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In spite of numerous severe difficulties specific to metal-oxygen systems, computer simulation
of oxides has developed rapidly in recent years. In this paper, we discuss its successes and some
of its limitations with a particular emphasis on silica and on non stoichiometric oxides.
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1. INTRODUCTION

Simulation of oxides has been a major area of development in recent dec-
ades. Much of the original impetus came from the necessity to predict the
properties of materials used in the nuclear industry under extreme condi-
tions (for example, the prediction of radiation damage). Thus the first gen-
eral code to predict the energies of point defects was developed at Harwell
over twenty years ago. This code used a strategy based on the Mott-
Littleton [1] approximation. The original code, HADES?2, was developed
by Norgett [2] for defects in cubic ionic systems; later codes, HADES3
[3,4], CASCADE [5], and GULP [6] extended the method to general sym-
metry and more covalent materials. These methods were also extended to
interfaces. Other methods, notably molecular dynamics and ab initio calcula-
tions, have also given great insight into oxide behaviour. The goal of the
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present paper is not to review the whole field of simulation in oxides but
rather to discuss two typical fields, silica and non stoichiometric com-
pounds. In the present paper electronic structure calculations will be dis-
cussed only when they are relevant to classical Monte Carlo or molecular
dynamics calculations; through calculating defect formation energies or
validating effective potentials.

2. FEATURES OF OXIDE MATERIALS

Compared to other materials such as halides, oxides have some distinctive
characteristics, which makes their study rather difficult for simulations us-
ing effective potentials as well as for quantum calculations.

2.1. Diversity

Oxides have a wide spectrum of behaviour: for example, if we consider
electrical properties, we find in Table 1:

TABLE 1 Electrical properties of oxide materials

insulators AL O,

semi-conductors classical SnO,
polaronic CeO, . UO,

semi-metals TiO

metallic conductors ReO,

superconductors YBa,Cu,0,

2.2. Partially Ionic Behaviour

The assumption of the classic ionic model that ions in a crystal are rigid
spheres having the integral charges corresponding to their chemical oxida-
tion state has numerous advantages. For example: it provides a clear pic-
ture of the crystal, and using simple notions such as the ionic radius, it is
able to explain the stability domains of a number of compounds.

In so naive a form, the ionic model is not realistic for oxides and a
number of amendments have been proposed, some of them intended to
address the case of iono-covalent compounds:

— Ions have been considered as rigid charged shells bound to cores by har-
monic restoring forces. This is the shell model proposed by Dick and
Overhauser, forty years ago [ 7], which describes polarizability. The shell
model couples the ionic polarizability to the short-range forces in a
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simple, physically appealing way but it lacks fundamental theoretical
justification and does not always correctly describe the variation of ionic
polarizability with change of environment [§].

— Dipole-dipole dispersion terms and, more recently, higher order dispersion
contributions. The use of improved dipole-quadrupole dispersion coeffi-
cients has been shown to be essential to get the correct value of cohesive
energy for oxides such as ThO, or UO, [9]. These terms may be cal-
culated from various approximations, which tends to soften the distinc-
tion between calculated and fitted potentials [10].

— Non integer charges. This amendment has some drawbacks. As pointed
out by Cochran [11], and by Catlow and Stoneham [12], unique,
universal charges cannot be assigned except in trivial cases. More-
over,these potentials cannot be expected to be transferable as partial
charges are expected to be strongly coordination dependent, which casts
some doubt on the reliability of these potentials to deal with defective
oxides. :

— Representation of the bonding electron density by a charge midway between
the bonded atoms [13]. In practice, this method has only been used to
simulate the lattice dynamics of covalent homopolar materials [14]. The
specific difficulty here, in addition to the general problems encountered
when non-integral charges are used, is how to describe the forces between
the bond-charges and the ions.

— Three-body terms have been included, to correct the inadequacy of central
force pair potentials for the directional bonding seen in iono-covalent
compounds [10]. In a general way, pair potentials have difficulties in
reproducing the tetrahedral coordination associated with sp* hybridiz-
ation. A radical but efficient way to force it is to put a bond-bending term

of the form ¥}, = K- (8,5, — 6)* or V;; = (cosf,; —cosff,)* where 0, is

the instantaneous angle subtended at ion j by the bonds ij and jk. A

number of authors have included such a device [15-18].

ijk

2.3. Electronic Structure and Localized Density of Charge

The electronic structure of oxides of transition metals is known to be com-
plicated. For instance the existence of a gap for NiO or CoO is not easy to
understand using local density functional theory [19]. Quantum Monte
Carlo [20] cannot yet attain sufficient accuracy to resolve the problem. The
most successful method has been Hartree-Fock, where recent work has
successfully predicted the band gap [21].
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The localized character of the wave functions implies that a large number
of plane waves are needed when Car-Parinello calculations are performed.
This is accentuated by the necessity to use non-local pseudo-potentials. A
full discussion is given in [22, 23].

