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I. INTRODUCTION

ABSTRACT

Neutron diffraction patterns from K-KCS. and Rb-RbBr liquid

solutions at various compositions are examined in an ionic-mixture model

which neglects screening and aggregation due to the metallic electrons.

The main feature of the observed diffraction patterns for wave number

°-l
k above roughly 1 A are accounted for by the model. The approach

to the metal-rich end of the phase diagram is analyzed in detail from

different viewpoints in the K-KC£ system. Short-range correlations of

the potassium ions are described , •: tn is region by a metallic radius

deduced from properties of the pure liquid metal, but a simple expanded-

metal model must be supplemented by the assumption that considerable

disorder is introduced in i t s structure by the halogen ions. Features

of short-range ordering in the sal t-r ich region that are implied by a

shoulder on the high-k side of the main peak in the diffraction

pattern are also commented upon.

The alkali metals dissolve in their molten halides in any proportion

at sufficiently high temperatures . The electric conductivity of these

solutions rises with increasing metal concentration to values typical of a

metallic liquid, although an appreciable enhancement of the resistivity over

that of the pure liquid metal is still observed near the metal-rich end of

the phase diagram 2)
The structure of these mixed Ion-electron fluids 3),!*)

- 1 -

and of related systems such as the liquid cesium-gold alloys has lately

drawn increasing experimental attention.

From the theoretical viewpoint one can draw upon current inter-
"7 } P}

pretations ' of the structure of the liquid alkali metals as electron-ion

fluids to infer that the main structural contribution of the conduction

electrons In the metallic region Is associated with screening of the ionic

density fluctuations at relatively long wave lengths. For wave number k

above roughly 21L the observed diffraction patterns can instead be expected

to reflect the bare short-range correlations between the component ions in
91the mixture. This viewpoint has recently been taken in an interpretation

of neutron diffraction data on liquid cesium-gold alloys. On the other hand,
bound electron states in metallic aggregates, ultimately leading to F-cantre-
like states at very low metal concentration, are envisaged In the sal t-r ich
region . Such aggregates can again be expected to affect mostly the low-
angle scattering region in the diffraction pattern .

A detailed account of electronic effects is feasible at present only
in the two opposite limits of very low concentrations of solute. We pursue
in this paper an examination of the neutron diffraction patterns from metal-
molten salt solutions over the whole composition range but only from the
point of view of the short-range ionic correlations, thus renouncing an
analysis of the small-angle scattering region and I ts connection with the
thennodynamic fluctuation regime. In this respect these systems present
two main advantages over the cesium-gold system. Firs t ly , an alkali hallde
is a prototype ionic system rather than a polar semiconductor, as is the
case for stoichiometric cesium-gold. In particular, the gross features of
diffraction patterns from molten alkali halides are already reasonably well
understood on the basis of simple ionic models . Secondly, the neutron
diffraction data that have recently become available on the K-KC£ and
Rb-RbBr systems afford not only a broad overview of their structure at various
compositions but also a detailed examination of the approach to the metal-
rich end of the phase diagram. Interest in this region has already arisen
in connection with the effect of halogen impurities on the electric res is t ivi ty
of liquid potassium.
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The lay-out of the paper is briefly as follows. Sec.II introduces

the models used in the calculation of the ionic structure factors and

examines their results for the metallic region, with particular emphasis on

the K-KCi system. Sec.Ill is concerned with the salt-rich region, where

data on the Kb-RbBr system are available. Possible implications of an un-

explained feature in the diffraction pattern of the molten alkali halides are

discussed in Gee.IV. Sec.V finally summarizes the main results of our

analysis and its limitations.

II. THE METALLIC REGION

2.1 Ionic vs. metallic model

The following calculations of the partial structure factors entering

the neutron diffraction pattern of the metal-molten salt systems have "been

based on the mean spherical approximation (MSA) for a mixture of charged hard

spheres on a uniform neutralizing background representing the sea of metallic

electrons. An analytic solution of this model In the MSA Is available

and the essential equations are collected in the appendix. The thermo-

dynamic state of the system is specified by its temperature and composition,

that we take to be those of the experiment, and by the number density n,

that we take from experimental data for the K-KCJl system and estimate by

assuming additivity of the volumes of the components for the Rb-RbBr system.

