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Abstract

Computer simulation and neutron diffraction are applied in the 
evaluation of defect structure, ion dynamics and transport mechanisms in 
three superionic conductors. The systems studied include the rare earth 
fluoride, LaF3, and mixed metal fluorides, RbBiF4 and CsPbF3. These

materials have potential uses in a variety of technological applications.

The defect structure and transport properties of mobile F_ ions in, 
tysonite structured, LaF3 are analysed by extensive static and dynamic

computer modelling studies. One consistent structural terminology is 
established across the literature. The static technique yields information on 
defect formation and migration for jumps between and within different F- 
sub-lattices. Anion-Frenkel pairs are identified as the intrinsic defects, with 
vacancies forming preferentially on one sub-lattice. The stability of neutral, 
bound Schottky quartets is also predicted. Calculated activation energies 
indicate preferred F- ion mobility in the horizontal a-b plane, although 
experiment points to motion in the vertical direction. Dopant studies reveal a 
dependency on the type of vacancy site and the radius of the dopant 
species, M2+, for the formation of nn or nnn configurational clusters. 
Calculated elastic constants are compatible with experimental values.

Molecular dynamics is used to provide structural and dynamical 
information at elevated temperatures. The presence of Frenkel disorder and 
high levels of anion diffusion are confirmed. Anisotropic mobilities are 
calculated. In addition, graphical representations of F- ion trajectories 
provide the first detailed insight into ion transport in superionic LaF3.

Neutron diffraction methods are used to explore the defect 
structures of RbBiF4 and CsPbF3. RbBiF4 has the fluorite structure and is a

good F‘ ion conductor at moderate temperatures. Refinement of powder 
diffraction data for the highly conducting y-phase produces an improved R
factor in comparison with previous studies. A high level of intrinsic disorder 
is observed with two possible interstitial sites identified. CsPbF3 is an

ionically conducting fluoride perovskite at temperatures well below its 

melting point. Analysis of powder diffraction data, collected over several 
temperatures, reveals some interstitial features, but shows no evidence of 
high levels of interstitial disorder.
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Let me grow lovely, growing old - 

So many fine things do. 

Laces and ivory and gold 

And silks need not be new; 

And there is healing in old trees;

Old streets a glamour hold; 

Why may not I, as well as these, 

Grow lovely, growing old?

Baker, Karle Wilson (b. 1878)
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Chapter 1

Introduction

Superionic fluorides are an important class of technological 

materials. If their properties are to be optimised for the design of materials 

for specific applications e.g. solid state batteries then it is necessary to 

understand the nature of the defects present, their distributions, interactions 

and movements. The aim of this work is to develop an understanding of the 

above properties for three highly conducting fluorides: LaF3, RbBiF4 and 

CsPbF3, by applying the techniques of computer simulation and powder 

neutron diffraction. References are made to data from other sources, such as 

conductivity, nmr, EXAFS and Brillouin scattering, where appropriate.

Chapter 2 provides background material on superionic conductors 

with special emphasis on conductivity in fluorides. There is also a brief 

description of the defect physics of superionics and a review of some 

common experimental techniques used in this field. The rest of the thesis 

divides into two sections. The first, Chapters 3-6, contains details of 
simulation methods and results from the LaF3 investigation in which they

were applied. The second, Chapters 7-9, discusses neutron diffraction 

techniques and results derived from their use in the studies of RbBiF4 and 

CsPbF3.

Chapter 3 describes the theoretical methods of static lattice 

simulations and molecular dynamics. Both techniques are used to probe the 

structure and transport properties of LaF3. A section is also included on the

derivation of realistic potentials, the use of which is fundamental to the 

application of these methods.

Information collected from other studies shows that LaF3 undergoes a 

specific heat anomaly above 1100K, above which there is exceptionally



high F' ion conductivity. These and other works are reviewed in Chapter 4, 

where for the first time one consistent structural terminology has been 

established. There is, however, no general agreement on the nature of 

intrinsic defects or on the method of transport through inequivalent sub

lattices exhibiting multi-site behaviour. Both of these issues are addressed 

fully in Chapters 5 and 6.

The results from static lattice calculations for LaF3 are given in three

parts in Chapter 5, together with a description of the potentials used. This is 

the first comprehensive study of its kind for LaF3 and provides valuable

information on the character of structural and defect properties in this 

material. In part one, defect formation energies are calculated for a number 

of defect models, as are activation energies for various F- migration 

pathways. Part two examines cluster formation in alkaline earth and oxygen 

doped LaF3 and draws conclusions on the stability of defect configurations

in relation to, for example, the radius of the dopant ion or the method of 

formation. The final part examines elastic properties and compares them 

with experimental values derived from Brillouin scattering experiments.

Transport in LaF3 is simulated at three elevated temperatures: 1200K, 

1500K and 1700K, using molecular dynamics, and these results are 

reported in Chapter 6. There are little experimental data available at high 

temperature because of sample reactivity with the atmosphere. Similarly, 

there is no previously reported molecular dynamics study of LaF3 at these

temperatures. This work, therefore, provides new information in 

unprecedented microscopic detail, on the nature of disorder and transport 

processes occurring within the superionic regime. Properties calculated 

include diffusion constants, conductivity values, thermal parameters, radial 

distribution functions and individual ion displacements. Graphical 

representations of ion movements also provide an insight into ion 

trajectories at the microscopic level. The derivation of appropriate potentials 

is also discussed.
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Chapter 7 provides an overview of Bragg neutron diffraction theory. 

There is also a description of both diffraction methods used in this work i.e. 

constant wavelength, CW, and time-of-flight, ToF, methods and their 

associated instrumentation. Data refinement methods employed, such as 

integrated intensities, Rietveld profile analysis and Fourier summations, are 

also reviewed.

Chapter 8 describes the results of a structural investigation of the 

highly disordered solid solution Rbi_xBixF1+2x at the composition x = 0.5, i.e. 

RbBiF4. Using D1A at ILL, Grenoble data were collected at high temperature, 

above the phase transition to the highly conducting fluorite y-phase. The 

conductivity is strongly composition dependent in this system and decreases 

for x > 0.5 because of a progressive increase in local ordering on the anion 

sub-lattice. The aim of this study is to gain a better understanding of the 

defect models prevailing at the composition yielding the optimum 

conductivity.

The structural properties of CsPbF3 are analysed in Chapter 9 using 

data collected at a series of temperatures on the high resolution powder 

diffractometer using ToF facilities at the Rutherford Appleton Laboratory, 
Oxfordshire. CsPbF3 is a fluoride conducting perovskite, but despite

evidence of high conductivities in this class of materials there have been few 

experimental or theoretical investigations and there has been no clear 

understanding of how the conductivity arises. The aim of this study is, 

therefore, to gain an insight into the nature of the defect structure prevailing 

and to note any significant thermal effects.

Finally, Chapter 10 summarises the overall conclusions and 

recommendations drawn from this work and assesses the contribution that 
the three fluorides, LaF3, RbBiF4 and CsPbF3, may make to the field of solid

state ionics.
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Chapter 2

Review of Superionic Fluorides

2.1 introduction

Solid materials displaying high ionic conductivity comparable to that 

found in molten salts are known as superionics, fast-ion conductors or solid 

electrolytes. These materials have a number of technological applications in 

high energy density solid state batteries, fuel cells, gas sensors and other 

electrochemical devices. Consequently, for the last 15 years, research has 

concentrated on understanding the underlying causes and effects of 

superionicity for the development of improved conducting materials.

Transport is usually associated with defect generation and migration 

on one ionic sub-lattice, which is supported by a more rigid framework on 

the other sub-lattice. The disorder is either thermally generated at raised 

temperatures or induced as charge compensating defects as a 

consequence of aliovalent doping.

Many different types of superionic are now known ranging from the 

structurally very simple to the highly complex. A few examples are given 

below, but for a more comprehensive coverage see Kleitz et al., (1983). 

They include the following:

♦ Fluorites and their derivatives;

e.g. halide ion conductors: CaF2, PbF2, SrCI2 
MF-BiF3 (M=Na,K,Rb,Ag,TI) 
oxide ion conductors: stabilised zirconia Zri_xCax0 2_x
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♦ Ag+/Cu+ conductors

e.g. a-Agl, a-Cul, p-CuCI 
RbAg4l5

♦ Li+ conductors

e.g. layer compounds: Li3N
inverse spinels: Li2MgCI4

♦ Tysonite fluorides and derivatives

e.g. LaF3; (LaF3)-type solid solutions MF2:LnF3 

(M=Ca, Sr, Ba or Pb)

♦ Mixed metal fluorides

e.g. perovskites: CsPbF3

♦ Framework conductors with variable stoichiometry

e.g. 1-D tunnel structures: K+-Hollandite K2xMgxTi8_x0 16
2-D layer: Na+-p-alumina (1+x)Na20.11 Al20 3
3-D Nasicon Na1+xZr2SixP3_x0 12

♦ Proton Conductors

e.g. inorganic acids HTaW 04

Fluoride ion conductors have, therefore, played a major role in the 

understanding of superionic behaviour. Since the present work is 

concerned with fluorides, further discussion will be limited to these 

materials. The rest of this chapter serves to put into context the role of F_ ion 

conductors and answers the question 'Why are some fluorides good 

conductors?' Later sections cover the defect physics of fast-ion conduction 

as well as the techniques used in its investigation. The final section provides 

a summary of findings for a number of F- conductors.
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2.2 Conductivity in Fluorides

Solid fluorides might be expected to be amongst the best anionic 

conductors. A major factor relates to the special nature of the F- ion itself, i.e. 

its small size and monovalency. Other contributing factors are associated 

with the type of crystal structure and the characteristics of the binding cation.

Reviews of conduction in ionic fluorides, particularly the 

comprehensive paper of Reau and Grannec (1985), point to several criteria 

for the existence of high F- mobilities. One of the factors of importance 

concerns structures which lead to non-stoichiometry with resultant defects 

e.g. fluorite, tysonite and YF3 structures. Stoichiometric fluorides with rock 

salt, rutile or R e03 structures have reduced mobility. A second factor is the 

presence of cations which are highly polarisable. For iso-structural fluorides, 

those where the cation is more polarisable (typically large ions with loosely 

bound electrons), are also better anion conductors e.g. KF (or RbF) vs. TIF, 
CaF2 (or SrF2) vs. p-PbF2 and YF3 vs. BiF3. In contrast, since fluorine is the

most electronegative element in the periodic table the fluoride ion has low 

polarisability.

Coordination numbers, which are low for anions and high for cations 

are a third consideration. A comparison of conductivity, a, for conductors 

NaF, CaF2 and LaF3 at certain temperatures reveals the following order:

cNaF < oCaF2 < aLaF3

The respective coordination numbers are: 

anion : 6,4,2

cation : 8,9,11 (9+2 or 10+1 depending on spacegroup P3c1 or P63cm)

Fourthly, lower melting points have been correlated with increased 

conductivity at lower temperatures. For example, conductivity in alkaline
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earth fluorides is greater at a given temperature than in zirconia, which has 

the higher melting point. The explanation is linked to the lower charge of the 

F- ion which reduces the crystal lattice energy and melting point.

All of these factors, when combined, provide the right mix of structural 

and thermodynamic properties (e.g. low activation energies for migration), 

thus promoting fast-ion transport in fluorides.

A further consequence of the high electronegativity of fluorine is that 

most fluorides are electronic insulators with electron localisation and a low 

energy valence band. Electron activation energies are prohibitive with large 

band gaps (~12 eV for MgF2) leaving conduction bands empty. This

property is a pre-requisite if fluorides are to be used in battery systems 

where internal shorting is to be avoided.

2.3 Ion Transport Phvsics

Ion transport in solids is invariably associated with the motion of point 

defects such as vacancies or interstitials (Lidiard, 1974; Beniere and Catlow, 

1983). These can either be produced thermally as intrinsic defects or as 

charge compensating extrinsic defects in a doped crystal.

At lower temperatures, extrinsic defects dominate transport properties 

because the energy values required to create a defect and cause it to 

migrate are generally high relative to kT. In the presence of a low 

concentration of defects, migration processes are considered as discrete 

events. In this view of conventional ionic solids simple hopping models 

suffice to describe low conductivities. However, as ions become more 

mobile or as defect concentrations increase, say at higher temperatures, 

then these simple models break down. Conduction can no longer be 

represented by independent hopping events, but requires a more correlated 

many-body approach. Likewise, as disorder increases, the concept of
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isolated point defects becomes meaningless as defect interaction leads to 

the formation of more complex aggregates.

Transport in superionics, with the rapid diffusion of mobile ions 

through a rigid lattice framework, requires the methodologies of both solid 

state and liquid physics. The solution must consider many-body interactions 

between the mobile ions themselves, between the mobile ions and the 

framework species and any interactions within the framework itself. Several 

simplified theoretical models have been put forward, e.g. elaborate hopping 

models, lattice gas models and others as reviewed by Dieterich etal. (1980).

The method which has emerged as the most accurate for modelling
'V

the structural and dynamical complexities of a real system is molecular 

dynamics. This technique, described more fully in Chapter 3, is ideally 

suited to studying superionic behaviour because it follows the time evolution 

of the system in which all degrees of freedom are treated explicitly. A 

complementary computational technique, also described in Chapter 3, is the 

static lattice defect simulation method. This calculates formation and 

migration energies for ionic species and the binding energies between 

defects or defects and impurities. The information gained from molecular 

dynamics and supporting methods is useful when interpreting a wealth of 

data available from experiment. Some of the commonly used experimental 

techniques are described in the next section.

2.4 Experimental Techniques

A variety of experimental techniques have evolved for use in defect 

investigations. They range from laboratory experiments, e.g. nuclear 

magnetic resonance, conductivity and light scattering studies, to those 

requiring specialised facilities e.g. neutron or synchrotron radiation sources, 

provided at centralised sites throughout the world. Some common 

techniques are described below.
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2.4.1 X-ray and Neutron Scattering

There are different types of defect scattering: first, Bragg scattering 

which produces a diffraction pattern giving structural information about the 

average unit cell; second, diffuse scattering which is useful as a probe for 

short range ordering of defects. It appears as a modulation of the 

background between Bragg peaks and is more difficult to interpret. A third 

kind is quasi-elastic scattering and this is used in the study of defect 

dynamics.

Neutron scattering experiments require the specialist resources of 

central facilities as at ILL Grenoble, whereas X-ray scattering can be 

performed in a well equipped laboratory, although as shall be seen below, 

synchrotron radiation sources provide major advantages.

2.4.2 EXAFS

In contrast to diffraction methods, Extended X-ray Absorption Fine 

Structure, EXAFS, provides information on the local environment of 

particular atomic species (Hayes and Boyce, 1983). The technique uses 

synchrotron radiation and has been used to determine the nature of cluster 
formation in CaF2 when doped with a range of rare-earths (Catlow et al., 

1984a) and in environment studies for Rb and Bi atoms in RbBiF4 (Cox, 

1989).

2.4.3 Light Scattering

Two types of light scattering experiment yield information on lattice 

vibrations and these may be interpreted in terms of the extent of disorder. 

The experiments are known as Brillouin and Raman scattering (Kittel, 1971). 

Brillouin measurements yield acoustic mode frequencies which are related 

to elastic constants, Cjj. Raman studies give frequency shifts for optical

phonon modes.
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2.4.4 Nmr and Other Spectroscopic Techniques

Nuclear magnetic resonance, nmr, is another useful technique 

providing information on ion dynamics at the microscopic level (Strange, 

1986). It is nucleus specific, thus enabling identification of mobile species 

even to the extent that it distinguishes between motion of the same chemical 

species on inequivalent lattice sites.

In a simple absorption experiment the resonance line has a finite 

width, Aco, due to small variations in the energy levels of the nuclei. 

However, if diffusion is occurring each nuclear spin sees only an average of 

the local field and line narrowing occurs. Measurements of line width and 

relaxation times (spin - lattice T 1f spin - spin T2) enable jump frequencies

and activation energies to be calculated. Nmr is, therefore, useful as a 

technique in its own right, but it becomes more powerful when combined 

with other methods e.g. electron spin resonance, esr, in multi-resonance 

experiments. Esr is used to identify paramagnetic defects. Identification 

relies on the resolution of fine structure interactions between the spin of the 

unpaired electron and that of the impurity nucleus (hyperfine, hf, interaction) 

or those of the nuclei of surrounding lattice ions (superhyperfine, shf, 

interactions). However, esr on its own does not always provide adequate 

resolution of shf. The power of spin resonance can be enhanced by 

measuring the nmr of the neighbouring nuclei which have an shf interaction 

with the unpaired electron of the defect. This is not possible, however, for 

low defect concentrations <10-6 mol %. A combination of nmr and esr 

methods leads to the electron nuclear double resonance, endor, technique 

which increases the sensitivity of the measurements (Spaeth, 1986).



35

2.4.5 Conductivity and Diffusion

Measurements of the bulk conductivity, a, and the self diffusion 

coefficient, DT, of an isotropic tracer (by radiotracer or nmr methods) provide 

information on the thermodynamic parameters which control point defect 

behaviour. Conductivity depends on the net movement of charge by the 

defects and diffusion on the movement of the tracer via the defects. Analysis 

using both methods helps to identify transport mechanisms in ionic crystals 

(Chadwick and Corish, 1986).

For doped materials additional electrical techniques are used to study 

the re-orientation of impurity-defect clusters. The methods used include 

dielectric relaxation and ionic thermo-current, ITC, measurements 

(Capelletti, 1986).

2.4.6 Calorimetric Studies

Specific heat measurements are also used when studying 

superionics. As noted for high temperature fluorites (Dworkin and Bredig, 
1968) and LaF3 (Lyon et al., 1978) there is a specific heat anomaly at

approximately the same temperature as when the conductivity rises sharply. 

Both phenomena are believed to originate from a disordering of the anion 

sub-lattice.

2.5 Fluoride Conductors

2.5.1 Fluorites

The structural and transport properties of fluorite structured alkaline 

earth fluorides (CaF2, SrF2, BaF2) have been studied widely over the last 15

years. They show a broad spectrum of defect behaviour.
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The fluorites have a simple and open structure consisting of a cubic 

array of anions with alternate cube centre sites occupied by divalent cations. 

At low temperatures the intrinsic point defects are anion-Frenkel pairs with 

interstitials occupying some of the empty cube centre sites. Ionic transport is 

low, as would be expected for a normal ionic solid, and occurs via vacancy 

or interstitial mechanisms. Vacancy motion has an activation energy of ~0.3 

to ~0.5 eV and occurs when an anion makes a direct jump into a 

neighbouring vacancy. Interstitials follow a more complicated intersticialcy 

mechanism with higher activation energies (0.7 to 0.9 eV).

As the temperature increases, there is a specific heat anomaly at Tc, 

several hundred degrees below the melting temperature. Beyond Tc the 

conductivity rises rapidly before levelling out, putting fluorites into the 

superionic class. There has been much uncertainty as to the nature and 

extent of disorder in the superionic phase. The conductivity rise was 

originally thought to derive from the massive generation of anion Frenkel 

disorder (Derrington et al., 1975). However, more recent studies (e.g. 

diffraction - Dickens et al., 1979a and Brillouin scattering - Catlow et al., 

1978) have shown this not to be so and that lower levels of disorder (3 to 

5%) are more realistic. Molecular dynamics (Gillan and Dixon, 1980, Dixon 

and Gillan, 1980a) and neutron studies (Dickens et al., 1979b, Hutchings et 

al., 1984) have also shown that there is negligible occupancy of the 

interstitial cube centre site. The simulation work also demonstrated that 

interstitials as well as vacancies act as charge carriers and contribute to the 

migration process, although the predominant method is by vacancy hopping 

along the <100> cube edge direction. This is supported by the quantum 

elastic neutron scattering work of Dickens etal. (1983).

The levelling of the conductivity above Tc has been attributed to the 

formation of defect clusters, such as that illustrated in Figure 2.1 (Dickens 

et al., 1982, Hutchings et al., 1984). This cluster is similar to the ,2:2:2’ 

cluster used in the early interpretation of diffraction data for doped anion 

excess alkaline earths. However, in Figure 2.1 the charge compensation is
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by the vacancies. Support for this type of model has come from the defect 

energy calculations of Catlow and Hayes (1982), which show this cluster to 

be stable with respect to the component isolated defects. Additional 

evidence for cluster models is provided by the conductivity analysis of Allnatt 

et al., 1987 which tested the stability of a variety of cluster types. Clusters 

with an excess of interstitial anions were found to be particularly stable. 

Their formation can help explain fast-ion conduction in terms of the 

generation of charge compensating mobile vacancies in the rest of the 

lattice. Beyond a certain temperature, however, repulsion between defect 

aggregates and the build up of large neutral clusters will preclude the 

formation of further clusters and hence the conductivity no longer increases.

An alternative explanation of the conductivity in the fast-ion region 

has been put forward in the reviews of Gillan (1985, 1986 a, b). Analysis 

suggests that it is not necessary to involve cluster formation to explain the 

neutron diffraction observations and that the rapid motion of defects will 

suffice instead. Whatever the reality, large anharmonic vibrations certainly 

exist and these could make the structural interpretation difficult. Therefore, 

despite several years of research, a detailed understanding of the complex 

dynamical disorder of the fast-ion region is still proving difficult.

2.5.2 Anion Excess Fluorites

Alkaline earth fluorides can dissolve up to ~40 mol% of trivalent rare 

earth fluorides and still retain the fluorite structure. The result of such 

aliovalent doping is the generation of charge compensating F' interstitials 

and a variety of cluster formations dependent on the concentration of 

dopant. The latter dominate the structure and transport properties in anion 

excess fluorites.

For dilute solutions, containing less than 1 mol%, simple dopant 

interstitial pairs exist in nearest neighbour, nn, and next nearest neighbour, 

nnn, configurations. The stability of M3+ - Ff clusters in CaF2, SrF2 and BaF2
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has been calculated by lattice simulation methods (Wapenaar and Catlow, 

1981 and Corish et al., 1982). The type of cluster formed is determined by 

the size of the impurity ion relative to the host cation and the lattice 

parameter. A general conclusion is that nn clusters are favoured by small 

lattice constants and large dopant radii (except for Y3+). Thus, nn clusters 

are the most frequent defect structure in CaF2 / MF3, whereas in BaF2, nnn 

configurations dominate. SrF2 shows mixed behaviour with smaller ions 

tending towards nnn.

As dopant concentrations increase, diffraction techniques have 

revealed more complex clusters. These range from the 2:2:2 and 4:3:2 

clusters used to explain the respective neutron diffraction data of 5 and 10 

mol% CaF2/Y3+ by Cheetham et al. (1971), Figure 2.2, to the larger cubo-

octahedral cluster of Gettman and Greiss (1978), Figure 2.3. Support for 

the stability of these clusters is provided by calculations of their energies by 

Catlow (1973, 1976) and Catlow et al. (1984b). Their relative stability is 

strongly dependent on the radius of the dopant ion. For large cations, e.g. 

La3+, the 2:2:2 model is preferred, whereas for smaller cations, e.g. Er3+, 

cubo-octahedral clusters have higher stability.

Conductivity in anion excess fluorites is not as high as in pure 

fluorites. This is because clusters trap the mobile F_ ions. However, 

conductivity studies by Schoonman (1980) have suggested that clusters 

indirectly cause a lowering of activation energy for F* migration by providing 

low energy pathways around the clusters for interstitial migration.

High temperature studies by Archer et al. (1983) have shown a rise in 

conductivity at ~600°C, which is thought to arise from cluster dissociation. In 

addition, doping has been found to lower the transition temperature to the 

superionic state (Catlow et al., 1981). For 10 mol% CaF2 / Y3+, Tc is reduced

by ~200°C. A suggested explanation is interstitial trapping by clusters which 

will reduce the Frenkel energy and hence lower the phase transition
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temperature. Calculations by Catlow and Hayes (1982) support this by 

showing appreciable trapping energies for the 2:2:2 clusters.

2.5.3 Other Fluorides

Conduction in rare earth fluorides (which is one of the main interests 

in this thesis) has also attracted interest, as these materials are known to 

have better electrical performances than pure alkaline earth fluorides. A 

review of previous work is given in Chapter 4, although as shall be seen, 

little is known about the mechanisms of defect behaviour. The results of 

static and molecular dynamics calculations on defect formation and 

transport are discussed in Chapters 5 and 6, respectively.

Mixed metal fluorite structured fluorides, A-j.xMyF-j^x, are another set 

of fast-ion conductors which have been shown to have higher conductivities 

than simple fluorites. The background and results of a neutron diffraction 

study of such a material, RbBiF4, is described more fully in Chapter 8.

Other metallic fluorides with superionic properties are lead-based 

materials, such as the fluorite structured PbF2 and PbSnF4. These materials

derive their conducting properties from the high polarisability of the lead ion. 

The results of a neutron diffraction study of a particular lead-based 

conductor, CsPbF3, are described in Chapter 9.
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Figure 2.1 Interstitial-vacancy complex for high-temperature fluorites.
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Figure 2.2 Dopant-interstitial clusters in doped CaF2 (a) 2:2:2 cluster 

(b) 4:3:2 cluster.
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Chapter 3

Computational and Theoretical Methods

3.1 Introduction

This chapter examines the techniques of computer simulation and 

shows how they are applied to the study of fast-ion conductors. The methods 

described fall into two classes: static lattice simulations, which take no 

explicit account of thermal vibrations, and molecular dynamics, which model 

the dynamical and time-dependent properties of the system. This thesis is 

concerned with the application of such methods to experimental problems 

rather than their development and so the descriptions which follow will 

summarise the main features of each technique and demonstrate the value 

of each to the study of superionics. Both classes of simulation are well 

established in the field of solid state studies and are the subject of several 

reviews in the literature (Catlow and Mackrodt, 1982; Sangster and Dixon, 

1976). Each class of simulation requires the specification of interatomic 

potential models to represent the forces acting between ions in the system. 

Reliable specifications are fundamental to the accuracy of the simulation 

results. This important topic is discussed in the final section of this chapter.

3.2 Aims of Computer Simulation

The aim of computer simulation is to provide information on the 

structure and transport properties of ionic or semi-ionic materials at the 

microscopic level. Such detail is complementary to conventional 

experimental techniques such as powder neutron diffraction, conductivity 

and nmr and so simulation is a useful analytical tool.

Early simulation studies examined simple systems such as the alkali 

halides and alkaline earth fluorides and these met with considerable



success (Catlow et al., 1977 a, b). The advent of powerful supercomputers 

with their parallel and concurrent architectures has, however, increased the 

range and scope of investigation to include more complex materials. A 

greater level of understanding has been afforded in, for example, the 

behaviour of superionic, non-cubic materials (Wolf et al., 1984 a,b; Wolf and 

Catlow, 1984), silicates (Catlow and Parker, 1985), zeolites (Hope, 1985) 

and ceramics (Lewis and Catlow, 1985). A growing area of interest is 

surface simulation for which associated techniques have been developed 

(Tasker, 1979; Colbourn, 1986) and these have been extended to examine 

grain boundary interfaces (Duffy and Tasker, 1983).

The basis of the modelling technique is the specification of reliable 

interatomic potentials from which the following properties may be calculated:

i)Crystal structure - in terms of unit-cell coordinates and cell dimensions. 
These calculations may be used in conjunction with diffraction data to 

analyse complex structures. Alternatively, they may be used as a predictive 

tool when probing a system under extreme conditions of temperature or 
pressure.

ii)Crystal properties, such as elastic, dielectric, piezoelectric constants 

and lattice dynamics.

\\\) Defect properties, which hold the key to transport properties of solids 

and are of primary interest in this thesis. The static simulations characterise 

the nature of the defect species responsible for the transport process. This is 

achieved by calculating energies of formation and migration and the binding 

energies of defects and impurity defect species. Molecular dynamics treats 

thermal motion explicitly and is instrumental in identifying the microscopic 

mechanisms of ion transport. It is also useful for the analysis of complex and 

high temperature structures.

The work on LaF3 presented in Chapters 5 and 6 is principally

concerned with (iii), although aspects of the first two points will also be 

presented.



The following sections describe the simulation methods used in this 

thesis. Each of the methods is based on the classical Born model approach 

to the solid, that is, the specification of short-range potential functions acting 

between point ion charges.

3.3 Static Lattice Simulations

3.3.1 Perfect Lattice

The lattice energy, Ul, of a perfect crystal may be written as:

where the summations refer to all ion pairs, i and j, such that i *  j, and all 

trios i, j, k, where i *  j *  k. r̂  equals the separation between all pairs of ions, 

qj is the charge on species i, ^  describes the short-range interaction 

between ion pairs and is the three body potential between atom i and 

two others, j and k.

The first term on the right hand side of equation 3.1 is the long-range 

Coulombic or electrostatic energy which provides the dominant contribution 

to the lattice energy, being around 90% for ionic materials. The short-range 

interactions represent the forces between adjacent ions. They are described 

by simple analytical functions containing a repulsive term due to charge 

cloud overlap and an attractive term consisting of dispersive and any 

covalent interactions. The short-range term in equation 3.1 has also been 

extended to include three-body, angular-dependent interactions (Leslie, 

1985). For simulation work, pair potential models are generally acceptable 

for ionic materials, although three body terms become large in covalent 

systems (Sim, 1988; Sanders et al, 1984). These higher order potentials 

were not used in this thesis.

(3.1)



3.3.2 Summation Methods

The Coulombic, r 1 sums of equation 3.1, are only slowly converging 

in real space and cannot be truncated without leading to serious artefacts 

(Adams, 1983). They do, however, become rapidly convergent when 

transformed into reciprocal space according to the method of Ewald (1921).

The physical basis for the Ewald method is the replacement of each 

point ion by a Gaussian charge distribution at every lattice site. Considering 

the lattice to be composed of sub-lattices of opposite charge, the 

electrostatic potential experienced by any one reference ion in the presence 

of all other ions is given by,

*F = ^  + ¥ 2 (3.2).

The potential 'F-j arises from a Gaussian charge distribution of the same size 

and sign as the ions replaced. However, according to the definition of the 

Madelung constant, the charge distribution on the reference site is not 
considered to contribute to either of the potentials 'F-j o rx¥2- Potential *Fi

may, therefore, be written as,

(3.3)

where x¥ a is the potential of a continuous series of Gaussian distributions 

and ^ t h a t  of a single distribution at the reference site. Potential ¥ 2 , in 

equation 3.2, corresponds to a lattice of point charges with an additional, but 

equally opposite, Gaussian charge distribution superimposed on the first.

The speed of convergence of both ^  and *F2 depends on the width of 

the Gaussian distribution, r|, although when taken together the total potential 

'F is independent of rj. The functional forms for 'F-i and *F2 show that 'F-j 

converges rapidly in reciprocal space for large rj whilst *F2 converges faster
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in real space for small tv An optimum value for rj ensures fast convergence 

of both parts.

Catlow and Norgett (1976) calculated the optimum value of rj by 

minimising the number of terms in each series, Nt, with respect to rj to give,

where s is the number of ions per unit cell and Vc is the unit cell volume.

Returning to the expression for lattice energy, equation 3.1, the short- 

range interaction can be summed directly in real space. The convergence is 

such that a cut-off distance may be supplied beyond which the interactions 

are negligible.

3.3.3 Energy Minimisation

To calculate equilibrium properties of a crystal structure it is first 

necessary to minimise the lattice energy with respect to structural 

parameters. This can be carried out in two ways: firstly, to constant volume 

where minimisation is with respect to atomic coordinates only and the cell 

dimensions are fixed; secondly, to constant pressure where all structural 

parameters including the cell dimensions may be allowed to vary. In either 

case, for a lattice containing s ions per unit cell, the lattice energy is first 

expanded about any configuration r to second order in internal and bulk 

strains (Born and Huang, 1954). The energy at the new configuration i' is 

then,

3

(3.4)

UL(r') = UL(r)+ g T5 + l s T ) p (3.5).



The total strain vector, S , is a (3s + 6) dimensional vector composed of 3s 

internal components Si, representing ion displacements in the x,y,z 

directions and six bulk strain components $£., representing the 6 

independent strain components of the symmetric strain matrix Ag. Thus,

6e1 J-S e2 ^ 6 ■ ^ 5

5  =  [S c . 5 e ] ; 4 l  = 2^6 5e2 J -5 e2 ^ 4

2^5 1 ^ 4 6e3

and the new configuration is related to the original by,

Is ^ A M rs + S rs ) (3.7).

g is a vector of the first derivatives of the energy and is also of (3s + 6) 

dimension,

9 =
a u , a u ,

asr a 8e
(3.8).

Finally W is the corresponding matrix of second derivatives,

W =

a2uL a2uL

asrdSr a Sr 3

a2uL a2uL

a & a s r  aSea8e
(3.9).
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3.3.4 Minimisation to Constant Volume

Here the criterion is the removal of internal strain components £r so 

that the equilibrium condition gives,

The method used in this thesis to achieve fast convergence is an iterative 

Newton-Raphson procedure employing first derivatives and the second 

derivative matrix W. Thus applying the equilibrium condition to equation 3.5 

and neglecting bulk strain components gives,

The optimum displacement of an ion from its equilibrium position is, 

therefore,

Even if Ui_ is not a harmonic function of i, the iterative update of §1 ensures 

that the new configuration moves closer to the minimum with further 

iterations.

This approach normally allows smooth and rapid convergence, but 

has two major limitations concerning the inversion and storage of the W. 

matrix. The inversion process at every iteration puts excessive demands on 

cpu time. The problem is reduced by using approximate methods to update 

W ' 1, thereby allowing re-inversion only after several iterations. The

(3.10).

0 = g + W 5 r (3.11)

and U|_ is at a minimum n iterations later when,

g = - W £r (3.12).

(3.13).
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modifications and developments are dealt with in greater detail in Norgett 

and Fletcher (1970), Davidson (1959) and Fletcher and Powell (1963).

For large structures such as zeolites (Hope, 1985), with an average 

N=300 atoms per unit cell, the storage of the 3N x 3N second derivative 

matrix becomes difficult even for contemporary mainframe computers. The 

problem is further compounded by a factor of four should ionic polarisation 

effects be taken into consideration. A partial solution is found by applying 

symmetry constraints so that only those matrix elements belonging to 

symmetry dependent sites are calculated (Leslie, 1982). However, in more 

severe cases it is necessary to choose a conjugate gradients minimisation 

procedure which converges more slowly, but only uses first derivatives and 

hence places less demand on cpu memory (Fletcher and Reeves, 1964). 

This method was used by Parker (1983) in a study of silicates. In this study, 

when ionic polarisation effects were considered, it was noted that 

minimisation was an order of magnitude slower than the matrix approach.

To extend these techniques to constant pressure, bulk strains are 

also minimised by an iterative adjustment of lattice vectors. This method will 

not be discussed further as the constant volume technique is the one 

adopted for calculations on LaF3.

3.3.5 Lattice Properties

As mentioned earlier in section 3.2, simulations can be used to 

calculate lattice properties such as dielectric, piezoelectric and elastic 

constants, which are all based on the second derivative strain matrix 

calculated above. Full derivations of each relation for crystals in the 

presence of external fields or at zero electric field are found in Catlow and 

Norgett (1976) and Catlow and Mackrodt (1982). The expressions have also 

been incorporated into the computer code PLUTO (Perfect Lattice 

Unrestricted Testing Operation), (Catlow and Norgett, 1976, 1978).
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3.3.6 Defect Lattice Simulation

The ability to simulate defects is important because they are 

responsible for many of the more interesting properties such as ion 

transport. The methods employed are again based on energy minimisation 

procedures similar to those for the perfect lattice, but the feature of 

fundamental importance is the treatment of lattice relaxation about the 

defect. In ionic crystals, where the defect species is normally charged, the 

long-range Coulombic interaction with lattice ions requires that the 

relaxation field is also long-range. The method developed to treat this lattice 

response is known as the 'two-region strategy', which splits the crystal 

surrounding the defect into an inner and outer region (Lidiard and Norgett, 

1972; Norgett, 1974). The energy of incorporating the defect is then 

calculated as the energy difference between the defective and perfect 

lattices.

The immediate vicinity of the defect is defined as region I and 

contains typically 100 ions. These ions experience the strong force field of 

the defect and so their relaxations to zero force must be treated explicitly, i.e. 

all coordinates are adjusted to a minimum energy configuration by iterative 

Newton-Raphson procedures (Norgett and Fletcher, 1970). This region is 

surrounded by an outer region, region II, extending to infinity. Here, the force 

exerted by the defect is weak and the response of the lattice may be 

modelled using continuum methods based on the approximations of Mott 

and Littleton (1938). The displacements in region II are assumed to be a 

dielectric response to the effective charge of the defect. They are calculated 

from the polarisation per unit cell, which can be divided into atomistic 

displacements depending on the nature of the potential model used. A 

further point is that, in practice, region II is subdivided into parts a and b. Any 

interactions between ions in lla and region I are thought to contribute to the 

short-range interaction and are treated explicitly. Region lib is treated as a 

continuum. The total defect formation energy is then expressed as the sum 

of the three terms:
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E = E1(i1) + E1i2(li,S[2) + E2 (§t2) (3.14)

where E-j is the energy of interactions arising entirely from within region I, E2 

the energy arising from interactions in region II, and E-j 2 is the energy of

interaction between regions I and II. r is the coordinate vector for region I, 
and ££2 is the displacement vector in region II.

