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Abstract

The correlations between structural holes in the fluid phase of the one-component

classical plasma near its freezing point at coupling strength F = 179 are studied by a

statistical method using the Ornstein-Zernike relations for a partly quenched disordered

system in combination with the hypernetted chain closure. The method involves inserting

in the quenched structure of the plasma variable numbers of point-like charged particles,

which on reaching equilibrium probe the holes in the matrix. When the probes carry the

same charge as the plasma particles, the results may also be interpreted as describing the

evolution of the correlations between annealed particles in a partly quenched disordered

plasma upon varying the fraction of quenched particles at constant total density. Doubling

the charge carried by the probes sharpens their correlations and improves the resolution

that can be obtained in this method of structural analysis.
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1. INTRODUCTION

The distribution of the atomic sites in any given crystal structure determines the types of

interstitial sites and their distribution within the periodic structure. In recent work [1] we have

proposed a statistical mechanical method by which the distribution of structural holes in a

disordered system may also be probed. In brief, after quenching the disordered structure one

inserts in it varying concentrations of particles with mutual long-range Coulomb repulsions and

allows this permeating fluid to reach its equilibrium state inside the quenched matrix. The

choice of the interactions with the matrix allows selectivity in the type of structural holes

occupied by the probes, whereas their pair distribution function reflects the correlations

between these holes. By varying the density of the permeating fluid of annealed particles one

may display successive shells of holes surrounding an average occupied hole.

The means for the implementation of the above idea come from recent developments in the

statistical mechanics of disordered systems, which allow the evaluation of the equilibrium

structure taken by a dense fluid inside a quenched disordered matrix. The problem has been

studied by an analysis of the cluster expansion [2] as well as by approaches derived from the

replica method [3,4] and from density functional theory [5]. These results show that the

Ornstein-Zemike relations between the direct correlation functions and the pair distribution

functions in a classical mixture of annealed and quenched particles can be mapped onto those of

a limiting case of a fully annealed multicomponent system. Related numerical studies of the

structure of fluids adsorbed in quenched microporous matrices have been carried out for several

model systems [6 - 9].

In this work we use the statistical method summarized above in order to examine and

quantitatively characterize the hole-hole correlations in the liquid structure of the one-

component classical plasma (OCP) near its freezing point. The probe is a fluid of point-like

charges - namely, the system that we treat is an annealed OCP permeating a quenched OCP at

the value F = 179 for its coupling strength. Our earlier illustration of the method [ 1 ] was limited

to the OCP far away from freezing. For general reviews on the OCP the reader is referred to the

papers by Baus and Hansen [10] and by Icbjmaru [11].

The outline of the paper is as follows. A brief presentation of the essential liquid structure



equations is given in § 2, where we also point out the consequences that the scaling behaviour

of the OCP has in the present context. The structural evolution of the annealed fluid on

decreasing its partial density is evaluated in § 3, while § 4 illustrates the effects associated with

doubling the charge carried by the annealed particles. Finally, a summary and some concluding

remarks are presented in § 5.

2. STRUCTURAL EQUATIONS AND THEIR SOLUTION

By convention we label the quenched matrix with the suffix i = 1 and the annealed fluid

with the suffix i = 2. We introduce the partial number densities n., the concentrations x, =

nj I n with n = (n, + n2), the direct correlation functions c,y (r) , the radial distribution

functions g^r) and the total correlation functions h^r) = go(r) - 1, with Fourier transforms

c{j(k) and h^k). The particles interact via the scaled pair potentials /J<P8(r) = z^zf I (r I a),

where /3 = {kBT)~' is the inverse temperature, z, are the valencies, F= fie11 a is the plasma

parameter and a is the length scale. We shall take F= 179 and z, = 1.

