkably similar to that for the equiatomic alloy. This indicates that the lead atoms 
are still tending to cluster when they are present in relatively low concentrations. The 
distribution of numbers of neighbours around potassium shows similar behaviour when 
the concentration of potassium is increased beyond the equiatomic: the distribution 
of potassium neighbours shifts to higher numbers while that of leads shifts to lower 
numbers. However when the concentration of potassium is reduced the distribution 
of potassium neighbours stays much the same while that of lead neighbours is shifted 
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Figure 5.  Distributions of number of K (white bars) and P b  (black bars) within 
4.0 A of K a t o m  (top7 and 3.6 A of Pb atoms (bottom) for KozsPbo 15 (left), 
Ko.sPbo.s (centre) and KO sPboa (right). 

Number of neighbours 

Figure 6 .  Bond angle distributions for molten Ko,,Pbo.s. The full curve is for 
RMC.1, the broken lor RMC.11, and the broken and dotted lor RMC.III. The Pb-Pb- 
Pb distributims have been divided by 3. 
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.o 

Figure 7 .  The partial paircornelationfuncti~sgKK(r) (fullcurve),gKpb(r) (broken 
curve), and gpbpb(P)  (chain curve) for Ko.lsPbo.ia (lop), Ko.esPbo.35 (centre) and 
Ko.8 Pbo.2 (bottom). 

towards higher numbers. This indicates that while there must be some degree of 
phase separation in order to maintain the same distribution of potassium neighbours 
the increased number of smaller lead atoms increases the total number of neighbours. 

5. Discussion 

The crystalline phases of (K,Rb,Cs)(Sn,Pb) alloys contain tetrahedral arrangements 
of P b  or Sn atoms. Zintl and Brauer (1933) proposed that such ‘polyanions’ were 
stable since Pbj- is isoelectronic with the P, molecule, which is known to be stable 
in the gas phase. Geertsma el a1 (1984) extended this idea to propose that the persis- 
tence of ‘Zintl’ ions into the liquid phase would account for the unexpected resistivity 
behaviour of Na,Sn,-, and Na,Pb,-, alloys (van der Mare1 e t  al  1982). The idea 
was further supported by resistivity measurements on (K,Rb,Cs),Pb,-, alloys (Mei- 
jer el a l  1985, Meijer e l  a i  1986, Meijer 1988) which show strong maxima a t  the 
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0 

Figure 8. The partial structure factors A,,(Q) (fuU curve), A K P ~ ( Q )  (broken 
curve), and Apbpb(Q) (chain curve) for Ko.mPbo 75 (top), Ko.ssPbo.ss (centre) and 
Ko.aPbo 2 (bottom). 

equiatomic composition, The rapid decrease in specific heats as a function of temper- 
ature of (K,Rb,Cs)(Pb,Sn) alloys (Johnson and Saboungi 1987; Saboungi et al 1988; 
Reijers 1990) is indicative of a tendency for some structural unit, presumably the Zintl 
ion, to dissociate as temperature increases. Reijers (1990) has  developed a thermody- 
namic model which suggests that in IiPb 78% of the tetrahedra are in fact dissociated 
just above the melting point. This would be consistent with inelastic neutron scat- 
tering data which show no evidence of vibrational modes of well defined tetrahedral 
species, but inconsistent with RPSU, RISM or MD structural models which assume 100% 
tetrahedra. 

In the discussion that follows we shall concentrate on K,Pb,-,. It has been noted 
earlier that the results for CsPb are similar to those for KPb but with a greater ten- 
dency to tetrahedra formation, while RbPb h a s  a smaller tendency. This can of course 
be directly correlated with the FSDP height. The result for CsPb is not surprising since 
here the resistivity maximum at the equiatomic composition (Meijer e t  al 1986) is 
much sharper than for KPb (Meijer e t  a1 1985). However for RbPb, which has a 
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resistivity behaviour intermediate between KPb and CsPb (Meijer et a1 1986) one 
would have expected an intermediate FSDP; the observed height is not explicable in 
terms of the scattering length differences between the alkali atoms so we would suggest 
that  for this sample the composition may have been incorrect by a few per cent. A 
temperature error is also possible though this would have to be 100-200 K. 

