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Abstract. We survey the consequences of the landmark
paper in the development of the contemporary theories
of defects in solids — a core area of modern solid-state
science. We summarise the basic concepts behind the
“Mott-—Littleton” approach and the developments to
which it has led.
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1 Introduction

The structures, energies and mobilities of defects in
crystalline solids play a central role in controlling the
thermodynamic, transport, electrical and chemical prop-
erties of materials. The science of defects in solids began to
develop in the 1920s and 1930s with the pioneering work
of Frenkel, Schottky, Jost and Wagner which established
the basic nature of point defects and defect reactions, and
of their generation by thermal or chemical means.

An understanding of the behaviour and consequences
of defects in solids requires knowledge of their formation
and migration energies. The derivation of these crucial
parameters from experimental data is frequently diffi-
cult, and in many cases impossible. Independent esti-
mates from theory were therefore necessary for the
development of the field. The pioneering work of Mott
and Littleton [1] laid the foundation for the modern
quantitative studies of defects in polar solids, which have
had a major impact on contemporary solid-state chem-
istry and physics.

2 The Mott-Littleton method
The basic concept behind the technique advanced in this

seminal paper is simple. In the region close to a defect,
the forces exerted on the surrounding lattice are strong;

this region is treated explicitly, i.e. atomic positions are
adjusted to the equilibrium positions using knowledge
of the interatomic forces. For more distant regions, the
forces are weaker and in polar materials will essentially
correspond to the polarisation of the crystal by the
effective charge of the defect and can be estimated on
the basis of the macroscopic dielectric constant. This
approach, in its modern formulation, is summarised in
Fi.g. 1, in which an interface region is used between the
two regions. The defect formation energy depends on
the position of the atoms (x) in the inner region and the
displacements (y) in the outer region, and can be written
as

Ep(x,y) = E\(x) + E12(x,») + E2(y) (1)

where the first and last terms on the right-hand side of
the equation arise from the inner and outer regions,
respectively, and the second term represents the interac-
tion between the inner region and the displacements in
the outer region. E, is generally considered to be
quadratic in y and invocation of the equilibrium
condition allows y to be written in terms of the
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Fig. 1. Two-region strategy for defect calculations
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derivative of E;, and hence the explicit dependence of
the total energy on F, is removed.

Details of the theory are given in Refs. [1-3]. Ref. [3]
provides a good survey of the field up to the 1980s.

3 The development of the method

Since the application of the method to all but the
simplest and most-restricted models requires intensive
numerical calculations, its widespread use had to wait
until the advent of modern computation. Useful pro-
gress was made by, for example, Barr and Lidiard [4] in
the 1960s in applying the method to the classic problem
of vacancy defects in ionic crystals. The major break-
through was, however, the development by Norgett [5]
of the first general-purpose computer code, HADES, for
modelling defects in ionic crystals employing a method-
ology based on the Mott—Littleton approach. A crucially
important feature of the implementation of the method
in HADES was the use of the shell-model treatment
of ionic polarisation [6], which is based on a simple
mechanical model of polarisability in which a core is
coupled to a shell (representing the polarisable valence
shell electron) by a harmonic spring, which has proved
very effective in modelling polarisation properties of
these materials.

The field developed rapidly in the 1970s, with appli-
cations of the technique to both halide [7, 8] and oxide
[9-11] crystals which demonstrated the qualitative reli-
ability of the method for calculating both formation and
migration energies of defects, given reliable interatomic
potentials.

During the same period, it also became apparent that
the method could be used to provide qualitative guid-
ance as to the nature of complex defect structures in
heavily doped and nonstoichiometric materials. One of
the best examples was the study [12] of defect aggrega-
tion in nonstoichiometric wustite (Fe;_,O) — a problem
that still remains controversial. This study, however,
established the stability of the defect aggregate shown in
Fig. 2, in which four vacancies surround a central Fe**
interstitial site moreover it suggested ways in which these
“4:1” clusters could aggregate.

During the 1980s, there were four major develop-
ments. First, the method was extended to noncubic
crystals in the HADES3 [13] and CASCADE [14] codes.
Secondly, Gillan and Jacobs [15] and Harding [16] in-
troduced methods for calculating defect entropies based
on the perturbation of the vibrational density of states
by the defect. Thirdly, the method was adapted by
Tasker [17] and Mackrodt [18] to treat surface defects.
Finally, work started on interfacing the Mott—Littleton
approach with quantum cluster calculations. In such
studies, the core of region I, comprising the defect and
one or two surrounding shells of atoms, is treated
quantum mechanically; care must be taken to ensure
consistency between the relaxation of the quantum
mechanically described component and the relaxed
classically modelled lattice. Such an approach was
implemented in the ICECAP code [19], and develop-
ments of the approach are still being actively pursued.
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Fig. 2a—d. Vacancy-interstitial clusters in Fe;_,O. b, ¢ and d are
different forms of linking the basic ““4:1” cluster shown in a

During the same period, the range and sophistication
of the applications developed. Representative new areas
included the extensive range of simulation studies of
defects in superionic conductors [20] in high-temperature
superconductors (see, for example, Refs. [21, 22]) and
the detailed studies of the complex defect chemistry
arising from the creation of fission products in CUO,
nuclear fuels [23].

