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Abstract. The partial radial distribution functions go$(') and partial smcture factors S,p(t) 
obtained in computer simulations of the ionic mells of stoichiometry MCI, with a recently 
inwoduced polarizable ion model are described. The calculated quantities exhibit distinctive 
sWctural features which have been discovered experimentally and attributed 10 'covalency'. 
These include a shift in the position of the principal peak of g++W relative to g--(r)  with 
decreasing cation size and a pre-peak in S++(k) .  

1. Introduction 

Extensive neutron scattering studies of the molten halides of alkaline earth and other metals 
with doubly charged ions have revealed an intriguing evolution of the short-range order 
with cation size c1-51. Partial radial distribution functions (RDFS) for the different ionic 
species g++, g-- and g+- have been separated by the isotopic substitution method [6] .  
The most extensive data are for the chlorides, on which we will focus, but the more limited 
data available for other halides appear to fit into the pattern we outline below. 

For large cations, exemplified by BaClz [7] as shown in figure I@), the liquid RDFs can 
be readily interpreted from their resemblance to those of the fluorite structure (into which 
BaClz and SKI2 crystallize). In the perfect fluorite structure the anions form a simple cubic 
lattice with the cations occupying the cen- of alternate cubes, which are corner sharing, 
giving an overall Fcc arrangement (Fm3m). The RDFs for the solid therefore show a nearest- 
neighbour peak in g+- (at half the cube diagonal) which integrates to a coordination number, 
a+-, of eight. The next-nearest-neighbour peak is in g--, at the cube edge separation: the 
first peak in g++ appears at still larger separations-the full cube diagonal. A simplistic view 
of the fluorite structure is that it is optimal for maximizing the distance between the highly 
charged cations for radius ratios in the range 1 < u-/u+ < 1.37. These fluorite features 
are clearly preserved in the BaClz melt RDFS shown in the figure, and n+-, determined by 
integrating to the first minimum in g+-, is 7.7 [7]. 

As cation size diminishes (a set of crystal radii is given in table 1 for guidance) the 
melt RDFs depart more and more strongly from this simple ionic picture although the out- 
of-phase oscillations of the unlike and like partial RDFs indicate the continued importance 
of coulombic effects. On moving to Ca. Mg and Zn the first peak in g+- sharpens and 
n+- diminishes to a value of approximately 4 (see table I), which suggests local tetrahedral 
coordination. There is also a marked inward shift of the first peak in g++ relative to that 
in g--. This trend is already apparent for SrC12 (figure l(b)), but is pronounced for MgClz 
(l(c)) and ZnClz (I(d)) where the first peaks of g++ and g-- coincide, contrary to the 
requirement of maximizing the separation of highly charged cations. Computer simulations 
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Table 1. Experimental cation radii and mrdination numbers for the divalent d o n  halides 
under investigalion. 

Cation m (au) Coordination number 

M$+ 1.228 4.3 
zn2+ 1.39s 4.3 
Ni'+ 1.474 4.7 
ca*+ 1.871 5.4 
S$+ 2.135 6.6 
Ba2+ 2551 7.7 

based upon a 'rigid-ion' model, with Bom-Mayer pair potentials, cannot reproduce this 
behaviour [I I, 121-a fluorite-like ordering of the peaks in gtt and g-- appears unless 
unphysically large dispersion interactions between the cations are introduced [ 131. Coupled 
with the change in melt RDFs with diminishing cation size, there is also a change in the 
structure of the crystals into which these materials crystallize. CaClz forms a distorted &le 
smcture (Pnnm) [ 141 whereas MgCll forms the layered CdI2 structure, in which adjacent 
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hexagonal layers of anions alternate with layers of metal ions ( d m ) .  Whilst the general 
change from the eight-coordinated fluorite structure to six-coordinated structures can be 
predicted through radius-ratio rules (i.e. it  is a packing effect) the relationships between the 
six-coordinated structures are more difficult to understand [15]. 