The E2 term involves an infinite sum of ion pairs which makes

computation excessive. To simplify the calculation, it is assumed that for 
small displacements £r2, then E2 may be defined as a quadratic function of

the displacements,

E2 (§£2) = (1/2). SjvJ.A.&fc (3.15)

where A is the force constant matrix. Applying the equilibrium condition, 

d E

9 (fit,)
= 0 (3.16)

at any arbitrary value n  for region I yields 

9E  d Et 2(£i,S[2) I

9 (Slg) 9 (Stg) ^ = 5 4
+ A - 5^ = 0 (3.17)

where Sr2' are the equilibrium values of ££2 in region II. Therefore,

1 9 E. ,(£,,££,) I
e 2 (& 2 > = - p -  ’ (3 ' 18)-2 9 (£r)  ^  *



Thus by substituting this into equation 3.14 it is possible to remove any 

explicit dependence of the defect energy on E2 and thereby make a saving

on computer processing resources,

1

E - E 1ft|) + E1>2(tlj y - I - t — . . £[, (3.19).
£12=512

Terms in equation 3.19 are found by summing pair potentials, so that 

formation energies are calculated as the difference between the perfect and 

defective lattice energies. The defect procedure, therefore, consists o f :

♦  Minimising the energy of region I using a Newton-Raphson iterative 

procedure to reach the equilibrium condition,

(3.20)
f-i

where all ions have been relaxed to the equilibrium coordinate 
configuration,

♦  Calculating E-j(r-i) as an explicit summation for short-range and 

Coulombic terms.

♦  Calculating E ^ fo ,  Sj^), which is more complex since region II is divided

into lla and lib. For lla, the displacements are evaluated using the Mott- 
Littleton procedure as the sum of those due to all the charged defects in 
region I. E1 2 and its derivatives are then calculated by explicit summation

between the two regions. The outer region lib does not contribute 

significantly to the short-range interaction. The displacements in lib are 

again calculated using the Mott-Littleton procedure, but now they are 

considered to arise only from the net charge of the defects in region I. The 

appropriate summations are carried out to infinity. For non-cubic materials, 
such as LaF3,
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m  o,p |i;|

where Q is the total effective charge on the defect, ij is the equilibrium 

position of the jth ion in region lib and Mj is a constant derived from the strain 

matrix W- The |£j|_6 term is found to make less of a contribution as the size of 

region I is increased.

3.3.7 Defect Codes

The techniques of defect energy calculation have been incorporated 

with increasing sophistication into several computer codes, notably the 

Hades series (Harwell Automatic Defect Evaluation System) for cubic 

crystals (Norgett, 1974). Hades III was developed by Catlow et al. (1982) for 

crystals of any symmetry. The code used in this thesis for extensive defect 

simulation is, however, CASCADE (Cray Automatic System for the 

Calculation of Defect Energies). This code, written by Smith (1981) and 

Leslie (1982), is a combination of perfect lattice and defect lattice simulation 

techniques and was specifically written to make use of the vector facilities of 

the Cray series of computers.

3.3.8 Reliability of Static Simulation Techniques

Within the approximations of the classical model and the static 

approach, the techniques are accurate given a large enough region I and 

reliable interatomic potentials. Several studies have been devoted to the 

sensitivity of calculated energies to the size of region I (Catlow and Norgett, 

1973). These show that, provided the inner region contains around 100 

ions, the energy reaches a plateau which exhibits only small oscillations of 

between 0.01 - 0.05 eV for further expansion of region I. Choosing a value 

around the edge of the plateau, therefore, satisfies the convergence criteria 

and also reduces computer time spent on further expansion.
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The reliability of the calculation is, therefore, solely dependent on the 

interaction potentials which will be surveyed in the final section of this 

chapter.

3.3.9 Static Lattice Simulation of Superionic Conductors

Static lattice simulations include no explicit representation of thermal 

motion and so the technique may seem of limited use in the study of 

superionics. However, it has been shown to be particularly appropriate in 

the study of fast-ion transport where conduction occurs via hopping 

mechanisms (Catlow, 1983). One of the conditions for a hopping model is 

that, A E » k T  where E is the activation energy for the required 'hop' process. 

This condition is not always obeyed in superionics. In fact energies can be 

considerably less than kT and so a hopping description of the conduction 

process becomes inadequate. Even in these cases, however, the static 

simulations are a good precursor to dynamical simulation in that they 

provide useful information on the identity and energetics of the mobile 

species responsible for the high conductivity. They may also go as far as 

suggesting diffusion mechanisms by calculation of activation energies for a 

defect migrating along proposed pathways. Two further points in favour of 

the static approach are first, that the computer time needed is much less 

than a dynamical simulation and secondly, polarisability can be treated 

explicitly using shell model potentials. Including polarisability in molecular 

dynamics would increase the simulation time by a factor of 5-10.

Thus static simulation plays a significant role in the study of 

superionics, although detailed dynamical information must be obtained from 

molecular dynamics. For this reason both techniques have been applied in 

the study of LaF3.
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3.4 Molecular Dynamics

The aim of molecular dynamics, MD, is to reproduce the time 

evolution of a real system on an atomic time scale. It was originally 

developed by Alder and Wainwright (1959) and is reviewed in detail in 

Sangster and Dixon (1976).

The technique consists of defining an ensemble of particles of 

constant volume to which periodic boundary conditions are applied, thereby 

creating an infinite lattice. Ion trajectories can then be followed by solving in 

an iterative manner Newton's equations of motion, under the action of 

specified interatomic potentials. Other features of the technique are that the 

momentum and total energy of the system are conserved, but that the 

temperature fluctuates, finally settling down around a targeted value.

Ion trajectories in this thesis have been calculated using the MD code 

FUNGUS (Walker, 1982) which has recently been upgraded (Vessal and 

Leslie, 1987).

3.4.1 The MD Method

For an ensemble of N ions, the simulation run is divided into a series 

of successive time steps, x, at which trajectories for each ion are calculated 

as a function of particle coordinates, ij(t) and velocities, yj(t). The forces, £j(t), 

acting on a particle, i, at any time t as a result of its interaction with all other 

ions j is given by,

where V(£jj) are pair potentials. The acceleration, 2 j(t), of ion i of mass rrij is, 

therefore,

N

(3.22)
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(3-23).

From this it is possible to determine the velocity and hence position of the 

same particle at time, x, later by use of a suitable updating algorithm.

The simulation is allowed to evolve in time for a number of time steps 

from which time-dependent properties can be evaluated directly and 

equilibrium properties determined as averages over time steps and sets of 

particular types of particles.

To make the simulation as 'real' as possible, it would be ideal to 

include a large (i.e. several thousand) number of ions, N, in the simulation 

'box' to improve statistics for properties involving averages over a number of 

particles and to run for a long time (i.e. several hundreds of picoseconds) to 

ensure adequate sampling of the dynamical processes. Both of these 

requirements are, however, limited by available computer time. The time 

taken to consider all interactions depends on N2 and, as all the present 

simulations used the Cray-1 s, N must be less than 1000 ions. An advanced 

computer such as the Cray X-MP/48 would make the simulation of larger 

and more complex structures more viable. Approximations to the bulk are, 

however, accommodated, though not without limitations, by employing 

periodic boundary conditions. The simulation 'box' is embedded in an 

infinite array of identical boxes, thereby eliminating surface effects and at the 

same time conserving the number density of particles.

The amount of real time sampled in the simulation run, T = nx, is 

clearly governed by the number of time steps, n, and the value of the time 

step, x. Increasing n results in a linear increase in computer time and so 

restricts n to around several thousand. The alternative approach is, 

therefore, to increase the time step period, x. Increasing x beyond a limiting 

value, however, introduces errors in the up-dating procedure as drifts in the
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total energy and temperature occur. The problem can be corrected by using 

more sophisticated integration algorithms, which in turn take more time and 

may reduce any advantage gained, t  also needs to be chosen to be less 

than any 'characteristic time' of the system i.e. x<<<o_1 where v is the 

frequency of the highest phonon mode. Thus for a simulation of ionic 

materials neglecting polarisation effects, a typical value for x is ~ 5 x 10-15 s, 

(a polarisable model would require an even shorter time step). As a 

consequence of the above limitations the total run time is at most a few tens 

of picoseconds, although this is considered to yield an adequate 

representation of the properties of the system.

3.4.2 Initial Conditions

At time zero, the simulation is started by assigning coordinates and 

velocities to each of the N particles in the simulation box. The coordinates 

are normally those of the crystallographically determined sites. The 

velocities are chosen in accordance with a specified target temperature, T, 

so that,

The initial part of the simulation is an equilibration period when the 

system loses all memory of the start-up configuration as it attains equilibrium 

status, representative of the real system. During this period the positions are 

adjusted and the energy is distributed between kinetic and potential terms 

causing the temperature to fluctuate. The velocities are scaled periodically

N

(3.24)

and are subject to the constraint,

(3.25).
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to re-align the temperature to the target. At equilibrium the velocities will 

have attained a Maxwellian distribution and the average temperature will 

have settled to within a standard deviation of the target value i.e.

a  = 4 = T  <3 -2 6 )
V n

where N equals the number of particles in the box.

The equilibration can take 1000 or several thousand time steps and 

must be discarded from the analysis. The production run, therefore, starts 

with an equilibrium configuration, all scaling is switched off and the 

simulation continued for several thousand time steps corresponding to a few 

tens of picoseconds as described previously. The positions and velocities at 

each time step are now routed to tape and saved for subsequent analysis.

3.4.3 Integration Algorithm

The positions and velocities of each particle are updated at every 

time step by a numerical algorithm which approximates the differential 

equations of motion by finite difference equations, for example,

Ii(t + x) = n(t) + TVi(t) +1/2x2aj(t) (3.27)

Vj(t + x) = Vj(t) + T3(t) (3.28).

Such a simple treatment introduces errors in the trajectory calculation 

unless x is infinitesimally small. More realistic values of x require a more 

sophisticated algorithm including higher orders of x and that of Beeman 

(1976) is found to be sufficient and is implemented by FUNGUS; other 

algorithms are discussed by Sangster and Dixon (1976). The Beeman

algorithm for position and velocities is derived from a Taylor expansion to 

third order for rj(t + x),
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£j(t + x) = I|(t) + J£i(t)x +1/22 i(t)x2 + 1 /6aj(t)x3 (3.29).

The last term is approximated by a finite difference equation

2 i(t)x » 2 i(t) - 2i(t - 1) (3.30)

giving,

Ii(t + x) = i|(t) + Yj(t)i +1/6 [4ai(t) - a (t - x)]x2 (3.31)

which yields,

v; (t + x) = y.(t) + i [ 2 a i(t+x) + 5^(t) - ^(t-x)] (3.32).

3.4.4 Periodic Boundary Conditions

Periodic boundary conditions (pbc) serve to generate an infinite 

system from an original box specification and have the advantage of 

removing surface effects.

Various box geometries and methods of embedding have been 

tested e.g. a spherical box may be incorporated into a dielectric continuum 

(Friedman, 1975). This is problematic, however, and dominated by interface 

effects. The more usual approach is to take a parallelopiped box containing 

an integral number of unit cells and surround it by an infinite array of 

identical images of itself. As a consequence, the number density is 

conserved in that as one particle leaves the box across a particular face, an 

identical one enters across the opposite face with the same velocity. The 

periodicity so imposed, is of course completely artificial and may cause 

problems, particularly with long-range Coulombic interactions if a small 
number of particles are used. A test on CaF2 using two box sizes containing

96 and 324 ions does, however, give no indication of systematic effects
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arising out of pbc (Dixon and Gillan, 1980b). Pbc are considered to have 

even less of an effect on short-range forces where interactions are taken as 

negligible for distances greater than half the box length.

Originally MD was performed on cubic boxes, largely because of the 

simplicity in calculating image contributions to the energy. This was 

obviously restrictive and so the FUNGUS program was developed to take a 

box of any symmetry, thereby increasing the scope for study of hexagonal 

systems like LaF3 (this thesis), Li3N and Na+-p"-alumina (Wolf, 1984).

3.4.5 Calculation of Forces and Energy

In order to use the updating algorithms effectively, the forces acting 

on each particle from interactions with particles inside the 'box' and their 

images must be calculated accurately for every time step. This is the most 

time-consuming part of the simulation.

The pbc generate particles in image cells at displacements, I, from 

their positions in the original cell, where:

1 = aa + Pfc + tc (3.33)

and a, p and y are integers between ± and a, & and £ are the lattice vectors 

of the simulation box. The total energy of the system is made up of two parts, 

a short-range and a long-range Coulombic component:

(3.34)

H  if 1=0
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where (ji) is a label for the jth particle in the image cell at displacement r^  

from particle i in the original cell. For interactions within the original cell, 1 = 

0 , then the condition i *  j holds.

The short-range interactions, summed in real space, are cut off when 

r j e q u a l s  a specified value. The short-range interactions are normally

described by rigid-ion potentials, because of cpu restrictions on introducing 

polarisation.

The Coulomb sum cannot be summed directly and must be treated by 

the Ewald method, which has already been described in detail for the static 

simulations.

3.4.6 Analysis of Data

Analysis of particle trajectories can yield a wealth of information on 

structural, transport and mechanistic properties. Some of the more relevant 
applications are mentioned here and those applied to the study of LaF3 will

be covered in more detail in Chapter 6 .

Structural information is obtained from radial distribution functions 

which identify a lattice as being either "solid like", i.e. interparticle 

separations are those expected in solids, or more diffuse in nature, such as 

when a large amount of diffusion is occurring as in a liquid. Diffusion 

constants may be calculated from mean square displacement plots, and 

these are an immediate test of whether diffusion is occurring and which are 

the mobile species. The nature of the migration process occurring is 

ascertained from displacement moment ratios which tend to unity for either 

vibrational motion typical of a harmonic solid or more continuous motion as 

in a liquid. Strong deviations from unity indicate hopping processes. Other 

information on particle dynamics come from velocity autocorrelation 

functions. These show oscillating behaviour for particles vibrating around 

lattice sites, but are damped and decay to zero more quickly for particles
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exhibiting diffusive motion. Finally, detailed mechanistic pathways and 

behaviour of individual ions can be found by plotting particle trajectories 

with time.

3.4.7 Limitations

Although MD is an extremely informative technique it does, however, 

have several limitations.

First, the simulations can only be run for a maximum of say 100 ps, 

which means that a large number of migration events must have occurred 

during this time before any useful information can be obtained. Secondly, 

the simulation box is also limited through time constraints to a maximum of ~ 

1000 particles. Information on migration processes are, therefore, more 

statistically reliable for systems which have a large number of mobile 

species within the simulation box, but this is not always the case e.g. Li3N 

(Wolf, 1984) and high temperature CaF2 (Dixon and Gillan, 1980b). Also, it 

has not been conclusively shown that pbc do not have an effect on long- 

range interactions for a limited number of particles.

A third limitation is that the MD technique used in this thesis has a 

fixed size and shape for the simulation box. These artificial constraints may 

create undesirable effects e.g. the cell rigidity may prevent the system from 

relaxing to a more thermodynamically favourable structure. Parinello and 

Rahman (1980) have made generalisations to the MD technique which 

allow for the dynamically controlled variation of the shape and size of the 

simulation cell. These modifications have made it possible to model the 

structural phase transitions in Agl from the non-conducting p-phase to the 

superionic a-phase (Parinello etal., 1983).

Pbc create a system without surfaces and this is a fourth limitation. 

For systems with Frenkel disorder, where ions are displaced from regular to 

interstitial sites, this is not a problem and the system can be allowed to
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dominated by intrinsic Schottky disorder, i.e. the production of vacancy pairs 

M+X', it is necessary to displace ions to the crystal surface. MD cannot, 

therefore, simulate such a system without explicitly introducing vacancies as 

part of the initial start-up conditions.

A final limitation is the exclusion of polarisability in the MD model. Its 

inclusion increases the computer time by a factor of 5-10 and so 

approximations are made by using optimised rigid-ion potentials which are 

described in section 3.5. A pilot study on CaF2 by Dixon and Gillan (1980b)

using a polarisable model does, however, show little effect on the simulation 

and so its omission may not be too serious. !t is noted that LaF3 has a similar 

polarisability to CaF2 and hence it is assumed that rigid-ion potentials will 

suffice.

3.4.8 Overview of MD Procedures

The MD calculation can be divided into three stages:

♦  Preparation, in which suitable potentials are derived 
and start-up conditions are chosen.

♦  Simulation, during which period the system is allowed to 
equilibrate before saving the trajectory data to tape.

♦  Analysis, when trajectory data are analysed to yield
structural, transport and mechanistic information 
at the atomistic level.

3.5 Potential Models

As previously mentioned the accuracy of the interatomic potentials is 

fundamental in determining the reliability of the calculated lattice properties 

and defect processes. This section examines first, the nature of the potential 

models used for short-range interactions and continues by describing the
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effects of ionic polarisability. A final section is devoted to the methods of 

potential derivation and their limitations.

3.5.1 Pair Potentials

The potential energy of a system can be represented as the sum of 

two-body and many-body terms. For ionic solids, however, it is generally 

acceptable only to consider two-body central-force interactions which are 

solely dependent on the separation of the particles. This was assumed to be 

so for the work on LaF3, where the point ions were also assigned integral

charges.

The pair potential is made up of Coulombic and short-range 

components. Calculation of the Coulombic component, using the Ewald 

summation, has already been dealt with in (3.3.2). The short-range 

interaction originates from the overlap of electron charge clouds between 

neighbouring ions. This term is handled in real space and is cut off beyond a 

specified distance. These can be described by simple analytical functions, 

but the one used in this thesis is a Buckingham potential, the suitability of 

which has been the subject of several studies (Tosi and Fumi, 1964; Catlow 

etal., 1977a). It is written as:

<t>ij = Aij exp
pii

C ij (3 .3 5 )
6

rii

where ry is the distance between a given pair of ions i and j. The exponential 

term describes repulsive overlap and the parameters Ajj and py are related to 

the ion size. The second term is attractive with C y, the van der Waals 

coefficient, representing dispersive (polarisation) effects. In practice 

however, it also incorporates covalence.



3.5.2 Ionic Polarisation

It is important to include the effects of ionic polarisation in simulation 

studies in order to model correctly the dielectric response of a medium to 

perturbations in the electric field. This is particularly relevant in defect 

studies where the defect polarises the surrounding lattice extensively.

Ionic polarisation, E, is defined as the dipole moment per unit volume, 

averaged over the volume of a crystal cell. The dipole moment is induced by 

application of an electric field and its magnitude is a function of the 

frequency, co, of the field. The dielectric response can be written as:

e0 E(co) + E(co)
e(°>) = -2----- — -----  (3.36)

e0 £ (“ )

where £. is the macroscopic field, e is made up of a high frequency 

component, £«,, arising from electronic displacement and a static component,

e0, which arises from nuclear and electronic displacements.

3.5.3 Polarisation Models

The simplest method for including polarisation is that of the point 

polarisable ion (PPI) model introduced by Lyddane and Herzfield (1938) in 

an early lattice dynamic study. It assumes that each ion of polarisability a  

can develop a point dipole moment ja in the presence of an electric field E,

U = ccE (3.37).

The major inadequacy with this model is the neglect of the 

interdependence of ionic polarisabilities and short-range forces, which 

leads to an overestimation of polarisation energy. When polarisation occurs 

there is a distortion in the electronic charge clouds of ions. Since short-



range repulsion arises from charge cloud overlap the two must be related. In 

essence the short-range forces serve to dampen the polarisation effects.

A more reliable description of polarisation is given by the 'shell 

model' developed by Dick and Overhauser (1958), which allows short-range 

interactions between shells. In this simple mechanical description of 

polarisation each ion has a massless shell of charge y representing valence 

shell electrons, and a core of mass m representing the nucleus and core 

electrons, where m is the total ion mass. The two are coupled via a harmonic 

spring so that the dipole arises from core-shell displacements. Thus, by 

allowing shell displacements, the effects of polarisation and short-range 

forces are coupled together.

The polarisability for an ion is given by:

2

« = £ ■  (3-38)

where the spring constant K is determined from the core-shell interaction as 

a function of separation distance r,

4> (C) = Kr2 (3.39).

This model has proved most successful in modelling dynamical and 

defect properties of ionic halides and oxides (Catlow and Mackrodt, 1982), 

but it is not without its limitations. First, two more parameters y and K need to 

be derived and, as yet, this can only be done by fitting to known 

experimental data. Secondly, this fitting sometimes produces positive shell 

charges for cations. This paradox has partially been rationalised by Bilz et 

al. (1975) in terms of overlap of cation and anion nearest neighbours.

A further development has been the introduction of a 'breathing' shell 

model to overcome the inadequacies of the central force model, which fails



to reproduce Cauchy violations. Refinements by Schroder (1966) allow for 
the spherically symmetric distortion of shells and enable violations, C 12 < 

C44, to be predicted for cubic binary oxides. Violations in the reverse sense, 

as in AgCI, are accounted for by allowing ellipsoidal deformations as 

introduced by Sangster (1974).

3.5.4 Rigid-ion Model

The rigid-ion model takes no explicit account of electronic 

polarisation and hence the high frequency dielectric constant, £««, is unity.

One polarisation effect, i.e. dispersion can, however, be modelled, if van der 

Waals coefficients are used in the description of the potential. Nevertheless, 

rigid-ion potentials are very poor in giving a description of the dynamical 

properties of a lattice since these are influenced strongly by polarisation.

Sometimes, however, it is necessary to use these potentials as in the 

case of molecular dynamics. Here, inclusion of polarisability by a shell 

model would make an already cpu-demanding process more expensive by 

up to an order of magnitude. It has also been argued that, provided the static 

dielectric constant eq is correctly reproduced by adjusting the short-range

repulsive parameters (A and p), then the rigid-ion model is satisfactory

(Catlow, 1977 and Catlow and Norgett, 1973). Indeed, a pilot MD study of 
C aF 2 using shell model potentials gives similar results to those using

optimised rigid-ion potentials (Dixon and Gillan, 1980b).

3.6 Derivation of Potentials

The methods used to calculate the potential parameters for the short- 

range and shell model interactions can be separated into two categories: 

firstly, empirical fitting, and, secondly, theoretical methods, i.e. electron gas 

and ab-initio Hartree-Fock calculations.
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3.6.1 Empirical Methods

A starting set of parameters for A, p, C, K and y are chosen. These are 

refined using a least squares fitting procedure until the best possible match 

is found between calculated and experimentally determined properties such 

as elastic and dielectric constants and lattice energy.

Although this method is often used there are two disadvantages: 

firstly, the reliance on the availability of experimental data and, secondly, the 

potentials derived are those for perfect lattice spacings. This is often not the 

case in defect studies, particularly for interstitial configurations, where inter- 

nuclear distances could be very much smaller than those in the perfect 

lattice. In such cases, reliability is then dependent on the accuracy of the 

analytical potential function over a wide range of separations.

3.6.2 Theoretical Methods

Other methods, such as electron gas and ab initio methods, have 

been developed to calculate interionic energies for a range of separations. 

Of the two, electron gas is the more approximate, whilst the ab initio is 

restricted by its use of computer time.

Electron gas methods calculate interactions between the charge 

densities of two ions at a series of separations. The total interaction energy 

is given by:

E = Eeiec + Eke + Eex + Ecorr + E ĵsp (3.40)

where Eejec is the electrostatic energy, Eke is the kinetic energy, Eex the 

exchange energy, Ecorr the short-range correlation energy in the region of 

electron density overlap and Edisp is the longer ranging dispersive energy. 

Edisp cannot be calculated by electron gas methods, but from perturbation 

theory (Salem, 1960).



The interaction energies are calculated based on methods of 

Wedepohl (1967) and Gordon and Kim (1972, 1974). The approach treats 

the electron densities as degenerate Fermi gases. The densities for isolated 

ions are calculated using closed shell Hartree-Fock wavefunctions and the 

total density was originally found by summing these energies. However, the 

work of Mackrodt and Stewart (1977, 1979) on ionic materials, has shown 

the importance of calculating wavefunctions in the Madelung field 

appropriate to each crystal i.e. ions are now placed in an effective external 

field.

The computer code Wedepohl (Harker, 1980) is used in the electron 

gas method and has subsequently been developed to fit to different 

potential functions (Harding and Harker, 1982).

The ab initio techniques (not employed in this thesis) use Hartree- 

Fock molecular orbital methods on 'super molecules’ rather than isolated 

ions. Interatomic potentials are found from calculations performed as a 

function of internuclear separation. The method is described by Mackrodt et 

ai. (1980) and has been used most recently by Sim (1988) in studying 

potentials for a-quartz. Electron correlation is not included in the Hartree- 

Fock approximations, but could be calculated either by empirical fitting or by 

adapting the ab-initio calculations to use multi-configurational 

wavefunctions derived from configuration interaction, Cl, or multi- 

configurational self-consistent field, MCSCF, calculations (Szabo and 

Ostlund, 1984). The limitation of these calculations is the extreme demand 

on computer time. Should shell parameters also be required, these must be 

fitted empirically to static and dielectric constants. Therefore, a full 

parameterisation involves a combination of techniques.



Chapter 4

The Structure. Transport Properties and 
Applications of LaP»

4.1 Introduction

LaF3, is a trifluoride with the tysonite structure. It has been identified

as a solid electrolyte exhibiting a very high fluoride ion conductivity at 
elevated temperatures. Other rare-earth fluorides, e.g. CeF3 and structurally 

related solid solutions of mixed composition, e.g. LaF3 - SrF2, have also 

demonstrated similar effects (Nagel and O'Keeffe, 1973). Solid electrolytes 

are, of course, of great potential technological importance.

Initial interest in these materials was shown over twenty years ago, 

but it is only in recent years that significant efforts have been made to 

establish consistent structural and transport data concerning which there 

has been much dispute. These experimental data have stimulated the defect 

energy calculations reported in Chapter 5 and the molecular dynamic 

simulations of Chapter 6 .

There have been a number of studies on LaF3, but, unfortunately, 

they have used different labelling conventions when describing the mobile 

fluorine species. As shall be seen, for a material showing multi-site 

behaviour, where there are already differences in interpretation of 

experimental data, inconsistent terminology can lead to additional problems. 

The main contributions of this chapter are, therefore, to provide a 

comprehensive review of the known experimental knowledge of LaF3 to

date, and, more importantly, to establish one consistent terminology.



4.2 The Structure of the Rare Earth Fluorides

The rare-earth fluorides have been the subject of several structural 

investigations which show that some undergo temperature dependent 

transitions. Dimorphism amongst the heavier trifluorides was first recognised 

by Zalkin and Templeton (1953). A subsequent high temperature x-ray 

diffraction study by Thoma and Brunton (1966) on polymorphic transitions in 

YF3 and the lanthanides identified three structural types: hexagonal tysonite, 

orthorhombic |5-YF3 (Pnma) and "hexagonal a-YF3". The trifluorides of Sm- 

Lu and YF3 all have the orthorhombic structure at low temperatures, but 

convert to hexagonal modifications at high temperatures. The group Sm-Ho 

possess the tysonite structure at high temperatures (the transitions occur 

over the range 800-1350K) whilst Er-Lu possess the different "hexagonal a- 

YF3" structure. This latter structure has since been identified as the a -U 0 3 

structure type (space group C3m1), Sobolev and Fedorov (1973). The early 

lanthanides La-Nd are not dimorphic and exist only in the tysonite structure. 
Since this chapter is concerned with LaF3, only the tysonite structure will be

discussed further.

4.3 The Crystal Structure of LaF3

Several space groups have been proposed to describe the structure 

of LaF3, and indeed the question has been controversial. This section first

gives a summary of those investigations and then describes in detail the unit 

cell parameters for two of the most favoured space groups.

Early studies by Oftedal (1929, 1931) suggested the space group 

P6322 and later P63/mcm where the number of formula units per unit cell (Z)

was six in each case. The same group was also used in the analysis of nmr 

results by Afanasiev et al. (1972) and Goldman and Shen (1966), although 

suggestions for Z= 12  in P63/mcm were also raised from the nmr studies of

Sher et al. (1966). Conversely, a smaller elementary cell (a'=a/V3 , c'=c) of 

space group P63/mmc with Z=2  was also reported by Schlyter (1952) from x-



ray diffraction work. This was, however, thought to be an incorrect 

assignment because of the failure to observe weak reflections, which 

provided evidence for the larger cell. Subsequently, much evidence has 

emerged for two other groups P6 3cm and P3c1, which both have the larger

cell and Z=6 .

The hexagonal structure model with space group P63cm was first 

proposed by de Rango et al. (1966) from x-ray and neutron measurements. 

This group was also used by Andersson and Proctor (1968). A recent single 

crystal neutron diffraction study by Gregson et al. (1983) refined data using 

both P63cm and P3c1 and favoured the P63cm group. P63cm is, however,

non-centrosymmetric and would, therefore, be expected to show a 

piezoelectric effect, for which there has been no evidence to date. Gregson 

and co-workers, however, suggested that this effect could easily escape 

detection because of the room temperature conductivity shown by this 

material.

Single crystal x-ray diffraction studies of Mansmann (1965) and 

Zalkin et al. (1966) were interpreted using the trigonal space group P3c1, a 

result supported by the Raman measurements of Bauman and Porto (1967). 

Structure refinements of neutron powder data by Cheetham et al. (1976) 
favoured the centrosymmetric P3c1 over rival group P6 3cm on the grounds

that fewer parameters were required to gain a comparable fit. Their decision 

was also swayed by the indirect evidence of the absence of pyro- and 

piezoelectric effects. The latest refinements by Maximov and Schulz (1985) 

and Zalkin and Templeton (1985) have also favoured the P3c1 structure. 
Both of these papers showed that LaF3 crystals have a strong tendency to

twin, with c as the twin axis. They demonstrated that experiments using 

twinned crystals would lead to incorrect symmetry assignments, such as 

P6 3cm. When twinning was taken into account, however, refinements gave

better fits for P3c1. As further evidence in support of their claim, Zalkin and 

Templeton (1985) cited the infrared spectroscopic study of Jones and Satten
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(1966). This technique, which is unaffected by twinning, gave results which 

could be reconciled with P3c1 site symmetries, but not with those of P63C171.

To summarise, therefore, both P63CIT1 and P3c1 are possible space 

groups, with the weight of recent evidence favouring the latter. Both have, 

therefore, been used in defect calculations reported in Chapter 5. The 

crystal log raphic parameters for both groups are summarised in Table 4.1.

These two structures are very similar, but there are significant 

differences. Each structure has the Zalkin et al. (1966) cell parameters 

a=7.185A, c=7.35lAand 6 formula units per unit cell. A major difference, 

however, is the number of different types of F_ site within each cell. LaF3 was 

one of the first crystals identified as having inequivalent lattice sites for the 

fluoride ion, giving rise to multi-site defect behavioural properties. For 
P63cm there are 4 such inequivalent fluoride ion sites (F1 , F2, F3, F4) in the

ratio 2:4:6:6, whilst for P3c1 there are only 3 (F1 , F2 , F3) in the ratio 2:4:12.

For modelling purposes, the F3/F4 sites in P6 3cm are classed as the

same, as would be the case for a P3c1 based system. Hence, for each unit 

cell, the fluorines are said to reside on three sub-lattices referred to as a, p 

and y in the ratio 12:4:2. The La3+ cations are crystallographically 

equivalent and form a layered structure with the layers in the hexagonal (a- 

b) plane of the crystal. These layers have regular spaces through which p 

and y site fluorines, both situated in channels parallel to the c axis, can move 

in the c direction perpendicular to the (a-b) plane. The model can be 

simplified further according to Goldman and Shen (1966), who suggested 

that p and y site fluorines could be taken as being very similar. Hence the 

structure reduces to two sub-lattices, A and B. A is identified with the (6 +6 ) a  

site fluorines which are constrained between La3+ layers and have to move 

more or less transversely in the (a-b) plane, whilst B is the combined (4+2) p 

and y sites. Thus the ratio of sites between sub-lattices A and B is 2:1. 

Figure 4.1 illustrates the LaF3 structure in the light of this classification.
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Another feature of note concerning the two structures is the similarity 

of interatomic distances as listed in Table 4.2. There is, however, a 

difference in the coordination sphere of the lanthanum atom for each group.

In P6 3cm, La3+ is surrounded by 10 fluorines whereas in P3c1 the

coordination number is 11 and is referred to as a ’9+2' arrangement where 2 

of the fluorines are more distant from an La3+ ion than the rest (at 3.002 A). 
The closest distance to this in P63cm is an F3 fluorine at 3.06 A, but this

forms part of the coordination sphere of a different lanthanum atom. 

Figures 4.2 and 4.3 show views of the lanthanum coordination spheres 

for each space group.

Although certain differences have been mentioned, it is important to 

note, that with regard to the aims of this thesis, the two structures are very 

similar and any differences should not have a significant effect on the defect 

energetics being calculated. This assumption has been tested and is 

reported in Chapter 5.

4.4 The Transport Properties of LaF3

LaF3 is a good ionic conductor even at ambient temperatures with 

conductivities of approximately 10'7£2'1cnrr1 at room temperature (Sher et 

al., 1966) to 10_2Q ’1cnrr1 at 1000K (Jaroszkiewicz and Strange, 1980). 

These observations raise three main questions. The first concerns the 

nature of disorder creating the charge carrying defects responsible for the 

high conductivity noted. The second asks whether the charge transport is 

due to mobility on the A or B sub-lattices, or on both, and the third concerns 

the mechanisms for the preferred transport pathways.

19Fnmr data have shown the mobile species to be the fluoride ion. 

However, the major source of disorder could be either anion Frenkel pairs or 

Schottky quartets. The latter model has been supported by the dilatation 

work of Sher et al. (1966). This early work on thermal expansion 

measurements indicated that bulk expansion was significantly greater than
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the x-ray expansion for the unit cell. This was taken as evidence that 

Schottky disorder was primarily responsible for the thermal generation of 

point defects in LaF3.

It has also been noted in a study by Lyon et al. (1978) that there is an 

anomalous rise in heat capacity from 112.48 JK-imol' 1 at 1 1 0 0 K to 168.83 

JK_1 mol*1 at the melting temperature, 1766K. The rise occurs at the 

temperature at which the conductivity of LaF3 becomes superionic. The two

effects are thought to be related. The increased conductivity has been 

associated with a disorder on the anion sub-lattice, via a spontaneous 

creation of lattice vacancies at the transition temperature. Indeed, nmr 

studies indicate rapid exchange occurring between the erystallographically 

distinct lattice sites at these temperatures (Goldman and Shen, 1966). Such 

a massive generation of vacancies would be manifest in a rise in the heat 

capacity, although specific heat data cannot provide evidence as to whether 

Schottky or Frenkel defects are favoured.

Other data of significance in the 1100K temperature region are the 

Brillouin scattering measurements of Ngoepe et al. (1986). They have 

shown large reductions in elastic constants at this temperature which, as in 

other systems (e.g. fluorites), implies the onset of disorder.

Irrespective of the defect model responsible for transport, a number of 

possible defect jumps have been proposed and these are illustrated in 

Figure 4.1. Jaroszkiewicz and Strange (1980,1985) have suggested three 

probable modes of motion and have calculated a number of jump 

frequencies from nmr measurements. The first type of motion involves 

nearest neighbour jumps of =2.7A between a a, or a <-> (3 and a <-> y sites 

with jump frequencies x>2 or d1 respectively. These jumps are predominantly 

in the (a-b) plane with a small component in the c direction. The second a <-» 
a type motion of ~2.5A with frequency u3 is along the c direction. This is only

a single jump, since further motion is blocked by the presence of lanthanum 

ions, although continuous motion in the c direction can be achieved by the



third type of motion, namely (3<-» p or y jumps of ~3.7A, \)4. A less likely 

jump, -05 , was suggested by Igel et al. (1982) and involves p <-» p jumps of 

*4 .15A perpendicular to the c axis. It was also suggested that these jumps 

between p sites could occur via a  sites, since the a-p jump distances were 

rather short.