3. STOICHIOMETRIC OXIDES; THE CASE OF SILICA

3.1. Effective Potentials

It is not our intention to attempt to review the whole field of silica simula-
tions. Rather, we propose to use the case of silica as an example of what
classical models can, and cannot, accomplish.

Classical potential models have often been used for silica. It has usually
been found necessary to include three-body terms. Examples of their success
include the simulation of the vitreous state (static structure factor, first
sharp diffraction peak) [18] and studies of molten silica at high pressure
[24]. Moreover, such terms have usually been considered necessary to de-
scribe silica. Despite this, Tsuneyuki et al. [25] have designed a pair poten-
tial with a simple analytical expression. This potential has been extracted
from ab initio cluster calculations. This calculated potential is a Buckin-
gham potential with non-integral charges on the ions:

a,+a;—r ¢;c;
Uij (r) = (js.ioulomh +f0 (b, + b)) €Xp (—b;fb_) - —TJ (1)
J J

As stated by Tsuneyuki [26], this pair-wise potential works surprisingly
well for silica in spite of several unusual features:

— Small number of parameters.

— The last term refines the details of the repulsion and does not represent
the dispersion interaction which is not included in the HF-SCF method.

— In spite of the size of the charges used, (2.4 on silicon and —1.2 on
oxygen atoms), Tsuneyuki et al. indicate that silica is essentially covalent
and their potential includes a term to maintain strong repulsion between
the oxygen atoms, leading to tetrahedral units.

The potential has been extremely successful in a number of applications:

- the a to B structural phase transition of quartz [27]
- the lattice dynamical properties of a-quartz [28]
— the structural properties of SiO, in the stishovite structure [29]. This
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example is particularly interesting as it concerns sixfold coordinated
structures.

— the liquid-vapour coexistence curve [30].

— the high-pressure densification of silica glass [31].

— the behaviour of a-quartz under hydrostatic and nonhydrostatic high-
pressure conditions [32].

Not too surprisingly, this potential has shortcomings; for example its failure
to predict the enthalpy of the quartz-coesite transition [33].

3.2. ab initio Studies

As mentioned above, the localized nature of the oxygen wave functions
requires the use of a separable nonlocal pseudopotential in Car-Parinelio
molecular dynamical calculations [34]. Ten years ago, those authors per-
formed an ab initio total-energy minimization of the structure and bonding
of a-cristobalite. The more difficult case of f-cristobalite (with a primitive
cell containing eight SiO, units) has been studied more recently [35]. Later
still, Sarnthein et al. [36] performed a first-principles molecular dynamics
simulation of liquid silica followed by a rapid quench to 300K and ob-
tained the partial structure factors of amorphous SiO,. As pointed out by
Huang and Ching [37], quenched structures obtained from high tempera-
ture molecular dynamics are not representative of the continuous random-
network model which is a good description of the structure of amorphous
silica.

4. POINT DEFECTS AND THE REDUCTION OF OXIDES

The calculation of the properties of point defects in oxides has been dis-
cussed at length; [38,39] discuss ionic oxides, [40] discusses defects in
silica. For purposes of illustration, we shall consider the problem of calcu-
lating the heat of reduction of oxides which is often equivalent to the
problem of calculating the energy of formation of an oxide vacancy.