The RDF data we have Surveyed focuses attention on the short-range order in the melts, 
i.e. on the integrated intensity of the first peaks and their relative positions. The scattering 
data have shown another unexplained structural characteristic of the chloride melts with 
intermediate sized cations (Ca, Mg, Zn), which is related to the order at longer range. In 
the cation-cation partial structure factor S++(k)  of these systems there appears a ‘pre-peak‘ 
at momentum transfers k = kp which are about half the principal peak values (i.e. at around 
1 k’); crudely speaking, then, the pre-peak is associated with structure on a length scale 
about twice the shortest cation<ation separations in the melt and is thus regarded as the 
signature of ‘intermediate-range order’ in the melt. Wood and Howe et a1 [4] have noted 
the similarity between k ,  and the Bragg peaks related to the correlation between the planes 
of cations in systems that crystallize in the CdIz structure. The phenomenon is not a pre- 
crystallization effect, however, as the amplitude of the pre-peak does not diminish with 
increasing temperature, at least in ZnClz [16]. Furthermore, not all systems that exhibit a 
pre-peak in the melt crystallize into a layered structure. 

To summarize, then, as the cation size diminishes the h4X2 melts develop local and 
intermediate-range order which is not readily explained on a simple ionic model. This, 
coupled with the fact that these systems form crystals which contain such non-coulombic 
features as adjacent layers of anions (CdI2 structure), has lead to the suggestion that these 
structures are a consequence of ‘covalent’ interactions. Enderby and Barnes [Z] describe 
covalency as ‘interactions which change the charge distribution of the valence electrons ...I 

and have stressed the crucial role of the size of the cation, rather than its specific electronic 
configuration, in determining the structure in the melt. Chemists would probably prefer a 
less catholic description of covalency which implied charge redistribution between anion 
and cation. It is our purpose in this paper to show that all the data on h4X2 melts which we 
have surveyed can be explained without invoking charge transfer and within the ionic model 
provided that the effects of ionic polarization (induction forces) are included. Elsewhere [ 151 
we will discuss the preferred crystal structures from the same viewpoint. Our objective is 
to show that a simple potential, based upon the ionic model, with no change in parameters 
save the cation radius, can encompass the range of behaviour we have detailed. Our concem 
is to identify the simplest model that accounts for the trends, rather than account in detail 
for specific systems. 

2. The model 

The way in which the ion polarizability is included in our simulations was described in detail 
in an earlier paper [ 171. Briefly, dipoles induced in the polarizable ions are represented by 
rods of fixed length but variable orientation with variable charges on the ends. The rod 
orientation and the dynamic charges are determined self-consistently from the total coulomb 
field acting on each ion, which arises from the charges and induced dipoles on the other ions 
in the system. In addition, short-range (‘induction-damping’) potentials may be included, 
which represent the way the induced dipole between a pair of ions differs from the pure 
Coulomb value when their charge distributions overlap. The instantaneous induced dipoles 
in the simulation are determined by an application of the Car-Parrinello method [ 18,191; 
similar techniques were introduced by Sprik el a1 [ZO-D] to represent the induced dipoles 
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in water. Since the full self-consistent induced dipoles are used in the calculation of the 
interionic forces the non-additivity of the induction effects is included. The treatment of 
the dipole polarizability is similar in spirit to that in the shell model [24]. except that 
all the parameters in our model have a well defined microscopic significance and may be 
determined a priori from electronic structure calculations. Systematic application of the 
shell model to the melts of interest here has been precluded by difficulties in parametrizing 
the model and by technical difficulties such as energy conservation. A recent paper suggests 
that these technical problems may now be solved [25]. 

Besides the induction effects, we include the short-range, overlap-repulsion and 
dispersion interactions between the ions by including a pair potential of Bom-Mayer form 
between the ions, i.e. 

M Wilson and P A Madden 

u(ri,) = Bij exp(-aijrij) - Cii/r$ - LJij/rt t QiQj/rij 

where the parameters B;j, aij. Ci, and Q j  have their usual meaning [24]. Note that adding 
induction effects to the Bom-Mayer potentials is not inconsistent as the pair induction 
terms, which would be proportional to r,74, are explicitly exciuded from the Bom-Mayer 
form since in cubic crystals the pair charge-induced dipole is completely cancelled by a 
three-body term due to the high symmetry. In the melt (and crystals of lower symmetry) 
these terms survive and, as we will show, play an important role. 