A crucial step in understanding the ionic motion within LaF3 is to 

establish which fluorine sub-lattice carries the faster motion within particular 

temperature ranges. The non-equivalence of the F' sites, where F- ions 

behave differently according to which sub-lattice they are on does, however, 
makes this a major experimental problem. Indeed, LaF3 has been studied

extensively by conductivity and nmr techniques, but often with inconsistent 

results and interpretation. Some of these must be treated with caution as 

data analyses may be based on theoretical models, such as that for nmr by 

Torrey (1953), which are only applicable for substances where a single 

species moves over equivalent sites. However, a more complex nmr theory, 

incorporating site inequivalence, has been developed recently and applied 

to LaF3 by Jaroszkiewicz and Strange (1985).

There are many other reasons, however, why comparisons of data 

lead to conflicting results. The first concerns the validity of making 

comparisons between the two primary techniques, conductivity and nmr. 

Although these techniques are often combined in order to evaluate diffusion 

mechanisms, they measure very different effects of atomic motion and their 

comparisons can only be truly meaningful over limited temperature ranges. 

Nmr monitors at the microscopic level, expressing the effect of ionic motion 

on the local nuclear dipole-dipole interactions and hence is able to 

distinguish the inequivalent sites. Conductivity, however, cannot yield such 

atomic information since it monitors a macroscopic property expressing the 

effect of current flow due to the cumulative motion of many ions undergoing 

numerous jumps between lattice sites. For LaF3, therefore, comparisons

should be kept for low temperatures (< 375K), since nmr results suggest that 

at these temperatures the F- motion is restricted to one sub-lattice. The
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problem that now arises is that measurements at <375K are taken in the 

extrinsic region and so both sets of data could be affected by impurity - F- 

vacancy association.

Different inferences are also drawn as a consequence of comparing 

measurements for samples where the nature and concentration of the 

impurities present are different and unknown. LaF3 dissolves paramagnetic

impurities, making nmr analysis difficult. Other dopants, such as O2* or 

aliovalent cations e.g. Ca2+, Sr2+, Ba2+, Th4+, U4+, affect the conductivity by 

altering the concentration of F" vacancies. Figure 4.4 shows examples of 

how the conductivity is affected by doping with Ba2+. In order to assess 

quantitatively the effects of impurities, experiments have been performed 

using specifically doped samples with known concentrations of impurity ion 

(e.g. Chadwick et al., 1979). Further uncertainty arises from the fact that 

some studies have used single crystals (Chadwick et al., 1979) and others 

thin films (Tiller et al., 1973), where the latter have been affected by 

polarisation effects. These inconsistencies have been reflected in the 

measured data as illustrated in Table 4.3 which shows examples of some 

of the published conductivity data for LaF3.

A further complication is that most conductivity studies show 

frequency dependent effects at low frequencies. This is thought to occur 

because of the presence of a temperature independent resistance resulting 

from the formation of a surface layer of oxide. The effect is reduced by using 

crystals with a large geometric factor, Gp, (length/cross-sectional area), i.e.

one greater than 4. At higher frequencies, >10 KHz, the conductivity 

becomes frequency independent. It is possible, however, to obtain 

reproducible results when large crystals have been used and where 

precautions have been taken against moisture contamination during sample 

preparation and throughout measurement taking. This is exemplified in 

Table 4.3 by the results of Chadwick etal. (1979) and Fielder (1969).
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The factors discussed above are common in transport studies and 

lead to difficulties with interpretation of the experimental data. However, one 

area where there is agreement concerns the results of room temperature 

bulk conductivity measurements, by Chadwick et al. (1979) and Schoonman 

etal. (1980). These have both shown that:

o//C = 2ajjc (4.1).

The work of Schoonman etal. (1980) was limited to a temperature maximum 

of 525K, whereas Chadwick etal. (1979) measured up to 1000K and found 

that the anisotropy reduces from 2 at room temperature to 1.4 at 650K.

Turning to nmr, one of the earliest results came from a 19F nmr line 

shape study by Lee and Sher (1965). Below 300K a broad line was 

observed indicating a rigid lattice. As the temperature was raised, however, 

the occurrence of a superposed broad and narrow line indicated two types 

of F- site. The narrow line was associated with fast diffusive vacancy motion 

over one of the sub-lattices and a further rise in temperature to 475K saw the 

two lines coalesce to form one narrow line which suggested a less restrictive 

kind of motion. Other 19F nmr measurements over the range 273-573K have 

shown that motion over one sub-lattice is much faster than either motion 

over the other sub-lattice or exchange between the two. Whether the faster 

motion occurs on the A or B sub-lattice is, however, open to debate and two 

schools of thought have developed.

One viewpoint, adhered to by Jaroszkiewicz and Strange (1980, 

1985) and Chadwick etal. (1980), maintains that between 300-500K the 

faster motion occurs in the (a-b) plane between a  sites on the A sub-lattice. 

This model is also in agreement with that of Goldman and Shen (1966), 

where the ratio of fast to slow moving ions was observed to be 2 :1 . 

Jaroszkiewicz and Strange also determined an activation energy of 0.27 eV 

for the fast motion on A, which is in excellent agreement with the enthalpy of 

F- vacancy migration determined from conductivity data to be 0.28 eV. This
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does suggest that, although conductivity fails to distinguish between the 

inequivalent sites, the two techniques are at least monitoring the same 

process. Also, Jaroszkiewicz and Strange (1985) have recently found that 

motion over A is faster than over B or exchange between the two, throughout 

the temperature range from room temperature to 1000K.

The above interpretation does, however, pose a problem for the 

measured conductivity anisotropy for which there is consensus. Given the 

numbers for the different sites and the jump distances involved, the ratio of 

fast to slow moving ions may well have been expected to be 2 :1 , although 

the reverse has been observed. One explanation offered by Chadwick et al.

(1979) was that because measurements were taken in the extrinsic region, 

the observations reflected the effects of defect association. The results may, 

therefore, be indicating a preference for the type of F- site on which 

complexing can occur. This hypothesis is tested in the next chapter by 

examination of binding energies for impurity clusters.

The alternative view, held by Schoonman et al. (1980) and Aalders et 

al. (1983), states that at low temperatures anion vacancies preferentially 

reside on the B sub-lattice, where they exhibit the faster motion in the c 

direction. Thus the ratio of sites allowing fast motion to those involved in the 

slower migration is 1:2 . It is only above 400K that vacancies start to populate 

the A sub-lattice. To explain their nmr findings Aalders etal. (1983) assumed 

an energy difference Q=0.119 +/-0.005eV between the potential wells for the 

different sites such that Eb<Ea. This assignment of fast to slow moving ions

was also confirmed by the analysis of bulk conductivity data for nominally 

pure LaF3 by Roos et al. (1984). This data in Figure 4.5 shows a slight 

anisotropy of <fy/c><Tlc UP t0 about 415K with activation energies for thermal 

motion being 0.43 eV (//cj and 0.46 eV (j_c). Above 415K, the anisotropy

disappears, the extrinsic conductivity reveals a knee and the activation 

energy reduces to ~ 0.26 eV.
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Solid solutions, La1.xBaxF3.x, (Roos etal., 1984), Figure 4.4, and 

La1.xSrxF3.x, (Chadwick et al., 1980) also exhibit a knee in the conductivity 

data. The origin of this curvature has, however, led to another controversy. 

One interpretation postulated for a change-over from an association model 

between F* vacancies and M2+ impurities at low temperatures to a free- 

defect motion at higher temperatures, (Chadwick et al., 1979, 1980). 

Supporting this was the observation of a strong relaxation peak in dielectric 

spectra taken by Igel etal. (1982). This relaxation was attributed to dipolar 

reorientation. Contrary to this were the observations that free-vacancy 

motion already existed by 415K, (Schoonman et al., 1980 and Roos, 1983). 

The latter took dissociation to be complete ~ 120K because of the presence 

of a dominant relaxation peak in a dielectric spectrum at this temperature. 

This relaxtion was attributed to a macroscopic space-charge - a 

consequence of ionic conductivity. The absence of associates was also 

indicated by the agreement between diffusion constants derived from 

conductivity and nmr studies, (Roos et al., 1983, 1984). If associates were 
present then Da would be expected to be much lower than Dnmr but at 300K,

Dc = 0.26+/- 0.09 x 10'14 m2s-i

and

Dnmr = 0.26 +/- 0.02 x 10-14 m2s_1.

Since nmr cannot distinguish between jumps perpendicular and parallel to 

the c axis, the above value was calculated for the perpendicular direction 

only. Both values, however, compare well with the Dnmr value of 0.25 x 10*14 

m2s_1 by Sher etal., (1966) for pure LaF3 at the same temperature.

The alternative explanation ascribes the knee to an exchange model 

i.e. a redistribution of vacancies from the fast to the slow sub-lattice above 

415K. Goldman and Shen (1966) first reported fluoride exchange at this 

temperature and this interpretation has been preferred by Schoonman et al.

(1980), Aalders etal. (1983) and Roos etal. (1984).



Interpretation of atomic transport in LaF3 is, therefore, complex. 

Almost every piece of experimental evidence has been questioned and in 

the case of sub-lattice assignment for ionic mobility completely opposite 

results have been noted. These different findings are presented in summary 

in Figure 4.6. The problems discussed in this present chapter, including 

the nature of the disorder and the effects on this of using either of the two 

proposed structural models will be considered in Chapter 5. This chapter 

will also examine the effects of impurities and will provide an insight into the 

mobility on different sites from calculations of activation energies for 

specified migration pathways. The use of graphics in Chapter 6 to determine 

mobile-ion density distributions and single particle trajectories, from the 

molecular dynamics data, will also provide greater detail for any of the likely 

transport mechanisms occurring in LaF3.

4.5 Technological Applications of LaF3

Finally, it is worth referring to some of the potential applications of 
LaF 3 which have helped to stimulate interest in it. As with all solid

electrolytes it has potential use in solid state batteries and it has the 

advantage of having high conductivity even at ambient temperatures. It has 

already been used as a thin film membrane in gas sensors for 0 2> C 0 2 and 

N 2 (LaRoy et al., 1973) and, over twenty years ago, it was developed 

commercially as a solid membrane electrode for sensing fluoride ion activity 

in solution (Frant and Ross, 1966). It was then used for such purposes as: 

analysis of drinking water, metabolic studies in plants and animals and for 

the detection of end points in titrations. Similar possibilities existed for M2+ 

doped LaF3 solid solutions, which exhibited even higher conductivities.

Other applications have been proposed for infrared detectors (Sher et al, 

1976) and for systems where fast F- conduction is required (Reau and 

Fortier, 1978).
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Table 4.1

Proposed space groups for the tysonite structure

P63CIT1 

Gregson etal. (1983)

P3c1
Zalkin and Templeton (1985)

6  La In (c) 0.6742(2),0,1/4

2 F(1) in (a) 0,0,0.3209(7)

4 F(2) in (b) 1/3,2/3,0.2187(7)

6  F(3) in (c) 0.2857(4),0,0.0810(6)

6  F(4) in (c) 0.3724(3),0,0.4185(6)

6  La in (f) 0.6598(1),0,1/4

2 F(1) in (a) 0,0,1/4

4 F(2) in (d) 1/3,2/3,0.1859(3)

12 F(3) in (g) 0.3659(2),0.0536(2),0.0813(2)
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Table 4,2 

Interatomic distances for LaF3

P63CIT1

Gregson etal., 1983

La - 1F(1) 2.40(1)
La - 2F(2) 2.41(1)
La - 1  F(3) 2.45(1)
La -1  F(4) 2.46(1)
La - 1F(4) 2.49(1)
La - 2F(3) 2.54(1)
La - 2F(4) 2.81(1)

P3c1
Zalkin and Templeton, 1985+ 
Zalkln etal., 1966++

La - 2F(2) 2.417 (1)+
La -1 F(1) 2.444(1)
La - 2F(3) 2.458(1)
La - 2F(3) 2.489(1)
La - 2F(3) 2.638 (1)
La - 2F(3) 3.002(1)

F(1) - 3 F(3) 2.71 (1)
F(1) - 3 F(3) 2.81 (1)

F(2) - 3 F(4) 2.70(1)
F(2 ) - 3 F(3) 2.77(1)

F(3) -1 F(4) 2.56(1)
F(3) -1 F(1) 2.71 (1)
F(3) - 2 F(4) 2.71 (1)
F(3) -1 F(4) 2.73(1)
F(3) - 2 F(2 ) 2.77(1)
F(3) -1 F(1) 2.81 (1)

F(1) - 6 F(3) 2.76 (1)++

F(2) - 3 F(3) 2.69 (2 )
F(2 ) - 3 F(3) 2.79 (1)
F(2) - 3 F(3) 2.87 (2 )

F(3) - 1  F(3) 2.57 (3)
F(3) - 1 F(3) 2 .6 8  (3)
F(3) -1 F(2) 2.69 (2 )
F(3) - 2 F(3) 2.74 (2 )
F(3) - 1 F(1) 2.76 (1)
F(3) -1 F(2 ) 2.79 (1)
F(3) -1 F(2 ) 2.87 (2 )

F(4) - 1  F(3) 2.56(1)
F(4) - 2 F(2) 2.70 (1)
F(4) - 2 F(3) 2.71 (1)
F(4) - 1  F(3) 2.73(1)
F(4) -1 F(1) 2.77(1)
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Table 4.3

Summary of conductivity data for nominally pure LaF3

Arrhenius energies (eV)

log oT High T Low T 1^ or
at 833K Intrinsic Extrinsic Extrinsic II,

Chadwick etal., 
1979 (crystal) 0.8 0.8±0.05 0.28±0.05 0.38±0.05

Roos, 1983

Fielder, 1969 
(crystal)

Nagel and O'Keeffe*, 
1973 (crystal)

Tiller etal., 1973 
(films)

Schoonman etal., 
1980

0.84±0.06 0.2610.04 0.4610.02 1^
0.4310.02 //c

Sher etal., 1966 -0.1 0.084

0.8 0.83

0.7 >0.6

0.46

0.33

-0 .3

0.46

0.40

-0 .4

0.8010.1 0.0710.04 0.4010.5

0.2710.01 0.4410.01

* Values estimated from figures in the original paper.



Figure 4.1. Crystal structure of LaF3 and possible defect jumps.
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Figure 4.2. Coordination sphere of lanthanum atom in P63CIT1. 

Distances in A. (After Gregson etal., 1983).

Figure 4.3. Coordination sphere of lanthanum atom in P3c1.
Distances in A . Atoms re-labelled in accordance with the 
convention used for P63cm. (AfterZalkin etal., 1966).
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Figure 4.4. The bulk ionic conductivity of pure LaF3 and of several 
La1.xBaxF3.x solid solutions. (After Roos, 1983).
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Figure 4.5. The bulk ionic conductivity of LaF3 // and 1  to the c axis. 
(After Roos, 1983).
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Figure 4.6. Proposed models for LaF3.
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Chapter 5

A Static Simulation Study of Defects in LaR

5.1 Introduction

A comprehensive investigation, using static-lattice techniques, has 

been carried out for the first time into the defect energetics of LaF3. All

calculations described have used derived interatomic potentials together 

with the Mott-Littleton computer code CASCADE, which is optimised for 

CRAY computers (Smith, 1981 and Leslie, 1982). The aims of the 

calculations are to clarify the nature of the intrinsic defect species and to 

examine the intriguing problem of anion multi-site behaviour leading to 

transport between inequivalent sub-lattices (Jordan and Catlow, 1986). 

Neither of these problems have been resolved satisfactorily by experiment 

and so these calculations should make a significant contribution to what is 

known about the defect structural properties and migration mechanisms 

operating within this interesting material. The work has also been extended 

to examine the effects of doping with aliovalent impurity M2+ and O2' ions, 

for which a number of experimental studies have been reported in the 

literature, as described in the previous chapter. The calculated formation, 

binding and activation energies are compared with experimental data and 

are used to assist in the interpretation of transport and thermodynamic 

measurements. With regard to the exact structure of LaF3, results of basic 

defect formation are presented for both space groups (P63cm and P3c1). 

The final part of this chapter is devoted to an investigation of the variation of 

elastic constants with temperature, with interest centring on the region 

around Tc, the temperature of the specific heat anomaly.
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5.2 Structural Models

LaF3 has the hexagonal tysonite structure. It was one of the first 

crystals identified in which the defects showed 'multi-site' behaviour. In this 

instance, fluorine is found on lattice sites, which are energetically, as well as 

spatially, inequivalent. The atomic parameters for the two space groups 

most commonly attributed to LaF3, P63cm and P3c1, are given in Tables

5.1 and 5.2. Each allows 6 formula units per unit cell and atomic 

coordinates and bond lengths are similar. Calculations were performed for 

both space groups using interatomic potentials described below.

5.3 Potential Parameters

The potential parameters used to model the atomic interactions are 

chiefly responsible for the accuracy of the calculations. Calculated energies 

are quoted without error, as they are said to be exact for a particular 

potential model within the inherent limitations of the Mott-Littleton method. 

Reliable potentials must, therefore, be found and these are judged by their 

ability to reproduce structural properties, elastic, dielectric and lattice 

dynamical data where available. Two-body, central force, shell model 

potentials were used throughout, where the short-range component is 

described by a Buckingham function:

V (r) = A exp
-r

PJ
Cr-6 (5.1)

as discussed in Chapter 3. A cut-off for the short-range potential was 

selected and kept throughout all the calculations. This value was not equal 

to any interionic distance in the crystal. Ions were assigned full ionic charges 

for the long-range Coulombic part of the interaction.

Initially, the set of parameters in Table 5.3a, given by Gregson et al. 

(1983), for interactions La3 +-F ' and F--F- were used in a series of
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calculations. The properties calculated were, however, found to be in poor 

agreement with experimental data and so new potentials were sought. The 

F'-F* interaction was considered to be the most crucial and an alternative set 
of parameters, those derived for CaF2 by Catlow et al. (1977b) were next

used as a trial, Table 5.3b. However, neither using this potential directly, 

with the La3+-La3+ and La3+-F- interactions unchanged, nor after fitting the 

A, p and C parameters of the F'-F- interaction, which led to it becoming more 

repulsive, were there any significant improvements in the comparison with 

experiment. It was, therefore, concluded that the deficiency in the model 

must lie in the La3+-F- interaction. The electron gas method was then used to 

derive new A and p parameters for this interaction.

Using these two trial potentials, that is, the previously fitted alkaline 

earth F'-F* interaction and the derived electron gas La3+-F- interaction, a 

variety of values were chosen for the lanthanum core-shell spring constant. 

For each value all parameters for the fluorine interaction and the A and p 

parameters for the La3 +-F- interaction were fitted to static and high 

frequency dielectric constants, elastic constants, basis strains and the lattice 

energy. The object of this was to gain a closer fit to the high frequency 

dielectric constant, e*,, as good fits to the other data had already been

achieved and these showed only a small dependency on the parameters 

used. The required fit was achieved by using a stiffer spring constant for the 

lanthanum core-shell interaction (105.496->250.0 eVA'2). Finally, using this 

new spring constant, the calculations were restarted using the original La3+- 

F- electron gas and the alkaline earth F '-F- potentials. All the F--F- 

parameters were fixed, whilst the A and p parameters of the La3+-F- 

interaction were fitted.

These optimised parameters are supplied in Table 5.4, where it is 

noted that since cation-cation and cation-anion attractive terms, C++ and 

C+_, are usually small, they can be neglected. The longer range C. .term is, 

however, included. Figures 5.1 to 5.3 illustrate the non-Coulombic 

components of each of the considered interactions La3+-F', La3+-La3+ and
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F'-F". The curve in Figure 5.3 showing the F'-F' interaction is, however, 

repulsive over most of its range, whilst the part at low (r) is physically 

meaningless.

It may be that the magnitude of the van der Waals term has been 

over-estimated by the empirical fitting procedure. Any inadequacies in a 

potential within this range may have appreciable affects on F- interstitial 

formation energies and corresponding Frenkel energies. Further work could 

have involved the introduction of a more flexible form of interaction using a 

splining procedure, where different analytical forms exist for specific regions 

of internucleur separation, or the use of quantum-mechanical, Cl, 

calculations to determine the van der Waals contributions, (Kendrick and 

Mackrodt, 1983). However, given the excellent agreement between the 

calculated and experimental values for elastic, dielectric and other 

equilibrium properties, Table 5.5, the potential parameters in Table 5.4 

were used throughout this study. The parameter derivation was based on 

the P63cm unrelaxed structure, taking atomic coordinates from the neutron

diffraction study of Gregson etal. (1983). Table 5.5 shows calculated bulk 

properties for this unrelaxed structure together with those for the relaxed 

structures of P63cm and P3c1. Accuracy may have been enhanced if

potential parameters had been derived specifically for the unrelaxed P3c1 

structure first, before using them for a relaxed calculation. However, given 

the similarity between the two space groups and that transferability of 

potentials between crystals of different structure types is common, this was 

not considered necessary.

5.4 Potential Parameters for Dopant Ions

Aliovalent doping with M2+ or O2' impurities is expected to create F' 

vacancies as charge compensating defects. Previous experimental studies 

on M2+ substitution in LaF3 reveal increased conductivity (Nagel and

O'Keeffe, 1973; Chadwick etal., 1980). The additional potential parameters 

used in calculating defect energetics have been taken from the literature
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(Catlow etal., 1977b and Lewis, 1983) and are also given in Table 5.4. The 

F - 0 2' short-range interaction has been taken to be the same as the F'-F- 

interaction.

5.5 Region Size

Chapter 3 described the methodology used by the computer code 

CASCADE in defect calculations and showed how the crystal was split into 

an inner and outer region surrounding the defect. An explicit simulation of 

the area immediately surrounding the defect ensures that this, region I, is 

completely relaxed by adjusting the coordinates of all the included ions to 

zero force. The size of region I is, therefore, an important consideration in 

these calculations. It must be large enough for the approximation used in 

describing region II to be adequate, whilst at the same time not placing 

unreasonable demands on computing resources.

The most efficient way to find a balance between these criteria is to 

calculate formation energies for simple defects over a range of region I 

sizes. The defects considered are F" vacancies on each of the four possible 

sites in the P63cm framework and one F- interstitial chosen at a trial site by

examination of the crystal structure. The results are tabulated in Tables 5.6 

to 5.10 and plotted graphically in corresponding Figures 5.4 to 5.8.

A reasonable region I is found when there is no further significant fall 

in formation energy for increased region size. Taking into consideration the 

disparity of local fluctuations for each defect and the demands on computer 

time, a region I of radius 0.95 lattice units, containing ~100 ions, was taken 

to be satisfactory, even though a plateau had not been reached. Defect 

energies will, therefore, be calculated slightly too high, although an estimate 

of the error can be found from plots of formation energy versus reciprocal 

number of ions in region I, Figures 5.9 to 5.13. By extrapolation back to a 

condition of infinite region I, i.e. the intercept on the y axis where 1/N equals 

zero, the error is about 0.1 eV for all defects chosen at this region size. For



consistency, it is necessary to keep this value of region I size fixed for all 

subsequent calculations.

5.6 Terminology

It has been established that the fluoride ions in LaF3 occupy non

equivalent sites on different sub-lattices within the crystal structure. 
Calculations for each space group P63cm (Gregson et al., 1983) and P3c1

(Zalkin and Templeton, 1985) will make reference to two sub-lattices A and 

B, where they will have the same meaning for each space group. P63cm has

4 types of fluoride ion labelled F1, F2, F3 and F4, where they appear in the 

structure in the ratio 2:4:6:6. F1 and F2 ions lie in channels along the c 

direction and for migration studies are known as y and p type fluoride ions 

on sub-lattice B. F3 and F4 ions lie predominantly in the a-b plane on the A 

sub-lattice and are referred to as a  and a' ions for the migration studies. For 

P3c1 studies there are only 3 types of inequivalent site: F1, F2 and F3, in the 

ratio 2:4:12. F1 and F2, the yand p sites, are almost equivalent and reside 

on the B sub-lattice parallel to the c axis, whilst F3 ions lie on a  sites on the 

A sub-lattice perpendicular to the c axis. For both groups, cations are 

equivalent and form a layered structure on a lattice in the hexagonal a-b 

plane of the crystal.

5.7 Comparison of Datasets: P63cm vs. P3c1

Tables 5.11 and 5.12 give the coordinates and lattice energies for 

the observed, unrelaxed perfect lattice together with those of the relaxed or 

equilibrium structures for both space groups used. Relaxations were 

performed under constant volume conditions i.e. only the atomic coordinates 

were allowed to adjust whilst the cell dimensions remained fixed. Even after 

relaxation, the structures did not interconvert leaving small differences in 

atomic coordinates. The nearest neighbour distances between atoms were, 

however, similar for both groups.



All of the reported calculations have used the equilibrium structures 

as the starting point for defect studies.

5.8 Results and Discussion. Part i: Defect Energetics in LaF?

5.8.1 intrinsic Defects

The possible intrinsic defect species in LaF3 are La3+ and F' 

vacancies, or F- interstitials; La3+ interstitials would be highly unlikely. 

Schottky quartets consist of 1 La3+ vacancy and 3 F_ vacancies, which are 

created dissociated with ions displaced to the surface of the crystal. The 

presence of F' interstitials would, however, be associated with anion-Frenkel 

pair formation, involving an F- vacancy as well as an interstitial defect. 

Whichever model is chosen, both produce F- vacancies which are the 

accepted charge carriers. A third possibility is, however, the creation of 

bound Schottky quartets. These neutral species would not contribute to the 

conductivity of the material and so Frenkel defects would necessarily have 

to form as well, in order to supply the charge carriers. References to defect 

formations will make use of the Kroger-Vink (1956) notation where 

practicable.

5.8.2 Isolated Defects

A number of defect formation energies were calculated by introducing 

a single isolated defect into the lattice. Isolated vacancies were introduced 

at an La3+ site and at each of the inequivalent F- sites. Similarly, F- 

interstitials were incorporated at a variety of sites chosen by inspection from 

a model that was built for that purpose. Plan views of a unit cell of LaF3 for

each space group are provided in Figures 5.14 and 5.15.

The formation energies of the isolated point defects and the 

accompanying unbound Schottky quartets or Frenkel pairs for equilibrium 

structures are reported in Tables 5.13 and 5.14 for the P63cm space
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group and in Tables 5.15 and 5.16 for the alternative P3c1. The vacancy 

formation energy is defined as the energy required to remove a lattice ion 

from the perfect lattice to infinity, leaving a vacant site. For interstitials, the 

formation energy is the energy to bring an interstitial ion from infinity into the 

perfect lattice. Schottky energies, Es, are evaluated according to the

expression:

Es = E . +3E + (5.2)
s vu vF

where Ev is the vacancy formation energy for a particular defect, Elat is the

crystal lattice energy. A full evaluation of the formation energies for Schottky 

quartets is given in Appendix II. Anion-Frenkel pair energies, Ep, are

calculated from:

EP = E + E . (5.3)
F Vp F,

where EF|» is the interstitial formation energy.

On the basis of these results two general points can be made: first, 

Frenkel pairs are predicted to be the favoured type of disorder and, second, 

vacancies are most likely to form on sites on the A sub-lattice. A more 

detailed discussion on trends intra and inter space groups follows.

Given that LaF3 consists of a number of inequivalent F' sites, it is 

reasonable to expect that structural site differences will lead to differences in 

vacancy formation energy and this is borne out in Tables 5.13 and 5.15. 
Such results are also found for Li+ sites in the superionic conductor Li3N 

(Walker and Catlow, 1981). These LaF3 results also confirm experimental 

observations that, at low temperature (T < 450K), mobile ions show sub

lattice dependency, although which is still to be agreed. None-the-less these 

calculated energies are consistent with there being a significant difference
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in the potential well depth at most sites and can thus help clarify the 

favoured mobile sub-lattice.

It is predicted that ions on a  type sites on the A sub-lattice, i.e. F3/F4 

or F3, only depending on choice of space group, form vacancies more 

readily and require almost identical energies to do so ~ 2.6 eV. In both 

cases ions F1/F2 or y/p type vacancies on the B sub-lattice are more stable 

to formation by between 0.4 - 0.7 eV. A comparison of formation energies for 

F1/F2 vacancies between groups does, at first sight, show an anomaly in 

that F1 for P63cm is closer to F2 for P3c1 (2.98 v 3.07 eV), and F2 for P63cm

is closer to F1 for P3c1 (3.27 v 3.25 eV). Although F1 and F2 occupy 

crystallographically different sites they are generally taken as being 

equivalent in terms of defects. A comparison of coordinates for F1 and F2 

atom types, between groups, shows similarities in x and y values, but some 

differences in the z coordinates, (Tables 5.11 and 5.12). Therefore, if taken 

collectively, there are no significant energy differences.

La3+ vacancy formation energies are almost identical in both groups, 

and considerably higher than for the anions. This general behavioural 

difference arises because of the greater relative charge of one of the 

species, in this case the cation, thus ensuring that it is more difficult to 

remove the cation from its regular site, where there is a favourable 

Madelung potential.

This discussion of vacancy formation shows that: firstly, both groups 

follow the same trends in that there are no significant differences in Schottky 

formation energies for comparative F- sites and, secondly, that should 

Schottky defects form, those incorporating a type vacancies will do so 

preferentially by between 1.1 - 2.0 eV.

Table 5.14 shows that, for P63cm, it is more difficult to accommodate 

an interstitial at the first site, whilst the rest are exothemic, two being 

identical. The values in Table 5.16, for P3c1 are, however, all favourable



and no particular site stands out as being preferential. Comparing interstitial 

formation energies shows that the first site in P3c1 is ~0.6 eV more stable 

than its equivalent in P63cm, whilst the other site differences are an order of

magnitude smaller. Combining these values with those for vacancy 

formation leads to the Frenkel pair energies for which a comparison 

between groups is given in Table 5.17. These show that particularly for 

site 1, Frenkel pairs form more easily in P3c1, as a consequence of the 

higher interstitial formation energy in P63cm. For the other sites there in no

clear preference.

The results of this defect study, therefore, point to an anion Frenkel 

model as the favoured type of disorder. Schottky formation is about 2 - 2.5 

times more costly in energy terms, irrespective of the space group used. This 

view is, however, contrary to experiment where, as reported in Chapter 4, 

Schottky defects have, to date, been assumed on the basis of the dilatation 

experiments of Sher et al., (1966). A Schottky interpretation has led to 

experimental estimates for Schottky quartet formation energies of 2.3 +/- 0.3 

eV (Roos, 1983) and 2.08 eV (Chadwick et al., 1979). The latter authors 

have not, however, discounted the possibility of a Frenkel model with a 

predicted formation energy of 1.06 eV (Chadwick etal., 1980). Whatever the 

interpretation, the calculated energies are rather higher than those predicted 

by experiment: the lowest calculated Schottky energy being ~ 5.5 eV versus 

an experimental value ~ 2.2 eV and similarly for the Frenkel pair being ~ 2.2 

eV versus 1.06 eV. The differences in Frenkel energies could, however, be 

partially explained if the sites chosen for the interstitial were not the true 

sites. Despite these differences, however, the calculations can be used to 

predict qualitatively that Frenkel disorder is preferential.

5.8.3 Formation of Bound Schottky Quartets

The third defect model suggested for LaF3 was that a proportion of 

the defects could be formed as bound, neutral Schottky quartets, i.e. a La3+ 

vacancy and three F- vacancies on adjacent sites. In view of the similarities
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between the two space groups for vacancy formation energies, these 

calculations were restricted to the P63cm space group, as were all

subsequent calculations.

A variety of cluster configurations were chosen, based on the 

distribution of fluoride ions around a central lanthanum as in Figure 5.16. 

The lanthanum ion served as the defect origin and centre of symmetry. The 

F- vacancies chosen were in nearest neighbour positions to the lanthanum 

vacancy and attempts were made to make the clusters as symmetric as 

possible, to reduce cpu memory and time requirements. Three asymmetric 

clusters were also tried to test if the results were being influenced by 

imposing symmetry on the defect configuration. The ions around the defect 

were allowed to relax until the minimum cluster energy was reached.

The results of air calculations are reported in Table 5.18, in order of 

increasing formation energy. The F- vacancy components are as labelled on 

Figure 5.16. Those defects marked with a * are the asymmetric 

configurations and it is clear that symmetry does not play a significant role in 

the stabilisation of the defects.

Summarising the results for each of the defect models in P63cm 

shows calculated formation energies over the following ranges:

The conclusions drawn, therefore, imply that:

♦ Bound Schottky defects are preferential to unbound quartets;

♦ Bound Schottky quartets and Frenkel pairs could both form, since the 
ranges of formation energies overlap. The formation energy per defect is, 
however, lower in every case for the bound Schottky, ranging from 0.76 -
1.06 eV, all of which are less than the lowest value of 1.13 eV for the Frenkel

ES(BOUND)

ES(UNBOUND)

%

3.04 - 4.23 eV 

5 .64 -7 .65  eV 

2 .25-3 .49  eV



1U1

model. These values are also closer to the experimental estimate of ~ 0.52 
eV.

Given that bound Schottky defects are, therefore, likely to form, 

irrespective of symmetry considerations, then this would offer a ready 

explanation for the findings of the dilatation experiments of Sher et at. 

(1966). Also, a general feature of Table 5.18 is that the defects requiring the 

lowest energy to form, have a higher proportion of a  than p or y sites as the 

component vacancies.

Preferential formation of bound defects, however, raises a question 

over the explanation for the high values reported for the conductivity. 

Experimental observations have quoted conductivity to be 10-7Q-1 cm-1 at 

room temperature, (Sher et al.t 1966), rising to 10_2Q _1 cm-1 at 1000K, 

(Jaroszkiewicz and Strange, 1980). It is clear, however, that because the 

bound defects are neutral species they are unable to contribute to this effect.

A possible explanation for the observed measurements is that at low 

temperature, in particular, the major contribution occurs via the mobile 

vacancies from the Frenkel model. A consideration of the dissociation 

energy of the bound clusters is, however, also important as the creation of 

charged defects from dissociation to a Schottky trio and a vacancy would 

affect the conductivity. The binding energies of the different bound Schottky 

quartets will, however, first be analysed as this could help resolve the other 

interesting problem of which fluorine sub-lattice exhibits the faster motion at 

lower temperatures.

The binding energy AE, for each cluster is calculated as follows:

= " ES(BOUND)
j
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where Es(bound) is *he minimum formation energy for the bound defect and 

ZjEj is the sum of the formation energies of the component, isolated 

vacancies. Thus, AE > 0 means that the cluster is stable. The values are 

listed in Table 5.19 in order of decreasing magnitude, and the labelling 

convention is the same as in Table 5.18.

These results predict that all the bound defects are stable with respect 

to the isolated defects from which they were formed. They do, however, 

show a trend for defects including p/y type vacancies to be more strongly 

bound than for those with a  vacancies.

This, together with the findings from Table 5.18, are important results 

since they predict that bound defects will form in greater numbers for 

species containing a  vacancies and that these are also more weakly bound. 

This leads to the possibility of dissociation and hence mobility between a  

sites on the A sub-lattice. Conversely, fewer bound defects form from p/y 

vacancies and the ones that do are more tightly bound by about 2 eV in the 

extreme. Thus the B sub-lattice is likely to have restricted motion and will not 

contribute to the conductivity significantly at lower temperatures.

This hypothesis can be tested by examining the dissociation energies 

of the bound defects, which follows next and by studying activation energies 

for migration, which will be dealt with in section 5.8.6.

5.8.4 Dissociation of Bound Schottky Quartets

Dissociation occurs via the following mechanism:

[ Lap3]  (5 .5 )

where [LaF2+] is a tightly bound Schottky trio, [F'] is the dissociated vacancy 

and Eq is the dissociation energy. ED is then calculated as:



Ed = (e str io  + Ej) - ES(Bo u n d ) (5.6)

where Es (b o u n d ) equals the formation energy of the bound Schottky 

quartet, Estrio  is the formation energy of the bound Schottky trio and Ej is 

the formation energy for an isolated vacancy.

Given the previous examples of bound quartets, a set of possible 

dissociations were selected for investigation. The results are presented in 

Table 5.20. These values support the hypothesis mentioned earlier, 

because they show that when dissociation occurs the free vacancies are 

created more readily at a  sites on the A sub-lattice. Although there is a 

spread of ED for the a  vacancies, several are found ~ 0.5 eV which is in

good agreement with the value of 0.45 eV of Sher et al. (1966) who also 

suggested that the mobility of the vacancies may be larger perpendicular to 

the c axis i.e. on the A sub-lattice.

5.8.5 Conclusions on the Defect Models In LaF3

Bound defects are a possibility in LaF3. Their formation would provide 

a qualitative explanation for the dilatation observations. Also, since these 

defects would give rise to a specific heat excess they would help explain the 

high temperature thermal behaviour noted by Lyon et al. (1978). The 

anomalous rise in heat capacity between 1100K and 1766K, coupled with 

the increased conductivity into the superionic class, has been associated 

with a disordering of the anion sub-lattice, via a spontaneous creation of 

lattice vacancies around the transition temperature. Bound Schottky 

quartets, however, could not be responsible for the rise in conductivity.