The parameters of the model are the ionic charges that we take as

the bare ionic valences Z = tl and the ionic diameters, which fix the
*

distance of closest approach for the three types of ion pairs. While we can

rely on the results previously obtained on the molten alkali halides for

an estimate of the ionic diameter o of the halogen Ion in the mixture,

we recognize the possibility of two alternative choices for the diameter

of the alkali ion at finite metal concentration. The ionic diameter o.

as determined from the molten alkali halides clearly measures the size

or the core of the alkali Ion, and should be a relevant parameter to describe

the short-range correlations between cations and anions in the mixture as

well. The metallic diameter a as estimated from previous work on the

liquid alkali metals is instead a consequence of the ion-ion Coulomb

repulsion in a sea of electrons. It can be expected to describe the short-

range correlations between the positive ions at high concentration of metal,

when the number of halogen ions is no longer sufficient to effectively screen
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the Coulomb repulsion between alkali ions and the halogens rather act as

impurities to disrupt the basic structure of a liquid metal . We stress

that o does not represent the size of the alkali-ion core but serves to
m

simulate in the present approximate model the effect of the alkali-alkali

Coulomb repulsion In determining the alkali-alkali Coulomb hole in the metal-

rich region.

We shall refer for convenience to these two alternative choices of

the alkali ion diameter as the "ionic model" and the "metallic model",

respectively, and explore the transition between these two behaviours in the

K-KCfi. system. A possible improvement of this simple scheme may Involve the

development of a model which allows for different cation diameters in cation-

anion and cation-cation correlations. It is worth noting that we have also

tried an interpolation between the two choices indicated above, with weights

fixed by the concentration of metal- It appears, however, on comparison with

the experimental data that the transition from one type of correlations to

the other is quite abrupt rather than spread out over a wide range of

composition.

The comparison of our results for K-KC£ with the experimental

diffraction patterns is reported in Fig.l. The values of the ionie diameters

are c_ = 2.80 A, a± = £.58 i? and a^= 3.1*8 A for this system at 800°C.

The bottom diagram tests the ionic model for pure molten KC1 at 800°C. The

agreement with the experimental data is quite satisfactory if one excepts

the observed shoulder at about 3 A~ , on which we shall return in Sec.IV.

The two features in the diffraction pattern at lower wave numbers are associated

with the main peak of the charge-charge structure factor at 1.6 5?"1 and with
°-*lthe main peak in the number-number structure factor at 2.3 A . These peaks

reflect, as is well known, the short-range order in the ionic charge density

distribution and in the particle density distribution in the molten salt ,

respectively.

The next diagram refers to the K-KCH mixture at 15% concentration of

metal, i .e . x = 0.75 in the composition formula K -(KCJl) . Excepting

the region below 1 A for the reasons that we have already Indicated in the

introduction, it is evident that the same ionic model s t i l l gives a

satisfactory account of the data. The results obtained by both models are

reported at the next composition x = 0.80, and clearly the ionic model is

s t i l l definitely superior to the metallic model. Only at 9-0? concentration

of metal the transition from an ionic type to a metallic type of short-range

correlations seems to be occurring, as indicated by the fact that the two

alternative models are now giving essentially the same results. At x = 0.95



the metallic model is definitely superior in the region of the main peak of

the diffraction pattern, although it is still missing the gradual emergence

of the second peak in the diffraction pattern of the pure metal. These
12)

results confirm our previous work on the electric resistivity of dilute

solutions of potassium halides in potassium, which viewed the halogen ion

as an impurity disrupting a metallic structure to build up a co-ordination

shell of alkali ions.

Finally, the upper diagram compares our results for the metallic

model with experimental data on pure molten potassium at lUO°C. The

present results are of poorer quality than those obtained previously ' for

liquid alkali metals because no self-consistency has teen introduced in the

MSA approach. It is worth noting that an improvement in the region of the

main peak can "be most simply obtained, as indicated in the diagram, by

introducing an effective ionic valence S1 = 2/(1 - 5- p or) to simulate

an exclusion of the electronic background from the ionic core of the alkali.

Practically no improvement is obtained, however, in the region of the second

peak, which is instead well reproduced hy a self-consistent MSA.