2.1. Parameters of rhe model 

We will describe the results from a series of simulations with potentials which differ only 
in the choice of cation radius. For the present, we will neglect induction damping. In 
order to focus on the subtle smctural effects which arise from the intelplay of the induced 
dipoles on the anions and short-range forces we neglect any contributions to the potential 
that do not influence the structure (as opposed to the energy). For this reason we omit 
all dispersion terms (we have shown that physically reasonable choices for the dispersion 
terms [261 do not radically change the structures) and also neglect the cation-cation Bom- 
Mayer repulsion, since Coulomb repulsion is sufficient to keep the cations apart. We further 
neglect the role of induced dipoles on the cations; we can anticipate that these will be less 
important than those on the anions. The induction energy of the cation charge with the 
anion polarizability is proportional to eta-, compared with Q%+ for the anion charge 
with the cation polarizability. Even for the most polarizable cation Ba2+. a+ is only half 
the CI- polarizability [26], so that Qta- is larger than eta+ by a factor of eight. 

We choose the remaining parameters in the spirit of a strict ionic model, in which 
formal charges are used for Q+ and Q- and in which the anion properties are kept constant, 
irrespective of the particular cation; in reality, of course. some variation is expected [26,27]. 
The C1- polarizability, which fully determines the induced dipoles, is chosen to be 20 au- 
essentially the value for CI- in an NaCl crystal [271. The short-range anion-anion interaction 
parameters B-- and a-- are fixed at B-- = 25.00 and a-- = 1.3. These give a similar 
potential energy curve to the values utilized by de Leeuw [28.29] from fits of the properties 
of the SKI2 crystal by Busing 1301 (E-- = 20.61 and a-- = 1.11). 

The remaining parameters B+- and a+- determine the repulsion between the cation 
and anion. The parameter a+-, that controls the steepness of the repulsion, is fixed at 
1.6 au-the value used by de Leeuw for SrCIz. This parameter is determined by the rate 
of change of overlap of the tails of the charge &nsities of the cation and anion which 
should be almost independent of the specific cation. The cation density can be expected to 
drop very steeply with distance from the cation centre so that the value of a+- should be 
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determined by the shape of the relatively diffuse charge density around the C1- ion. B+- 
is the only parameter in our model that depends on the identity of the cation, it controls the 
amplitude of the repulsion at a given separation. As such, it can be regarded as a measure 
of the cation radius U+ since we may rewrite the Bom-Mayer repulsion in the form 

B+- exp(-a+-rij) = A  exp(-a+-[r:j - (U+  + U - ) ] ]  (2.2) 

and, in the spirit of the rest of the model, regard the Cl- radius U- and A as constants. 
Table 1 gives the experimental cation radii whilst table 2 gives those derived from our B+- 
term fixing the B+- = 150 au term as giving the cation radius of Baz+. We see that this 
means that the other cation radii are consistently higher than the crystal radii of table 1. 
This is consistent with the model as we are neglecting short-ranged induced dipoles (or 
induction damping) and hence the anions require a larger effective cation radius to prevent 
them from overpolarizing [17]. 

Table 2. Effective cation radii and coordination numbers for lhe generalized MClz model 

60 1.98 2.06 
65 2.03 3.76 
70 2.07 4.22 
80 2.16 458 

100 2.30 5.45 
120 2.41 6.20 
135 2.49 6.42 
150 255 6.63 

The simulation system consists of 108 MClz ‘molecules’ (i.e. 324 ions). The same 
number density was used in all the simulations, irrespwtive of the effective cation radius. 
The box length was fixed at 42 au, which gives the melting density for SrC12. Again, this 
is done in the spirit of using the simplest model possible to look at the trends although, 
somewhat surprisingly, the actual experimental densities for the melts of the smaller cations 
do not differ substantially from this value. All simulations were performed at a temperature 
of 1200 K, roughly the melting temperature of SrC12. The experimental temperatures for 
some of the melts (notably ZnClz) are significantly lower. Each run was over 1OooO steps 
with a timestep of 20 au (=OS x s). 