Similar effects noted in fluorites, where the high temperature specific 

heat excess was k-type rather than continuously increasing as in LaF3, were

initially explained by the creation of large numbers of anion Frenkel defects. 

The most recent work by Allnatt et al. (1987), using static lattice simulation
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techniques does, however, point to the generation of stable clusters, notably 

charged clusters which result in an increase in the concentration of lattice 

vacancies and hence explain the rise in conductivity. It is difficult to see how 

charged clusters, other than the generation of Schottky trios, could arise in 

high temperature LaF3 and whether they alone could account for the

observed conductivity. The effect may well be a result of a combination of 

defect creation including anion Frenkel pairs, whose formation energy is 

similar to that for the bound Schottky quartets and whose presence must be 

at least responsible for the conductivity at lower temperatures. Should high 

concentrations of F* interstitials be generated at elevated temperatures, then 

this will be apparent from the configuration and trajectory analysis plots of 

the molecular dynamic simulations of this material, which are the subject of 

the next chapter.

The defect model proposed is predominantly composed of two types 

of disorder, bound Schottky quartets and anion Frenkel pairs. Transport is 

attributed to the Frenkel pairs, although charged clusters may also play a 

part and the dilatation observations are attributed to the bound Schottky 

quartets. The position on the specific heat anomaly is, however, uncertain as 

in other studies e.g. fluorites the specific heat excess has been correlated 

with the onset of superionic conductivity. For LaF3, however, the situation is

not so clear as bound Schottky quartets cannot contribute to the 

conductivity, but can contribute to the specific heat, whereas the formation of 

Frenkel pairs or charged clusters can contribute to both. Hence the defect 

model which has the largest effect on specific heat is left open to 

investigation.

Future work on LaF3 includes the analysis of a high temperature 

single crystal, neutron diffraction study at the ILL (Catlow etal., 1989), which 

should help clarify the nature of the defect model. Knowledge of the stability 

of the defect clusters, from this thesis, will be useful input.
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5.8.6 Migration Studies

This work and previous studies have assumed that the mobile charge 

carrier in LaF3 is the F- vacancy and for this reason, only anion vacancy

migration mechanisms have been studied.

Activation energies for vacancy migration are calculated using a 

simple 'direct' mechanism, where the migrating F- ion is moved off its regular 

lattice site and travels towards an adjacent vacancy. The energy of the 

configuration occupying the saddle point is then compared with that of the 

initial configuration, i.e. the undisplaced vacancy, and this yields the 

activation energy. This method of calculation is shown pictorially in F igure  

5.17 and is rather simplistic, since it assumes that the vacancy starts and 

finishes on equivalent sites. The nature of LaF3, however, ensures that this

does not always occur and, indeed, the transport of vacancies between 

inequivalent sites is one of the features of major interest in this system. 

When motion occurs between inequivalent sites, the activation energy 

calculated will be dependent on the direction of travel, and in such 

instances, two sets of activation energies have been calculated. The general 

approach is, however, thought to be valid, even for fast ionic conductors, 

because the lattice relaxation is fast compared to the velocity of migration of 

the defects.

In the case of fluorite calculations, (Catlow and Norgett, 1973), the 

saddle point for vacancy migration has been shown to be symmetric, with 

the moving ion equidistant from two vacant anion lattice sites. This 

'symmetric configuration' approach was also adopted for LaF3, but very low

activation energies, negative in some cases, encouraged a more detailed 

analysis of the saddle point. The F" ion was still constrained to move along a 

direct path between vacant sites, but now in a series of 7 equal steps. This 

led to some changes in the previously calculated activation energies, but the 

final values are thought to be a more accurate representation of the 

activation energy for vacancy migration.
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Several possible vacancy jump processes have been cited in the 

literature and have been mentioned elsewhere. Calculations have been 

performed for all of these as part of a comprehensive survey of plausible 

transport mechanisms. An illustration of the jumps considered is given in 

Figure 5.18. The results for the activation energies are presented 

numerically in Table 5.21 and graphically in Figures 5.19 to 5.28. The 

complete energy profiles for each jump are also listed in Table 5.22.

Activation energies for the symmetric saddle point, E-j, have been 

supplied for comparison with those energies, E2, calculated via the more 

rigorous approach. In some cases, however, a further energy, E3, is quoted, 

the reason being that the potential energy surface along the migration 

pathway is not always smooth, as observed in the figures. Thus, in the 

course of a vacancy moving from its initial to final configuration, more than 

one energy absorption may be required.

The aim of these calculations was to elucidate a possible transport 

mechanism and, to this end, the calculated migration energies are very 

enlightening and lead to several important conclusions. Firstly, they show 

that p-p, or, y-y jumps, v4, in the c direction are highly unfavourable, in

contrast to the proposal of Aalders et al. (1983). Secondly, they show that 
direct jumps between p or y sites, D5 , in the a-b plane, as suggested by Igel

et al. (1982), are also unrealistic. The latter authors did, however, suggest 

that such jumps between p or y sites occurred via an a  site. These types of 

exchange jump, v 1f are discussed later.

The most favourable jumps, i.e. those with the lowest activation 

energies, -0 .1 3  eV, are nearest neighbour a-a' jumps in the a-b plane, v 2, 

and with a large component in the c direction, u3. This last jump, Figure 5.21, 

is also interesting because it shows the stability, albeit of 0.01 eV, of the split 

vacancy configuration with respect to the conventional minimum, as there is 

an energy minimum midway between the two vacant sites. Since the
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stability is so small, however, and only ~ 0.13 eV is necessary to take the 

mobile ion over the next maximum, this configuration is probably short lived.

Other types of jump involve exchange between the two sub-lattices. 

Jumps from a  sites to p or y sites on the B sub-lattice are considerably more 

difficult than jumps within the A sub-lattice and require activation energies 

ranging from 0.5 - 0.8 eV. Motion in the opposite direction from p to oc/a' or y 

to a /a ' sites does, however, show some interesting features. For some of 

these jumps, the activation energies calculated at the asymmetric saddle 

points are in fact lower than those for a -a ' jumps, thus implying ease of 

progression. However, all of these p-a/a' and y-ot/a' jumps follow the same 

trend, in that in order to get from the initial to the final configuration, the 

mobile species falls into a potential well every time and requires between ~ 

0.4 - 0.6 eV to get out. Thus, although these jumps are feasible they are not 

likely to occur with the same frequency as those between a-a' sites on the A 

sub-lattice at low temperature. Returning to the question posed by Igel et al.
(1982), for a jump p-a-p, the first part, therefore, appears to have more 

chance of occurring than the second. The vacancies will be predominantly 

on the A sub-lattice with a small temperature dependent B sub-lattice 

population. The exchange mechanism can, therefore, be discounted as a 

major contributor at lower temperatures.

The final part of this analysis, must include a quantitative comparison 

with experiment. The controversy over which sub-lattice exhibits the faster 

motion has been looked at in detail in the previous chapter, and the results 

in Table 4.3 have already emphasised the variety of defect activation 

energies found from conductivity studies. Generally, the calculations 

reported in this thesis have pointed to faster motion occurring on the A sub

lattice between a/a ' sites, thus supporting the work of Jaroszkiewicz and 

Strange (1980, 1985), Chadwick et al. (1980) and the original work of 

Goldman and Shen (1966). The activation energies for motion on the fast 

sub-lattice are in fair agreement with the value of 0.26 eV, from conductivity 

and nmr studies (Chadwick et al. 1980 and Jaroszkiewicz and Strange,



108

1980). Preferential motion on the B sub-lattice, as observed by Aalders et al

(1983) and Roos (1983), cannot be supported by these results.

The results suggest that motion on the A sub-lattice is predominantly 

in the a-b plane. Motion parallel to the c direction, although energetically 

favourable, cannot be continuous, because the path is blocked by the 

presence of lanthanum ions. Given this model it becomes difficult, as the 

experimentalists have found, to rationalise the observed room temperature 

conductivity anisotropy that:

(Chadwick etal., 1979, and Schoonman et al.f 1980). A contribution to such 

parallel conductivity could arise from certain a-a' jumps and the more limited 

exchange jumps p-a/cc' or y-a/a', but whether this would be sufficient to 

account for the observations is undecided. It should be remembered, 

however, that this relation was calculated for the extrinsic region, where 

association with impurity ions may affect defect complexing and resultant 

mobilities significantly. The anisotropy falls off with increasing temperature 

and this effect can be monitored more closely by molecular dynamics, where 

diffusion coefficients can be calculated for directions parallel and 

perpendicular to the c axis.

5.8.7 Conclusions

The conclusions drawn from this part of the study must, therefore, 

point to:

♦ lower formation energies for Frenkel pairs;

♦ the ease of formation of bound Schottky quartets over unbound
quartets;

♦ lower values for vacancy formation energies for a/a' sites;
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♦ a trend for lower binding energies for bound quartets containing 
a  vacancies;

♦ lower dissociation energies for the creation of Schottky trios, where 
the dissociated vacancy is a  type;

♦ favourable activation energies for motion between a/a' sites, 
allowing preferential mobility on the A sub-lattice, predominantly 
in the a-b plane.

5.9 Results and Discussion. Part 11: Defect Aggregation 
Studies in Doped LaF3

5.9.1 Extrinsic Defects

The results reported, so far, have related to pure LaF3, but there have 

also been a number of conductivity studies on doped LaF3: (Nagel and 

O'Keeffe, 1973; Chadwick etal., 1980; Aalders etal., 1983; Roos etal., 1984 

and Igel et al., 1982). These investigations have examined the solid 

solutions, La-|.x Mx F3_x, arising from doping LaF3 with concentrations, up to 

~ 10%, of alkaline earth fluorides, MF2. The divalent or aliovalent cations, 

Ca2+, Sr2+ and Ba2+ are assumed to enter the lattice as substitutionals at 

the host cation site and are accompanied by the creation of charge 

compensating F' vacancies to preserve charge neutrality. As might be 

expected, the increased concentration of vacancies has led to even higher 
conductivity values than in pure LaF3.

Conductivity experiments for doped LaF3 have been discussed in 

Chapter 4, as has the interpretation of the origin of the knee observed 

around 415K in conductivity plots, e.g. Figure 4.4. Two possible 

explanations have been offered: the change-over from an association model 

to a free-defect motion at higher temperature, (Chadwick et al., 1979 and 

Igel et al., 1982) and the exchange model, (Schoonman et al., 1980), where 

exchange between the fast and slow sub-lattices increases and is 

accompanied by the increase in conductivity.



The association model refers to the attraction between the dopant 

substitutional ion and its charge compensating F* vacancy. Generally, such 

interactions lead to the formation of clusters of varying complexity, which 

influence ion transport differently depending on the strength of the binding 

energy. If the binding energy is large, there will be a major loss of charge 

carriers as most of the vacancies created by the inclusion of divalent 

substitutionals will be bound to these impurities. They will, therefore, be 

unable to make a contribution to the conductivity unless the cluster, so 

formed, is itself mobile. Defect clustering has aroused much interest in other 

materials e.g. rare earth doped alkaline earths, (Corish etal., 1982). The 

validity of the association model in LaF3 can be calculated by examining

binding energies for simple clusters i.e. nearest neighbour, nn, and next 

nearest neighbour, nnn, clusters. These calculations will serve to distinguish 

between the relative stabilities of each configuration and will show any 

dependence on the size of the dopant species.

A further point is that O2- impurities will also create a similar effect, by 

generating charge compensating F- vacancies and the possibility of bound 

clusters. LaF3 and its solid solutions are known to become easily

contaminated by oxygen and/or water vapour at elevated temperatures, 

(Chadwick etal., 1979). Oxygen has a marked influence on the conductivity 

causing it to rise and considerable discrepancies in conductivity studies of 
‘pure’ LaF3 have been attributed to oxygen contamination. Experimentalists

have, therefore, made efforts to eliminate contact with oxygen during sample 

preparation and throughout the conductivity experiments.

The energies of a number of cluster configurations for both kinds of 

impurity ion have been calculated and their stabilities noted. These are 

reported in the following sections.



5.9.2 Relative Stabilities of M2+ Clusters and Dependency
on Size of Dopant Ion

Defect cluster calculations have been performed using additional and 

appropriate M2+-F_ interaction potentials, Table 5.4. Formation energies 

were calculated by substituting divalent cations at host lanthanum sites and 

these are given in Table 5.23. The formation energy for a substitutional is 

defined as the energy to remove a lattice ion from the perfect lattice to infinity 

and to replace it by a substitutional ion from infinity. From Table 5.23, it is 

seen that the formation energies increase with the size of the dopant 

species.

Cluster formation energies were calculated for bound pairs in nn and 

nnn configurations. The binding energy of each cluster was obtained by 

comparing the cluster formation energies with those of the isolated 

component defects. A cluster is bound provided that the binding energy 

obeys the condition AE > 0 where,

A E  =  S Ej " ^ cluster
j

and Ej is the formation energy of an isolated defect and Ecluster that of the 

bound pair. The results for nn and nnn configurations are tabulated in 

Tables 5.24 and 5.25, respectively. The labels on the fluorine sites are 

specific to each table and serve to distinguish between the different clusters, 

incorporating vacancies on the same type of site, but at different distances to 

the substitutional ion. In general, binding energies are low implying that the 

clusters will dissociate and release the extra charge carriers and hence 

enhance the conductivity.

The variation of binding energies with the ionic radius of the M2+ 

substitutional ion are shown in Figures 5.29 - 5.32 for nn configurations 

and Figures 5.33 - 5.36 for nnn configurations. Relevant ionic radii for



involved species are given in Table 5.23. Variations of the binding energy 

with ionic radius for clusters in doped MF2 have helped to determine which

clusters are more stable in each dopant environment (Corish etal., 1982).

Separate analyses were made for any trends within and across 

dopant groups for nn and nnn configurations and these results are 

presented next. Comparison was also made between nn and nnn clusters to 

show which would have preferential stability with regard to particular 

vacancy types.

From Table 5.24 and Figures 5.29 - 5.32, a number of trends are 

evident for nn clusters. First, within each dopant group of clusters the F1/F2 

vacancies are always more strongly bound than the F3/F4 vacancies. This is 

particularly true for Ca2+ and Ba2+ where there are large differences, whilst 

for Sr2+ the binding energies are closer for all cluster types. Second, F2 

vacancies are found to be more strongly bound than those of F1 . The 

binding energies for F3 and F4 clusters are similar within each group, 

except that one F4 cluster is much less strongly bound in every case and is 

unbound in the Ba2+ cluster.

A comparison between groups shows that for clusters involving 

F3/F4 vacancies the binding energies decrease with the increasing ionic 

radius of the dopant ion, (Figures 5.31 and 5.32). Likewise, a comparison for 

F1/F2 clusters show a trend for a minimum binding energy value for Sr2+, 

(Figures 5.29 and 5.30).

Turning to nnn configurations, Table 5.25 shows that F1 clusters are 

unbound for both Ca2+ and Sr2+ dopants. Conversely, F2  clusters are tightly 

bound for the same dopants. The Ba2+ clusters, however, are tightly bound 

for both of these vacancy sites, with F2 sites having the higher binding 

energies. There is, therefore, no clear trend for F1 clusters with increasing 

ionic radius, but F2  energies fall as the dopant size increases. For Ca2+ 

clusters, F3/F4 vacancies are bound, but significantly less than the F2



clusters. There are a variety of energies for these vacancies, some around 

0.3 eV and others that are very weakly bound < 0.1 eV. Similarly, for the 

case of Sr2+, F3 and F4 vacancies are generally weakly bound with binding 

energies much smaller than those for F2 clusters. For Ba2+ clusters F3/F4 

vacancies are weakly bound, whilst a few are unbound. Figure 5.35 shows 

the general trend for F3 clusters to become less strongly bound as ionic 

radius increases. Similarly from Figure 5.36, F4 clusters are of two types, 

those which are very weakly bound and those that are moderately bound, 

but even the latter become less so with increasing radius size.

These results show that when clusters form, for either nn or nnn

configurations, those incorporating F1/F2 vacancies are more strongly

bound than those with F3/F4 vacancies. The F3/F4 vacancies are, therefore,

more likely to dissociate and contribute to the conductivity than are the F1/F2

vacancies. These findings are, therefore, unable to explain the observed 
conductivity anisotropy that cr//c=2 alc  and would imply a reversal.

Now that nn and nnn clusters have been discussed separately, they 

can be compared with each other to predict which will be more stable for 

particular F- vacancies.

For Ca2+, only nn clusters are predicted to form from F1 vacancies as 

the nnn clusters are not bound. F2 vacancies may form tightly bound 

clusters for both cluster types as there are negligible differences in the 

respective binding energies. Both types of cluster may form for F3/F4 

vacancies that are moderately bound, ~0.3 eV. In addition, some of the nnn 

configurations are less strongly bound.

In Sr2+ configurations, F1 clusters are expected to be nn as nnn 

clusters are unbound, whilst for F2, nnn clusters would tend to form 

preferentially being around 0.6 eV more stable than nn counterparts. F3/F4 

vacancies in Sr2+ clusters are generally more tightly bound for nn than nnn 

configurations.



Finally, for Ba2+ clusters F1 vacancies show an interesting departure 

from those above, as nn and nnn configurations have almost identical 

binding energies ~ 0.53 eV. Again F2 vacancies are bound tightly in both 

configurations, although the nnn values are higher. The F3/F4 vacancies 

could form both types of bound cluster, although unbound configurations are 

also possible. For those that are bound, binding energies tend to be greater 

for nnn F3 clusters, whereas they are more comparable for F4 clusters.

The trends shown here are similar to those found by Corish et al. 
(1982), where M3+ doped MF2 showed that in CaF2 nn complexes formed 

preferentially, whereas in BaF2 the nnn complexes were more stable. In 

SrF2 the nn and nnn complexes had comparable stability.

To summarise, therefore, F1 sites will form bound clusters in nn 

configurations for Ca2+ and Sr2+ dopants, whilst for Ba2+ nn and/or nnn 

clusters will form. F2 sites show a tendency to form nnn clusters as the ionic 

radius increases, although the differences in the binding energies, AE, 

between the two types show no clear pattern (AE : 0 eV : 0.6 eV : 0.15 eV for 

Ca2+, Sr2+ and Ba2+, respectively). Therefore, both F1 and F2 defects tend 

towards nnn configurations with increasing size of dopant. For F3/F4 

clusters with Ca2+, Sr2+ or Ba2+ dopants, both configurations form, but there 

is a higher proportion of nn in each case.

5.9.3 Solution Energies for Alkaline Earth fluorides in LaF3

Energies of solution, ES0L, for alkaline earth fluorides in LaF3 are 

calculated in Appendix III according to the expression :
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where EMLa' is the cation substitutional energy, EVf- >s the vacancy 

formation energy and E LAj  is the lattice energy for a particular material. All

energies, except the lattice energies of the alkaline earth fluorides, were 

calculated in this work using the computer code CASCADE. E\_ajMF2 values

were calculated using the appropriate potentials in a study by Catlow etal., 

(1978). Lattice energies are given in Table 5.26. Solution energies have 

been calculated for solutions of infinite dilution and so energies of defect 

clusters are not required. The results are summarised in Table 5.27.

The reported results indicate that solution energies are low in every 

case thus suggesting moderate solubilities for alkaline earth fluorides in 

L a F 3 . This would also be in agreement with experiment where

concentrations of ~ 10% have been used. Certain trends can also be 

deduced from Table 5.27, first, the solution energies are always lower when 

F3/F4 vacancies are involved and second, the energies decrease 

consistently as the ionic radius of the dopant species increases.

The above results, therefore, point to more F3/F4 vacancies being 

generated as the charge compensating defects, as these have the lowest 

energies. Again, from the previous section on binding energies F3/F4 

vacancies were generally more weakly bound than F1/F2 vacancies and 

hence, taking these results together, the F3/F4 vacancies, should contribute 

more significantly to the increase noted in the conductivity. These results 

also support the general theme running through this chapter that F3/F4 

vacancies are the ones chiefly involved in the conductivity mechanisms.

5.9.4 Relative Stabilities of 0 2~ Clusters

Initially, O2- substitutionals were placed on each of the four 

inequivalent fluorine sites and formation energies were calculated. The 

charge compensating defects were again F- vacancies. The La3+ - 0 2_ and 

F" - 0 2‘ interactions used have already been supplied in Table 5.4. The



formation energies for isolated O2' substitutionals, EOp, are given in Table  

5.28 and all are very similar.

Cluster calculations for nn configurations were performed and the 

results are presented in Table 5.29. The binding energies have been 

calculated using the same method as for M2+ substitutionals. The binding 

energies are all low, the maximum being 0.39 eV, which indicates that 

clusters will dissociate readily. Conductivity should, therefore, increase in 

the presence of O2- impurity defects. Another feature is that there is no 

consistent trend between the strength of binding and the distance between 

the impurity ion and its compensating F* vacancy, although the closest 

defects have the highest binding energies.

The above calculations have all been based on oxygen ions in 

substitutional positions, but further work also placed oxygen ions on F- 

interstitial sites. All of these calculations, however, failed to minimise and so 

the conclusions drawn were that oxygen impurities would enter the host 

preferentially at F- substitutional sites.

The next section examines how oxygen incorporation takes place as 

more than one reaction method is possible.

5.9.5 Solution Energies for Oxygen Incorporation in LaF3

by Oxidation or Hydrolysis

Oxidic contamination in LaF3 can occur by oxidation, hydrolysis or 

from the presence of impurity oxides. The thermodynamic feasibility or 

preference for the oxidation/hydrolysis reactions can be deduced from a 

combination of calculated defect energies for O2- substitution and F- 

vacancy formation, together with experimental values for dissociation 

energies and electron affinities for various species.

For an oxidation reaction the process is shown as:
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^ 2 ( g )  + 2FU .1 b e ^ ° F  + F 2 (9 > + V F <5 ' 1 0 >

where oxygen reacts with F‘ ions in the crystal lattice yielding gaseous 

fluorine and an O2- substitutional at an F- site, Op'. The energy for the total

reaction is given by:

E . . - V V 5 0  (5” ’
where,

Eo 4 Do2 ' Df2 + Eo2 ' 2E f- (5-12)-

D0 2 and DF2 are the dissociation energies of oxygen and fluorine, 

Eq2- is the sum of the first and second electron affinities for oxygen and E F- 

is the electron affinity for fluorine.

The corresponding reaction for hydrolysis is given by:

H20(g) + 2FLattice -> 2 HF(g) + 0 F + VF (5.13)

where oxygen substitutionals and gaseous hydrogen fluoride are created by 

gaseous water reactions with lattice fluoride ions. The energy for this 

reaction is expressed as:

E. ri = E . + E + EH (5.14)
nyd oF vF H

where,

e h “ d h2o ■ 2Dhf + Eq2- ■ 2EF- (5.15).

D and E refer to dissociation and electron affinity energies, as before.



All energies for dissociation and electron affinities are supplied in 

Tables 5.30 and 5.31, respectively.

Values for Eq and EH are given in Table 5.32. Both energies are 

positive, with Eq being larger than Eh by just over 3 eV, thus indicating that 

of the two, hydrolysis will occur preferentially. Also, for either reaction to 

occur easily, the lattice contribution, i.e. the sum of the substitutional and 

vacancy formation energies, should be correspondingly large and negative. 

These lattice contributions are given in Table 5.33 for each F' site, from 

which it is seen that all are smaller than either Eq or Eh- Total energies for

each reaction are supplied in Table 5.34 and are endothermic for both 

types of reaction. Energies for hydrolysis are seen to be significantly lower 

than oxidation in every case suggesting that contamination by hydrolysis is 

likely to be weak and almost negligible by oxidation. The most probable 

cause of contamination is the presence of small amounts of oxides. The 

results in Table 5.34 also show that the lowest solution energies arise when 

vacancies occur on F3 or F4 sites, irrespective of the site of substitution. 

Thus, as previously noted, a greater contribution to the conductivity is likely 

to come from F3/F4 vacancies.

Experimentally, oxidic reactions have occurred at high temperatures, 

and anomalies, noted in conductivity curves between 800 - 1000K, have 

been attributed to oxygen contamination (Chadwick etal., 1980). The 

calculations reported here are, however, performed at OK and so the 

energies of solution can only serve as an indication of the relative 

feasibilities of each mode of reaction.
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5.9.6 Conclusions

In summary, therefore, the results from the dopant studies point to:

♦ reasonably low binding energies when M2+ and O2' dopants are 
introduced, indicating that the charge compensating F’ vacancies will 
enhance the conductivity;

♦ a tendency for F1/F2 vacancies to form nnn configurational clusters 
and for F3/F4 to form nn configurational clusters as the radius of the 
M2+ dopant increases, with binding energies being lower for M2+ 
clusters containing F3/F4 vacancies;

♦ low solution energies for M2+ dopants, which decrease with 
increasing size of dopant radius;

♦ solution energies being lower for both M2+ and O2' dopants when 
F3/F4 vacancies are involved;

♦ solution energies for oxygen incorporation are unfavourable for 
hydrolysis or oxidation, and contamination is likely to occur from small 
concentrations of oxides;

♦ O2’ ions entering the host as substitutionals and not interstitials.

5.10 Results and Discussion. Part III: Elastic Constant 
Studies in LaF3

5.10.1 Variation of Elastic Constants with Temperature

The variation of elastic constants with temperature has been used in

a number of systems to provide evidence for the onset of disorder. For

example, in superionic fluorites, measurements of acoustic mode velocities,

which are related to elastic constants, have shown substantial decreases 

around Tc, the temperature of the specific heat anomaly (Catlow etal., 1978;

Manasreh and Pedersen, 1984, 1985). This observation is thought to be 

directly associated with the generation of anion Frenkel disorder,
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incorporating defect clusters, which is then responsible for the superionicity 

in these materials at high temperature. Likewise, experiments using Brillouin 
scattering techniques have examined elastic constants for LaF3  over a wide

range of temperature, 300 - 1400K, (Ngoepe et al., 1986). Here, too, 

significant reductions have been noted above 1100K implying further defect 

generation at this temperature.

This section reports on the above measurements and compares them 

with theoretical values for elastic constants derived from the computer code 

PLUTO (Perfect Lattice Unrestricted Testing Operation). This program is an 

adaptation of the code CASCADE already described in Chapter 3. Elastic 

constants are calculated from the second derivative of the lattice energy with 

respect to changes in unit cell dimensions and atomic coordinates. These 

calculations are for a static lattice and dynamical effects are not considered.

The frequency shift in Brillouin scattered light, Acob, is given by:

where v is the velocity of the acoustic phonons causing the scattering, ^ ' s 

the wavelength of the incident light, and nj and ns are refractive indices

defined for the incident and scattered light propagating with scattering angle 

0. The scattering angle was chosen to be 90° for the experiments. The 

refractive indices have been found to be very similar, (Laiho etal., 1983), 

and by averaging, the above equation reduces to,

o
(5.16)

(5.17)

where n is the average refractive index,
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n. + ns
n = 2

(5.18).

Elastic constants, Cjj, or their combinations, yy, can be calculated from the 

relation,

where p is the crystal density. Combining this with equation (5.17) yields,

Temperature variations of C|j will, therefore, be proportional to Acob2

provided that changes in p/n2 make minimal contributions over the required 

temperature range. Supporting evidence for this comes from work on BaF2

(Catlow et al., 1978) where p/n2 decreases linearly by 1.3% as the

temperature rises from 300 to 1400K, the same range as used by Ngoepe et 
al. (1986) and Ngoepe (1987) for LaF3 . The reliability of the conversion from 

A cob 2 to Cy is important as Cjj are calculated directly from the theoretical 

work, while Acob are the experimentally measured quantities.

5.10.2 Method of Calculation

Elastic constants have been calculated using the code PLUTO. The 

role of lattice anharmonicity is treated by the quasi-harmonic approximation 

in which the lattice parameters are allowed to vary in accordance with the 

temperature-dependent thermal expansion coefficients.

C, = pv
2 (5.19)

(5.20).

Lattice parameters were calculated over the range 300 to 1600K, 
according to the value of the thermal expansion coefficients, 04, for each axis
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at particular temperatures. Sher et al., (1966) gave a measure of the 

variation in a t over the range 298 to 1353K, Table 5.35. These values 

were plotted and by interpolation further values were obtained for a t at 

particular temperatures as shown in Figure 5.37. The values of ô , given in 

Table 5.36, were used to determine lattice parameters from the expression:

L, = L0 [ l + « , t ]  (5.21)

where l_t is the lattice parameter at temperature t and Lq that at 273K.

5.10.3 Comparison of Calculated and Experimental 

Elastic Constants

The material parameters required to convert the experimental

frequency data to elastic constants using equation 5.20 are given in T a b le

5.37. The data are those of Laiho et al. (1983), Ngoepe et al. (1986) and

Ngoepe (1987). These values were compared with the theoretically 
determined elastic constants, Cjj, and the results are compiled in Tables

5 .3 8 -5 .4 3 . Figures 5 .38-5 .43 also show the experimental and 
theoretical variation of Cjj as a function of temperature.

Figure 5.38 shows two curves for C i 1 values derived from

experiment; one is for values determined directly from experiment and the 
other is for values calculated from experimentally determined Cjj

combinations. There is close agreement between these curves, which

serves as an indication of the reliability of the other elastic constants which

could not be measured directly and have been calculated from combination 

equations. A further point is that no experimental data are available for C-|2 -

The theoretical and experimental data show certain similarities and 

some notable differences. Both sets of curves show linear or quasi-linear 

decreases up to a certain temperature, dependent on the method of
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determination. For experimental data the critical temperature is ~1100K,

when all constants show a sharp gradient change. Details of these gradients

and how they change before and after 1100K are given in Table 5.44. The 
reductions for C3 3  and C1 1 are more pronounced than those for C-j 3 and

C 6 6 , whilst the gradient for C4 4  changes sign as C4 4  shows a small 

increase. Also, the curves for C 13  and C3 3  show suggestions of a second 

linear region at ~1400K. This temperature region coincides well with that for 

the anomalous heat capacity rise (Lyon et al., 1978) and the two effects are 

considered to be related. Similarly, the theoretical curves show softenings, 

but these are generally not as pronounced and occur at lower temperatures 

-900K. Table 5.45 lists details of gradients for the calculated data.

The linear decrease noted in the experimental curves for 

temperatures below 1100K can be accounted for by lattice anharmonicity 

associated with thermal expansion (Garber and Granato, 1975). These 

effects have also been modelled by the quasi-harmonic approximation, as 

noted by the observed decreases in the calculated curves. Thermal 

expansion, however, is insufficient to explain the more abrupt reductions in 

experimental curves above Tc.

The source of the large reductions in experimental constants above

1100K has been attributed to substantial defect generation. Experimental

evidence, based on anomalous heat capacity observations and dilatation

studies, is supported by the defect formation calculations reported earlier,

and suggests that bound Schottky defects are expected to form. The 
experimental data indicate that C-| 1 and C33  have the greatest sensitivity to

defect creation. In addition, the suggestion from experimental data of a 
second linear region in C 13 and C33  may indicate that the level of disorder

has reached a limiting value. Future work should attempt to study these 

effects theoretically by examining the effect of including defects on 

calculated elastic constants.
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Higher order anharmonic effects, including phonon-phonon 

interactions, may also make an additional, but minor, contribution as noted 

by Haridasan et al. (1982) in their work on high temperature fluorites. 

Further evidence suggesting the role of anharmonicity comes from the 

increase in C44, since a similar increase in in the alkali halides was

explained by invoking higher order effects (Cowley and Cowley, 1965).

5.10.4 Conclusions

Although, there are discrepancies in the absolute values for C jj, the 

trends are the same at low temperatures. To gain a better understanding of 

the high temperature data, future calculations should explicitly introduce 

defect populations and test the effects of different defect models. Inclusion of 

higher order anharmonic effects should also be investigated.
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Table 5.1

Atomic parameters in P6 3 cm+

Atom X y z B n CMCM
m CMT

“
ffiCOCO
ffi B 1 3 B 23

La 0.6742(2) 0 0.25 0.53(3) 0.41(4) 0.66(4) 0.5B2 2 0.01(3) 0

F(1) 0 0 0.3209(7) b 2 2 0.62(6) 0 .63 (10) 0.5B2 2 0.00 0

F(2) 1/3 2/3 0.2187(7) b 2 2 0.73(5) 4 .6(3) 0 .5B 22 0 .00 0

F(3) 0.2857(4) 0 0.0810(6) 1.40(6) 1.97(9) 0 .51(7) 0 .5B 22 -0.01(7) 0

F(4) 0.3724(3) 0 0.4185(6) 1.43(6) 3.9(2) 0 .57(8) 0 .5B 2 2 0.23(7) 0

+ Gregson etal. (1983)

Cell dimensions are a=7.185 (1), £=7.351 (1) A (Zalkin etal., 1966) 

The temperature factor is given by:

exp |  - 7  X  X  hi hJ ̂  ^  J  «» h Bij« a2

Table 5.2 

Atomic parameters in P3c1++

Atom x y z B 1 1 b 2  2 B 3 3 B 1 2 B 1 3

COCM
ffl

La 0.6598 (1) 0 1/4 0.43 (2) 0.44 (3) 0.38 (2) B22/2 B2 3 / 2 0.06 (2 )

F (1 ) 0 0 1/4 0.63 (4) B 11 3.18 (14) B n / 2 0 0

F(2) 1/3 2/3 0.1859 (3) 0.55 (3) B 11 1.61 (6 ) B n / 2 0 0

F(3) 0.3659 (2) 0.0536 (2) 0.0813 (2) 1.76 (4) 1.19 (3) 0.69 (3) 1.03 (3) -0.03 (3) -0.16(3)

++ Zalkin and Templeton, 1985.

Cell dimensions are a=7.185 (1 ), £=7.351 (1 ) A (Zalkin etal., 1966) 

The temperature factor is given by:

exp



Table. 5,3

Trial LaF3  shell model potential parameters

Interionic potential parameters: Vjj = Ayexp(-ry/py) - Cy/ry6 

Short-range potential cut-off:1.51 lattice units

Interaction Ay(eV) Pij(A) Cy(eVA6 )

a.
La3+-La3+ 53317.72 0.22068 0 .0

La3+-F- 6 6 8 6 .8 6 0.26055 0 .0

F--F- 7236.47 0.28028 148.853

b.
La3+-La3+ 53317.72 0.22068 0 .0

La3+-F- 6 68 6 .8 6 0.26055 0.0

F'-F- 1127.70 0.27530 15.83

Shell model, polarisation parameters (a + b):

Ion Spring constant (eVA-2) Shell charge( lei ) Ionic radius(A)+

La3+
F"

250.0
1 0 1 .20 0

6.58698
-2.380

1.04
1.33

+After Goldschmidt in Cotton and Wilkinson (1980).



Table 5.4

Final LaF3  shell model potential parameters

Interionic potential parameters: Vy = Ayexp(-ry/py) - Cy/ry6

Interaction Ajj(eV) Pij(A) Cij(eVA6)

La6 +-La6+ 53317.72 0.22068 0 .0

La3 +-F- 1476.86 0.32519 0.0

F--F- 1127.70 0.27530 15.83

Ca2+-F- * 1272.8 0.2997 0.0

Sr2+-F- 2298.5 0.2917 0 .0

Ba2 +-F" 5193.3 0.2795 0.0

La3+-02- ** 1645.0 0.3620 0 .0

P -0 2 - 1127.7 0.2753 15.83

Short-range potential cut-off:1.51 lattice units

Shell model, polarisation parameters:

Ion Spring constant (eVA-2) Shell charge( le i) Ionic radius(A)+

La2+ 250.0 6.58698 1.04
F- 1 01 .20 0 -2.380 1.33
Ca2+ * 390.9 5.24 1.06
Sr2+ 530.3 7.53 1.27
Ba2+ 1709.1 -16.99 1.43
0 2‘ ** 26.793 -2.77739 1.32

+ After Goldschmidt in Cotton and Wilkinson (1980).
M2+-F- potentials were taken from Catlow etal. (1977b).