In the limiting case of a purely ionic compound, the strategy based on
Mott and Littleton [1] is straightforward. To obtain an oxygen vacancy, an
oxygen atom must be removed from the system. This is normally considered
in terms of a Born-Haber cycle: the oxide ion is removed to infinity, cre-
ating the vacancy. Then the oxide ion is reduced to oxygen gas. Finally the
two electrons produced by this reduction are re-injected in the oxide. This
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process contains two problems. First, there is the question of what value to
use for the second electron affinity of oxygen. The oxide di-anion is unstable
in vacuum and sensitive to the local environment when in the crystal. This
question is discussed in detail in [41]. Second, there is the question of the
re-injection process. A strict interpretation of the ionic model would suggest
that the electrons should be added to an ion to alter its charge state. This is
to adopt the small polaron approximation which may not be appropriate
(small polaron theory is discussed in detail in [42]). An alternative is to
assume that the electrons go into the conduction band. In this case a value
for the electron affinity of the oxide is required. These are often only poorly
known. This may explain some of the problems obtained in reconciling
heats of reduction calculated with this approach with the experimental
values obtained by [43]. Furthermore, this strategy clearly makes no sense
if non-integral charges are used on the ions, as is often the case in potentials
used for silica, Even when the small polaron theory is appropriate, there
remain questions about the adequacy of the simple pair-potential models
that are often used.

For largely ionic oxides, which are both simpler and stoichiometric, it is
instructive to calculate the Schottky formation energy. These energies are
often so high that reliable experimental values (normally obtained from the
analysis of diffusion data) are not available. However, it is possible to
compare with the results of ab initio calculations. This has been done for the
case of MgO [44]. However, this does not directly address the problems
found in non-stoichiometric oxides.

The recent ASA-LMTO calculations of Petit et al. [45] on UO,_, is a
step in that direction. Using a supercell with 4 uranium atoms, these
authors have calculated the cohesive energy of UO, and UO, ,,. This
provides a value for

1 2
22-175) f s O ?

which is the average value of the formation of an oxygen vacancy in the
composition range 1.75 <2 < 2.00. Their value is consistent with the experi-
mental determination of Javed [46].

Now let us consider the case of oxygen vacancies in silica. As shown
recently by Boureau and Carniato [47], using purely thermodynamic argu-
ments, the formation energy of an oxygen vacancy in silica is expected to be
more than 7.3eV. This quantity is somewhat larger than the one computed
by Sulimov et al. [48] using an embedding technique based on a Hartree-
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Fock program (about S eV). Recent calculations done using local density
functional theory give a larger value (6.6. V) which seems to be a better
estimate. A very recent cluster calculation [49, 50] using Hartree-Fock with
a large basis set (including d orbitals) and taking correlation into account
gives a still larger value of about 85 eV. The variation between these
numbers is a reminder that the term ‘ab initio’ is not synonymous with
‘accurate’. Furthermore, the necessity to choose a limited basis set and
cluster size introduces an empirical element into even ‘ab initio’ calculations.
The last evaluation is consistent with the thermodynamic analysis of
Boureau and Carniato, and in our opinion, this value may be used as a way
to devise an effective potential aimed to study defects.

5. HETERO-INTERFACES

The earliest calculations on oxide interfaces were for grain boundaries. This
work is summarized in [51], [38]. More recent work has extended this to
problems of hetero-interfaces. A brief discussion is given in [39]. We con-
sider here the example of the Si(100)-SiO, interface. This is one of the most
studied interfaces because of its importance in MOS technology [52]. Of
particular interest are XPS studies [53, 54] which have shown the existence
of Si atoms in intermediate oxidation states (between one and four) in the
vicinity of the interface. This interpretation has been confirmed by a Car-
Parinello calculation of Pasquarello et al. [55, 56] who have shown that Si
2p core-level shifts at the Si(100)-SiO, boundary depend linearly on nearest
neighbour oxygen atoms. These authors have also shown that the strain is
localized to a transition region at the interface and does not persist in the
full oxide, in agreement with an earlier simple model of Ohdomari et al. [57].
Here we see a limitation of static-lattice simulation studies: they are able to
explore local minima of energy and relaxed structures. Even dynamic calcula-
tions can encounter this problem if the energy barriers are high. Neither
crude nor sophisticated studies have yet been able to arrive at definite con-
clusions on the nature of the epitaxial oxide. (tridymite or cristobalite or
continuous random network). A choice has to be made before any calcula-
tion is done.

Electrostatic effects are expected to play an essential part in interface
behaviour [58]. To investigate this, the use of semi-empirical potentials ap-
pears to be the best strategy. Using a simple effective potential [16],
Carniato et al. [59, 60] have shown that, in spite of the large value of the
energy formation of an oxygen vacancy [47], the formation of such vacancies
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at the interface is possible due to electrostatic effects and to the low value of
the chemical potential of oxygen at the interface.

6. NONSTOICHIOMETRIC OXIDES

We have already discussed the problems encountered in simulating non-
stoichiometric compounds. Let us consider alternative approaches.