3. Simulation results 

3.1. Short-range order 

Figure 2 shows the results obtained with the polarizable ion model (PIM) for four values of 
B+. The evolution of the RDFs with decreasing cation radius (decreasing B + - )  parallels that 
found experimentally in the series Ba2+ (similar to E+ 4 5 0  au), S$+ (B+- = 120 au), and 
Mgz+Enzt (Et- =lo0 au). The inward shift of the g++ peak and the increased sharpness 
and decreasing coordination number (see table 1) of g+ are reproduced. Comparison of 
the ionic crystal radii in table 1 with the effective cation radii, obtained from equation (2.2), 
given in table 2 shows that this agreement is reached for physically reasonable values of the 
short-range repulsion parameters. The shapes of g++ and g--, especially for Mgz+/Znzt, 
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Figure 2. Parlid RDR for the PIM for differed values of the short-range repulsion parameter 
E+- (effective cation radius): (U)  E+- = 150 au, compare figure l(n): (b )  B+- = 120 au. 
compare figure I(b); (c) E+- = 100 au; ( d )  a+.. = 60 au 

are not in good accord with the experimental ones; a good deal of improvement would 
be brought about simply by carrying out the simulations at the experimental temperatures, 
but to obtain detailed agreement the very simple potentials we have used would need 
refinement-as we have said in section 1, this is not our goal here. 

Figure 2(d)  shows the RDFs in the extreme of small cation radius (B+  = 60 au); there 
seems to be no experimentally studied chloride to which these data pertain. However, 
the extremely sharp peak in gt- and the almost structureless forms of g++ and g-- are 
reminiscent of the observations on NI12 [31]. 

In figure 3 we contrast the RDFs for the PIM with those obtained for rigid-ion models 
(RIMS), which are identical in every way to those in the PIM except that the anion 
polarizability is set to zero. In agreement with previous RIM simulations [ 1 I, 121, we find 
that the fluorite-like ordering of the first peaks in g, and g-- is preserved, irrespective 
of the cation radius. This comparison indicates that the major features of the evolution 
of short-range structure with cation radius observed experimentally are attributable to the 
induction forces caused by anionic polarization and their interplay with packing effects. 
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r/A 
Figure 3. As figure 2 but for the RIM. 

3.2. Intermediate-range order 

As noted in section 1 a prominent pre-peak is observed experimentally in the cation+ation 
structure factor S++(k) for the smaller cations, and is indicative of intermediate-range order. 
The pre-peak is seen for MgC12, ZnCI?, CaCI2 and in the nickel halides but is absent for 
BaClz and SrC12. 

To compare the simulation results for S++(k) with experiment we must be careful to 
avoid introducing artifacts associated with the limited system size and the consequential 
truncation errors in Fourier transforms. Hence we obtain the structure factors directly, by 
calculating 

rather than by Fourier transformation of the RDFS. The calculation is performed at those 
wavevectors k that are commensurate with the periodic boundary conditions used in the 
simulation; i.e. are of the form k = (2n/L)(m,n, p). where m,n, and p are integers and 
L is the cell length. S,fi(k) is then obtained by averaging over k vectors of equal length. 
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In figure 4 we show the full set of partial structure factors calculated in the simulations. 
In figure 4(a) the results for B+- = 100 au (Mg2+/ZnZ+) in the PIM are shown. The 
partial structure factors resemble the experimental ones quite closely [9, IO]: the pre-peak 
in S++(k) is prominent We have confirmed that the pre-peak is still present and unshifted 
in a much larger system containing 768 ions. The PIM data may be contrasted with those 
shown in figure 4(h), which is for the RIM at the same value of E+- = 100 au-no pre-peak 
is visible. Finally in figure 4(c) we show the effect of increasing cation radius to the 'Baz+' 
value, E+- = 150 au, in the PIM. No pre-peak is found, in agreement with the experimental 
findings. Hence, the pre-peak can be attributed directly to the effects introduced by the 
inclusion of induction terms. 

4. Structural analysis 

We have examined the instantaneous structurw adopted by the ions in the course of the 
simulations using a molecular graphics package [32]. A typical configuration from the B+- 
= 100 au run is shown in figure 5. The positions of the cations are indicated by the small 
dark spheres and those of the anions by the larger shaded spheres. The sizes of these 
spheres have been chosen to be only a small fraction of the actual ionic radii in order that 
the coordination structure of the melt can be clearly seen. In order to show this structure, 
ions whose separation is less than 6.8 au (i.e. the position of the first minimum in g+- for 
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B+- = 100 au) have been joined by a 'bond'. Note that we have not attempted to implement 
periodic boundary conditions in representing these bonds, so the ions at the edges of the 
cell are undercoordinated and not representative. In order to avoid cluttering the figure with 
too many ions, only the ions within a slice of width f L are shown. 

