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ABSTRACT

The critical Coulomb explosion number, i.e., the lower bounds of particle size

required to stabilize a multiply charged alkali halide cluster against Coulomb explosion

were calculated using a simple Coulomb potential. The magnitude of the charge ranges

from 2 to 10. The influence of sign and position of the charges were assessed. The critical

Coulomb explosion number increases with increasing number of charges on the clusters.

The critical coulomb explosion number and the charge of the clusters are linearly related

with a good correlation.

The binding energies of the most tightly bound neutral isomers of (NaCl)n, n=2-12,

were calculated using a simple Coulomb potential. The stability order of the various

isomers of a given cluster size is predicted using binding energy as a criteria. These results

are compared with other works which employ refined but computationally expensive

potential models. The agreement is good.
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1. INTRODUCTION

Clusters are sub-microscopically small atomic aggregates with physical properties

so unlike other forms of matter[l] that they have been called "the fifth state of matter"[2]. A

variety of clusters have been studied: heterogeneous clusters(alkali halides[3], rare gases

doped with large organic molecules[4], and rare gases doped with alkali halides[5]),

alkali[6] and transition metals[7-10] and non-metal clusters[l 1].

Clusters of atoms or ions are of special interest in material science because materials

composed of these so called "nanocrystals" have unusual properties[ l ]. Clusters are

intermediates in the transition between gaseous and condensed phases which make them an

interesting subject of experimental and theoretical investigations.

Sattler et al[12] have observed that doubly ionized atom clusters appear in time of

flight mass spectra only if the clusters contain more than a critical number of atoms. This

number was reported as 30 for Pb„, 20 for (Nal)n and 52 for Xen. In these clusters, the two

positive charges generated by electron bombardment are likely to move to opposite sides of

the cluster which then explodes into singly charged fragments as long as the Coulomb

repulsion energy is greater than the binding energy.
The stability of a charged alkali halide cluster comes to an end at a lower limit of

size when the Coulomb repulsion energy exceeds the binding energy of the cluster.

Theoretical computation of the binding energy of such clusters, therefore, enables one to

estimate the critical number of atoms which should be present for the charged cluster to be

stable. The main aim of this work is to predict these lower limits of size for multiply

charged alkali halide clusters.
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2. THEORETICAL BACKGROUND

The recent interest in small particles of alkali halides can be attributed in part to

(1 ) the simple ionic binding character of alkali halide solids,

(2) the relative ease with which molecular scale particles or clusters of these materials can

be formed and studied, and

(3) to the availability of straightforward but accurate model potential for calculating the

energetic interaction within the clusters. The following discussion concerns itself with some

aspects of alkali halide clusters.

2.1 Structure

Atom clusters are too small to be observed even with an electron microscope. For a

knowledge of their structure one must rely on total energy calculations. For covalent and

metallic clusters it is simply not possible to define a two-body interaction potential which

is independent of cluster size and shape. Such a potential does exist, however, for

interactions between rare gas atoms. The extremely localized nature of the closed shell rare

gas wavefunctions is responsible for this great simplification. Alkali halide clusters also

have closed shell electronic configurations and should, therefore, be suitable candidates for

structural studies.
Because the binding energy in alkali halides is almost purely ionic, an alkali halide

cluster is best viewed as being composed of ions held together by Coulomb forces. The

mechanism of binding are thus independent of the overall charge on the cluster. While the



ions in alkali halide clusters can be arranged in many metastable configurations there will

always be one lowest energy or ground state configuration. Finding the ground state

configuration for an alkali halide cluster is the same as finding the minimum of its potential

energy function.

Let r, be the position of the i"‘ ion in the cluster, V:j(r„r) the potential energy

between the ions / and j and E- the self energy of the ion / measured relative to the self

energy of the isolated ion. Then the total potential energy of a cluster of n ions, as a

function of position, is

r(n rn )= 1/2 it̂ ft +l'L , E] (l

For alkali halides, there are two important models for the ion-ion potentials: the

rigid core model and the shell model.