4 Present status and future development

The Mott-Littleton method is now a routine tool in
computational solid-state chemistry and physics, and is
implemented, together with other static lattice modelling
tools, in the GULP code [24], written by Gale. Two
recent applications serve to illustrate the range and
diversity of current applications.

The first relates to the crucial and controversial
question of the nature of charge carriers in high-tem-
perature superconductors. Early work [25] had estab-
lished the usefulness of the Mott—Littleton approach in
modelling localised electron states in ionic crystals. Re-
cent work of Catlow, Islam and Zhang [26] (which built
on earlier studies of the same authors) examined the
stability of hole pairs or “bipolarons” in the La,CuOy4
superconductor. It is generally accepted that electron
holes in these materials are O(2p) in character, i.e. to a
very simple approximation they correspond to localised
O~ ions. Hole pairs would therefore correspond to O%f
i.e. peroxyanions, located at a pair of lattice sites. Mott—
Littleton calculations indeed suggest that such species



are weakly bound with respect to isolated hole species, in
both configurations shown in Fig. 3. These results do
not, of course, necessarily show that such species are the
charge carriers in high-temperature superconductors.
They do, however, suggest that peroxy bipolarons may
play a significant role in the electronic behaviour of the
material, either above or below the critical temperature.

The second example concerns the mobility of oxygen
vacancies in doped perovskite-structured materials — a
problem of substantial technological importance in view
of the widespread use of these materials as oxygen-ion-
conducting solid electrolytes. The materials are normally
“acceptor doped”, i.e. low-valence ions substitute for ei-
ther the A or B metal ion of the ABO; perovskite—struc-
tured material. The work of Cherry et al. [27] established
that the vacancies which are created as charge compen-
sators for the dopant have a relatively low activation
energy and migrate by the mechanism shown in Fig. 4a.
More importantly, Cherry et al. [27] investigated the
variation of the oxygen vacancy activation energy with
the A/B cation radius ratio (expressed as the tolerance
factor 1 = (ra+roN2(rg+ro), where ra, rg and rq are
the A, B and oxygen ion radii, respectively). The results,
illustrated diagrammatically in Fig. 4b, show the strong
effect of ¢ on the activation energy and indicate that a
value for ¢ of about 0.8 will give the lowest activation
energy and the maximum conductivity. The result illus-
trates the increasingly predictive nature of these calcula-
tions and also their growing potential in materials design.

The future of the field will unquestionably be in this
kind of predictive and design application. We can also
anticipate rapid growth in the use of embedded-cluster
techniques in which, as described earlier, the core
region surrounding the defect is treated by a high-level
quantum mechanical method. With these and other
developments, methods building on the approach
established in Mott and Littleton’s remarkable paper
are likely to continue to play a productive role in
simulating the complex solid-state chemistry of defec-
tive compounds.
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Fig. 3. Peroxy bipolaron in the axially distorted CuOg octahedron
of La,CuOQy. In the “‘e—e” configuration, both component holes are
in equatorial sites; in the “a—e” configuration they are distributed
between axial and equatorial sites

207

1/2
»_/,,,/;
7//” 1 “ 16
4
A
S »
/ ) sne 2
7/ £
N B
4 3
174
e 7/ oS
jul
7/ <
Ke
/ : Z 16 S
7 o
Iy
. 1/8
) / g /
Ve
—+1/16
0
12 7/16 3/8 5/16  1/4 3/16 1/8 1716 0
Fractional co-ordinates
a
a [] vacancy |
b
3 *[ °
25 | . .
[ ]
2 1
: .
% 1.5 : *
<2 T A
ER B
14 s°
a0 4 A-site
4 e .
® B -site
05 +
0 + : -t
078 08 082 084 08 088 09 092 094
b Tolerance Factor

Fig. 4. Contour plot of the potential-energy surface for oxygen-
vacancy migration, showing the curved path between adjacent
anion sites of a BOg octahedron (in the ab plane). b Calculated
migration energy as a function of the tolerance factor (from both
the A and B site simulations)
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