Figure 5. A snapshot of the B+- = 100 au PIM run indicating the occurrence of a network of 
tetrahedral S V U C ~ U T ~ S .  The small dark spheres are cations and the large spheres are ule anions. 
Bonds connect ions closer together than 6.8 au. 

The local tetrahedral coordination around the cations is immediately evident from the 
figure. These tetrahedra form networks which extend across the simulation cell. Adjacent 
tetrahedra are connected at a common corner. It is this comer sharing attibute which is 
facilitated by the polarizable anions; we will see shortly why polarizability favours these 
structures. That the three-dimensional structure can be described as a network of comer- 
sharing tetrahedra allows us to see why why the first peaks in g++ and g-- coincide. A 
crystalline system with this local structure would be ZnS, consisting of interpenetrating 
Fcc lattices, occupied by cations and anions respectively, and displaced by ( a .  i, i) (as in 
diamond). In this structure the nearest-neighbour cation-cation and aniowanion separations 
are equal. In the MX2 system only half of the sites on the cation sublattice will be occupied 
but the particle separations will remain equal. The origin of the pre-peak observed in S++(k) 
for this system is not immediately obvious as a specific intermediate-range order in the real 
space structure. However, we can see that the network tends to form rings of intermediate 
size which could be associated with this phenomenon. 
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The reason why polarizable anions tend to form non-linear bridging sites between a pair 
of cations is that the dipole induced by the cations on the anion lies in the M-X-M plane in 
such a way as to effectively interpose a negative charge along the line of centres between the 
two cations. The cation-cation repulsive Coulomb interactions are therefore screened by the 
polarizable anions. This description has much in common with the mechanism suggested 
by Ballone et a1 [331 to account for the shortened cation-cation separation in the MX2 
systems. 

Figure 6. A close-up of an anion bridging structure in the 8,- = 80 au NO. The negative end 
of the instantaneous dipole in each anion is indicated by a white sphere. 

This mechanism can be clearly seen in figure 6 where we have explicitly indicated the 
negatively charged ends of the induced dipoles with small white spheres placed along the 
direction of the dipole vector at 1 au from the centre of the anion. 

The comparison of figure 5 with the data obtained for the smaller cation in figure 6 
allows us to illustrate the subtle interplay between induction and packing effects and the 
rich variety of structures which thereby emerge. At /3+- = I 0 0  au the anion polarization 
favours single bridges between adjacent tetrahedra but for the smaller cations (B+- = 80 au) 
double bridges tend to form between adjacent cations, this leads to local four-membered 
ring structures and a break-up of the tetrahedral network. An alternative viewpoint is that 
the corner-sharing tendency becomes an edge-sharing tendency as the cation size is reduced. 
The extreme situation of very small cations (B+-  = 60 au, the “112’ analogue of figure 6 
is illustrated in figure 7; again the negative dipole ends are shown as white spheres). Here 
we see a quasimolecular MXI liquid in which the MX? ‘molecules’ are non-linear. 
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Figure 7. The quasimolecular smctures that appear for large ratios of the anion to cation radius, 
at 8,- = 6a a". 

5. Conclusion 

We have shown that we can qualitatively account for the cation radius dependence of the 
experimental data on the short- and intermediate-range order in molten MC12 systems by 
allowing for the effects of anion polarization in the potential. The potential parameters 
take physically reasonable values and support a strictly ionic interpretation for the origin 
of the structure in these systems. We have deliberately used a very simple potential and 
changed only one parameter-the cation radius-in order stress the rich structural behaviour 
which arises solely from the interplay between induction and packing. Direct comparison 
with rigid ion simulations, lacking polarizable anions but otherwise identical, shows that the 
observed effects are directly attributable to the induction phenomenon. To obtain quantitative 
agreement between the calculated RDFs and experiment more refined potentials will be 
required to represent dispersion, induction damping and the dependence of the range of 
short-range repulsions on the identity of the cation. 
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