** La6 +-0 2" potential was taken from Lewis (1983).
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Table 5.5

Comparison of calculated and experimental bulk crystal properties

P63CIT1 P3c1 P63cm/ Experiment
shell model shell model P3c1

relaxed structure relaxed structure unrelaxed structure

U/(eV) -48.84 -48.84 -48.79 -48.78*

£° 1 1
13.3 13.2 14.2 14.4+/-0.6+

e°33 13.0 18.7 13.6 1 2 .6 +/-0 .6 +

e°° 2.57 2.57 2.57 2.56+

C-m ( l0 1 0 Nm‘2) 15.9 16.0 15.8 18 0+ +

C12 ( l 0 1 0 Nm‘2) 8.7 8.7 9.1 8.8

C 1 3  (101 0 Nm‘2) 6.5 6.5 6.5 5.9

C 3 3  (1 0 l°Nm -2) 18.1 18.1 17.4 22 .2

C 4 4  (1 0 1 0 Nm'2) 3.0 3.0 2.8 3.4

C 6 6 (1 0 1 0 Nm-2) 3.6 3.6 3.4 4.6

Bulk Lattice Strains to an accuracy of 0.7% perpendicular and 1.76% parallel to 

the crystal log raphic axes in both relaxed structures.

calculated from experimental data and Born-Haber cycle - Appendix I 
+Dielectric data - Igel etal. (1982)
++Cjj data - Laiho et al. (1983)
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Table 5.6

Variation of vacancy formation energy with size of region I: F1

Vacancy site Region I Radius/ Number of ions in 1/N Formation 
lattice units Region I, x 1 0 -3 Energy (eV)

N

0.75 51 19.61 3.02

0.80 57 17.54 3.02

0.85 69 14.49 3.01

0.90 87 11.49 2.99

0.95 99 10 .10 2.98

1.00 120 8.33 2.98

1.05 128 7.81 2.96

1.10 149 6.71 2.94

1.15 167 5.99 2.93

1 .20 197 5.08 2.93

1.25 221 4.52 2.93

1.30 254 3.94 2.92

1.35 284 3.53 2.92

1.40 305 3.28 2.92

1.45 347 2 .88 2.91

1.50 374 2.67 2.91



Table 5.7

Variation of vacancy formation energy with size of region I: F2

Vacancy site Region I Radius/ Number of ions in 1/N Formation 
lattice units Region I, x 1 0 -3 Energy (eV)

N

0.75 48 20.83 3.32

0.80 60 16.67 3.31

0.85 6 6 15.15 3.31

0.90 84 11.90 3.29

0.95 99 10.10 3.27

1 .00 117 8.55 3.27

1.05 134 7.46 3.24

1.10 146 6.85 3.24

1.15 167 5.99 3.17

1.20 194 5.15 3.15

1.25 224 4.46 3.14

1.30 254 3.94 3.13

1.35 281 3.56 3.12

1.40 299 3.34 3.12

1.45 344 2.91 failed to 
minimise



Table 5.8

Variation of vacancy formation energy with size of region I: F3

Vacancy site Region I Radius/ Number of ions in 1/N Formation 
lattice units Region I, x 10-3 Energy (eV)

N

0.75 54 18.52 2.67

0.80 58 17.24 2 .6 6

0.85 61 16.39 2.65

0.90 81 12.35 2.62

0.95 103 9.71 2.60

1.00 116 8.62 2.60

1.05 136 7.35 2.55

1.10 150 6.67 2.55

1.15 164 6 .1 0 2.55

1.20 195 5.13 2.54

1.25 235 4.26 failed to 
minimise



Table 5.9

Variation of vacancy formation energy with size of region I: F4

Vacancy site Region I Radius/ Number of ions in 1/N Formation 
lattice units Region I, x 1 0 -3 Energy (eV)

N

0.75 52 19.23 2 .6 8

0.80 56 17.86 2.67

0.85 62 16.13 2.65

0.90 80 12.50 2.63

0.95 101 9.90 2.60

1.00 117 8.55 2.57

1.05 136 7.35 2.54

1.10 150 6.67 2.54

1.15 158 6.33 2.53

1.20 198 5.05 2.52

1.25 234 4.27 failed to 
minimise
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Table 5.10

Variation of F~ interstitial formation energy with size of region I

Interstitial site Region I Number of 1/N Formation
Radius/lattice ions in x 1 0 -3 Energy (eV)
units Region I, N

0.6629 0.8660 0.4600 0.75

0.80

0.85

0.90

0.95

1.00

45

61

68

81

100

113

22.22

16.39

14.71

12.35

10.00

8.85

0.33

0.30

0.29

0.24

0.22

failed to 
minimise
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Tablft.5,11

P6 3 CIT1: comparison of coordinates for the 
relaxed and unrelaxed lattice

Relaxed Unrelaxed

La3* 0.67119 0.00000 0.26651 0.67420 0.00000 0.25578

La3* -0.33560 0.58127 0.26651 -0.33710 0.58387 0.25578

La3* -0.33560 -0.58127 0.26651 -0.33710 -0.58387 0.25578

La3* -0.67119 0.00000 0.77806 -0.67420 0.00000 0.76733

La3* 0.33560 -0.58127 0.77806 0.33710 -0.58387 0.76733

La3* 0.33560 0.58127 0.77806 0.33710 0.58387 0.76733

F1 0.00000 0.00000 0.32831 0.00000 0.00000 0.32831

F1 0.00000 0.00000 0.83986 0.00000 0.00000 0.83987

F2 0.00000 0.57735 0.23448 0.00000 0.57729 0.22375

F2 0.50000 0.28868 0.23448 0.50000 0.28865 0.22375

F2 0.00000 0.57735 0.74603 0.00000 0.57729 0.73530

F2 0.50000 0.28868 0.74603 0.50000 0.28865 0.73530

F3 0.28810 0.00000 0.09393 0.28570 0.00000 0.08287

F3 -0.14405 0.24950 0.09393 -0.14285 0.24742 0.08287

F3 -0.14405 -0.24950 0.09393 -0.14285 -0.24742 0.08287

F3 -0.28810 0.00000 0.60548 -0.28570 0.00000 0.59442

F3 0.14405 -0.24950 0.60548 0.14285 -0.24742 0.59442

F3 0.14405 0.24950 0.60548 0.14285 0.24742 0.59442

F4 0.37372 0 . 0 0 0 0 0 0.44219 0.37240 0 . 0 0 0 0 0 0.42817

F4 -0.18686 0.32365 0.44219 -0.18620 0.32251 0.42817

F4 -0.18686 -0.32365 0.44219 -0.18620 -0.32251 0.42817

F4 -0.37372 0 . 0 0 0 0 0 0.95374 -0.37240 0 . 0 0 0 0 0 0.93972

F4 0.18686 -0.32365 0.95374 0.18620 -0.32251 0.93972

F4 0.18686 0.32365 0.95374 0.18620 0.32251 0.93972

^relaxed ~ '  48-84 eV ^unrelaxed ~ " 48.79 eV



1 35

Table 5.12

P 3 c 1 : comparison of coordinates for the relaxed and
unrelaxed lattice

Relaxed Unrelaxed

La3* 0.65980 0.00000 0.25578 0.65980 0.00000 0.25578

La3* -0.33232 0.57280 0.25578 -0.32990 0.57140 0.25578

La3* -0.33232 -0.57280 0.25578 -0.32990 -0.57140 0.25578

La3* -0.66303 0.00000 0.76733 -0.65980 0.00000 0.76733

La3* 0.32909 -0.57280 0.76733 0.32990 -0.57140 0.76733

La3* 0.32909 0.57280 0.76733 0.32990 0.57140 0.76733

F1 -0.00161 0.00000 0.25578 0.00000 0.00000 0.25578

F1 -0.00161 0.00000 0.76733 0.00000 0.00000 0.76733

F2 -0.00161 0.57735 0.20139 0.00000 0.57729 0.19019

F2 0.49839 0.28868 -0.20138 0.49995 0.28865 -0.19019

F2 -0.00161 0.57735 0.71294 0.00000 0.57729 0.70175

F2 0.49839 0.28868 0.31017 0.49995 0.28865 0.32136

F3 0.33477 0.04317 0.08168 0.33910 0.04642 0.08318

F3 -0.20720 0.26973 0.08168 -0.20975 0.27046 0.08318

F3 -0.13242 -0.31290 0.08168 -0.12935 -0.31688 0.08318

F3 -0.33800 -0.04317 -0.08167 -0.33910 -0.04642 -0.08318

F3 0.20397 -0.26973 -0.08167 0.20975 -0.27046 -0.08318

F3 0.12919 0.31290 -0.08167 0.12935 0.31688 -0.08318

F3 0.12919 -0.31290 0.59323 0.12935 -0.31688 0.59473

F3 0.20397 0.26973 0.59323 0.20975 0.27046 0.59473

F3 -0.33800 0.04317 0.59323 -0.33910 0.04642 0.59473

F3 -0.13242 0.31290 0.42988 -0.12935 0.31688 0.42837

F3 -0.20720 -0.26973 0.42988 -0.20975 -0.27046 0.42837

F3 0.33477 -0.04317 0.42988 0.33910 -0.04642 0.42837

^relaxed ~ " 48-84 eV ^unrelaxed ~ ” 48.79 eV



Table 5 .13+

P 6 3 CIT1: formation energies using the Schottky model

vacancy site formation energy(eV) Schottky quartet (eV) energy/defect (eV)

F1 (y) 2.98 6.78 1.70
F2 (P) 3.27 7.65 1.91
F3 (a) 2.60 5.64 1.41
F4 (a') 2.60 5.64 1.41
La 46.68

Schottky Quartet: Es = V"'La + 3Vr + Elat

Elaj = -48.84 eV

Table 5.14+

P6 3 CIT1: formation energies using the Frenkel model

interstitial site formation energy P  vacancy site Frenkel pair energy
(eV) (Table 5.13;> (eV) /defect(eV)

0.6629 0.8660 0.4600 0 .22 F1 3.20 1.60
F2 3.49 1.75
F3/4 2.82 1.41

0.1276 0.4600 0.4800 -0.26 F1 2.72 1.36
F2 3.01 1.51
F3/4 2.34 1.17

0.2500 0.1443 0.5115 -0.33 F1 2.65 1.33
0.3750 0.2165 0.5115 F2 2.94 1.47

F3/4 2.27 1.14

*0.5500 0.4000 0.0900 -0.35 F1 2.63 1.32
F2 2.92 1.46
F3/F4 2.25 1.13

EF = VF. + Fj'

Expt: energy/defect = 0.5-0.6 eV 

* Site selected on basis of MD study (Chapter 6 ).

+Region I: 0.95 lattice units cut-off: 1.51 lattice units



Table 5.15

P3c1: formation energies using the Schottky model

vacancy site formation energy(eV) Schottky quartet (eV) energy/defect (eV)

F1 (Y) 3.25 7.48 1.87
F2 (P) 3.07 6.94 1.74
F3 (a) 2.59 5.50 1.38
La 46.57

Schottky Quartet: Es = V'"La + 3VF- + E y j  

Elat = -48.84 eV

Region I: 0.95 lattice units Cut-off: 1.51 lattice units

Table 5.16

P3c1: formation energies using the Frenkel model

interstitial site formation energy F" vacancy site Frenkel pair 
(eV) (Table 5.15) (eV)

energy
/defect(eV)

0.6629 0.8660 0.4600 -0.39 F1 2 .8 6 1.43
F2 2 .6 8 1.34
F3 2 .2 0 1 .10

0.1276 0.4600 0.4800 -0.32 F1 2.93 1.47
F2 2.75 1.38
F3 2.27 1.14

0.2500 0.1443 0.5115 -0.36 F1 2.89 1.45
F2 2.71 1.36
F3 2.23 1 .12

EF = VF. + Fjf

Region I: 0.95 lattice units Cut-off: 1.51 lattice units

Expt: energy/defect = 0.5-0.6 eV



Table 5.17

Differences in Frenkel pair formation energies 
between P3c1 and P6 3cm

Interstitial
site 1

F- Vacancy site 
2 3/4

1 0.34 0.81 0.62

2 -0.21 0.26 0.07

3 -0.24 0.23 0.04

A negative sign implies that the defect is formed more easily in P63cm.
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Table 5.18

P63CIT1: formation energies for bound Schottky quartets

Quartet F- vacancy Total Bound Bound Site type
label components formation Schottky energy /

energy (eV) energy (eV) defect (eV) Y p a
[V"'La + 3Vr ] E S(Bo u n D) F1 F2 F3 F4

1 F1A, F4A, F4D 51.88 3.04 0.76 V vv
2 F3A, F4A, F4D 51.92 3.08 0.77 V vv
3 F3B, F3C, F4D 51.98 3.14 0.79 vv V
4 F1A, F3A, F4A 52.04 3.20 0.80 V V V
5 F3A, F3B, F3C 52.05 3.21 0.80 M /
6 F1A, F3A, F4D 52.22 3.38 0.85 V V V
7 * F2A, F3C, F4B 52.24 3,40 0.85 V V . V
8 F3B, F3C, F4A 52.34 3.50 0.88 vv V
9 * F2A, F3B, F4C 52.46 3.62 0.91 V V V

10 F1A, F3B, F3C 52.50 3.66 0.92 V vv
11 F2A, F2B, F4A 52.51 3.67 0.92
12 * F2A, F3C, F4C 52.58 3.74 0.94 V V V
13 F1A, F4B, F4C 52.61 3.77 0.94 V vv
14 F4A, F4B, F4C 52.61 3.77 0.94 vvv
15 F4B, F4C, F4D 52.62 3.78 0.95 vvv
16 F1A, F2A, F2B 52.63 3.79 0.95 V VV
17 F3A, F2A, F2B 52.63 3.79 0.95 VV V
18 F2A, F2B, F4D 52.92 4.08 1.02 vv V
19 F3A, F4B, F4C 53.07 4.23 1.06 V vv

Es(Bound) = [V"i_a + 3Vf .] + 

E La t  =  - 4 8 .8 4  eV

Region I: 0.95 lattice units Cut-off: 1.51 lattice units
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Table 5.19

P6 3 CIT1: binding energies for bound Schottky quartets

Quartet Total formation Total formation Binding Site type
label energy unbound energy bound energy (eV)

Schottky quartet Schottky quartet AE
(eV) (eV) y p a
v , , ,La + 3VF [V ,nLa + 3VF] F1 F2 F3 F4

16 56.20 52.63 3.57 V vv
11 55.82 52.51 3.31 vv
17 55.82 52.63 3.19 VV V

1 54.86 51.88 2.98 V vv
7 * 55.15 52.24 2.91 V V V

18 55.82 52.92 2.90 vv V
4 54.86 52.04 2.82 V V V
9 * 55.15 52.46 2.69 V V V
6 54.86 52.22 2.64 V V V

12 * 55.15 52.58 2.57 V V V
2 54.48 51.92 2.56 V vv
3 54.48 51.98 2.50
5 54.48 52.05 2.43

10 54.86 52.50 2.36 V
13 54.86 52.61 2.25 V

8 54.48 52.34 2.14 VV V
14 54.48 52.61 1.87 vvv
15 54.48 52.62 1.86 vvv
19 54.48 53.07 1.41 V
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Table 5.20

P63CIT1: dissociation energies for bound Schottky quartets 

forming Schottky trios

Quartet Bound Schottky Bound Schottky Bound Schottky Isolated Ep F~ vacancy
label quartet F* vacancy quartet energy trio energy (eV) vacancy (eV) dissociated

components (eV) energy
y

F1
p

F2
a

F3 F4 [V"’La + 3Vf *1 [V,MLa + 2VFT
(eV)
VF'

P
F1 F2

a
F3 R

18 vv V 52.92 50.69 2.60 0.37 V
6 V V V 52.22 50.02 2.60 0.40 V
8 vv V 52.34 50.16 2.60 0.42 V

10 < vv 52.50 50.36 2.60 0.46 V
2 V vv 51.92 49.89 2.60 0.57 V
2 V vv 51.92 49.90 2.60 0.58 V
6 V V V 52.22 50.24 2.60 0.62 V
5 52.05 50.09 2.60 0.64 <

10 V vv 52.50 50.16 2.98 0.64 V
4 V V V 52.04 50.08 2.60 0.64 V

17 vv V 52.63 50.69 2.60 0.66 V
5 vvv 52.05 50.16 2.60 0.71 V
1 V vv 51.88 50.02 2.60 0.74 V
3 vv V 51.98 50.16 2.60 0.78 V
1 V vv 51.88 50.08 2.60 0.80 V
4 V V V 52.04 50.24 2.60 0.80 V
4 V V V 52.04 49.89 2.98 0.83 V
2 V vv 51.92 50.18 2.60 0.86 V
6 V V V 52.22 50.18 2.98 0.94 V
1 V vv 51.88 49.90 2.98 1.00 V

16 V vv 52.63 50.39 3.27 1.03 V
16 V vv 52.63 50.69 2.98 1.04 V
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Migration energies*

M E-i /E-i ' E2/E2' E3/E31
Symmetric Symmetric Asymmetric Asymmetric Largest

SITES Distance Saddle Point Activation Saddle Point Activation difference
A Energy(eV) Energy (eV) Energy (eV) Energy (eV) (eV)

1. P~P to 3.68 4.68 1.41 - - E1
2. Y<->y To 3.68 5.24 2.26 - - E1
3. P~P (a-b) 4.15 7.05 3.78 - - -
4. y<->Y (a-b) 7.14 5.72 2.74 - - -
5. ok-xx' -To 2.56 2.59 -0.01 2.73 0.13 e 2

aVxx ~lc -0.01 2.72 0.12 0.14
6. ok-kx' 2.73 2.68 0.08 2.73 0.13 e 2
7. aVnx 2.70 2.72 0.12 - - 'E!
8. a -p 2.78 3.26 0.66 3.36 0.76 e 2

P~a -0.01 3.36 0.09 0.46
9. a ’-P 2.70 3.27 0.67 3.35 0.75 E2

p-a* 0.00 3.35 0.08 0.60
10. r-P ~(a-b) 4.22 6.81 3.83 - - -

P-y 3.54 - - -
11. Y~a 2.81 3.45 0.47 - - 0.61

a-y 0.85 - - E1'
12. Y~a 2.71 3.04 0.06 3.09 0.11 0.39

a-y 0.44 3.09 0.49 e 2'
13. y-a ' 2.77 3.30 0.32 3.34 0.36 0.42

a'-y 0.70 3.34 0.74 e 2’

+ Primed values are used to distinguish the direction of travel.



Table 5.22

Energy profiles along migration pathways

Sites Initial / Final Coordinates Energy(eV)

1.p**p t c  0.00000 0.57735 0.23448 3.27
3.50
3.94
4.32

M 4.68
4.59
4.29
3.63

0.00000 0.57735 0.74603 3.27

2. y<->y Tc 0.00000 0.00000 0.32831 2.98
3.42
4.36
5.23

M 5.24
4.78
4.03
3.44

0.00000 0.00000 0.83986 2.98

3. P<H>p (a-b) 0.50000 -0.28868 0.74603 3.27

M 7.05

0.50000 0.28868 0.74603 3.27

4. y<->y (a-b) 0.00000 0.00000 0.83986 2.98

M 5.72

-0.50000 0.86603 0.83986 2.98

5. a<-»a' ~Tc 0.28810 0.00000 0.09393 2.60
2.73
2.70
2.60

M 2.59
2.60
2.63
2.72

0.37372 0.00000 0.44219 2.60



Table 5.22 (continued)

6. ow-»af 0.28810

M

0.00000 1.11703 2.60
2.73
2.66
2.65 
2.68 
2.69
2.66 
2.65

0.62628 0.00000 0.95374 2.60

7. aV-»a 0.18686

M

-0.32365 0.95374 2.60
2.66
2.65 
2.68 
2.72 
2.70
2.65 
2.64

0.28810 0.00000 1.11703 2.60

8. o«-»p 0.14405

M

-0.24950 0.60548 2.60
3.36
3.17
3.30
3.26
3.22
3.05
2.84

0.50000 -0.28868 0.74603 3.27

9. a'<-»p 0.18686

M

-0.32365 0.95374 2.60
2.92
3.35
3.34
3.27
3.14
2.95
2.75

0.50000 -0.28868 0.74603 3.27



Table 5.22 (continued)

10. ~(a-b) 0.00000 0.00000 0.83986 2.98

M 6.81

0.50000 -0.28868 0.74603 3.27

11. y<-HX 0.00000 0.00000 0.83986 2.98
2.84
3.15
3.39

M 3.45
3.38
3.19
3.06

0.28810 0.00000 1.11703 2.60

12. y<->oc 0.00000 0.00000 0.83986 2.98
2.70
2.81
2.94

M 3.04
3.09
3.07
3.04

0.14405 -0.24950 0.60548 2.60

13. Y<^a' 0.00000 0.00000 0.83986 2.98
2.92
3.18
3.34

M 3.30
3.29
3.21
3.20

0.18686 -0.32365 0.95374 2.60
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Table 5.23

Formation energies for isolated M2+ substitutionals

MLa’ Defect Energy (eV) Ionic Radii (A)+

Ca2+ 20.55 1.06
Sr2+ 21.55 1.27
Ba2+ 22.91 1.43

|_a3+ 1.04

♦After Goldschmidt in Cotton and Wilkinson (1980).
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Table 5.24

Formation and binding energies for bound defect clusters 
between an M2+ substitutional and an F~ vacancy in

nn configurations

Substitutional Unbound Bound Binding Energy Separation
Defect Type Defect (eV) Defect (eV) (eV) (A)

M’La M’La + Vr [M’La + Vr ] AE

Ca2+ +F1 23.53 23.18 0.35 2.40

Ca2+ +F2 23.82 22.86 0.96 2.43

Ca2+ +F3(1) 23.15 22.89 0.26 2.45
+F3(2) 23.15 22.86 0.29 2.54

Ca2+ +F4(1) 23.15 22.88 0.27 2.46
+F4(2) 23.15 22.85 0.30 2.50
+F4(3) 23.15 23.01 0.14 2.81

Sr2+ +F1 24.53 24.26 0.27 2.40

Sr2+ +F2 24.82 24.50 0.32 2.43

Sr2+ +F3(1) 24.15 23.97 0.18 2.45
+F3(2) 24.15 23.95 0.20 2.54

Sr2+ +F4(1) 24.15 23.95 0.20 2.46
+F4(2) 24.15 23.95 0.20 2.50
+F4(3) 24.15 24.08 0.07 2.81

Ba2+ +F1 25.89 25.36 0.53 2.40

Ba2+ +F2 26.18 25.48 0.70 2.43

Ba2+ +F3(1) 25.51 25.39 0.12 2.45
+F3(2) 25.51 25.38 0.13 2.54

Ba2+ +F4(1) 25.51 25.36 0.15 2.46
+F4(2) 25.51 25.37 0.14 2.50
+F4(3) 25.51 25.53 -0.02 2.81



Table 5.25

Formation and binding energies for bound defect clusters 
between an M2+ substitutional and an F- vacancy in 

nnn configurations

Substitutional Unbound Bound Binding Energy Separation
Defect Type Defect (eV) Defect (eV) (eV) (A)

M’La M'La + Vr [M’La + Vp] AE

Ca2+ +F1 23.53 23.56 -0.03 3.93

Ca2+ +F2(1) 23.82 22.86 0.96 4.60
+F2(2) 23.82 22.85 0.97 4.77

Ca2+ +F3(1) 23.15 22.85 0.30 3.06
+F3(2) 23.15 23.04 0.11 4.52
+F3(3) 23.15 23.08 0.07 4.57
+F3(4) 23.15 22.82 0.33 4.85
+F3(5) 23.15 22.82 0.33 4.93
+F3(6) 23.15 22.96 0.19 5.06

Ca2+ +F4(1) 23.15 22.84 0.31 4.58
+F4(2) 23.15 23.11 0.04 4.83
+F4(3) 23.15 23.14 0.01 4.84
+F4(4) 23.15 22.84 0.31 4.95
+F4(5) 23.15 22.83 0.32 5.00

Sr2+ +F1 24.53 24.57 -0.04 3.93

Sr2+ +F2(1) 24.82 23.92 0.90 4.60
+F2(2) 24.82 23.94 0.88 4.77

Sr2+ +F3(1) 24.15 24.12 0.03 3.06
+F3(2) 24.15 24.07 0.08 4.52
+F3(3) 24.15 24.03 0.12 4.57
+F3(4) 24.15 24.03 0.12 4.85
+F3(5) 24.15 23.88 0.27 4.93
+F3(6) 24.15 24.14 0.01 5.06

Sr2+ +F4(1) 24.15 23.93 0.22 4.58
+F4(2) 24.15 24.13 0.02 4.83
+F4(3) 24.15 24.12 0.03 4.84
+F4(4) 24.15 23.91 0.24 4.95
+F4(5) 24.15 24.11 0.04 5.00
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Table 5.25 (continued)

Substitutional 
Defect Type

M'La

Unbound 
Defect (eV)

M'La + VF-

Bound Binding Energy Separat 
Defect (eV) (eV) (A)

[M'La + VP ] AE

Ba2+ +F1 25.89 25.37 0.52 3.93

Ba2+ +F2(1) 26.18 25.33 0.85 4.60
+F2(2) 26.18 25.37 0.81 4.77

Ba2+ +F3(1) 25.51 25.58 -0.07 3.06
+F3(2) 25.51 25.44 0.07 4.52
+F3(3) 25.51 25.30 0.21 4.57
+F3(4) 25.51 25.32 0.19 4.85
+F3(5) 25.51 25.28 0.23 4.93
+F3(6) 25.51 25.53 -0.02 5.06

Ba2+ +F4(1) 25.51 25.37 0.14 4.58
+F4(2) 25.51 25.51 0.00 4.83
+F4(3) 25.51 25.42 0.09 4.84
+F4(4) 25.51 25.34 0.17 4.95
+F4(5) 25.51 25.44 0.07 5.00
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Table 5.26

Lattice energies

L3 F3 OSF2 SrF2 BaF2

(eV) (eV) (eV) (eV)

-48.84 -27.49 -25.95 -24.34

Table 5.27

Energies of solution

Vp CaF2 (eV) SrF2 (eV) BaF2 (eV)

F1 2.18 1.64 1.39

F2 2.47 1.93 1 .68

F3 1.80 1.26 1.01

F4 1.80 1.26 1.01

Derived using:
mf2 u f 3 

EQn, = E . + E - E, AT + E, AT
S 0 L  M ia  V F



Table 5.28

Formation energies for isolated O2* substitutionals

0 F' site Formation Energy (eV)

F1 -10.50
F2 -10.64
F3 -10.62
F4 -10.66

Ionic Radii

F- 1.33
O2- 1.32

+After Goldschmidt in Cotton and Wilkinson (1980).
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Table 5.29

Formation and binding energies for bound defect clusters 

between an O2’ substitutional and an F~ vacancy in

nn configurations

Op site Vp Unbound Bound 
Defect (eV) Defect (eV)

Of [Of 
+ VF +VF ]

Binding 
Energy (eV)

Separation
(A)

F1 F3(1) -7.90 -8.04 0.14 2.805
F3(2) -7.90 -8 .12 0 .22 2.706
F4(1) -7.90 -7.90 0 .0 0 2.770

F2 F3(2) -8.04 -8 .12 0.08 2.775
F 4(1) -8.04 -8.25 0.21 2.702

F3 F1(1) -7.64 -7.90 0.26 2.706
F1(2) -7.64 -7.78 0.14 2.805
F2(1) -7.35 -7.68 0.33 2.774
F4(2) -8 .02 -8.41 0.39 2.558
F4(3) -8 .02 -8.28 0.26 2.732
F4(4) -8 .02 -8.21 0.19 2.703

F4 F1(1) -7.68 -7.86 0.18 2.770
F2(1) -7.39 -7.69 0.30 2.702
F3(1) -8.06 -8.43 0.37 2.558
F3(3) -8.06 -8.18 0 .1 2 2.732
F3(4) -8.06 -8.25 0.19 2.703



Table 5.30

Dissociation energies

Molecule Energy (eV)

0 2 (a) 5.15
f2 (b) 1.63
H-OH+ (c) 5.17
OH* (d) 4.45
HF (e) 5.91

This energy refers to dissociation of H20  to OH + H

Addition of this value to the above gives 9.62 eV for 
dissociation energy of H20  into O + 2H

(a) Brix and Herzberg (1953)
(b) Handbook of Physics and Chemistry (1975)
(c) Kerr (1966)
(d) Brewer and Brackett (1961)
(e) Edwards et al. (1971)



Table 5.31 

Electron affinities

Energy (eV)

0 , 1st electron affinity (a) -1.47

O, 2nd electron affinity (b) 8.27

F, electron affinity (c) -3.45

(a) Branscomb et al. (1958)
(b) Obtained from thermochemical data of Waddington (1959)
(c) Berry and Reimann (1963)

Table 5.32

Energies of oxidation and hydrolysis reactions
(Excluding Lattice Contributions)

Reaction Energy (eV)

Oxidation E0  = +14.65

Hydrolysis Eh = +11.50



Table 5.33

Lattice contribution to solution energy for oxygen incorporation

Site of Substitution, 
O f

Site of F" 
Vacancy

Formation energies*, 
0 F’ + VF (eV)

F1 F1 -7.52
F2 -7.23
F3 -7.90
F4 -7.90

F2 F1 -7.66
F2 -7.37
F3 -8.04
F4 -8.04

F3 F1 -7.64
F2 -7.35
F3 -8 .02
F4 -8 .02

F4 F1 -7.68
F2 -7.39
F3 -8.06
F4 -8.06

* Values taken from Tables 5.28 and 5.13 respectively.
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Table 5.34

Energies of solution by oxidation and hydrolysis

Site of Substitution, 
O f

Site of F' 
Vacancy

Eoxid*
(eV)

Ehyd»
(eV)

F1 F1 7.13 3.98
F2 7.42 4.27
F3 6.75 3.60
F4 6.75 3.60

F2 F1 6.99 3.84
F2 7.28 4.13
F3 6.61 3.46
F4 6.61 3.46

F3 F1 7.01 3.86
F2 7.30 4.15
F3 6.63 3.48
F4 6.63 3.48

F4 F1 6.97 3.82
F2 7.26 4.11
F3 6.59 3.44
F4 6.59 3.44
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Table 5.35

Expansion coefficients of LaF3  at 298K and 
averages over various intervals*

Temperature a axis c axis
region (K) xlO’^deg -1 x10"^deg_1

298 15.80 11.00
298-898 19.10 15.25
298-1198 23.00 18.90
298-1223 24.20
298-1353 - 20.10

Table 5.36

Variation of expansion coefficients with temperature

Temperature
K

a axis 
x1 0“6 deg_1

c axis 
x1 0 "6 deg‘ 1

298 15.80 11 .00
400 16.13 11.53
600 17.00 12.79
800 18.21 14.34

1 00 0 20.05 16.39
1 10 0 21.11 17.76
1 20 0 23.00 18.90
1350 24.20 2 0 .1 0

*From Sher et al. (1966)
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Material parameters for LaF3
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nm (g cm-3) ng nc n

514.5 5.94 1.6073 1.6002 1.60375

Table 5.38

Variation of LaF3  elastic constant with temperature

T Experiment Experiment Pluto Calculation
(from combinations)

(K) A cob2

( G H z )3
^11
x 10^ N m "2

Acog2

(G H z )2

Cl1
x 10^ 3 N m “2

C11
x 1 0 13N m '2

3 0 0 5 8 1 1 7 .7 6 5 8 7 1 7 .9 4 1 5 .9 3
4 0 0 5 6 9 1 7 .3 9 5 7 6 1 7 .6 1 1 5 .5 9
6 0 0 5 4 5 .5 1 6 .6 7 5 5 4 1 6 .9 3 1 4 .8 9
8 0 0 5 2 2 1 5 .9 6 5 3 1 1 6 .2 3 1 4 .0 7
9 0 0 - - 5 1 9 .5 1 5 .8 8 -

1000 4 9 8 1 5 .2 2 5 0 8 1 5 .5 3 1 3 .0 8
1100 4 8 5 .5 1 4 .8 4 4 9 7 1 5 .1 9 1 2 .5 1
1 1 5 0 - - 4 9 1 .5 1 5 .0 2 -

1200 4 7 1 .5 1 4 .4 1 4 8 5 1 4 .8 3 1 1 .8 7
1 2 5 0 - - 4 7 5 1 4 .5 2 -

1 3 0 0 - - 4 6 2 1 4 .1 2 -

1 3 5 0 4 4 3 1 3 .5 1 4 4 7 1 3 .6 6 1 0 .7 5
1 4 0 0 4 3 3 1 3 .2 4 4 3 3 1 3 .2 4 -



Table 5.39

Variation of LaF3  elastic constant C1 2  with temperature

T Experiment Pluto Calculation

(K) Acob2 C 12  ^12
(GHz)2 x101 3 Nm_2 x101 3Nm“2

300 - - 8.70
400 - - 8.60
600 - - 8.39
800 - - 8.15
1000 - - 7.87
1100 - - 7.72
1200 - - 7.52
1350 - - 7.27

Table 5.40

Variation of LaF3  elastic constant C1 3  with temperature

T Experiment Pluto Calculation

(K) Acdb2
(GHz)2

C 13
x1 0 10 |Slrrr2

C 13
x1013Nm

300 199 6.08 6.46
400 197 6 .02 6.39
600 194 5.93 6.24
800 191 5.84 6.08
900 189 5.78 -

1 0 0 0 188 5.75 5.89
1 10 0 186 5.69 5.79
1 2 0 0 183 5.59 5.67
1300 173 5.29 -

1350 167 5.10 5.52
1400 162.5 4.97 -
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Table 5.41

Variation of LaF3  elastic constant C3 3  with temperature

T Experiment Pluto Calculation

(K) Acoq2
(GHz)2

C33
x IO ^ N m -2

C33
x1 0 l 0 |Slm

300 728 22.25 18.07
400 711 21.73 17.77
600 680 20.79 17.12
800 648 19.81 16.33
900 632 19.32 -

1 00 0 - - 15.33
1050 613 18.74 -

1 10 0 606 18.52 14.69
1150 596.5 18.23 -

1 2 0 0 588 17.97 14.02
1250 577 17.64 -

1300 564 17.24 -

1350 548 16.75 12.91
1400 530 16.20 -

1450 509 15.56 -

1500 493 15.07 -

1525 486 14.86 -
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Table 5.42

Variation of LaF3  elastic constant C4 4  with temperature

T Experiment Pluto Calculation

(K) A g)q2

(GHz)2

C4 4

x1 0 *i®Nm-2

C4 4

xIOiOlMm

300 107.5 3.29 2.99
400 105.5 3.22 2.93
600 101 3.09 2.78
800 96 2.93 2.61
900 94 2.87 -

1 0 0 0 91.5 2.80 2.40
1050 90.5 2.77 -

1 1 0 0 89.5 2.74 2.27
1150 88.5 2.71 -

1 2 0 0 8 8 2.69 2 .1 0
1250 88.5 2.71 -

1300 89 2.72
1350 89.5 2.74 1 .86

Table 5.43

Variation of LaF3  elastic constant C66 with temperature

T Experiment Pluto Calculation

(K) A coq2

(GHz)2
c 66

x1010|Mm_2
c 66
x1 0 1^Nm

300 150.5 4.60 3.61
400 147 4.49 3.50
600 140 4.28 3.25
800 133.5 4.08 2.96
900 130 3.97 -

1 0 0 0 126.5 3.87 2.61
1050 125 3.82 -

1 1 0 0 123 3.76 2.40
1150 120 3.67 -

1 2 0 0 116.5 3.56 2.13
1250 112.5 3.44 -

1300 109 3.33 -

1350 105 3.21 1.74
1400 101 3.09
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Experimental Cjj gradients and changes
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< 1 1 0 0 K > 1 1 00K

ACjj
x1 0 10
Nrri‘2

-AT

K

-dCjj/dT
x107  
Nm-2  K-1

ACjj
x1 0 10
Nm“2

-AT

K

-dCjj/dT

x1 0 7  
Nm-2  k -1

AdCjj/dT

x1 0 7  
Nm-2  K-1

C 11 2.75 800 3.44 1.59 2 0 0 7.95 4.51
C 12 - - - - - - -

C-|3 0.49 900 0.54 0.62 2 0 0 3.10 2.56
C33 2.93 600 4.88 1.68 150 11 .2 0 6.32
C4 4 0.60 900 0.67 -0.05 150 -0.33 - 1.00

^ 6 6 0.78 750 1.04 0.58 250 2.32 1.28

Table 5.45

Calculated Cjj gradients and changes

< 1 1 OOK > 1 1 OOK

ACjj
x1 0 10
Nm-2

-AT

K

-dCjj/dT 

x107  
Nm’2 K"1

ACjj
x1 0 10
Nm-2

-AT

K

-dCjj/dT

x1 0 7  
Nm-2 k-1

AdCjj/dT 

x1 0 7  
Nm"2 k-1

C 11 1.86 500 3.72 1.76 250 7.04 3.32
C 12 0.55 500 1.10 0.45 250 1.80 0.70
c 13 0.38 500 0.76 0.37 350 1.06 0.30
c 33 1.74 500 3.48 2.42 350 6.91 3.43
C4 4 0.38 500 0.76 0.41 250 1.64 0 .8 8

c 66 0.65 500 1.30 0 .66 250 2.64 1.34
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Figure 5-1- Short-range potential for La3+ - F' interaction.
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Figure 5.2. Short-range potential for La$+ - La^+ interaction.
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Figure 5.3. Short-range potential for F‘ - F- interaction.
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Figure 5.4. Variation of vacancy formation Figure 5.5. Variation of vacancy formation
energy with size of region I: F1. energy with size of region I: F2.
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Figure 5.6. Variation of vacancy formation 
energy with size of region I: F3 .

