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ABSTRACT

The Ornstein-Zernike equations for the structure of a fluid of positive ions in equi-

librium with a disordered matrix formed by chlorine ions are solved numerically in the

hypernetted-chain approximation, and the results are compared with those obtained for

the corresponding molten salt at complete equilibrium. Quenching of the halogen frame

in a model appropriate to CuCl enhances the delocalization of the Cu ions. A simi-

lar, though less striking, reduction in the short range order of the metal-ion component

is accompanied by an enhancement of its state of intermediate-range order in models

appropriate to trivalent metal halides with octahedral or tetrahedral-type coordination.

MIRAMARE-TRIESTE.

July 1993

A recent development in the theory of the equilibrium properties of dense fluids sorbed by

microporous materials has been the derivation of an integral-equations formalism stressing the

similarity between this problem and that of an equilibrium mixture (Madden and Glandt 1988,

Chandler 1991). The formalism has been applied to evaluate the structure of a fluid of hard

spheres in a sintered-type random structure of mutually penetrable obstacles and in a packed bed

of quenched hard spheres (Fanti, Glandt and Madden 1990).

We report in this letter on the results given by such an approach for fluids of positive ions

sorbed by a disordered matrix of halogen ions. Specifically, we examine this aspect of structural

behaviour for pair-potential models appropriate to CuCl, YCI3 and compressed AICI3. From the

available evidence on their equilibrium melts, the liquid structure of these materials may be

described as arising from a "deformable frame" of chlorines accomodating in a self-consistent

manner the metal ions at various types of structural holes (for a review see Tosi, Saboungi and

Price 1993). It therefore seems interesting to freeze the chlorine frame into a disordered matrix

and to enquire about the changes that result from this process in the short and intermediate range

order in the subsystem of metal ions.

We use the hypernetted-chain closure,

gy(r) = exp[- p <t)y(r) + h..(r) - c^r)] (1)

to relate the partial pair distribution functions gy(r) to the interionic pair potentials <t>jj(r). Here,

hjj(r) = gy(r) -1 and Cy(r) are the partial Ornstein-Zemike functions.

The chlorine matrix (henceforward denoted by the suffix i = 1) is realized by combining

eqn (1) forgjj(r) with the Ornstein-Zemike equation for a one-component disordered medium,

which in Fourier transform is

hn(k) (2)

ns being the partial ionic number densities. The resulting structure, though strictly referring to a

fluid of mono valent ions superposed on a uniform neutralizing background, closely resembles a

random packing of hard spheres at the Coulomb coupling strengths and ionic sizes of present



interest

Evidently, the disordered system of chlorine ions as obtained by the above procedure is in a

state of internal equilibrium. It is not allowed to relax upon insertion of the system of metal ions.

The structure of the latter is evaluated by combining eqn (1) for g22(r) and g]2(r) with the

Omstein-Zernike equations for a fluid in equilibrium within a fixed disordered distribution of

interaction sites (Madden and Glandt 1988),

h22(k) = c22(k) [ l + n2 hJ2(k)] + n, c21(k) h,2(k) (3)

and

h,2(k) = cl2(k) [l - n2c22{k)] + n, cu(k) h,2(k) - (4)

From the exact symmetry relation g2i(r) = gnW in the mixed fluid-obstacle ensemble it follows

that

c21(k) = h21(k) [ l -n2c22(k)] [ l +n, hH(k)] = c12(k) . (5)

Equations (2) - (5) should be contrasted with the usual Omstein-Zernike equations for a two-

component fluid in a state of complete equilibrium,

h(k) = c ( k ) + 5 > i c i i ( k ) h ( k ) . (6)

The above sets of equations were solved numerically by a straightforward extension of the

Gillan-Abernethy algorithm (Gillan 1979, Abemethy and Gillan 1980) on a discrete mesh of 513

points with a spacing 5r = 0.05 a. Here, a = (4nn/3)~ is the ion-sphere radius and n is the total

ionic number density. Tests using a mesh of 1025 points yielded practically identical results.

In crystalline CuCl at high temperature the mobility of die Cu+ ions is quite high and

melting appears to preempt an impending structural phase transition to a fast-ion conducting

crystalline phase. We adopt for this material the interionic pair potentials proposed by Stafford,

Silbert, Trullas and Giro (1990). These reproduce the main observed features of the liquid

structure, Le. typical molten-salt ordering in the Cu-Cl and Cl-Cl correlations combined with a

broad, featureless and heavily damped Cu-Cu structure factor. They also predict a large

difference in the mobilities of the two ionic species in the melt (Trullas, Gird and Silbert 1990),

which has been related to the observed liquid structure in terms of differences in the structural

backscattering of cations by cations and of anions by anions (Tankeshwar and Tosi 1991). On

comparing our results for the fluid-in-matrix (FIM) with those for the melt at full equilibrium

(MFE), we find that gQci(r) and gQiClW a r e hardly changed. However, the state of internal

short-range order of the Cu component is further weakened, as can be seen from the results for

gCuCuW shown in fig. 1. Evidendy, quenching of the chlorine frame enhances the delocalization

and hence the mobility of the Cu ions.