To give a rough quantitative measure of this effect we have determined

the effective value of f that is needed tg fit the height of the main peak,

thus treating I" as a free parameter but preserving the above choice for

a". As shown in Fig.2, this fit also leads to a full adjustment of the peak

position. The shift of I" that is needed is a large one: it corresponds

to an increase in temperature (or perhaps more appropriately to a decrease

in Z from its value unity) by a factor of 2.2. A similar shift was found

for K-KCl at x = 0.9 and also for Kb-RbBr at x = 0.8, the highest concentration

of metal for which diffraction data are available on the latter system.

However, one should be cautious not to interpret literally this fitting

parameter as representing an equivalent thermodynamic state of the metal.

The connection between this disordering effect in the short-range correlations

and the enhancement of the electrical resistivity in the mixture is not direct,

since the latter is determined by the structure factors at longer wave lengths.

III. THE SALT-RICH REGIOH

2.2 Expanded-iaetal oodel

To gain further insight on the structure of the mixture in the region

of concentration where the metallic model is applicable, we have examined

another simple model which spreads out the halogen ions into the uniform

neutralizing background for the alkali ions. This "expanded-metal model"

pictures the mixture as a pure liquid metal of expanded volume v' = (2-x)v

per atom, v being the average volume per particle in the mixture. This

fixes the effective mean radius a' • i.3v'/hv) for the alkali atom sphere

and hence also the effective plasma parameter T1 ** (Ze) /(a'k T) of the

B
expanded-metal model at temperature T.

The results for K-KCi at x = 0.95 and T = 800°C are reported in

Fig.2. The comparison with the experimental data clearly shows that this

model reproduces approximately the position of the main peak in the

diffraction pattern but grossly exaggerates its height and thus the degree

of short-range order in the expanded metal. This calculation again confirms

the existence of a short-range disruptive effect of the halogen ions on the

metallic structure, which is of a very different nature from the smoothly-

varying screening effect due to the conduction electrons.

The diffraction data that are available for the Rb-RbBr system

allow a closer examination of the structure of these mixtures in the salt-

rich region. Our results are reported in Fig.3. The values of the ionic

diameters are a = 3.03 A, a. = 2.88 A and a = 3.88 A .
— i m

Unfortunately, the MSA does not describe the diffraction pattern from

pure RbBr as well as that of KCS,. As shown in the bottom diagram of Fig.3,
°-lthe height of the main peak is somewhat underestimated. This peak at 2 A

reflects the main peak in the number-number structure factor, while the peak

of the charge-charge structure factor at 1.U8 A is largely suppressed in

the total diffraction pattern by the similarity of the neutron scattering

lengths of the Rh and Br nuclei.

Keeping in mind the above deficiency of our approach for this system,

the comparison with the data at finite concentration of metal essentially

confirms our preceding analysis for K-KCJ. At x = 0.15 the ionic model

predicts very l i t t l e change in the nature of the short-range correlations

relative to the pure molten salt, in accord with experiment. Additional

scattering is observed at this concentration in the low-k region, which may

be due to aggregates not included in our simple ionic model. The metallic

model and the ionic model become competitive at x = 0.8, and the former model

describes the data for pure molten rubidium about as well as for molten

- 5 -
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potassium. The transition from a basically ionic to a basically metallic

type of short-range correlations seems to occur in Rb-RbBr at somewhat lower

concentrations of metal than in K-KCt..

The failure of our approach to reproduce this observed structural

feature of the liquid may arise both from inaccuracies inherent in the MSA

treatment and from our hard-sphere schematization of the interionic forces.

An examination of computer simulation results based on Born-Mayer

repulsions for RbBr shows the presence of a shoulder in the calculated

diffraction pattern.

IV. THE SHOULDER IN THE DIFFRACTION PATTERN OF THE PURE MOLTEH SALT

We would now like to return to the pure molten salt and comment on

the shoulder on the high-k side of the main peak in the diffraction pattern,

that we noticed in KCJc at 3 A and is also present in the data for RbBr at
o-] (4)

2.7 A. Jal had already drawn attention to this structural feature of the

molten alkali halides, pointing out that it is observed in all the cases

that have been examined experimentally and that it consistently lies at a

wave number approximately twice as large as the position of the main peak

in the charge-charge structure factor. The shoulder reflects a feature in

the density-density structure factor, since i t is observed also in RbBr

where the scattering lengths of the two nuclei are very similar. This

feature is absent in our MSA calculations, as we stress in Fig.U by

reporting a comparison with the diffraction data of Mitchell et al. 18}

on molten RBC£. Similar discrepancies between approximate theory and

experiment exist in the partial structure factors in the same region of

wave number, as can be seen from results reported in Ref.lO.