Figure 5.7. Variation of vacancy formation 
energy with size of region I: F4.
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Figure 5.8. Variation of F' interstitial formation energy with size of region I.
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Figure 5.9. Variation of vacancy formation Figure 5.10. Variation of vacancy formation
energy with reciprocal N. Site: F1 . energy with reciprocal N. Site: F2 .
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Figure 5.11. Variation of vacancy formation Figure 5.12. Variation of vacancy formation
energy with reciprocal N. Site: F3. energy with reciprocal N. Site: F4.
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Figure 5.13. Variation of interstitial formation energy with reciprocal N.
Site: 1.
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Figure 5.14. Plan view of unit cell of LaF3 : P6 3 cm. 
(After Gregson etal., 1983).
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Figure 5.15. Plan view of unit cell of LaF3 : P3c1 
(After Bauman and Porto,1967).
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Figure 5.17. Calculation of activation energy for anion vacancy migration.
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Figure 5.18. Crystal structure of LaF3 and possible defect jumps.
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Figure 5.19. Migration 1: migration pathway between p - p sites //c.
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Figure 5.21. Migration 5: migration pathway 
between a - a ' sites in c direction
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Figure 5.22. Migration 6 : migration pathway 
between a  - a' sites.
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Figure 5.23. Migration 7: migration pathway between a ’ - a  sites.
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Figure 5.24. Migration 8: migration pathway Figure 5.25. Migration 9: migration pathway 
between a  - p sites. between a' - p sites.
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Figure 5.26. Migration 11: migration pathway Figure 5.27. Migration 12: migration pathway 
between y - a sites. between y - a  sites.
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Figure 5.28. Migration 13: migration pathway between y -  a ’ sites.
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Figure 5.29. Variation of binding energies 
for nn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F1 site.
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Figure 5.31. Variation of binding energies 
for nn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F3 site.
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Figure 5.30. Variation of binding energies 
for nn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F2 site.
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Figure 5.32. Variation of binding energies 
for nn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F4 site.
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Figure 5.33. Variation of binding energies 
for nnn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F1 site.

Figure 5.34. Variation of binding energies 
for nnn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F2 site.
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Figure 5.35. Variation of binding energies 
for nnn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F3 site.
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Figure 5.36. Variation of binding energies 
for nnn M2+ clusters with ionic 
radius of dopant species where 
the vacancy is on an F4 site.
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Figure 5.37. Expansion coefficients of LaF3  vs. temperature.
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Figure 5.38. C*| 1 vs. temperature.
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Figure 5.39. C 12  vs. temperature.
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Figure 5.40. C-j 3  vs. temperature.
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Figure 5.41. C33  vs. temperature.
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Figure 5.42. C44  vs. temperature.
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Figure 5.43. C66  vs- temperature.
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Chapter 6

A Molecular Dynamics Study of LaR

6.1 Introduction

This chapter describes the molecular dynamics simulation, MDS, of 

LaF3 at three elevated temperatures within the superionic regime. The

simulations are carried out at 1200K, 1500K and 1700K. The results from 

the static method, reported in the previous chapter, serve as a useful 

precursor to this study, although as already mentioned those simulations 

took no explicit account of thermal motions. For a superionic, however, 

where high ionic mobilities are encountered, it becomes more appropriate to 

model defect mechanistic behaviour by a dynamical technique where kinetic 

effects are included explicitly. Molecular dynamics is the most powerful 

technique available. This method, as noted in Chapter 3, gives a full 

representation of the time evolution of the system in a state of thermal 

equilibrium.

It is recalled from Chapter 4 that LaF3 becomes a fast-ion conductor 

above 1000K with a conductivity of ~0.01£2'1crrr1 (Jaroszkiewicz and 

Strange, 1980). There is also a rapid rise in heat capacity from 1100K to the 

melting temperature of 1766K (Lyon et al., 1978). These features are 

thought to be caused by a disordering of the anion sub-lattice and, as nmr 

studies have shown, rapid exchange of fluoride ions between the 

crystallographically distinct lattice sites is already occurring at much lower 

temperatures (Goldman and Shen, 1966). There are, however, little data at 

temperatures > 1000K, except for the heat capacity study just mentioned 

and the Brillouin scattering studies of Ngoepe et al., 1986. The lack of 

information is, undoubtedly, because of experimental difficulty in handling 

the high reactivity of LaF3 towards oxygen and water vapour - a difficulty

which increases with temperature. Hence, there is no conclusive information
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on the nature or degree of disorder, or on the mechanisms for ion transport 

in the region of superionicity.

The aim of the present study is to use the power of the MDS 

technique to gain an insight into the defect structure of LaF3 in its superionic

state and to probe directly the ion transport mechanisms of the defect 

processes. For each of the three temperatures studied, the following results 

are presented:

♦ Diffusional characteristics for cations and anions. Mean 
square displacements are used to calculate diffusion 
constants from which conductivity values and estimates of 
activation energies for anion diffusion can be deduced;

♦Thermal parameters;

♦ Structural information from radial distribution functions;

♦ Individual ion displacements;

♦ Migration events via ion trajectories.

This is the first study of its kind for LaF3 and hence should form the 

basis of discussion for any future work, experimental or theoretical, at 

elevated temperatures.

6.2 Method of Calculation

6 .2 . 1  Interionic Potentials

As in the static simulations, the pair potentials used are of the form: 

V jj(r) = ZjZje2/r + Ayexpf-r/py) - Cy,!* (6.1)

where i, j denote ionic species, e is the electronic charge and Zj, z} are the 

charges on the species in units of |e|.
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Ions were again assigned their full formal charges of +3 and -1 for the 

long-range Coulombic interaction. Short-range interactions were developed 

using a rigid-ion model, as explicit inclusion of the effects of electronic 

polarisability would greatly increase the computer time requirements of the 

MDS. The short-range parameters were derived by the empirical fitting 

method. The initial parameters for the F'-F- potential were those used in the 

static calculations and, for the La3+-F_ interaction, were those derived from 

an electron gas calculation. The A and p parameters of the La3+-F ' 

interaction and the C parameter of the F -- F' interaction were subsequently 

fitted to bulk crystal properties, namely the static dielectric constant (the high 

frequency constant is necessarily 1), elastic constants, basis strains and the 

lattice energy. The La3+-La3+ interaction was not fitted and was the same as 

that used in the static calculations. The final potential parameters are given 

in Table 6.1 and throughout the MDS study the cut-off for the direct lattice 

sum was taken at 1.2 lattice units.

Comparisons between experimental bulk properties and those 

calculated using this rigid-ion model are listed in Table 6.2. The 

components of the static dielectric constant are reproduced to ~3%. In defect 

modelling studies, it is important to obtain an adequate description of the 

dielectric response of the lattice to charged defects and such excellent 

agreement gives confidence in the ability of the potential to represent a real 

system. Thus, despite using rigid-ion potentials, this feature may allow a 

partial representation of the effects of electronic polarisation - a point argued 

successfully in the MDS work on fluorites by Dixon and Gillan (1980b) and 

Gillan and Dixon (1980).

A further encouraging point comes from the comparison of the elastic 

constant data. At the time these potentials were derived, the only available 

experimental data were the values of Laiho et al. (1983) from a study at 

300K. The errors in the calculated constants were 30% (C-n), 27% (C12), 

31% (C i3), 41% (C33), 35% (C44), 33% (C66). However, for the later data of
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Ngoepe et al. (1986) and Ngoepe (1987), (examples at 1 2 0 0 K are given in 

Table 6.2), the fits were closer with elastic constants being reproduced to 

13% (C n ), - (C12), 27% (C13), 27% (C33), 18% (C44), 13% (C66). The fit

continues to improve when comparisons are drawn with other data from the 

Ngoepe study at higher temperatures.

6.2.2 Box Size and Geometry

The basic simulation 'box', to which periodic boundary conditions are 

applied, contains 648 ions and is built from 27 unit cells in a 3a x 3b x 3c 

arrangement. This is the largest box that can currently be used by the MD 

program whilst still retaining the hexagonal symmetry of the individual unit 

cell. Each unit cell contains 6 La3+ and 18F- ions and so, of the 648 ions in 

the box, 486 are F* ions distributed over the inequivalent F" sub-lattices. The 

simulation is at constant volume, with lattice constants a  = 7.185'A and a = 

7.351 A. The energy of the system is also conserved and, as a result of the 

periodic boundary conditions, so is the particle density.

6.2.3 Details of Trajectory Calculations

Ion trajectories were calculated using the computer code 'FUNGUS' 

(Walker, 1982). The main details of the simulations are given below.

♦ Separate simulations were performed at 1 2 0 0 K, 1500K 

and 1700K - temperatures which should all be within the 
superionic region and still be below the melting temperature 
at 1766K. A preliminary simulation with a much smaller 'box' 
of only 96 ions showed no evidence of superionic behaviour at 
1000K. A repeat simulation for the larger box was not, therefore, 
considered to be worthwhile.

♦ A time-step of 5 x 10' 15 s was used for all simulations. Each 

simulation began with an equilibration period. The system was 
considered to have reached equilibrium when,
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a(T )~  % of target temperature,
7 n

where o is the estimated standard deviation and N is the 

number of particles in the simulation box. Following 
equilibration, trajectory data were calculated and stored for 
analysis.

The first run at 1200K was initiated using the perfect crystal 

coordinates as the 'start-up' configuration. This was the preferred method of 

assignment because the static calculations had indicated the formation of 

both Frenkel pairs and bound Schottky quartets. Since experiment is still 

open on this, it was considered best to allow the system to evolve its own 

defect structure during the equilibration process. It should be noted, 

however, that MD with periodic boundary conditions cannot generate 

Schottky disorder. For the trajectory calculations at the two higher 

temperatures the start-up data were each taken to be the equilibration 

configurations from the previous temperature.

The details of each simulation are given in Table 6.3. Each time- 

step required 0.59 seconds of cpu time on the CRAY-1 S with ~8 hours of 

Cray time being used in total on the simulations, excluding the time used for 

the data analysis.

6.3 Results I: Diffusion and Conductivity

6.3.1 Self-Diffusion Properties

The high conductivity observed in LaF3 is a result of the migration of 

F" ions. At room temperature, experiments have shown that this conductivity 

is highly anisotropic being twice as large parallel to the q. axis than 

perpendicular to it (Schoonman et al, 1980). As the temperature is raised 

this anisotropy is observed to diminish to ~1.4 at 650K (Chadwick et al, 

1979). Beyond this temperature, it is assumed that the conductivity
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anisotropy continues to diminish, but as noted in Chapter 4 (Figure 4.5), 

activation energies have been shown to increase from 0.26 eV ~415K to 

0.84 >790K (Roos et al., 1984). Any change in F- mechanistic behaviour at 

these higher temperatures could re-introduce the anisotropic condition, but 

with what magnitude or preferred direction it is not possible to speculate.

An indication of what the diffusion characteristics might be in the 

superionic region comes from an inspection of ion coordinates at selected 

times during each simulation. A preliminary analysis reveals the following 

points.

♦ The lanthanum ions remain close to their initial regular sites 

and do not diffuse even at the highest temperatures. This shows 
that the system is solid at all temperatures.

♦At 1200K most F- ions vibrate about their regular lattice sites, 
although a few isolated migration events and correlated chains 
do occur. The presence of interstitials is also confirmed.

♦ At 1500K there is evidence of many more migration events with 

correlated F" ion motion between regular lattice sites.

♦ At 1700K there is significant F" ion motion for all ions (close to 

that in a liquid).

A more detailed analysis of diffusion involving the calculation of 

diffusion constants follows in the next section.

6.3.2 Diffusion Constants and Conductivity

Diffusion constants are estimated from calculated time-dependent 
mean square displacements, MSD, <ra(t)2>, for all ion types a. The quantity 

< r c x ( t ) 2 >  is defined by the relation:
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(6 .2)

where ria(t) is the position of the ith ion of type a  at time t. The double 

summations go over time origins t  and ions of type a  where Nt , Na are the 

numbers of time origins and a  ions, respectively. This method of extensive 

averaging is the same as that adopted by Gillan and Dixon (1980).

As well as calculating the above, F- ion MSD have been calculated 

separately for directions both perpendicular and parallel to the £ axis. The 

relations used are:

where xia(t), yja (t) and Zja (t) are the respective x, y and z coordinates of the 

ith ion of type a  at time t.

The calculated MSD for lanthanum and fluoride ions at each 

temperature for a simulation of ~ 10 ps are shown in Figures 6.1 and 6.2  

respectively. The separate curves for F' ion displacements in the x-y and z 

directions are shown in Figures 6.3 and 6.4 respectively.

These results show very clearly the differences in behaviour between 

the cations and the anions. The constant long time values for cations in 

Figure 6.1 confirm that the lanthanum ions are not diffusing, but are vibrating 

about their regular sites at each temperature. Thus the simulated system is 

still solid, retaining a rigid cationic lattice even at the highest temperature.

(6.3)

and

(6.4)



Conversely, the steep slopes observed in Figure 6.2, which are related to 

the diffusion constants (discussed later), clearly indicate that F- ions are 

diffusing even at the lowest temperatures (note the difference in scale 

between Figures 6.1 and 6.2). It is apparent, however, that a significant 

increase in diffusion occurs between 1200K and 1500K, as was suggested 

by the preliminary inspection of ion coordinates mentioned in section 6.3.1. 

A further point is that the linear behaviour observed in the F- plots is 

established within a few vibrational periods and resembles the form of liquid 

diffusion. This is not, however, proof that such behaviour is occurring in 

LaF3. Figures 6.3 and 6.4 also illustrate that diffusion is greater in the x-y

direction (1 to £ axis) than in the z direction (// to £ axis).

Diffusion constants for F- ions are obtained from the mean square 

displacements using the following equations:

<Ara(t)2> = 6Da|t| + Ba (6.5)

and
<ArCLi(t)2> = 4Da I|t| +Bal (6-6)

and
<Ara//(t)2> = 2D J t |  + Ba,, (6.7)

where Da is the self diffusion constant for species a and Ba is an averaged 

Debye-Waller factor. Da l  and Da// and Ba l  and Ba// are the diffusion

constants and Debye-Waller factors in the respective directions 

perpendicular and parallel to the £ axis.

Thus, anion diffusion constants are obtained directly from the 

gradients of the slopes of the mean square displacement plots. Derived 

values are given in Table 6.4. The gradients used in the calculations were 

chosen by eye, without using any special fitting procedure, and so the 

quoted values are estimated to have an error margin of ~ 10%.



There are at present no experimental values for diffusion constants at 

these temperatures, but the conductivity has been given as -0.01 Q*1crrr1 at 

1000K (Jaroszkiewicz and Strange, 1980).

Conductivity, a , is a macroscopic quantity and is related to the 

microscopic diffusion constant D, by the Nernst-Einstein equation:

where N is the number density of the conducting species per unit volume, f 
is the correlation factor, q is the charge per carrier, kg is the Boltzmann

constant and T is the operating temperature. The value of f was unknown 

and so was set to unity. The results for a , obtained from D, are also 

presented in Table 6.4.

Comparing the calculated conductivity at 1200K with the 

experimental result at 1000K gives close agreement. This is a useful 

comparison because, as the mean square displacement plots show, 

diffusion at 1200K is still minor in comparison to that at higher temperatures. 

It must, therefore, be representative of an early stage of superionicity, as was 

the experimental value at 1000K, although a higher value is naturally 

expected at 1200K.

Thus, this result strongly suggests that the simulation is accurately 

modelling the diffusion processes of the real system. The results also show 

that as the temperature is raised the conductivity increases significantly on 

the 1200K value by factors of 7 and 10 respectively at 1500K and 1700K.

Another result of significance is the ratio of c //c ±. This implies that the

conductivity parallel to the £  axis is always slightly less than that 

perpendicular to the £ axis, although it approaches a 1:1 ratio at 1500K. This 

is an interesting result, since although the level of anisotropy would be
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expected to decrease with increasing temperature, the fact that c± is still 

greater than o//, even at these elevated temperatures, gives credence to the 

conclusions drawn from the static calculations in Chapter 5. There, results 

which were applicable for much lower temperatures (theoretically OK) 

consistently pointed to a preferred motion in the direction perpendicular to 

the £  axis. These findings were opposite to the experimental conclusions, 

but perhaps, in view of the supporting MD results, the present interpretation 

of the experimental data should be reviewed.

Finally, using elementary theory, an estimate for the activation energy 

for anion diffusion can be obtained from the diffusion constants calculated at 

each simulation temperature. Using the relations:

loge D = loge D0 - —

D 1 e a 
' ^ D I  = T

kT

V T1

(6.9)

(6 .10)

an average value of 0.85 eV is obtained in the superionic region. This is in 

excellent agreement with the value of 0.84 eV estimated by Roos et al. 

(1984) for temperatures > 715K, and again this suggests that the simulation 

is correctly modelling the real system.

6.3.3 Thermal Parameters

Thermal parameters, due to lattice vibration, may also be calculated 

from the mean square displacement curves. Root mean square 

displacements (U 2)1/2 , for each ion, are presented in Table 6.5. 

Anisotropic values are calculated for fluorine motions perpendicular and 

parallel to the £  axis, whilst there is one isotropic value for lanthanum. 

Thermal parameters are determined experimentally from the refinement of



197

Bragg diffraction data, but, so far, none have been published for comparison 

with the values calculated above.

6.4 Results II: Structural Properties

6.4.1 Radial Distribution Functions

Radial distribution functions, RDFs, give structural information about 

interparticle correlations. By considering all fluorine sites as equal, there are 

three different pair RDFs for LaF3. These are given by:

nii(r)
9jj(r)  1------7 (6.11)

4rer2[ n inj]

where

i,j = La, F

njj(r) = Ensemble average of the number of ions of type j

in a radial shell (r-*r+dr) with an ion of type i at the centre.

nj = Bulk density of ions of type i.

RDFs, calculated from ion separations accumulated over a period of

12.5 ps at each temperature, are presented in Figures 6.5 to 6.7. The 

La3+-La3+ RDFs are like those of a conventional ionic solid. They show well 

defined Gaussian shaped peaks at successive La3+-La3+ regular lattice 

spacings (-4.3, 6 .0 , 7.2, 8.4 A) with vanishing density between them. As the 

temperature is raised there is a reduction in peak intensity and a smoothing 

effect on the peaks corresponding to the increased thermal vibration of the 

La3+ ions. These results demonstrate that there is long-range order on the 

cation sub-lattice throughout the temperature range studied. The La3+-F- 

RDFs are also strongly peaked, (2 .2 -2 .5, 4.8, 6.4, 7.4 A), although the 

density is more continuous between peaks, particularly at longer distances.
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In contrast, the F'-F- RDFs in Figure 6.7 are much less sharply defined than 

the La3+-La3+ and La3+-F- RDFs, and as the temperature rises successive 

peaks become increasingly damped around a value of 0.5. These features 

indicate a weakly correlated system for the anion sub-lattice. The F--F- RDFs 

are, however, still quite strongly peaked around F_-F_ nearest neighbour (nn) 

distances (2.4-2.7A) and longer spacings (4.5, 6.7A) in comparison to other 

superionics (e.g. high temperature fluorites, Dixon and Gillan, 1980a) which 

show a more continuous density resembling liquids. Therefore, the anion 

sub-lattice is becoming more disordered as a result of large amounts of 

diffusion occurring whilst retaining, to an extent, the periodicity of the crystal 

structure. This also means that when F- ions are not involved in a diffusion 

process directly they remain close to regular lattice sites more than would be 

expected for a mobile ion (cf. mobile Li ions in Li3N, Wolf, 1984). It would

also be useful to compare the above findings with site occupation 

parameters from a neutron diffraction study, but these data are not yet 

available.

These RDFs, therefore, summarise the structural properties of high 

temperature LaF3 and also reproduce the most important property of the

material namely high levels of anion diffusion. They cannot, however, reveal 

the mechanism of diffusion which is analysed using other techniques in the 

following sections.

6.5 Results III: Ion Transport Mechanisms

Detailed information on atomic processes is obtained by analysing 

individual ion trajectories. An examination of 'dumped' ion positions at each 

time-step makes it possible to identify and follow with time those ions 

involved in migration events. It is, however, impractical to inspect the 

coordinates of each of the 648 ions in the simulation box. A preliminary 

procedure is, therefore, used to select between those ions that are merely 

vibrating on their atomic sites and those which are migrating. The method 

involves calculating average displacements for each ion over time. Mobile



ions identified in this way can then ba tracked individually by displaying their 

trajectories graphically in two or three dimensions. Any resultant chain effect 

initiated by the original migration may then be observed. Both types of 

analysis are reported below.

6.5.1 Individual Ion Displacements

Individual ion displacements, IID, were calculated at intervals of 1 ps 

over a simulation period of 10 ps for each temperature. During processing, 

each species within the simulation 'box' was labelled with an ion number, 

which allowed for ease of identification in later analysis. The 27 cells making 

up the 'box’ were also separately labelled as cells abc, where each label 

took on any value in the range 1 to 3. Graphical displays of IID vs. ion 

number showed the average displacement for each ion, |r(t2) - r(ti)|, for the 

time interval t-j < t2 and hence distinguished the migrating species from 

those vibrating on site.

The plots at 1200K showing La3+ and F- ion displacements are 

presented in Figures 6.8 to 6.17. The first 162 ions shown are La3+ and 

the rest are the F- ions. Mean displacements, calculated over the entire 10 

ps interval, give a value of ~0.38A for La3+ ions, which is considerably less 

than that for F- ions at ~0.67 A . The majority of F- ions are seen to be 

vibrating on site, but the few large displacements noted over time 

correspond to those ions involved in defect migration. The trajectories of a 

selection of these ions are examined further in section 6.6.2.

Similarly, IID plots are obtained for ions at 1500K, as shown in 

Figures 6.18 to 6.27. The average F- displacement over the 10 ps period 

shows a 28.4% increase to 0.86 A  and the average La3+ displacement 

increases by 10.5% to 0.42A. A general comparison with the 1200K data 

reveals a marked increase in the number of F- ions migrating over longer 

distances. The furthest distance moved at 1500K by an F- ion is 3.66A 
during the 8-9 ps interval versus 2 .6 6 A  at 1200K during the 5 -6  ps interval.
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The majority of ions at 1500K still move less than 1A versus ~ 0.8A at 

1200K.

The trend continues at 1700K with F- displacements increasing a 

further 10.5% to give an average value of 0.95A and a rise of 7.1% yielding 

an average La3+ displacement of 0.45A. Displacements at 1700K are 

presented in Figures 6.28 to 6.37. The plots indicate that even more F- 

ions are travelling greater distances than before. In general, the majority of 

F‘ ions move less than 1.08A, but a peak value occurs during the 4-5 ps 

interval giving a migration of 4.68A.

6.6 Analysis of Ion Trajectories

6.6.1 Introduction

Analysis of IID's identified certain ions as being actively involved in 

migratory processes. All ions were grouped into the individual cells making 

up the simulation 'box' and those cells showing marked activity were 

selected as potential candidates for further analysis. Given the quantity of 

data available and the large amount of work involved in analysis, some 

sampling was necessary.

For a cell selected for further analysis, the detailed trajectories of F- 

ions associated with it were plotted graphically as labelled species in two 

dimensions, as projections in each of the x-y, x-z and y-z planes. Additional 

plots in 3D are given to highlight events of particular interest. The 

coordinates of each ion were selected every 10 time-steps and plotted at 

intervals of 1 ps over a period of 10 ps. For those selections at 1200K and 

1500K presented below, two sets of plots are shown; the first displays the 

new positions of all F- ions originally associated with a cell and the second 

shows only those ions demonstrating some migratory feature. Only the first 

set are given at 1700K. It should, however, be noted that even with the aid of 

such plots, it is still a difficult process to analyse the complexities of ionic



motion in LaF3. This is a good example of where a full analysis requires the 

benefit of 3D dynamical graphics - a technique which should be developed 

for future work.

Results are discussed separately for each of the three temperatures 

studied.

6.6.2 Ion Trajectories at 1200K

A general inspection of ion coordinates shows most ions vibrating 

about their regular sites with a high degree of site localisation for species on 

F1/F2 sites on the B sub-lattice. Other ions are involved in extended 

oscillatory motion during which they move off-site in one or two directions, 

but then return to their original site later. More interesting are the isolated 

events where a single species migrates rapidly through interstitial space, 

without being trapped at any of the sites it passes. Other events involve the 

creation of small chains where ions appear to migrate simultaneously over 

nearest neighbour distances. Also, by using the labelling convention and 

referencing to the sites originally occupied before the simulation began, as 

in Figure 6.38, it is possible to verify that exchange has occurred between 

fluorines on different types of site. These exchange processes will not, 

however, produce a contribution to the conductivity.

A more rigorous analysis has been applied to cell 321, as IIDs at 

1200K revealed that this cell displayed consistent activity throughout the first 

10 ps of the simulation. Trajectories are presented graphically in Figures 

6.39 to 6.58. A reference to Figure 6.38 highlights the relocations that have 

occurred during equilibration.

During the time 0 to 1 ps of the simulation, Figure 6.39, most sites 

appear to be occupied, although not necessarily by the same atoms as 

before the simulation began. For example, the following relocations have 

occurred: atom 233, originally on an F4 site, now occupies an F1 site
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replacing atom 272 which now resides on an F3 site, formerly occupied by

atom 227, the latter now being located on another F3 site, but in an adjacent

cell above.

F4 F1 F3 F3

233 272 227 -> 439 (adjacent cell above)

Similar examples are:

F1 F3

308 -» 475 (adjacent cell above)

F1 F4 F3

253 -» 266 244 (adjacent cell below)

F3 F4

259 270-z (adjacent cell below)

For the last example, atom 259 has moved away from its original F3 

site during equilibration and has settled one lattice parameter below atom 

270 on an F4 site. Both atoms oscillate about their sites for the rest of the 

period. None of these exchanges, which have taken place during 

equilibration, will affect the conductivity, but it is interesting to note that 

atoms in F1 sites have been involved in such a process whereas all atoms 

in F2 sites 255/257 and 256/258 have remained on their original sites. This 

observation perhaps reflects the greater stability of atoms in F2 sites, as was 

noted by the difference in vacancy formation energies for the two sites in 

Table 5.13 (F2 1.91eV vs. F1 1.70eV).

The more interesting features of defect formation and migration are 

illustrated by atoms 230, 262 and 264. First, atom 230 starts in an interstitial 

site between two F2 atoms and migrates immediately for 0.4 ps before 

reaching an F4 site where it then oscillates. Atoms 262 and 264, however,



are involved in a local diffusion process during the first ps of the simulation 

and their trajectories are separated out from the rest in Figures 6.40.1 and 

6.40.2.

Atom 262 starts in an F4 site, once occupied by atom 265, but after 

only 0.2 ps migrates in x and z directions to re-enter its original F3 site, 

where it oscillates for ~0.25 ps before departing. Atom 264 starts on its 

original F3 site between atoms 270 and 259, but after 0.5 ps is drawn into 

the migration process of atom 262. It then approaches the site atom 262 

started on, briefly passes through it and then subsequently returns towards 

its original site.

During the next picosecond, 1-2 ps, shown in Figures 6.41, 6.42.1 

and 6.42.2, these two atoms continue to move significantly, although their 

motions appear to be no longer correlated. Atom 262, for example, shows 

significant displacements in the x and z directions moving towards the site it 

started on at t=0 of the analysis period. It then back-tracks through interstitial 

space towards its own F3 site. Atom 264 continues to move back to its 

original site, taking a further 0.5 ps before it settles down to vibrate on site. 

During the first 2 ps, therefore, atoms 262 and 264 have been involved in a 

local diffusive process, but ultimately both atoms return to their original sites. 

A second pair of atoms are also involved in a migration process, atoms 257 

and 319. Atom 257 starts on an F2 site and shows immediate movement, but 

chiefly in the z direction, as if constrained to move in a channel - a feature 

that is expected for atoms moving within the B sub-lattice. Motion in the x 

and y directions follow after a time lag of 0.6 ps and the atom settles 

between normal F2 sites. Simultaneously, atom 319 leaves an F4 site, 

moving initially in the z and y directions and later, after 0.6 ps, towards the 

vacant 257, F2 site, ultimately occupying it.

Motion during the next interval, 2-3 ps, is shown in Figure 6.43, 

indicating that most atoms, including atom 262, vibrate on site. Of those



atoms previously mentioned, however, atoms 257, 319 and 264 are 

involved in the first chain migration event, Figures 6.44.1 and 6.44.2.

257 -4 319 264

Atom 257 vibrates off-site for 0.15 ps before moving towards its 

original F2 site, reaching the vicinity 0.15 ps later. It remains there for 0.3 ps 

and then returns to a position of higher z coordinate midway between two F2 

sites.

Atom 319 vacates the original site of atom 257 after 0.1 ps and then 

proceeds to the site of atom 264 reaching it 0.5 ps later. It remains there for 

0.3 ps. The F2 site is, therefore, vacant for ~0.2 ps before being temporarily 

re-occupied by atom 257.

Atom 264 oscillates close to its original F3 site for 0.25 ps. As atom 

319 approaches, atom 264 migrates towards a vacant F4 site, the original 

site of atom 265, and stays there for 0.2 ps. The 264 site is, therefore, vacant 

for 0.35 ps before atom 319 reaches it.

The following time interval, 3-4 ps, shows less activity, Figure 6.45. 

Several atoms have temporary relaxations in one or two directions, but then 

return to their original sites. This is illustrated in Figure 6.46, where atoms 

259 and 261 both relax to interstitial sites for ~0.5 ps before returning to their 

starting positions, whilst atoms 264 and 319 show even briefer excursions. 

Atom 257 moves up and down the z azis throughout the interval, a feature 

which re-iterates the channel constraint for B sub-lattice ions.

The absence of migratory processes continues during the 4-5 ps 

interval, Figure 6.47. Several atoms on F3 sites show extended oscillations, 

but they always return to their starting positions, e.g. atoms 224, 262 and 

319, Figure 6.48. Meanwhile, atoms 261 and 267, on F3 and F4 sites 

respectively, have similar x and y coordinates and show motion in the z



direction. At the start of the interval they are both at increased z 

displacement and then progressively move through, and go beyond, their 

natural sites before returning to a higher z coordinate. Atom 233 relaxes 

from an F1 site in the x and y directions during the first 0.35 ps before 

stabilising around its original x and y coordinates. Relaxation in the z 

direction is delayed, starting after 0.15 ps, but is more prolonged resulting in 

the atom residing on a site below that of the original F1 site for -0.70 ps.

The next interval, covering 5-6 ps, shows further examples of 

extended oscillations, as in Figure 6.49: atoms 263 and 267. The more 

distinctive processes, such as occupation of interstitial sites and an isolated 

migration through the crystal, are shown in Figures 6.50.1 and 6.50.2. From 

the latter, atom 253 initially resides close to an F4 site and then moves in the 

x and z directions to end on an interstitial site. Likewise, atom 319 starts 

close to an F3 site (the original site of atom 264) and then by the end of the 

interval has moved in the x and y directions towards an interstitial site. The 

most notable feature is, however, atom 266 which diffuses rapidly through 

interstitial sites without being trapped by any as it passes.

The migration of atom 266 continues into the next interval 6-7 ps, 

where its motion now appears to be correlated in a head to tail process with 

that of atom 253, Figures 6.51, 6.52.1 and 6.52.2. Both atoms show 

considerable movement throughout the whole period. During the initial 0.45 

ps atom 253 moves down the z axis, whilst maintaining its x and y interstitial 

position. It then rapidly migrates in the plane towards an F4 site in an 

adjacent cell, once occupied by atom 247. Meanwhile, atom 266 moves 

progressively towards its original lattice site close to that just vacated by 

atom 253. Nearby, atom 319 is also moving, but in a separate process. 

Throughout the interval it moves near to an F3 site, but never quite reaches 

it. For the first 0.6 ps the atom is vibrating either on a P63cm interstitial site

(the x coordinate is off-site) or on a P3c1 A sub-lattice site where there is a 

full coordinate match, before moving on to another interstitial site (y 

coordinate off-site).



No migration events are observed in the following interval, 7-8 ps, 

Figure 6.53. Atoms 253 and 266 both vibrate on the sites they finished on at 

the end of the previous interval. Atom 319, however, relaxes within 0.25 ps 

from the interstitial site to the nearby F3 site, where it then remains. An 

additional feature is illustrated in Figure 6.54. Atom 271 vibrates consistently 

on an F1 site, but with a decreased z coordinate (similar to that of an F1 

atom in P3c1). The atom does, however, sample the higher z coordinate 

very briefly, but this appears to be correlated with the movement to a higher 

z coordinate of atom 230.

The next period, from 8-9 ps, also demonstrates little activity, Figure 

6.55. A few examples of the more extended oscillations are presented in 

Figure 6.56. Of these, atom 263 starts the interval in an interstitial position 

and then migrates for 0.6 ps through interstitial space before stabilising on 

its host F3 site. Atom 224 also relaxes in the x and y directions in interstitial 

space, assuming the x and y coordinates of the site originally occupied by 

atom 230, but maintaining its own z coordinate.

Figure 6.57 shows the final interval analysed, 9-10 ps. Several ions 

vibrate about regular sites, but there is also evidence of migratory activity. 

After 0.2 ps, atom 268 leaves its F4 site for 0.7 ps and moves in the y 

direction towards another F4 site. It stops short of this site and vibrates on an 

interstitial site before re-entering its original site. The atoms involved in what 

is the longest concerted chain event so far recognised are presented in 

Figures 6.58.1 and 6.58.2. The following migration pathway is identified.

230 272 258 319 -> interstitial

interstitial F3 F2 interstitial

Atom 230 starts on an interstitial site and vibrates for ~0.65 ps before 

any significant movement occurs. After this time its y coordinate first 

increases and then decreases rapidly. This is followed in the last 0.05 ps by



a sharp increase in the z coordinate as the atom approaches the F3 site just 

vacated by atom 272. Atom 272 vibrates around its site and only after 0.65 

ps, as atom 230 approaches, does it migrate the nn distance towards the F2 

site of atom 258. Likewise, after ~0.7 ps atom 258 leaves its site and moves 

towards atom 319 situated on an interstitial site. Atom 319 relaxes from the 

aforementioned interstitial site to a nearby F3 lattice site after 0.3 ps. A 

further 0.4 ps later it takes its part in the chain migration and moves to 

another interstitial site.

All of the atoms involved in the chain appear to migrate 

simultaneously after ~0.65 ps over nn distances. Interstitial occupation is 

preserved throughout and atomic movement also involves exchange 

between sub-lattices.

In summary, the analysis of 1200K data reveals the following general

points:

♦ the majority of atoms vibrate about regular lattice sites;

♦ some atoms undertake brief extended oscillations before 

returning to base;

♦ other atoms are involved in sole migration events;

♦ the origins of a conduction mechanism are noted by the 

few examples of migration chains;

♦ Frenkel disorder is shown by the presence of 

interstitials, although the locations of the corresponding 

vacancies are not easily recognised from the plots.

The findings regarding motion on each of the sub-lattices indicate that 

atoms on the A sub-lattice have a greater mobility than those on the B sub

lattice. When the latter do move it is chiefly in the z direction, in contrast to 

atoms on the A sub-lattice which move more freely. A difference is, however,
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noted in the behaviour of F1 and F2 atoms. Atoms which start on F1 sites are 

prone to settle slightly below their original position with z coordinates more 

representative of the P3c1 space group. F2 atoms, however, tend to relocate 

to interstitial sites midway along the z axis between F2 sites.

6.6.3 Ion Trajectories at 1500K

For consistency, trajectory development in cell 321 continues to be 

examined at 1500K. This cell shows a number of migration events over the 

10 ps analysis period, although it is not the most active cell at this 

temperature. Trajectory diagrams are given in Figures 6.59 to 6.78. They 

show many incidences of independent migratory events and reveal that an 

increasing number of atoms have migrated outside the boundary of the 

original cell.