Kofstad’s approach [61] is not a simulation method but it still plays such
an important role in the treatment of experimental results that it is neces-
sary to present its essential idea. The interactions between defects are han-
dled by the introduction of a large variety of defects. For example, instead
of attractive interactions between vacancies, we may consider both mono
and divacancies. The populations of these defects are connected by the mass
action law. In this way, we get a simple formalism which is able to describe
such properties as the departure from stoichiometry, the electrical conduc-
tivity, the chemical diffusion coefficient of oxygen and the thermoelectric
power as a function of the chemical potential of oxygen.

However, this approach has important limitations [62]. For nearly
stoichiometric solutions, the slope of the plot of the partial molar enthalpy
of oxygen as a function of the oxygen content should go to infinity (from
Debye-Hiickel theory) and not to zero as predicted by the Kofstad formalism.
The same problem is met in methods derived from spacing statistics [63, 64].

In a general way, the plot of the partial free energy of oxygen as a function
of the departure of stoichiometry is easier to fit with models based on the
Kofstad approach than the separate contributions (partial molar enthalpy
and partial molar entropy of oxygen). A typical example is tungsten trioxide
WO, __ [65]. In this oxide, the partial enthalpy and entropy have been shown
to be inconsistent with a purely point defect model, which led the authors to
propose a model including crystallographic shear planes in equilibium with
point defects. As shown by Tétot and Boureau [66, 67, 62, 687, using Monte
Carlo simulations on rigid lattices, these models can be improved by con-
sidering only one variety of defect and the coulombic interactions between
these charged defects. The only adjustable parameter is now the dielectric
constant, which is equivalent to attributing partial charges to the defective sites.
This approach has been used to evaluate both thermodynamic and transport
quantities. For example, the electronic conductivity in CeQ,_, [69] and in
Co,_,O [70] has been computed as a function of the departure from
stoichiometry in this way. In a general way, it has been shown [62] that the
mass action law formalism can be retained for moderate departures from
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stoichiometry provided that care is taken in in the choice of equilibrium
constants.

Promising attempts have been made to calculate effective cluster interac-
tions from ab initio calculations. Two methods formerly developed in the
physics of alloys have been applied to oxides: the generalized perturbation
method [71] and the inversion method due to Connolly and Williams [72].
In the case of the well studied oxide YBa,Cu,0,_ , the generalized pertur-
bation method has been used by Upward et al. [73] whereas the Connolly-
Williams inversion method has been used by Sterne et al. [74]. Although
the two sets of parameters are in qualitative agreement, they are rather
different. The question of whether ab initio calculations can provide accu-
rate pair interactions remains open.

A different way of obtaining effective cluster interactions fits tight binding
parameters from ab initio calculations [75]. It is clear that all these methods
show promise for the future.

7. CONCLUSIONS

If we try to evaluate the rdle of simulation in the complex area of oxides,
the balance is rather encouraging. On the positive side, a lot of progress has
been made in the understanding of simple ionic oxides such as MgO but
also for more covalent oxides like SiO,. Effective potentials can now be
obtained using electronic structure calculations. This reduces the level of
empiricism in the simulation method. A promising direction is the building
of a code able to generate organic molecules that can serve as templates for
making microporous solids with pores of a specific size and shape [76].

On the negative side, numerical simulation has still not been able to
answer one of the complex questions with which it began: the evolution of
defects created by radiation in nuclear oxides such as UO, or PuO,. The
simulation method has sometimes been over-sold. Simulation does not
(usually) provide exact results but rather numbers within a given set of
approximations. Words such as “first principles’ or ‘ab initio’ are freely used
and can be misleading.

There is no one ideal method of simulation for all problems; all have
their strengths and weaknesses. Quantum calculations represent the most
determined effort to remove the empirical element from simulation. Some
problems, such as electronic states, can be tackled in no other way. The
remarkable progress of ab initio molecular dynamics, now more than ten
years old, bodes well for the future. However, these methods are still
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expensive in terms of computer resources and cannot yet tackle complex
materials problems. Simulations based on effective potentials are of great
interest for the study of complex systems such as interfaces or large systems.
The problem is, and will remain, that of validation. Simple models still have
their uses in understanding complex experimental data, particularly for
nonstoichiometric oxides. Indeed, that is not a bad way to look at any
simulation method. At root, they are not a source of numbers, but a source
of ideas.
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