The structure of the matrix is taken to be that of the OCP in the hypemetted chain (HNC)

approximation, i.e. it is calculated by solving the equations

and

(1)

(2)

Writing />22(r) = hb(r) + hc(r), the set of Ornstein-Zemikc relations derived by Madden and

Glandt [2] for the matrix - fluid and fluid - fluid correlations reads

(3)

V 2 2 1 , 2 ^ 2 2 2 M (4)

and

hc(k) = cn(k)+n2cn(k)ht(k) . (5)

These are solved in combination with the NHC closure [7],

£ /(r) = expH3<^(r) + /,,y(r)-c<,.(r)] (6)

and

We have checked that the difference between the forms of the Ornstein-Zernike relations given

by Madden and Glandt [2] and those obtained in the replica method by Given and Stell [3,4]

have essentially negligible numerical consequences in the present context.

We report below numerical results that we have obtained by solving eqns (1) - (7) for the

structure of the partly quenched OCP by the iteration method described by Heye etal. [12, 13],

with a suitable extension of the cut-off procedure proposed by Springer el al. [14] and b> Ng

[15] to handle the numerical problems arising from the long-range nature of the Coulomb

interaction. Fourier transforms have! been taken on a discrete mesh consisting of 2048 points

spaced 0.01a apart.

As is well known [10, 11], the scaling behaviour of the OCP is such that, when energies

are expressed in units of the thermal energy / } ' ' and lengths in units of a, its thermodynamic

and structural properties depend only on the value of the plasma parameter F. Therefore, the

modifications in the pair distribution functions (plotted as functions of the scaled distance rid)

which arise from changes in the concentration x2 of annealed particles at constant Tmay be

viewed as occurring at constant temperature and constant length scale a. Interpreting the length

scale as a = (4JW, / 3)~"3 then implies that the concentration of annealed particles is being

varied at constant density of quenched particles: namely, the structure of the OCP near freezing

is being probed as indicated in § 1. On the other hand, if we interpret the length scale as

a = (4rcrt / 3)~1/3, then in the case z2 = z, the same results may be viewed as describing

structural changes due to varying the fractions xt and x2 of quenched and annealed particles at

constant total density of particles. It should be bome in mind that these two alternative

interpretations are possible for the results that we report in § 3 below.

3. HOLE STRUCTURE PROBED WITH EQUI-CHARGED POINT PARTICLES

The results that we present in this section refer to the case Z2 = z,. Figures 1 and 2 show

the pair distribution functionsgn(r) and g2,(r) for values of x2 in the range from 0.5 to 0.1.

Figure 3 reports the function g^Cr) for values of xx in the range from 0.1 to 0.02.

The behaviour of the near-neighbour shell in gl2(r) in Figure 1 indicates that the Coulomb

repulsions between the probe particles induce some limited selectivity in their occupancy of the



structural holes in the matrix. Clearly, the increase in the mean near-neighbour distance and the

broadening of the distribution with decreasing x2 show that the probes tend to prefer wider

structural holes as their concentration decreases. The near-neighbour coordination number of a

probe particle, as determined from the reduced running number

Nll(r)/n1=4j:for
1gl2ir)dr (8)

by integration up to the position of the first minimum in g,2(r), increases slowly from about 7

to about 11 in this range of concentration. These trends are apppreciably more marked than in

our earlier calculations on the OCP at T = 100 [1],

The role of the Coulomb repulsions between the probes is fully evident in their distribution

function gH(r) in Figure 2. At x2 = 0.5 the main peaks in gn(r) and in ga(r)essentially

overlap, showing a state of overall order at short range from alternation of annealed and

quenched particles in space. At least four shells of probe particles around an average probe

particle can be seen in Figure 2 at this concentration, corresponding to four shells of structural

holes around a preferred hole in the structure of the plasma. However, on reducing the value of

x2 below 0.5 the first-neighbour shell empties in favour of occupancy of the second one.

Further shells of structural holes are exposed as x2 is decreased from 0.3 to 0.1 (in Figure 2)

and from 0.1 to 0.02 (in Figure 3).