The first picosecond interval, Figure 6.59, shows that a number of 

atoms are involved in extended vibrations around particular sites. A 

selection of atoms undergoing longer movements are presented in Figure 

6.60. Most of these, however, are isolated migration events e.g. atoms 256, 

262 and 316. Atom 316 vibrates around an F3 site for 0.7 ps before 

migrating to an F4 position. Atom 262 relaxes in the y direction during the 

first half of the interval and later in the x and z directions also. The atom 

finally resides on an interstitial site. Atom 256 oscillates on an F2 site for 

~0.45 ps before proceeding to an interstitial site close to an F4 site. The 

remaining atoms shown undergo large vibrations, for example, atoms 261 

and 254 relax off-site, but later return to their original positions on F3 and F4 

sites respectively. Atom 268 also vibrates about an F3 site for most of the 

interval, but during the last 0.25 ps the y coordinate increases significantly 

taking the atom to an interstitial site.

During the next interval, 1-2 ps, atoms 256, 262 and 316 vibrate 

around their new sites, Figure 6.61. A different set of atoms are involved in 

isolated migrations and these are separated out in Figure 6.62. Migrations
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seem to take place between normal sites as observed for atoms 322, 270 

and 265. Atom 322 moves off an F3 site to an F4 site covering a distance of 

-  2.42 A, which is of the right order of magnitude for separation between 

neighbouring F” sites. Motion between sub-lattices is evidenced by atoms 

270 and 265 which travel from F2 to F4 sites, although 265 goes slightly 

beyond in the y direction. Similarly, atom 233 starts on an F1 site, but with a 

decreased z coordinate, reminiscent of occurrences noted at 1200K, and 

then proceeds to an F4 site. Finally, atom 308 has a short-lived stay of -0.35  

ps in an interstitial position situated below the z coordinate of a true F4 site, 

before moving on to an F3 site.

The following time period, 2-3 ps, shows less migratory activity, 

Figure 6.63. Atoms 269 and 319 do, however, show continuous motion and 

this is highlighted in Figure 6.64. Atom 269 is initially situated on an F1 site, 

again with a decreased z coordinate, before it moves to occupy an F2 

position. That such a move is energetically possible is indicative of the 

relative ease of migration at elevated temperatures. Atom 319 leaves an F4 

site passing through an F3 site before ending in an interstitial position.

There appears to be some correlated motion in the next interval, 3-4 

ps, Figure 6.65. A number of atoms show extended vibrations, but the more 

interesting features are shown in Figures 6.66.1 and 6.66.2. Two sets of 

atoms 270 and 271 and 262, 217 and 224 sit above each other in the x-z 

plane and show correlated motions in the x-y plane. Analysis of atomic 

coordinates shows that these motions tend to be between interstitial sites. 

Additionally, atom 261 migrates independently from an F3 to an F2 site.

The migration of atom 270 continues into the next interval 4-5 ps, 

although the other atoms which showed large movements in the previous 

interval now vibrate on site, Figure 6.67. Figure 6.68 shows the migrations of 

atoms 270 and 260 between F3 and F4 sites, whilst atoms 319 and 257 

undergo extended oscillations in the x and y directions.
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During the next interval, 5-6 ps, a number of atoms move between 

normal sites or interstitial sites, Figures 6.69, 6.70.1 and 6.70.2. Atoms 260 

and 270 continue to be active, both having temporary relaxations around F4 

sites, but returning to the normal sites within -0 .7  ps. Atoms 233 and 257 

migrate from F4 to F3 sites. Atom 233 oscillates around the F4 site for -0.35  

ps before moving in the x and z directions to the F3 site. Atom 257 is rather 

slower taking 0.6 ps before it travels towards the F3 site. Atom 319 moves 

from an F3 site progressively up the z axis towards an F4 site. Atom 263 

oscillates around an F3 site and then in the last 0.25 ps moves off to an F2 

site. Evidence for the presence of interstitials is again shown by atoms 265 

and 253. Initially atom 265 resides on an F4 site, but migrates to an 

interstitial position after about 0.5 ps. Atom 253 starts on an interstitial site, 

but after a brief excursion, passing through an F1 site for -0 .15 ps, proceeds 

to occupy a different interstitial position.

The 6-7 ps interval shows less activity, Figure 6.71. A couple of 

atoms, 224 and 308, show extended oscillations around normal sites, but no 

significant migratory events occur, Figure 6.72.

Extended oscillations continue into the next interval 7-8 ps, Figure 

6.73. However, atoms 261 and 263 take part in a correlated motion on the B 

sub-lattice, Figures 6.74.1 and 6.74.2. Both atoms are situated near F2 sites, 

each at a higher z value than for a normal F2 site. Atom 263 moves down 

the z axis towards atom 261, but during the last 0.25 ps it moves off course 

in the x and y directions. As a result, atom 261 occupies the normal F2 site it 

was near to originally.

The predominant motions described so far, have been isolated 

migration events. However, a chain event occurs during the 8-9 ps interval, 

Figures 6.75, 6.76.1 and 6.76.2. Atom 260 starts on an F4 site and after 0.2 

ps migrates towards an F3 site. Meanwhile, atom 307 gradually relaxes 

away from an F2 site and after 0.4 ps moves rapidly towards the site atom 

260 has vacated. Isolated migrations do still occur as shown by atoms 316
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and 265. Atom 316 moves off an F4 site within 0.2 ps and migrates to an 

interstitial site midway between two F1 sites. Atom 265 also leaves an F4 

site within the same time period and moves towards another interstitial site 

situated directly below that of atom 316.

The final interval analysed, 9-10 ps, is shown in Figure 6.77. Again 

there are further examples of isolated activity, Figure 6.78. Atom 319 moves 

immediately in the y and z directions away from an F4 site towards another 

F4 site. Relaxation in the x direction follows after 0.45 ps. Similarly, atom 

272 leaves an F4 site with a shift in the y direction occurring straight away. 

After 0.5 ps relaxations in the x and z directions follow, as the atom 

approaches an F3 site. The other two atoms shown, 259 and 260, are 

situated above and below a lanthanum atom respectively and their motion in 

the z direction shows a degree of correlation. After ~0.5 ps atom 260 moves 

from an F3 site towards the F4 site occupied by atom 259, by slight shifts in 

the x and y directions and a larger movement in the z direction. The z 

coordinate increases for another 0.3 ps before dropping back leaving the 

atom in an interstitial position. Likewise, atom 259 oscillates on site during 

the first 0.55 ps and then following a similar time scale to atom 260, it moves 

during the next 0.3 ps towards another F4 site with an increase in the z 

coordinate. However, as for atom 260, the z coordinate decreases and the 

atom stops at an interstitial site about half a lattice unit below the F4 site it 

had been approaching.

In summary, the data at 1500K reveal the following points:

♦ there are large numbers of spontaneous, but isolated migration
events lasting for short periods and then the ions vibrate on site;

♦ occupation of, and migration between, interstitial sites is significant;

♦ transport occurs regularly between sites on the same and different
sub-lattices and even along energetically unfavourable pathways.



6.6.4 Ion Trajectories at 1700K

This section provides an overview of the migration processes shown 

by cell 321 at 1700K. Diagrams are provided in Figures 6.79 to 6 .8 8 .

A general point, shown by the apparent vacancies, is that a significant 

number of the original member atoms present at 1200K have now migrated 

out of cell 321 to sites in neighbouring cells. Analysis of similar activity in 

other cells confirms that cross-occupation has taken place. Incoming atoms 

(not shown) occupy a number of sites in cell 321, including a proportion of 

the apparent vacancies. As the observations ai this temperature are large- 

scale, detailed analysis of particular ion movements or correlated motions is 

difficult. However, evidence of one chain event, involving atoms 260 and 

263, is readily recognised as lasting for 3 ps during the interval 1-4 ps, 

Figures 6.80 to 6.82.

Further analysis is best achieved by comparing cell activity 

throughout the 10 ps interval at 1700K with that at 1500K. This shows that 

there are larger numbers of long distance migrations and extended 

oscillations occurring at the higher temperature. Both of these features 

confirm the observations made in section 6.5.1.

6.7 Conclusions

The MD simulations have been successful in confirming the 

superionic behaviour of LaF3 at high temperatures. Frenkel disorder is

predicted to be predominantly responsible for the high levels of observed 

anion diffusion.

The MSD and RDF graphs have both shown that long-range order is 

preserved on the cation sub-lattice even at the highest temperature. The 

La3+ ions continue to vibrate on site and so LaF3 remains a solid. Similar



plots for F_ ions show that, although there are high levels of anion diffusion 

occurring, there is still some weak ordering on the anion sub-lattice as the 

RDF are strongly peaked with a much less diffuse structure than that noted 

in 'liquid-like' high temperature fluorite superionics. Transport calculations 

show that diffusion parameters and activation energies derived from the 

MSD are in agreement with experimental estimates. Conductivity also tends 

to be greater perpendicular to the £ axis than parallel to it.

The IID and trajectory diagrams also reveal a high degree of anion 

diffusion against a stable La3+ sub-lattice. There are large numbers of 

spontaneous migration events, a few correlated chains and, although 

decreasing with increasing temperature, a significant number of vibrations 

on or about regular sites. This agrees with the RDF interpretation suggesting 

a certain retention of periodicity on the F- sub-lattice. Transport is seen to 

occur freely between all sites as the temperature increases with a slight 

restriction in movement on the B sub-lattice still apparent at 1200K. Also, the 

presence of large numbers of interstitials confirms that Frenkel disorder is 

the predominant defect model present.

Future theoretical work on high temperature LaF3 could include 

taking observations over longer times, increasing the sample of cells to be 

analysed and calculating other values e.g. displacement moment ratios and 

velocity autocorrelation functions. The visual impact of the migration would 

also be considerably enhanced by the development of 3D dynamical 

graphics, but in a general sense this would be beneficial for the 

understanding of transport processes occurring in any superionic material.

Another benefit would be the availability of corroborative 

experimental data. However, this would require the development of 

experimental procedures to improve sample containment facilities to make 

high temperature experiments more feasible.



The present study has, therefore, provided new information at the 

microscopic level on defects and ion transport in superionic LaF3. The 

results have indicated that LaF3 merits further investigation if its properties 

are to be fully utilised in solid state devices.



Table 6.1

Rigid-ion potential parameters

Interaction Ajj(eV) Pij(A) Cjj(eVA6)

La3 +-La3+ 53317.72 0.22068 0.0

La3+- F- 511.97 0.3884 0.0

F--F- 1127.7 0.2753 46.29

short-range potential cut-off: 1.2 lattice units



Table 6.2

Comparison of calculated and experimental

bulk crystal properties

rigid-ion experiment
(calculated)

U/(eV) -48.42 -48.78*

eo11 14.8 14.4**

e013 12.2 12.6

£oo 1.0 2.56

C-J1 (101oNm'2) 12.6 18.0+ 14.41++

C12 (1010Nm-2) 6.4 8 .8 -

C 13 (10 1 °Nm'2) 4.1 5.9 5.59

C 33 (1010Nm-2) 13.1 22 .2 17.97

C44 (101oNm*2) 2.2 3.4 2.69

C 66 (1010Nm-2) 3.1 4.6 3.56

^Calculated from experimental data and Born-Haber cycle, Appendix I. 
**Dielectric data, Igel etal. (1982).

+Values at 300K (Laiho etal., 1983).
++Values at 1200K (Ngoepe e ta l, 1986) and Ngoepe (1987).
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Table 6.3

Details of trajectory calculations

Temperature

(K)

Time-step 

(x 10'15 s)

Number of time-steps

Equilibration Trajectory 
Period Calculation Period

Length of
Trajectory Simulation 

(x 10‘12s)

1200 5 8407 6334 31.670

1500 5 10702 6107 30.535

1700 5 11595 6118 30.590



Table 6.4

Diffusion constants and conductivities

Calculated Experiment

Temperature/K D/cm2s_1x10' 6 a/£2-1cnr1 oy//a± a /cH cnr1

1000

1 2 0 0  overall

1

//

1500 overall

_L

H

1700 overall

1

//

1.30

1.47

1.28

11.40

11.50

11.13

18.29

18.99

16.96

1.84x10-2

2.14x10-2

1.81x10-2

0.129

0.130

0.126

0.18

0.19

0.17

0.87

0.97

~1 0"2

0.89
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Table 6.5

Calculated thermal parameters in superionic LaF3

La3+ ions F_ ions
i l l

t / k  [ l? ]  / a  [U 33]  / A  [ u ^ J / A

1200 0.23 0.40 0.43

1500 0.26 0.45 0.47

1700 0.28 0.48 0.49



Figure 6.1. MSD at 1200K, 1500K and 1700K for lanthanum.
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Figure 6.2. MSD at 1200K, 1500K and 1700K for fluorine.
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Figure 6.3. MSD at 1200K, 1500K and 1700K for fluorine in X-Y direction.
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Figure 6.4. MSD at 1200K, 1500K and 1700K for fluorine in Z direction.
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Figure 6.5.1. RDF La-La at 1200K.
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Figure 6.5.2. RDF La-La at 1500K.

jLLD

RDF L a - L a  A T  /5 0 0 F

2 .50_,

2 . 2 5 .

2 . 00 .

1 . 7 5 .

1 . 5 0 .

1 . 0 0 .

. 7 5 .

. 5 0 .

. 2 5 .

00
00 1 . 8 0 3 . 6 0 9 . 0 05 . 4 0 7 . 2 0



Figure 6.5.3. RDF La-La at 1700K.
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Figure 6.6.1. RDF La-F at 1200K.
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Figure 6.6.2. RDF La-F at 1500K.
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Figure 6.6.3. RDF La-F at 1700K.
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Figure 6.7.1. RDF F-F at 1200K.

R D F F -F  A T  I2 0 0 F

\ . 20_

1 .08 .

72.

L
v
CP

.60 .

.36 .

00
.00 1 . 80 3 . 6 0 7 . 2 0 9 . 0 0



Figure 6.7.2. RDF F-F at 1500K.
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Figure 6.7.3. RDF F-F at 1700K.
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Figure 6 .3 9 .1200K: trajectories of F atoms in cell 321 during 0-1 ps.
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Figure 6.40.1. 1200K: selected trajectories of F atoms in cell 321 during
0-1 ps.

265



266

Figure 6.40.2. 1200K: selected trajectories of F atoms in cell 321 during 0-1
ps in 3D.
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Figure 6 .41 .1200K: trajectories of F atoms in cell 321 during 1-2 ps.
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Figure 6.42.1. 1200K: selected trajectories of F atoms in cell 321 during
1-2 ps.
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Figure 6.42.2. 1200K: selected trajectories of F atoms in cell 321 during 1-2 
ps in 3D.
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Figure 6 .43 .1200K: trajectories of F atoms in cell 321 during 2-3 ps.
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Figure 6.44.1. 1200K: selected trajectories of F atoms in cell 321 during
2-3 ps.
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Figure 6.44.2. 1200K: selected trajectories of F atoms in cell 321 during 2-3
ps in 3D.
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Figure 6.45. 1200K: trajectories of F atoms in cell 321 during 3-4 ps.
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Figure 6 .46 .1200K: selected trajectories of F atoms in cell 321 during 3-4 ps.
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Figure 6.47. 1200K: trajectories of F atoms in cell 321 during 4-5 ps.
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Figure 6.48. 1200K: selected trajectories of F atoms in cell 321 during 4-5 ps.
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Figure 6.49. 1200K: trajectories of F atoms in cell 321 during 5-6 ps.



Figure 6.50.1. 1200K: selected trajectories of F atoms in cell 321 during
5-6 ps.
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Figure 6.50.2. 1 2 0 0 K: selected trajectories of F atoms in cell 321 during
5-6 ps in 3D.
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Figure 6.51. 1200K: trajectories of F atoms in cell 321 during 6-7 ps.
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Figure 6.52.1. 1200K: selected trajectories of F atoms in cell 321 during
6-7 ps.
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Figure 6.52.2. 1200K: selected trajectories of F atoms in cell 321 during
6-7 ps in 3D.
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Figure 6.53. 1200K: trajectories of F atoms in cell 321 during 7-8 ps.
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Figure 6.54. 1200K: selected trajectories of F atoms in cell 321 during 7-8 ps.
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Figure 6 .5 5 .1200K: trajectories of F atoms in cell 321 during 8-9 ps.
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Figure 6 .56 .1200K: selected trajectories of F atoms in cell 321 during 8-9 ps.
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Figure 6.57. 1200K: trajectories of F atoms in cell 321 during 9-10 ps.
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Figure 6.58.1. 1200K: selected trajectories of F atoms in cell 321 during
9-10 ps.
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Figure 6.58.2. 1200K: selected trajectories of F atoms in cell 321 during
9-10 ps in 3D.
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Figure 6.59. 1500K: trajectories of F atoms in cell 321 during 0-1 ps.
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Figure 6 .60 .1500K: selected trajectories of F atoms in cell 321 during 0-1 ps.
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Figure 6.61. 1500K: trajectories of F atoms in cell 321 during 1-2 ps.
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Figure 6 .62 .1500K: selected trajectories of F atoms in cell 321 during 1-2 ps.
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Figure 6.63. 1500K: trajectories of F atoms in cell 321 during 2-3 ps.
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Figure 6.64. 1500K: selected trajectories of F atoms in cell 321 during 2-3 ps.
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Figure 6.65. 1500K: trajectories of F atoms in cell 321 during 3-4 ps.
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Figure 6.66.1. 1500K: selected trajectories of F atoms in cell 321 during
3-4 ps.
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Figure 6.66.2. 1500K: selected trajectories of F atoms in cell 321 during
3-4 ps in 3D.
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Figure 6 .67 .1500K: trajectories of F atoms in cell 321 during 4-5 ps.
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Figure 6 .6 8 . 1500K: selected trajectories of F atoms in cell 321 during 4-5 ps.
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Figure 6.69. 1500K: trajectories of F atoms in cell 321 during 5-6 ps.
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Figure 6.70.1. 1500K: selected trajectories of F atoms in cell 321 during
5-6 ps.
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Figure 6.70.2. 1500K: selected trajectories of F atoms in cell 321 during
5-6 ps in 3D.
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Figure 6.71. 1500K: trajectories of F atoms in cell 321 during 6-7 ps.
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Figure 6.72. 1500K: selected trajectories of F atoms in cell 321 during 6-7 ps.
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Figure 6.73. 1500K: trajectories of F atoms in cell 321 during 7-8 ps.
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Figure 6.74.1. 1500K: selected trajectories of F atoms in cell 321 during
7-8 ps.
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Figure 6.74.2. 1500K: selected trajectories of F atoms in cell 321 during
7-8 ps in 3D.
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Figure 6 .7 5 .1500K: trajectories of F atoms in cell 321 during 8-9 ps.
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Figure 6.76.1. 1500K: selected trajectories of F atoms in cell 321 during
8-9 ps.
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Figure 6.76.2. 1500K: selected trajectories of F atoms in cell 321 during
8-9 ps in 3D.
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Figure 6.77. 1500K: trajectories of F atoms in cell 321 during 9-10 ps.
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Figure 6.78. 1500K: selected trajectories of F atoms in cell 321 during 9-10 ps.

>59

2 5 9

272
25 9



Figure 6 .79 .1700K: trajectories of F atoms in cell 321 during 0-1 ps.
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Figure 6.80. 1700K: trajectories of F atoms in cell 321 during 1-2  ps.
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Figure 6.81. 1700K: trajectories of F atoms in cell 321 during 2-3 ps.
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Figure 6.82. 1700K: trajectories of F atoms in cell 321 during 3-4 ps.
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Figure 6.83. 1700K: trajectories of F atoms in cell 321 during 4-5 ps.
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Figure 6.84. 1700K: trajectories of F atoms in cell 321 during 5-6 ps.
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Figure 6 .85 .1700K: trajectories of F atoms in cell 321 during 6-7 ps.
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Figure 6 .86 .1700K: trajectories of F atoms in cell 321 during 7-8 ps.
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Figure 6 .87 .1700K: trajectories of F atoms in cell 321 during 8-9 ps.
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Figure 6 .8 8 . 1700K: trajectories of F atoms in cell 321 during 9-10 ps.
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Chapter 7

Neutron Diffraction Methods

7.1 Introduction

Solid state chemistry has relied heavily on structural studies using 

both X-ray and neutron diffraction methods. In this work neutron scattering 

by powders is of particular interest. The following discussion, which presents 

background to this field, is necessarily brief, but further details can be found 

in Bacon (1975), Windsor (1981) and Willis (1970).

The aim of this chapter is to outline the general principles of Bragg 

diffraction by crystals and the advantages of neutron powder diffraction. The 

chapter also includes a discussion of experimental methods, both constant 

wavelength, CW, and time-of-flight, ToF, and their associated 

instrumentation. Data refinement by integrated intensity and Rietveld profile 

analysis methods are also reviewed. In the final section there is a brief 

discussion of other complementary structural techniques.

7.2 Diffraction Theory

Scattering from a crystal can be described in terms of reflection from a 

set of lattice planes. The diffraction condition from crystal planes with 

spacing d is defined by Bragg's law:

nX = 2dsin0 (7.1)

where X is the wavelength of the incident beam diffracted through angle 26 

and n is the order of scattering. Wavelengths of about 1A are required to
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probe structures at the atomic level making X-rays, thermal neutrons and 

electrons suitable sources of radiation. The de Broglie relationship,

X = —  (7.2)
mv

may be substituted into the expression for the kinetic energy of the neutron, 

namely,

This allows the velocity to be related to the wavelength, yielding:

h2
E = — —  (7.4).

2X2m

For a wavelength of 1A, thermal neutrons have an energy ~10'1eV and a 

corresponding energy for electrons would be ~102eV. Similarly, an X-ray 

quantum of similar wavelength,

yields an energy ~104eV.

Neutron beams, therefore, have the advantage of providing 

wavelengths of the correct magnitude, which lead to diffraction effects in 

crystals, without high energies.
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7 .3  Neutron Scattering

7.3.1 Scattering Amplitude

Neutrons are scattered by nuclei, with the scattering power of an atom 

being defined by its scattering length, b. The scattering length depends 

solely on the isotope which gives rise to the scattering event. Neutron 

scattering, therefore, varies irregularly across the periodic table, unlike X-ray 

scattering, which is proportional to atomic number.

The scattering cross-section, a, is the ratio of the number of neutrons 

scattered from a nucleus in unit time for unit incident flux onto the nucleus. It 

is defined as:

The above considerations relate only to the scattering from an 

isolated atom and other factors are important when arrays of atoms are 

involved. Indeed, interference between radiation scattered from different 

centres results in the coherent scattering cross-section. This component is 

directly dependent on the structure. Incoherent scattering occurs through 

random scattering events, which arise because of differences between 

nuclei of the same element, either because of isotopes or different nuclear 

spin states. This component has no phase term and hence provides no 

contribution to diffraction effects. It does, however, produce an isotropic 

background, which needs to be subtracted from the measured total 

scattering so that the intensity of the coherent scattering can be determined. 

The two terms are defined as:

a = 4rcb
2 (7.6).

°coh =  4 ,tb coh =  4,c<b >2 

°inc = 4* [ < b2>-<b>2]

(7.7)

(7.8)



where averages are taken over the different isotopes and nuclear spin 

states.

For a periodically repeating array of atoms, the Bragg nuclear 

scattering amplitude from a unit cell, for a given reflection hkl, is given by 

structure factor Fhk| and is defined by:

The summation is over all atoms with coherent scattering lengths bn in a unit 

cell of dimensions a, b, c and where x, y, z are the nuclear cartesian 

coordinates.

The structure factor, therefore, depends on atomic positions and, 

moreover, it controls the intensity of reflections, the intensity being 

proportional to the square of the amplitude of the scattered wave, i.e.

7.3.2 Thermal effects

Thermal motion of atoms makes a contribution to the scattering 

amplitude according to the relation:

(7.9).

^hkl “  S  cos27C
n

The extra term is known as the Debye-Waller factor and the parameter B or 

temperature factor for atom n is defined as:
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Bn = 8^<u'> (7.13)

where (un2) is the mean square amplitude of vibration of atom n. Applying 

this thermal modification to a reflection of intensity l0 yields,

In the above equations Bn is an isotropic temperature factor, since the 

vibration is constrained to be spherically symmetric about the lattice site. 

Alternatively, anisotropic vibrations may be described by an ellipsoid with 

six thermal parameters b1 f - b23 - The Debye-Waller factor for each hkl is

then given by:

where b values are the unique elements of the symmetric tensor of the 

thermal ellipsoid and values are constrained by the site symmetry.

A further modification allows for anharmonic vibrations in the form of 

'lobes' along specific orientations (Willis, 1969).

7.3.3 Nuclear Density Distribution

Given knowledge of the phases of the structure factors, nuclear 

densities at any position in the unit cell may be determined by a Fourier 

transformation of the diffraction pattern. Fourier summations are an integral 

part of crystal structure analysis because they relate the density of scattering 

matter to the diffracted intensities by a mathematical relation of the type:

(7.14).

exp I h2b^ + k2b22 + l2b33 + 2hkb12 + 2hlb13 + 2klb23| (7.15)
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(7.16).

Here p(x,y,z) is the density of scattering matter at point (x,y,z) in the structure, 

Fhk| is the structure factor for reflection hkl and V is the unit cell volume. The

summation is carried out over all the reflections in the diffraction pattern and 

the densities found by this method are typically presented as contour maps. 

The use and limitations of Fourier analysis will be reviewed in a later section 

on refinement methods.

7.4 Neutron Diffraction: General Considerations

In the context of diffraction, one of the main advantages of neutron 

beams is that they are generally more sensitive to the positions of light 

atoms, e.g. fluorine and oxygen. The reason for this is the irregular 

dependence of neutron scattering power on atomic number, Z, a feature 

which contrasts sharply with the linear dependence on Z shown by X-rays 

leading to the dominance of the latter by heavy metal atoms, Figure 7.1. 
This feature also allows neutrons to distinguish between elements of similar 

atomic numbers, as found in alloys or zeolites, or indeed between isotopes 

of the same element, e.g. hydrogen and deuterium.

Another important advantage is that neutron diffraction yields more 

high angle data because the neutron scattering amplitude shows no 

variation with the Bragg angle 0. This is particularly useful for high 

temperature studies when intensities are reduced by the Debye-Waller 

factors previously described.

Since neutrons are scattered by nuclei (except for the small amount 

of magnetic scattering by any unpaired electron spins in the system), the 

nuclei act as point scatterers and are small in comparison with the 

wavelengths used, typically 1-5.7A. Consequently, the atomic scattering
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factor for neutron scattering is independent of 0. In the case of X-rays, the 

fundamental scattering bodies are electrons, and interference effects take 

place between X-rays scattered from different parts of an atom. As a 

consequence, the scattering factor or 'form factor', fx, decreases with

increasing Bragg angle.

The atomic scattering factor for X-rays describes the rate of fall-off of 

the amplitude as depending on sin0/X and a comparison with neutrons is 

given in Figure 7.2.

Low and high temperature studies are also made easy by neutrons 

because of the very low absorption coefficients for neutrons of materials 

used in the construction of cryostats and furnaces, for example, Al, Cu. In 

contrast, X-rays are readily absorbed by metals.

Other metals are used in diffraction studies because of their particular 

interactions with neutrons. For example, samples may be contained in 

vanadium cans, because vanadium scatters neutrons weakly and, therefore, 

adds only a small background to the diffraction profile. Cadmium is often 

used as a shield to block out the neutron beam from parts of the containers, 

because of its high absorption coefficient.

A further advantage for neutron diffraction arises from the well- 

defined line shape of Bragg reflections. For constant wavelength high 

resolution powder diffractometers, the line shape is described very well by a 

simple Gaussian function and hence the process of profile refinement is 

made much simpler. Caglioti et al. (1958) described the variation of line 

shape with 0 as,

Hk = U tan2ek + V tan0 k + W (7.17)



where Hk is the full width of the Gaussian (reflection) at half height, 0k is the 

Bragg angle and U, V, W are half-width parameters independent of 0k. For 

laboratory X-ray sources the line shapes for powder Bragg peaks are poorly 

defined, although with synchrotron sources accurate, well-defined line 

shapes may be obtained. It should also be noted that in neutron studies 

using ToF techniques, the line shape becomes more complex.

Finally, it should be noted that neutrons have a magnetic moment 

which interacts with the magnetic moment of any unpaired electrons 

present. Therefore, in addition to nuclear scattering, magnetic scattering is 

observed from paramagnetic ions. Neutrons, therefore, provide a unique 

probe for the study of magnetic structures, magnetic moment distributions 

and magnetic excitations...........................................................................................

7.5 Samples and Environments

7.5.1 Powder Diffraction

Powder samples were used entirely in this work. The powder sample 

contains an infinite number of randomly orientated crystallites. Bragg 

scattering from each set of lattice planes, hkl, forms a Debye-Scherrer cone 

at an angle of 20 to the straight through beam, Figure 7.3. A scanning 

detector then measures these diffracted beams as intensities at various 20 

values and plots a diffraction profile of Bragg reflections.

One of the main advantages powders have over single crystal studies 

is the ease of sample preparation. The energy and the intensity of neutron 

beams are very much less than those of X-ray beams (104 eV, X-rays and 

10-1 eV, thermal neutrons). A larger sample is, therefore, required for 

neutron work, thus intensifying the difficulty encountered in the preparation 

of single crystals. Even when crystals can be grown they might not survive 

the extremes of experimental conditions intact. Thus, powder samples are 

sometimes the only means of obtaining adequate neutron diffraction data.



Indeed, the preparation of single crystals of the required size and quality 

would have been wholly impracticable for the materials investigated in this 

thesis.

Moreover, there are distinct advantages of powder diffraction 

techniques in that the problems of extinction, multiple Bragg and thermal 

diffuse scattering effects, which can limit single crystal X-ray or neutron work, 

are greatly reduced. Powders also facilitate high temperature work, as there 

is no need to re-orientate the sample during data collection as when using 

single crystals.

Powders do, however, have their drawbacks, the chief one being the 

loss of information in comparison to single crystal work, as three 

dimensional information in reciprocal space is projected onto only one 

dimension. In powder studies, different Bragg peaks may overlap or be 

coincident, especially for structures of low symmetry and large unit cell. 

However, the advent of profile analysis (Rietveld, 1969) overcomes this 

problem to a large degree. Rather than requiring intensities of individual 

reflections, the technique examines the whole profile and deconvolutes it 

into component Bragg peaks. A starting model is, however, essential. A 

detailed account of refinement theory is presented in section 7.7.

There are two different experimental set-ups for neutron powder 

diffraction: first, constant wavelength experiments and secondly, time of flight 

methods. Both techniques were employed in this thesis and are described 

more fully in the next section.

7.5.2 Constant Wavelength Experiments

In a conventional powder diffraction experiment the wavelength is 

fixed and the intensity measured as a function of 20. Neutrons are produced 

by fission reactions in a nuclear reactor and are then moderated to thermal 

equilibrium. The spectral distribution of neutron energies is Maxwellian with



a peak around 80 meV for a moderator temperature of 300K, Figure 7.4. 

These thermal neutrons have a wavelength distribution which peaks at ~1A, 

which, as noted, is suitable for atomic structure investigations. The peak in 

the wavelength distribution can, however, be shifted to longer (cold source) 

or shorter (hot source) wavelengths by operating the moderator at lower or 

higher temperatures respectively. Shorter wavelengths allow a greater 

range of d-spacings to be investigated, whilst longer wavelengths (6-7A) 

allow better resolution of complex patterns and are suitable for diffuse 

scattering. The 'white' beam of wavelengths produced is then 

monochromated using a crystal such as germanium and the selected 

wavelength directed at the sample.

The CW work in this thesis used the high flux reactor at Institut Laue- 

Langevin, ILL, Grenoble, France, running at an operating power of 57MW.

7.5.3 Time of Flight Method

Constant wavelength experiments only use ~1% of the available 

neutrons after monochromatisation. A more efficient use of neutron flux is to 

employ time of flight methods, where the sample is irradiated by a 

moderated white neutron beam direct from the neutron source. Counters are 

placed at a fixed angle 20 and d-spacings are sampled by measuring the 

time taken for neutrons of different wavelengths (and energy) to reach the 

counter. The variables in the Bragg equation are now X and d, rather than 0 

and d. The d-spacing of a reflection may then be calculated from the neutron 

time of flight using the following relation:

h
p = — = m v = m.

X "
(de Broglie) (7.18)

where v, L and t are neutron velocity, flight path from target to detectors and 

time of flight. Rearranging gives,
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m,
-  XLt = h

(7.19).

Substituting for X from Bragg's equation gives,

(7.20).

Since the time of flight is measured, a continuous beam cannot be 

used and so this method requires a pulsed neutron source and builds up the 

diffraction profile pulse by pulse. Pulsed sources may be generated either 

by chopping a continuous beam from a nuclear reactor or by the more 

efficient process of spallation, where the neutron source itself is pulsed. 

Here, pulses of very high energy protons (or electrons, typically 500-800 

MeV) from a synchrotron impinge on a heavy metal target such as tungsten 

or uranium and produce many neutrons per incident particle (~25 for an 800 

MeV particle on U). Spallation sources operate at lower power levels than 

reactors because only 55 MeV are deposited in the target per neutron 

produced, in comparison to the 180 MeV for fission. The neutrons are then 

slowed in a moderator and, retaining the original pulse structure, produce 

thermal neutrons for use in diffraction. The spallation sources also produce 

a higher flux of epithermal neutrons than that obtained from reactors.

Since time can be measured accurately, time of flight methods afford 

high resolution Ad/d. A limitation for powders, however, is the more complex 

peak shape, which is less easily defined than the near-Gaussian for 

constant wavelength experiments.

The spallation source used in this work was the ISIS facility at the 

Rutherford Appleton Laboratory in Oxfordshire. This provides a source 

which is of comparable performance and complementary to the high flux



reactor at ILL in the cold and thermal neutron regions (k~4A) and is more 

powerful at short wavelengths (0.3A).

7.5.4 Neutron Detectors

Since neutrons are neutral particles, their detection is based on the 

detection of secondary charged particles produced when neutrons are 

absorbed by certain nuclei. The most important interactions are:

3He + n = 3H + p + 0.77 MeV

1°B + n = 7Li + 4He + 2.3 MeV

6Li + n = 4He + 3He + 4.79 MeV

The first two are found in gas counters, where a copper or steel cylinder with 

a central anode is filled with 3He gas or BF3 gas enriched in 1°B. A voltage

is maintained between the central anode and the outer case of the detector 

and ionisation is detected when charged particles are emitted on neutron 

absorption. The minimum thickness of a gas detector for good neutron 

efficiency is about 1 cm.

6Li, distributed in a glass or plastic medium, is commonly used as the 

absorber in scintillation detectors. Since the absorption medium is much 

denser than in the gas detectors, higher efficiencies can be achieved for a 

thickness of 1 mm. Ionisation produced on absorption excites the active 

component of the glass, Ce3+, and results in a flash of light, which is 

detected by photomultipliers.

A development in the last decade in detection technology has 

allowed savings to be made in costly experimental time, by measuring the

whole distribution of scattered neutrons simultaneously on a detector

capable of recording electronically the co-ordinates of each scattered 

neutron. Position sensitive detectors, PSDs, of this type are on many of the



ISIS instruments. Flexible optical fibres connect each scintillator element to 

three different photomultipliers in a coded sequence, thus reducing the 

number of photomultipliers per scintillator element.

7.6 Instrum entation

7.6.1 D1A

D1A is a high resolution powder diffractometer at ILL, Grenoble, 

France. It is operated at constant wavelength and is situated on the thermal 

neutron guide, H22. A schematic illustration of D1A is provided in Figure  

7.5. The focussing monochromator is a single crystal of anisotropically 

squashed germanium. Operating wavelengths may be selected in the range 

1 - 5.7A by rotating the crystal to produce scattering from particular sets of 

hkl planes. The monochromator directs the beam towards the sample at a 

take-off angle of 122°, giving an optimal resolution, measured in terms of 

Ad/d, of around 0.2%. The beam is collimated so as to fall on a vanadium 

can containing the sample. About 65 cm from the can is a bank of ten high 

pressure 3He detectors preceded by mylar collimators. Each detector is 

separated by 6° and the array moves in steps of 0.05° scanning from 6 to 

160° in 20. The range can be covered in a scan lasting from 8 to 24 hours 

depending on the scattering power of the sample and the angular range 

required.

Facilities are provided for high and low temperature work. Figure

7.6 shows D1A with a standard ILL 'orange cryostat', which is suitable for 

the temperature range 1.5 to 300K and has a temperature control accurate 

to ±0.1 K. Furnace facilities allow temperatures up to 1000°C to be studied. 

D1A is described more fully by Hewat and Bailey (1976).



7.6.2 HRPD

The high resolution powder diffractometer, HRPD, at the spallation 

neutron source ISIS at the Rutherford Appleton Laboratory represents the 

first of a new generation of neutron diffractometers with a Ad/d resolution 

better than 0.1% for all d-spacings (Johnson and David, 1985). This very 

high resolution considerably extends the structure-solving capabilities of 

powder diffractometers. A schematic drawing of the instrument is shown in 

Figure 7.7.