RMC has produced a number of structural models that  are consistent with the 
data for KPb, which is not particularly surprising for such an ill-conditioned problem. 
However these models have three features in common: (a) a degree of clustering of 
the Pb  atoms, (b) intermediate range order between P b  clusters leading t o  a FSDP 
predominantly in APbPb(Q) and (c) 60' Pb-Pb-Pb bond angles. All of these features 
are indicative of a tendency to form Pb, tetrahedra and so are consistent with the 
underlying picture of Zintl ion stability. We believe that this in itself is a remarkable 
result and demonstrates the strength of the RMC technique. This information is inher- 
ent in the data and yet it could not be extracted (i.e. one could not tell, for instance, 
whether K or Pb  atoms were clustering) simply by observation of the structure factor 
or radial distribution function. However the range of RMC structures also shows that 
well defined (tetrahedral) structural units are not required to explain the FSDP (this 
has also been found for molten salts (McGreevy and Pusztai 1990)). 

The RMC-111 model contains 100% Pb, tetrahedra which would appear to be incon- 
sistent with thermodynamics; in addition the tetrahedra approach each other more 
closely than would be expected for a (4-) charge so we believe that this model is 
unreliable. In any case a completely tetrahedral model would be inapplicable for 
non-equiatomic compositioils. We could easily construct a whole range of models 
intermediate between RMC-111 and RMC-I, so how should we choose the one that is 
consistent with the other data? I n  figure 9 we plot the resistivity as a function of Pb 
concentration (Meijer 1988) and the height. of the FSDP in APbPb(Q) (RMCI model 
for KPb); they are highly correlated. This can be qualitatively understood since the 
FSDP height is related to the degree of Pb  clustering which is in turn related to the 
degree of electron 1ocaliza.tion. Furt,her support for a simple relationship comes form 
the temperature dependence of the structure of KPb (Reijers et a1 1989a); the FSDP 
height in the total structure factor decreases by 20% as the temperature increases 
by 60K, which is approximately the same as the decrease in resistivity. Such a rela- 
tionship would not be so clear in the more strongly tetrahedral models (e.g. RMCII  
and 111) where the FSDP also occurs in A,<,<(&). Finally we would note that the RMC-I 
model contains 25% tetrahedra, very close to the 22% predicted by the thermodynamic 
model of Reijers (1990). 

At non-equiatomic compositions of the K-Pb alloy there seems to be a degree 
of phase separation, although this appears to be not into separate regions of K and 
P b  but into regions in which K and P b  are mixed in roughly equal proportions and 
regions composed almost entirely of the predominant component. In the potassium- 
rich alloys the lead clusters and the arrangement of potassiums around the leads are 
much the same as they are in the equiatomic alloy; however in the lead-rich alloys the 
environment of the potassium ions differs from that i n  the equiatomic alloy, containing 
more lead atoms. These results are completely consistent with the high excess stability 
of the equiatomic composition (Saboungi et a1 1987). As clustering is observed when 
K is present only in fairly small amounts one might also expect a slight tendency to 
cluster in pure molten lead. In this context it is interesting to note that Dzugutov 
et  a/ (1988) have fitted a pair potential to the structure factor for liquid lead using 
MD simulation; they can reproduce the experimental data to a high degree of accuracy 
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6. Conclusions 

Although the bad conditioning of this problem means that we must be careful it is 
nevertheless possible to come to some conclusions. The diffraction data are not con- 
sistent with all the Ph atoms i n  KPb being in tetrahedral Pb:- Zintl ions, since these 
must, approach each other too closely to reproduce the data accurately. However un- 
constrained RMC models, which are found to contain 25% tetrahedra at the equiatomic 
composition, would appear to be in remarkably good agreement with difl'raction, ther- 
modynamic and resistivity data  over a range of compositions. We have stressed that 
the RMC soliition is not unique and, given lhe tendency of RhlC to produce the most 
disordered structure consistent aitli data and constraints, this is likely to represent 
a lower bound to the degree of Zintl ion formation. What is now required is a more 
sophisticated method of quantitatively conibining thermodynamic and resistivity data 
with structural modelling. 
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