The evidence on trivalent metal halide melts indicates a structural evolution from cation-

dominated Coulomb ordering to loose network structures providing octahedral-type sites for the

metal ions, across the series of lanthanide metal chlorides from LaCl-j to YCI3. This trend can be

reproduced by a simple ionic model, which relates the increasing connectivity of the liquid

structure in a 3:1 melt at constant density and temperature to the decrease of the metal ion radius

from La3+ to Y3* (Tatlipinar, Akdeniz, Pastore and Tosi 1992). Tetrahedral-type coordination of

the metal ions becomes favoured on further decrease of their size from Y3+ to Al^ and, if the

density of the melt is allowed to relax, molecular-type liquid structures with strong intermolecular

correlations become competitive with network-type structures. AICI3 and FeCI3 at standard

pressure are indeed known to melt from layered crystal structures into liquids of strongly

correlated dimeric units. The whole structural evolution from LaCl3 to FeCl3 is accompanied by

the appearance and growth of a first sharp diffraction peak (FSDP) in the total neutron diffraction

pattern of the melt and in the metal-metal partial structure factor. The FSDP was first observed in

structural studies of chalcogenide and oxide glasses, and is a general signature of intermediate-

range order over distances of 5-10 A in disordered materials (Moss and Price 1985). Its

dependence on density and temperature in such covalently bonded materials has been analyzed on

the basis of computer simulations and theoretical modelling (Iyetomi, Vashishta and Kalia 1991,

Elliott 1992, and references given therein).



Thus, YC13 and compressed AICI3 are instances of melts in which the chlorines form a

deformable frame self-consistently accomodating the metal ions in octahedral and tetrahedral-type

structural holes, respectively. We adopt in our calculations the interionic pair potentials already

used for the melts by Tatlipinar et al. (1992). On comparing our FIM and MFE results at constant

density and temperature we find that the average coordination of metal ions by chlorines remains

close to six in YCI3 and to four in AICI3. Only relatively minor differences are found in other

features of the state of short-range order for YC13: in addition to some increase in the delocalizau'on

of the metal ions on freezing the chlorine frame, some changes can be seen in the detailed shapes of

the second peak in the pair distribution functions. More substantial changes occur in the local

structure of compressed AICI3, since the tendency to formation of molecular-type states is

suppressed on freezing the chlorine frame. Nevertheless the most striking structural change arises

in the metal-metal partial structure factor S22W = 1 + &i h^OO, as is shown in fig. 2 for YCI3 and

in fig. 3 for compressed AJCI3. It is seen from these figures that quenching of the chlorine frame

enhances the state of intermediate-range order in the subsystem of metal ions, since it results in a

major strengthening and sharpening of the FSDP at ka •> 2.5. It should be added that, while a trace

of the FSDP is well developed in the chlorine-chlorine and metal-chlorine structure factors for the

MFE models, this feature is absent in the former and attenuated in the latter for the LIM models.

In conclusion, we believe that our results illustrate two rather general aspects of the

behaviour of ionic glasses as contrasted with strongly structured ionic melts. Firstly, the

delocalization and the ionic mobility of the mobile component arc enhanced when the time scale

for structural relaxation is lengthened for the partner component Secondly, in cases where

formation of intermediate-range order is favoured (i.e. for highly charged and relatively small

cations), the metal-ion component can take better advantage of structural holes of either

octahedral or tetrahedral type in establishing such state of internal order.
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FIGURE CAPTIONS

Fig. 1. Cu-Cu pair distribution function in the FIM (dashed curve) and MFE (full curve)

models of CuCl at T = 773 K and at the melt density n = 0.041 A"3. The unit of lengths is a =

1.799 A.

Fig. 2. Y-Y partial structure factor in the FIM (dashed curve) and MFE (full curve) models of

YC13 at T = 1020 K and at the melt density n = 0.0316 A"3. The unit of lengths is a = 1.96 A.

Fig. 3. Al-Al partial structure factor in the FIM (dashed curve) and MFE (full curve) models of

compressed A1C13 at the same temperature and density of YCI3 in fig. 2.
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