In an attempt to ascertain the origin of this shoulder we may

contrast the diffraction pattern of the molten alkali halides with the Bragg

diffraction spots or the corresponding NaCi-type crystal. The charge-charge

structure factor goes over in this view ' into the diffraction spots of

an fee lat t ice, at vave vector:; of the form — (h,k,H) where a is the
a

edge of the cubic cell and the indices h, k and I are either all odd or

all even Integers. The number-number structure factor on the other hand

corresponds to the diffraction spots of an sc lattice with cell edge ~- ,

at wave vectors of the form —- (h,k,£) where the indices are all even. If

we now identify the position k̂  of the main peak in the charge-charge

structure factor with the first star of diffraction spots of the fee lat t ice,
we find that tne spot:. — (±2,0,0) and — (±2,±2,0) fall under the main

a a .̂

peak of the mur.ber-numter structure factor and the spots — (±3,*1,±1) and

-~ (±2,±2,±2) fall at 1.91 k and 2.0 k , respectively. Only the latter

spot can be associated with the number-number structure factor. The

suggestion thus is that the molten salt s t i l l reflects in its short-range

order not only the [1,1,1] planes of the fee lattice but also the relative

order of alkali and halogen ions in these planes.
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V. SUMMABY AMD COHCLUDIHG REMARKS

The main results of the preceding theoretical analysis concern the

types of short-range correlations that are realized in the metal-molten salt

mixtures in various ranges of composition. An ionic-liquid type of structure

appears to hold t i l l rather high concentrations of the metallic component,

of the order of 80-90$, are reached. At higher concentrations the mixture

can instead be viewed as an expanded metal rather strongly disordered by

the halogen ions. The transition between these two situations, which

correspond to a co-operative structuring effect by the halogen-ion component

on the one hand and to each halogen ion acting as an impurity to construct

i ts co-ordination shell on the other, appears to occur in a rather narrow

range of composition.

From the point of view of further theoretical work on these systems

we may mention for the metallic region the usefulness of developing models

with non-additive ionic radii and of exploring the small-angle scattering

region by electron screening theory. In the salt-rich region, on the other

hand, we have stressed the need for a refinement of the model to account for

the more subtle structural features that are revealed by the experiments.

A microscopic theory of the small-angle scattering region at low concentration

of metal, where presumably small metallic aggregates are formed in the

solution, appears instead quite arduous at the present time. It is also to

be hoped that more stringent tests of our suggested interpretation will

become possible through the experimental determination of partial structure
h)factors , on which a promising start has already been made by Jal

Finally, alternative experimental techniques such as EXAFS may provide useful

structural Information near the metal-rich end or the phase diagram.
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APPENDIX

MSA equations for a neutralized mixture of charged hard spheres

We collect In this appendix the essential equations used in our

calculations of the partial structure factors S o(k) for a mixture of

charged hard spheres on a uniform neutralizing background. More details

can toe found in Kef. 13.

The crucial quantities are the matrix of factor correlation functions
21)

Q _(r) f irst introduced by Baxter in his factorization method for the
dp

solution of the Ornstein-Zernike integral equation. These take the form of

third-order polynomials for the present Kystem in the MSA,

" Vfl (A.I)

Here ." = YL ̂ Z is the background density, determined through the

neutrality condition by the partial densities p and the valences Z

of the ionic components; a = — (a + a ) in terms of the hard-sphere

" 'diameters a
aa

and a
a

and are coefficients determined by

the set of parameters {p ,Z ,c ) and by the temperature of the system.

Explicit equations for the determination of these coefficients are given in

Bef.13. In the "metallic model" presented in the main test we actually

determine the metallic diameter o for the alkali ion through the condition

Q1 = 0, which ensures that the alkali-alkali radial distribution

function vanishes at contact.

From Eq. (A.I) we construct the matrix Q a^) ^y

iko .r r i v-^ i

where Xn = — (a -c ). The matrix of direct correlation functions
pa ^ p ct

is then given by

a/2

o
(k)

( A - 3 )

Finally the partial structure factors are calculated by matrix inversion,

since

Eq.(A.2) as reported in Ref.13 is affected lay a misprint in place of
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