Figure 4 offers a quantitative analysis of the behaviour of g22(r) with decreasing x2 in

Figures 2 and 3, by plotting the values of the coordination numbers for a probe particle from

successive shells of probe particles around it. These were obtained from the running

coordination number

by integration between successive valleys in g^r), the positions of these valleys being in each

case taken to be those in gn(r) at x2 = 0.5.

4. DOUBLING THE CHARGE OF THE PROBES

An increase in the strength of the Coulomb repulsive interactions involving the probe

particles through the choice z2 = 2z, greatly increases the sharpness of the structural functions

that we calculate and hence the resolution of the present method for structural analysis. This is

seen in Figures 5 and 6, which compare these results for gl2(r) and g^(r) at x2 = 0.5 with

those obtained in § 3 for equi-charged probe particles.

The evolution of the hole-hole correlations with decreasing concentration of probes in the

case z2 = 2z, is illustrated in Figure 7, which reports g-^ir) for values of *2 in the range from

0.5 to 0.02. At x2 = 0.3 the first and second coordination shell are emptied (see also Figure 4)

and the third coordination shell has been split up into a double structure. The occupancy of this

shell is also reduced to essentially zero at x2 - 0.02. The detailed evolution of the occupancy of

the far-out shells in the range of composition from 0.08 to 0.02 is shown in Figure 8.

Finally, for what concerns the quantitative analysis of the hole-hole coordination numbers

that we have already seen in Figure 4 for the case z2 = z,, the essential trends shown there are not

appreciably changed on doubling the probe charges.

5. CONCLUDING REMARKS

We have used a strongly coupled plasma of point-like charged particles to probe the spatial

correlations which exist between holes inside the disordered structure of the classical OCP

model near its freezing point. Up to four shells of holes have been revealed and their occupancy

has been quantitatively examined by varying the relative number of probe particles as well as

their charges. The demonstration that we have given of the potentialities of this method of

structural analysis for disordered systems should help to stimulate its applications in structural

studies of more realistic models for ionic liquids and glasses.
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Figure captions

Figure 1. Pair distribution function gn{r) in the partly quenched OCP at F = 179 versus

reduced interparticle separation r I a, for the case z2 = z, and for values of x2 in the range from

0.5 to 0.1 as shown in the inset.

Figure 2. Pair distribution function gn(r) in the partly quenched OCP at F = 179 versus

reduced interparticle separation rl a, for the case z2 = z, and for values of x2 in the range from

0.5 to 0.1 as shown in the inset.

Figure 3. Pair distribution function gn(r) in the partly quenched OCP at F = 179 versus

reduced interparticle separation r I a, for the case z2 = z, and for values of x2 in the range from

0.5 to 0.02 as shown in the inset.

Figure 4. Hole-hole coordination numbers for the first four shells of structural holes around a

preferred-occupancy hole, as functions of the concentration x2 of probe particles for the case

z2 = z,. The symbols refer to the various shells as shown in the inset and the straight lines

merely are guides to the eye.

Figure 5. Pair distribution function gn(r) in the partly quenched OCP at F = 179 and x2 = 0.5

versus reduced interparticle separation r I a, for the cases z2 = 2z, (full curve) and z2 = z,

(dashed curve).

Figure 6. Pair distribution function g22(r) in the partly quenched OCP at F = 179 and x2 = 0.5

versus reduced interparticle separation r I a, for the cases z2 = 2z, (full curve) and z2 = zx

(dashed curve).

Figure 7. Pair distribution function ^ ( r ) in the partly quenched OCP at F = 179 versus

reduced interparticle separation r / a, for the case z2 = 2z, and for values of x2 in the range

from 0.5 to 0.02 as shown in the inset.

Figure 8. Pair distribution function gn(r) in the partly quenched OCP at F = 179 versus

reduced interparticle separation r I a, for the case z2 = 2z, and for values of x2 in the range

from 0.08 to 0.02 as shown in the inset.
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