2.1.1 The rigid core model

For the rigid core model[5],

= qlqjfru + Aije-r"'* (2

Esr,d = 0

3



where rtj is the distance separating the point charges q, and q,. The first term is the

Coulomb interaction between ions and the second term, the Born-Meyer potential, reflects
the mutual repulsion due to the overlap of the ions' wavefunctions. The constants and p
are determined empirically based on properties of the bulk solid . The parameter p is related,

not surprisingly, to the compressibility of the particular compound under investigation. It is

a measure of the "firmness" of the ions, and can be deduced from data on crystal

compressibilities. The other empirical factor can be eliminated by requiring the first

derivative of the lattice energy of the bulk crystal to be zero at the equilibrium interionic

spacing.

2.1.2 The shell model

The shell model[13-15]. due to Rittner[13], introduces a polarizability ai for each ion. This
gives rise to an electric dipole moment pi at each ion. With this addition to the rigid core
model, the potential energy terms are of the form:

vf “ = q><lAij + A0e~r<
,p - -qj {\ii.rij )/r )j-3(p,/ y )(p^.ry)/r^ + (p,.py)/

+\\]/2a ] +\x]no}j (3)

Esf'en = p,/2a^ + p7/2a72 (4)

>' f = nj - ii ,/ Q,+ 11/ Qj (5

A



The first term in equation (3) represents the Coulomb interaction between the point

charges q, and q, separated by a distance r}j. The second term is short range Born-Meyer

repulsive interaction. The third and fourth terms give the interaction between point charges

q, and the dipole moment p; of atom j. The next two terms represent the dipole-dipole
interaction and the last two terms the self energy of the dipoles. The total energy of the

clusters is found by summing over i and j and counting interaction pairs only once.

When calculating the Born-Meyer potential, rtj is replaced with r,f since the

polarization of each ion induces a shift of the centre of charge with respect to the nucleus of

the ion so that the effective distance for the Born-Meyer potential is different from that of

the electrostatic interactions. Q; can be thought of as a shell charge.

While using both models, the total energy must be minimized to find the stable

configurations. The calculational procedure is as follows. First, One has to decide how

many ions are to be contained in a cluster. These ions are placed anywhere in space. Then,

they are allowed to move, in the calculation, under the constraint that for each movement

the total energy must be lowered, until it is not possible to move any ion in any direction

without increasing the total energy. Then a stable or at least metastable configuration has

been found.

2.1.3 Neutral Clusters

The stable configurations of (MX)n clusters (n=2-16) calculated using the rigid core

model[3] is shown in figure 1. The parameters used in the calculation are appropriate for

NaCl.

5
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Fig * 1. The equilibrium configuration and corresponding bindii ener ?s of

NaCl clusters predicted using the rigid core model.

Because of the long range fon between ions, close packed structures are not

’cessarily the most favourable as they are for the rare gas clusters, For example, a linear

chain of rare gas atoms is not stable since there is no force preventing the end atom from

rolling around its neighbour until it makes contact with a second nearest neighbour. Such

motion is prevented in ionic clusters by repulsion of the second nearest neighbour which

has the same charge. Similarly, the compact rectangular planar trimer is unstable even

though positive ions make contact only with negative ions. The repulsion between the

second nearest neighbours causes the rectangular trimer to open up forming a ring of six
»

atoms with alternating change. This six ring proves to be one of the most stable sub-units or

6



building blocks of ionic clusters. For example, a stack of six ring units such as is possible

for the 12, 18, and 24 atom clusters, often proves to be the most stable isomer of a given

size.

Clearly for smaller clusters, structures resembling a portion of an NaCl crystal

lattice are not always energetically favoured. However as the number of molecules in the

cluster increases, the face centred cubic structure becomes more and more prevalent.

Phillips and co-workers[16], have calculated the lowest energy configuration of

neutral (NaCl)n clusters n ranging from 2 to 5 using the shell model. Their results are shown

in figure 2.
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Fig. 2. The equilibrium configuration and corresponding binding

energies of NaCl clusters predicted using the shell model.
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