To achieve resolutions of ~0.05%, HRPD has a primary flight path of 

around 100m. This is enclosed in a curved nickel-coated glass guide which 

is used to eliminate y rays and unwanted epithermai neutrons with 

wavelengths less than 0.5A. Suitable neutrons for diffraction are provided by 

a 95K liquid methane moderator.

The pulsed source operates at 50 Hz and, therefore, the long flight 

path introduces problems of multiple frame overlap. This is avoided by the 

use of two beam choppers at approximately 6 m and 9 m from the 

moderator. The choppers are phased to allow through different frames 

corresponding to wavelength windows of 0.79A, 1.59A and 4.02A. These 

may be shifted to higher or lower values by phasing the choppers relative to 

the initial neutron pulse. Neutrons are detected at both backscattering (170° 
< 20 < 178°: high resolution) and low angle (20 ~ 20°) positions.

There are two sample positions at 1m and 2m from the backscattering 

bank of detectors, with room for special environment instruments. The 2m 

position offers the higher resolution, whilst a four-fold gain in intensity is 

achieved at the 1m position. The resolution of HRPD is dependent on a 

number of different sample and instrument related variables. It may be 

described by:
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At/t arises from the time distribution of the neutron pulse emitted from the 

moderator and Al is the uncertainty in the flight path I. A6cot6 is the limiting 

geometrical resolution arising from sample and detector sizes. It is optimised 

for 6 > 80° and, therefore, requires a high angle detector bank. The angular 

resolution is better at the 2m sample position. The remaining terms are 

strain broadening e and particle size effects d/p, where d is the d-spacing 

and p the crystallite diameter.

As previously mentioned, the diffraction peak shape in ToF 

experiments is more complex than in CW work and must take account of the 

moderator, diffractometer geometry and sample contributions. The sample 

and instrument geometry may be modelled by Lorenztian and Gaussian 

functions respectively. These are convoluted with the Ikeda-Carpenter 

function, which describes the time structure of neutrons of a particular 

wavelength leaving the moderator (David etal., 1986).

7.7 Profile Analysis

The neutron scattering component of this thesis is concerned with 

refinement and not ab initio structure analysis. The methods employed, 

therefore, rely on an initial trial model where the lattice parameters and 

space group are generally known. Atomic parameters may then be 

calculated by least squares refinement methods using the measured 

diffracted intensities. These methods will now be described: firstly, 

integrated intensities and secondly, Rietveld profile analysis. Both 

techniques make use of least squares fitting and involve adjusting 

parameters of the starting model to achieve the optimum fit between 

observed and calculated parameters.



7.7.1 Integrated Intensity Method

The integrated intensity method involves least squares minimisation 

of the function:

where
N = total number of reflections used in the refinement, 

whk| = weight associated with reflection hkl,

obs
l^, = observed intensity of reflection hkl,

CdlC
l^! = calculated intensity of reflection hkl.

The weighting may be defined as:

whk, = 4 -  (7 -23>
°hkl

where c 2hki is the standard deviation for intensity Ihki- The intensity may be 

deduced from structure factors calculated using the trial structural model 

such that:

,calc I _calc12

where

'hkl “  ^hkl I' hkl- cXhc (7.24)

a hk| = constant factor resulting from diffraction geometry,

calc
Fhk| = calculated structure factor for reflection hkl.

Similarly,



In practical terms the net observed intensity of a reflection hkl is,

C  = I  (Vi - bi> (7 -26>
>1

where

yf = total intensity observed at angular position 20jf 

bj = contribution from background count,

and iT, i2 are bounds for the position of the reflection peak. Thus, the 

minimisation procedure adjusts variable parameters in the structural model 

until the calculated structure factors are in the closest possible agreement 
with those measured experimentally. The reliability factor, Rj, is given by:

x r - H

R| = — ̂ N  <7 -27)-

1

This method works well for a pattern with well-spaced reflections, e.g. single 

crystal diffraction, but suffers when peak overlap occurs as in many powder 

experiments. Any attempt to evaluate:

'2

X ( v  i -
'1

in terms of the shape of the envelope corresponding to each set of 
overlapping reflections, Z |F hk||2, becomes impracticable.



7.7.2 Rietveld Profile Analysis

The problem of overlapping peaks is alleviated in the Rietveld 

method, because the crystal structure is refined by fitting the entire profile of 

the diffraction pattern to a calculated profile and does not model individual 

intensities (Rietveld, 1969). The pattern is assumed to be the sum of a 

number of Gaussian-shaped reflections centred at their respective Bragg 

angle positions 26j, with a line shape defined by the expression:

where

20j = profile ordinate at point i corrected for zero point error,

20k = calculated position of the Bragg peak k,

Hk = full width at half height for reflection k,

U, V, W constants are independent of 0j< and are characteristic of the 

diffractometer, wavelength and sample.

The Rietveld method minimises the function:

= U tan20k + V tan0k + W (after Caglioti etal.t 1958).

(7.29).

The sum is over all observed intensities where

Yj** = observed profile intensity,

cslc
Y. = calculated profile intensity,



Wj = weighting function, 

2 '
a i

Oj is the standard deviation in intensity such that,

of = cf(obs) + cf(background) (7.30).

Y jobs has been corrected for background and is the net observed intensity at 

2 0 j .  The calculated profile intensity, Y jc a ,c , is found by summing the 

contributions from all Bragg reflections, k, which overlap at point i,

Yi alc= X  y* <7-31>-
k

<ate=X 'A <7-32>
k

where Gjk is the peak shape function, previously defined in equation 7.28 

and lk is the intensity of reflection k. Ik is defined as,

|k = aikLk(Fk +Jk> (7-33>

where

a  = scale factor,

jk = multiplicity of reflection,

= Lorentz factor,

= nuclear structure factor contribution,

2
Jk = magnetic structure factor contribution (not used here).



The contribution any reflection makes drops to zero when |20j - 20k| is 

greater than 1.5 Hk. This cut-off introduces no large error since the intensity 

at 1.5 Hk is only 0.2% of the intensity at the peak. More recently, however, 

improved line shape functions have been derived to account for the tails 

seen on each side of the line when using high resolution instruments. A 

much better fit is obtained when the line shape is described by the 

combination of a Gaussian and a Lorentzian, to give what is known as a 

Voigt function.

The parameters refined by the least squares procedure fall into two 

groups. Structural parameters describe peak intensity and include atomic 

coordinates, temperature factors for isotropic or anisotropic vibration and 

occupancy numbers for individual atoms. Profile parameters define the 

position and shape of each peak and include half-width parameters U, V, W, 

cell parameters a, b, c, a, p, y, asymmetry parameters and the zeropoint 

error in the detector position. There is also an overall scale factor.

Computationally the Rietveld analysis is in two parts:

i) the determination from profile parameters of which reflections contribute to 
each of the observed points in the powder profile pattern;

ii) the refinement of the structure by calculating the intensity expected at 
each point in the observed profile and also the derivatives of that intensity 
with respect to the structural parameters.

The success of a refinement is again given by an R factor. In addition 

to the one defined in equation 7.27, three common factors are:
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a), weighted profile R factor,

S-.K--V
I * ,  < o

\  P -M )

b). profile R factor,

Rp= -------------------- (7.35)

I Yobs

c). expected R factor,

N -P  + C

X / \ / obsv 
w i (Y i )

Re = <  /v,obs \2 >  (7.36)

where

N = number of independent observations,

P = number of least square variables,

C = number of constraints,

and other parameters are as previously described.

Rietveld originally developed his method for constant wavelength 

neutron diffraction and the technique has been applied to a wide range of 

solid state problems (Cheetham and Taylor, 1977). Profile analysis 

procedures have also been developed to analyse ToF powder diffraction 

(Von Dreele et al, 1982). The process is essentially the same as for CW,



except that the peak shape is more complex (as described in section 7.6.2) 

and wavelength dependent corrections for the incident flux, absorption and 

extinction are different. A detailed knowledge of the pulse shape is now 

required, as the data are normalised to remove this dependency before 

refinement. The background contribution in ToF is also more difficult to 

estimate due to its variation with incident intensity. For HRPD refinements, 

the background is fitted to a polynomial function and requires five 

parameters to describe its variation.

7.7.3 Fourier Analysis

Once an acceptable R factor has been obtained from refinement 

analysis, Fourier maps may be computed. Fourier summations relate the 

density of the scattering matter at any point, p(x,y,z), to the diffracted

intensities. An observed density map may, therefore, be generated from 

Fhkiobs. However, a difference Fourier map is generally more useful as it

reveals the difference between observed and calculated structural density 

according to:

Ap(x,y,z) = XXX [Fhki' Fhkf]  cos 2n (hx + ky + lz) (7.37)

where the summation is carried out over all reflections in the diffraction 

pattern and V is the unit cell volume. This should reveal any errors or 

omissions in the structural model and is particularly useful when examining 

disordered compounds. For example, if an interstitial has been observed in 

the data, but omitted from the model, its location will appear as an area of 

positive density on the difference map. Similarly, a large negative scattering 

implies that a reduction in the occupancy of that site is required, perhaps 

indicating a vacancy. Having incorporated the information from Fourier 

synthesis, refinement continues until the lowest R factor is obtained and 

subsequent Fourier maps fail to provide additional information.



Despite their obvious application to structure analysis, Fourier 

syntheses can suffer from termination errors. The problem originates 

because Fourier series are infinite, whereas there are only a finite number of 

Bragg reflections. If all the reflections of significant intensity are measured 

the problem is unimportant. Termination errors are minimised by using short 

wavelengths, which give diffraction patterns over a wide range of d- 

spacings.

7.8 Other Scattering

Two other types of diffraction have been mentioned in the text: diffuse 

and magnetic scattering. The following descriptions are brief as they fall 

outside the scope of this work.

7.8.1 Diffuse Scattering

The diffraction patterns that have been described so far relate to 

Bragg scattering, which yields 'average' structural information for the unit 

cell. This will reveal whether interstitials or vacancies are present, but will 

not provide any more information about local arrangements in the vicinity of 

the defect e.g. clustering. This short-range information is contained in the 

diffuse scattering around and between Bragg peaks. This subject is covered 

in more detail by Fender (1973).

7.8.2 Magnetic Scattering

Magnetically ordered materials may be studied by neutron diffraction 

using the magnetic moment of the neutron. Magnetic scattering from an 

ordered array of spins gives rise to magnetic Bragg peaks, from which it is 

possible to deduce the arrangement of spins and their magnitude, e.g. work 

on Feo.960 by Battle and Cheetham (1979). This is useful for studies of

bonding and electron density distributions.
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Figure 7.1. Variation of neutron scattering lengths. (After Bacon, 1975).
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Figure 7.3. Scattering into Debye-Scherrer cones by a powder sample.

neutrons

Figure 7.4. Spectral distribution of moderated neutrons from a nuclear 
reactor. A narrow band of wavelengths can be selected 
for diffraction experiments.
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Chapter 8

Neutron Diffraction Studies of RbBiF4

8.1 Introduction

Certain fluorite structured mixed metal fluorides have been shown to 

be fast-ion conductors with electrical performances better than, for example, 
PbF2 (Reau et al., 1975; Matar et al, 1980). The reason is attributed to the

availability of F- interstitial sites in the fluorite structure and the presence of 

highly polarisable cations e.g. a  (Bi3+) «3A3, a  (Rb+) ~1.9A3. One system, 

which has attracted much interest, is the solid solution Rb1_xBixF1+2x, which

shows a massively disordered anion sub-lattice. This chapter describes a 

neutron diffraction study of the structural properties of RbBiF4 (x=0.5). The 

first section gives details of previous studies on RbBiF4, which have used a 

variety of techniques such as conductivity, EXAFS and simulation studies. 

There follows a description of the sample preparation and the experimental 

procedures for the present structural study. Next, there is a discussion of the 

results of the structural refinements and a concluding section provides 

suggestions for further studies on RbBiF4.

8.2 fitL1.xBIxF 1+2x System s

Conductivity data and activation energies for Rb-|_xBixF 1+2x solid

solutions are shown in Figure 8.1. The highest conductivity is shown by 

the high temperature fluorite y-phase at composition x=0.5. The conductivity 

decreases, however, with increasing x, probably because of increased 

clustering of the excess F' ions. This causes a progressive increase in local 

ordering on the anion sub-lattice. This local order becomes long-range by 

x=0.75, RbBi3F 10, which has a fluorite superstructure and the lowest 

electrical conductivity. The RbBi3F10 structure is iso-structural with KY3F10 

(Pierce and Hong, 1973). It is based on a 1:3 ordering between Rb and Bi



with a repeated arrangement in the lattice of two motifs |RbBi3F8|2+ (fluorite 

type) and |RbBi3F 12|2' in which fluorine atoms form a cubo-octahedral 

cluster. In each motif bismuth forms a |BiF8| antiprism comprising 4 (32f) 

relaxed fluorine atoms from normal fluorite positions and 4 (48i) interstitial 

fluorines.

Neutron diffraction experiments by Soubeyroux et al. (1982) on solid 

solutions sought to obtain the structural basis for the variation in fluorine 

mobility with composition. Their results for Rb*j.xBixF1+2x (0.50 < x < 0.60)

showed interstitials at (1/2, u, u) sites only, where u=0.34, and noted that 

these positions were very close to the interstitial positions making up the 

cubo-octahedral motif in RbBi3F10. For intermediary compositions, x=0.65

and x=0t7Q, superstructure lines were also noted in the diffraction patterns, 

which suggested the early ordering of clusters of the cubo-octahedral type. 

This progressive ordering is confirmed by the nmr work of Reau etal. (1983). 

As x increases, then so does the concentration of F- interstitials and 

vacancies at normal sites, and it is possible to predict the limited formation of 
isolated BiF8 antiprisms. This results in ordering between Rb and Bi atoms 

and the formation of cubes of F8 and cubo-octahedra of F12. Ordering

becomes more established with increasing x. The vacancies and interstitials 

also become trapped within the F12 cubo-octahedra and, therefore, cannot

contribute to the conductivity. Ordering, therefore, inhibits diffusion by the 

capture of both types of F- charge carrier.

For the most highly conducting system, RbBiF4 , static lattice 

calculations (Cox, 1989) suggest that there is greater disorder in the Rb-F 

coordination shell than in the Bi-F coordination shell, i.e. lower activation 

energies are required to remove an F- ion adjacent to a Rb+ into an 

interstitial position. Supporting evidence comes from EXAFS studies (Cox, 

1989), which reveal a greater spread of Rb-F distances. MD simulations also 

show that diffusion in RbBiF4 is a highly correlated, non-collinear

interstitialcy process (Cox, 1989).



Finally, two low temperature ordered forms a- and |3-RbBiF4 have 

been identified as well as the high temperature y-phase. Their structures 

derive from the KCeF4 - type structure (Brunton, 1969) for a-RbBiF4 and from 

the NaNdF4 - type structure (Burns, 1965) for p-RbBiF4. The electrical 

conductivity of a-RbBiF4 is very close to that of ordered RbBi3F10. The 

performance of the (3-phase cannot be determined as it always coexists in a 

two-phase mixture with y-RbBiF4.

8.3 Sample Preparation

Preparation of pure y-RbBiF4 is difficult and the materials are also 

easily oxidised. Sample preparation and methods of synthesis were 

developed under the auspices of Dr. A. V. Chadwick, at the University of 

Kent. The method employed involved grinding together stoichiometric ratios 

of binary fluorides, RbF and BiF3, which were then pelleted in a press and

loaded into a high purity graphite crucible for insertion into a silica tube 

(Chadwick, 1986). This work was performed in an ultra-dry glove box in an 

atmosphere of flowing argon. The silica tube was evacuated (10-6 torr) and 

the sample kept at 400°C for about 12 hours in a furnace. The material was 

heated to 450°C and slow cooled from that temperature. This method, 

however, leads to problems of mixed phases, as will be noted in the room 

temperature (RT) analysis in section 8.5.2. A subsequent refinement to the 

preparation procedure was to heat the sample to 550°C for 1 hour (above 

the melting temperature ~500°C) and then to quench it quickly by immersing 

the silica tube in an ice-water bath. This produces a single y-phase.

Differential thermal analysis, DTA, on RbBiF4 has revealed three 

thermal transition peaks (Matar etal., 1983).

280±10°C 395±10°C 500±10°C

a <-> p y <-> liquid



When compared with the synthesis conditions to produce each phase, the 

a -p  transition temperature agrees with the quenching temperature of 270°C 

to produce the a-phase. However, the p-phase is always found in co

existence with the y-phase at temperatures as low as 330°C. The existence 

of what appears to be an equilibrium between p- and y-phases at certain 

temperatures means that to produce pure y-phase the synthesis conditions 

must go above the p-y transition temperature.

8.4 Experimental Procedures

The structure of RbBiF4 was examined at two temperatures: 25°C 

(RT) and 420°C, using the D1A powder diffractometer at ILL, Grenoble. The 

sample was contained in a vanadium can with a boron nitride shield around 

its base, which was then mounted inside a furnace.

The first experiment was run at room temperature over a period of 

~15 hours using a wavelength of 1.423 A. The sample was then heated to 

420°C (17.24 mV) and the wavelength increased to 1.95A for a run-time of 

~9 hours. The wavelength was raised to increase the flux and, therefore, 

improve the statistics at lower 20, as higher angle data were already noted 

to be of negligible intensity at RT and would be expected to be even more so 

at raised temperatures. Data were collected from 6° to 160° in 20 for both 

experiments. A summary of the conditions is set out in Table 8.1.

Preliminary processing of the data, e.g. summing the counters, used 

the POWDER program (Hewat). The monitor count fell during the first block 

of the RT experiment and so the groups of blocks with different monitor 

counts were summed separately, before adding the two profiles together 

using a weighting factor.



8.5 Structural Refinements and Results

8.5.1 High Temperature (420°C)

The profile obtained from the high temperature study is shown in 

Figure 8.2. At lower angles there are 3 or 4 incidences of weak reflections, 

which are not y-phase peaks (marked as * in Figure 8.2). These were 

assumed to be p-phase peaks and were omitted in the refinement. In total, 

therefore, only 15 reflections, corresponding to 13 intensities, were 

observed for the y-phase. Since these reflections were well spaced, Rietveld 

profile analysis was unnecessary and an integrated intensity method could 

be used instead. The refinement program used was a least squares method 

by Wiseman (1974).

The structure fory-RbBiF4 is described using space group Fm3m. The 

room temperature lattice parameter, ac=6.060±0.005A (Matar et al., 1983), 

and zeropoint were refined using the CELREF program, a non-linear least 

squares method of Laugier and Filhol (1978). Final values for the high 

temperature lattice parameter were ac = 6.161710.0003A and 0.234±0.004

for the zeropoint. Integrated intensities were calculated by subtracting the 

background count from the total neutron count for each peak. Backgrounds 

were determined by linear extrapolation from measurements taken at 20 

values on either side of each peak. Values were not taken for non-y peaks 

and hence these were omitted from the refinement procedure.

The initial structural model assumed an equal distribution of 0.5(Rb) 

and 0.5(Bi) over the 4a (0, 0, 0) sites. Normal fluorines were placed on the 

8c (1/4, 1/4, 1/4) sites and the following interstitial models were also 

investigated separately and together: 48i (1/2, u, u) and 32f (v, v, v). The total 

fluorine occupation was constrained to be 2. All atoms were given isotropic 

temperature factors. Thermal parameters for Rb and Bi, which occupied the 

same site, were constrained to be the same, but fluorine parameters were 

allowed to vary between different sites. The following scattering lengths



were assigned to each atom: bR& = 0.71x10'14m; bBj=0.86x10'14m and 

bF=0.56x10-14m (Bacon, 1975).

The following parameters were refined: scale factor, thermal 

parameters, site occupancies and positions of interstitial fluorines. The 

reliability of the fit of a given model of the data was judged by a weighted 

profile R factor, Rw, defined later in the table of results. The aim of the

investigation was to refine the atomic positions of the fluorine atoms to 

determine their distribution over normal and interstitial sites. A previous 

study of Soubeyroux et al. (1981) on fluorite solid solution Pb1.xT h xF 2+2X

was used to give an indication of choice of interstitial site.

The first interstitial site to be included, P , was at (1/2, u, u) where 

u=0.3. This refined to u=0.382 with an R factor of 5.7. A second site, F", at 

(v, v, v), where v=0.3, refined to v=0.407 and gave a slightly improved R 

factor of 5.3. For each of these refinements, the interstitial site was -26%  

occupied. Finally, both sites were included together at their previously 

refined positions, with an initial occupancy of -13%  at each interstitial site. 

Refinement of all previously mentioned parameters, including allowing 

variation of temperature factors for each fluorine site, produced the best fit. 

The final R factor of 3.9 was achieved with 20% fluorine on F' sites (0.5, 

0.33, 0.33) shifted along the [110] direction from the (1/2, 1/2, 1/2) 

crystallographic position, 10% shifted along the [111] direction on F" sites 

(0.425, 0.425, 0.425) and the remaining 70% on normal F' sites (0.25, 0.25, 

0.25). A set of final refined parameters is given in Table 8.2. These results 

differ from those of a previous RbBiF4 study, performed at ambient

temperature on D1B, by Matar (1983). There, neutron data were analysed 

on the basis of there being a single type of interstitial site at (0.5, 0.365, 

0.365). Matar achieved an R factor of 8.5 using this single interstitial model 

with 25% normal sites vacant.



The adequacy of the fit achieved by the model may be demonstrated 

by comparing observed and calculated structure factors. The results, 

presented in Table 8.3, show no major discrepancies.

The refined structure reveals large thermal temperature factors for all 

atoms, although the value for fluorine on a normal F- site is extremely large. 

The fluorine temperature factors were also large in the study by Matar 

(1983), e.g. normal fluorine 11.8A2, but the interstitial fluorine was given 

anisotropic parameters making it difficult to compare with the present values. 

The high values for fluorine atoms reported here are almost certainly too 

large to be true thermal effects and will include an element of static disorder, 

as will be discussed later. The observed isoplots from Fourier analysis, 

Figures 8.3-8.9, show appreciable occupancy around the cation sites and 

around normal F" sites. It is also evident that fluorine density is smeared 

above and below the z=0.25 plane. Fourier difference plots are provided in 

Figures 8.10-8.16. Contour heights showing differences are low (x 10-3) 

indicating the quality of the fit.

8.5.2 Room Temperature

The profile obtained from the room temperature experiment is given 

in Figure 8.17. The data show mixed phases with overlapping peaks 

making it suitable for Rietveld analysis. Attempts to fit the data using 

combinations of y- and p-phases, however, failed to resolve the pattern, as 

did introducing an a-phase component. Unfortunately, further beam-time 

was unavailable during the course of this work, so it was not possible to 

complete this study.

8.6 Discussion

The main point of discussion concerns the large thermal parameters 

observed for fluorine at high temperature. One of the aims of the room 

temperature study was to eliminate thermal effects and hence enable the



exact nature of the thermal parameters to be understood. In the absence of 

these results, the cause remains uncertain.

Large vibrational amplitudes have, however, been observed in other 

conducting fluorides (Schulz, 1982). There, anharmonic temperature factors 

have been favoured over harmonic factors for providing a better description 

of the potential surface across which diffusion is occurring. The closely 

spaced interstitial sites shifted along the [110] and [111] directions (noted in 

Figure 8.18), and the spread of thermal density, could well indicate the 

occurrence of diffusion. The undulating surface of the observed Fourier 

profiles could also represent local minima, rather than true interstitial sites, 

along the conduction pathway.

8.7 Conclusions

This work has shown high degrees of anion disorder at high 

temperature and identified two possible interstitial sites as part of a 

migration pathway. It would be useful to gain confirmation of the two site 

behaviour from nmr studies. It may well be that multi-site behaviour, as 

already noted in the fast-ion conductor LaF3, is a general feature of

superionic fluorides. Further detailed studies of the variation of the structure 

with temperature are desirable. Moreover, in these highly disordered 

systems, local structural probes, e.g. EXAFS, may be more revealing than 

diffraction, which only yields information on average cell contents.



Table 8.1

3 0U

Experimental conditions for RbBiF4

Temperature/°C 25 420

Instrument D1A D1A

A/A 1.423 1.95

no. blocks 16 17

monitor count 1 block 5000 6000
15 blocks 4400

runtime/hours ~15 ~9



Table 8.2

Structural parameters for RbBiF4 at 420°C

Atom site b(10'14 m) x y z B(A2) n

Rb 4a 0.71 0 0 0 6.9 (3) 0.5

Bi 4a 0.86 0 0 0 6.9 (3) 0.5

F 8c 0.56 0.25 0.25 0.25 18.6 (1.9) 1.396 (3)

F' 48i 0.56 0.5 0.326 (4) 0.326 (4) 7.9 (1) 0.394 (3)

F" 32f 0.56 0.425(7) 0.425 (7) 0.425 (7) 6.1(5) 0.210 (3)

X = 1.95 A lattice parameter, ac = 6.1617 (3) A

Rw=3.9, where

100 n r  n
F>w = ---------!--------------------

u ri
i

where ljobs and ljcalc are the observed and calculated peak intensities.



Table 8.3

Comparison of observed and calculated intensities and

structure factors

ĉalc. IHcalc. *obs. I Hobs.

6520.9180 80.75 6393.0000 79.96

584.2324 24.17 539.0000 23.22

8328.5313 91.26 8404.5000 91.68

4546.1523 67.43 4740.0000 68.85

623.2410 24.96 690.0000 26.27

808.4460 28.43 883.5000 29.72

1354.3462 36.80 1228.0000 35.04

598.2168 24.46 713.0000 26.70

1138.3496 33.74 1005.0000 31.70

227.8456 15.09 273.0000 16.52

838.8535 28.96 798.0000 28.25

where I = FF* = |H 2

I = Intensity 
F = Structure Factor
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Figure 8.1. Temperature dependence of conductivity for R b i-xBixF1+2 x 
and for RbBi3F*io- (After Reau etal., 1983).
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Figure 8.10. Fourier difference map of RbBiF4 at 420°C (z=0.00).
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Figure 8.11. Fourier difference map of RbBiF4  at 420°C (z=0.10).
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Figure 8.12. Fourier difference map of RbBiF4  at 420°C (z=0.20).
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Figure 8.13. Fourier difference map of RbBiF4  at 420°C (z=0.25).
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Figure 8.14. Fourier difference map of RbBiF4  at 420°C (z=0.30).
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Figure 8.15. Fourier difference map of RbBiF4  at 420°C (z=0.40).
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Figure 8.16. Fourier difference map of RbBiF4  at 420°C (z=0.50)
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Figure 8.18. Crystallographic sites of fluorine atoms in y-RbBiF4 as 
detected by neutron diffraction.
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Chapter 9

Neutron Diffraction Studies of CsPbF^

9.1 Introduction

CsPbF3 is a fast F- ion conductor with the cubic perovskite structure. 

In this chapter, results are reported of a high resolution neutron powder 

diffraction study carried out at three temperatures: 25°C(RT), 300°C and 

350°C (Jordan, 1988). The objectives of this work are to determine the 

defect structure responsible for generating the observed mobility, and to see 

if it is possible to distinguish between defect formation and large thermal 

effects noted in other conducting systems (Schulz, 1982)................................

Despite the potential of mixed metal fluoride perovskites as 

superionic conductors, there have been relatively few experimental or 

theoretical studies in comparison to work on fluorites. The findings that are 

available for perovskites are outlined later, but first the perovskite structure is 

described in the next section.

9.2 The Perovskite Structure

Many materials crystallise in the perovskite structure, ABX3, including 

both fluorides and oxides. The structure has an open lattice and two views 

are illustrated in Figure 9.1. The figure shows a 3D system of vertex- 

sharing BX6 octahedra, where B atoms are situated at the corners of the

cubic unit cell and X atoms are midway along the edges. The A atom is 

found at the body-centre of the cell and is surrounded by 12 X atoms.

X-ray studies show that CsPbF3 adopts the cubic perovskite structure 

at room temperature (a = 4.79 1 0.03A, space group Pm3m) when grown



from a 1:1 mixture of CsF and PbF2 (Bouznik et al., 1976). Incorporation of 

excess CsF results in a distortion to a lower symmetry tetragonal structure.

9.3 Studies of Ionic Motion in Fluoride Perovskites

Prior to this work, there have been three major investigations into 

defect and transport properties of fluoride perovskites. The earliest, 
prompted by evidence of high F- mobilities in PbF2 in the presence of 

monovalent cation impurities, was a i9F nmr study of CsPbF3 by Bouznik et 

al. (1976), over a temperature range of -150 to 300°C. The results from this 

experiment indicated rapid F- ion motion at temperatures as low as -93°C, 

which is several hundred degrees below the melting temperature of 725°C. 

Some interesting changes were noted in the nmr spectra as the temperature 

was raised from -140°C to -92°C. At the lowest temperature there was one 

asymmetric line. Around -130°C motional narrowing occurred together with 

the appearance of a narrow line. In the range -130°C to -93°C two lines 

were present, one wide and one narrow and these were attributed to 'rigid 

lattice' fluorines and mobile fluorines respectively. The diffusion coefficient 

was estimated to be ~ 2 x 10'12 cm2 sec-1 at -130°C. As the temperature 

approached -93°C the wide line disappeared into the tail of the narrow line, 

which increased in intensity. The authors suggested that the emergence of 

only one line at -93°C, indicating the transition of fluorines from one type to 

another, may be the result of a phase change.

As noted previously, nmr and conductivity studies on another fast-ion 

conducting fluoride, LaF3, have provided similar evidence for two fluorine

types. These were also attributed to fluorines of differing mobility 

(Jaroszkiewicz and Strange, 1985 and Chadwick etal., 1980). For LaF3, the

emergence of a single type of fluorine as the temperature rises has, 

however, been attributed to there being no distinction between mobile 

species, rather than to a phase change. As reported in Chapter 5, theoretical 
calculations on LaF3, also support these findings for the observed



energetics of defect multi-site behaviour. CsPbF3 may well be showing a 

similar effect, only at much lower temperatures.

The conclusion from this first study on CsPbF3 was that mobility was 

governed by extrinsic behaviour resulting in anion vacancy self-diffusion. 

From considerations based on ionic radii for each species, it was concluded 

that an alternative interstitial diffusion process was unlikely.

A later study by Chadwick etal. (1983) confirmed the high F- mobility 

in CsPbF3 and also explored ionic motion in three other perovskite systems, 

K C a F 3 , KMgF3 and NaMgF3 using AC conductivity and 19F nmr 

measurements. Conductivity and nmr experiments have estimated CsPbF3 

to have one of the highest diffusion coefficients, D ~ 10-7 cm2 s '1 at 300°C 

(Chadwick, 1983).

The study by Chadwick et al. (1983) examined single crystals over a 

range from room temperature to 500°C. KCaF3 showed F- mobility at room 

temperature, although diffusion was much lower than for CsPbF3, being 

~10_12cm2s'1 at 260°C and ~10"i°cm2s'i at 400°C. As in the Bouznik study, 

diffusion was considered to be via a vacancy mechanism with an activation 

energy of ~0.66 eV. A parallel study using an oxygen doped sample gave 

similar results to the nominally pure sample and indicated that oxygen 

impurities were responsible for the conductivity at lower temperature. The 

NaMgF3 and KMgF3 samples, however, showed no sign of appreciable F* 

diffusion, even at the highest temperatures (327°C) with D max ~10*14cm2s_1. 

At these temperatures the difference in behaviour between the materials 

was attributed to the nature and size of the B cation, although above 527°C 

O'Keeffe and Bovin (1979) have observed conductivity in NaMgF3.

Defect energy calculations have also been performed on perovskite 

KMnF3 (Kilner, 1981). This work used the Hades code - a precursor to the

CASCADE code used for defect calculations reported in this thesis. In 

contrast to the experimental conclusions, the predominant defects were



thought to be anion Frenkel pairs, with the interstitial being the more mobile 

species. Calculated activation energies also indicated that the preferred 

mechanism for diffusion would be an interstitialcy process (Eact = -0.12 eV)

with two anion interstitials at (±1/4,1/2, 0) and an anion vacancy at (0, 1/2, 0) 

in a dumb-bell configuration aligned in <100> direction. A higher activation 

energy of 0.41 eV was reported for anion vacancy diffusion, which is 

comparable to that noted by Chadwick etal. (1983) for KCaF3 (0.66 eV).

Thus from the limited data available, there is no clear consensus as to 

the defect structure. This structural study on a conducting perovskite, using 

diffraction techniques, was undertaken to test each hypothesis and provide 

more information on the defect structure.

9.4 Sample Preparation

Polycrystalline samples of CsPbF3 were grown in a high-purity 

graphite crucible in a radio-frequency induction furnace in an atmosphere of 

flowing argon. Prior to crystal growth, a 1:1 mixture of high purity powders of 
CsF (BDH Optran crystal-growing grade) and PbF2 (Cookson) were mixed

in a glove box in an argon atmosphere owing to the hygroscopic properties 

of CsF. The mixture was then heated in the furnace for 40 minutes and after 

cooling the sample was reground to a powder in the glove box. The sample 

preparation was undertaken in collaboration with Dr. A. V. Chadwick and 

used facilities at the University of Kent. X-ray diffraction characterisation of 

the sample confirmed it to be single phase and free of impurities.

9.5 Experimental Procedures

CsPbF3 was studied at three temperatures: 25°C (RT), 300°C and 

350°C. All data were collected using the high resolution powder 

diffractometer, HRPD, on the spallation neutron source, ISIS, at the 

Rutherford Appleton Laboratory. This time-of-flight (ToF) instrument was 

described in Chapter 7.



Samples were packed in flat aluminium containers with vanadium 

faces, Figure 9.2. As aluminium is itself a weak neutron scatterer, the 

neutron window was defined by shielding the aluminium casing with 

neutron-absorbing material such as lithium glass or gadolinium. Samples 

were mounted in the sample chamber on a standard flange arrangement. All 

three experiments were run at the 1m position, i.e. with the sample at 95m, 

where the secondary flight path to the back scattering detector is 1 m. This 

position has a four fold gain in intensity, but lower resolution than the 2m 

position (0.001 vs. 0.0005).

Experiments at the two higher temperatures required a furnace. This 

was the first experiment to use a furnace facility on HRPD. The temperature 

rose at a rate of 10°C min*1 and stabilised at the target temperatures without 

fluctuation during each experiment.

Experimental details for each temperature are given in Table 9.1.

9.6 Data Processing

Data display and manipulation were carried out using the suite of 

GENIE graphics software on the Rutherford VAX 8600 computer. GENIE was 

used to sum the data from the detectors. The diffraction profile obtained from 

time-of-flight experiments is quite different from that observed for constant 

wavelength, as in Chapter 8. This is because of the variation of incident 

intensity with wavelength. An example of raw time-of-flight data showing the 

shape of the incident pulse is given in Figure 9.3. Before refinement, the 

data were normalised to remove this dependence by dividing the observed 

profile by the incident neutron pulse shape.

Profile refinement was by a least-squares ToF Rietveld method using 

routines from the CCSL (Cambridge Crystallography Subroutine Library). 

Each refinement was carried out over the range 20000 - 100000 ps. Atoms



were assigned the following neutron scattering lengths: bcs = 0.55 x 10-14 
m; bPb = 0.94 x 10-14 m and bF = 0.56 x 10-14 m (Bacon, 1975). The space 

group Pm3m was used with an initial lattice parameter of 4.79A, taken from 

the study by Bouznik et al. (1976). Cations, Cs and Pb, were given full 

occupancy on 1b (1/2,1/2,1/2) and 1a (0,0,0) sites respectively. Fluorines 

were assigned to normal lattice sites at (1/2,0,0) on 3d sites. Isotropic 

temperature factors were used for each cation and anisotropic temperature 

factors for the fluorine ions.

The asymmetric ToF peak shape was modelled by a Gaussian 

(instrumental contribution) convoluted with two exponential functions 

connected by a switch function, one to describe 'slow' thermal neutrons and 

the other ’fast' epithermal neutrons. The complete peak shape description 

does not, however, include a Lorenztian sample contribution, because this 

was not available in the analysis software at the time of refinement (1987). 

Also, when modelling peak shapes the refinement option chosen excluded 

data points (i.e. background), which did not contribute to a reflection. The 

variation of neutron background with ToF was itself fitted to a polynomial 

function. Other parameters included, when fitting calculated to observed 

profiles, were a zeropoint correction and a scale factor. Once the data had 

been refined sufficiently to produce a reasonable R factor, calculated 

structure factors were written to a file for input to Fourier analysis programs.

The details of each particular refinement and the results obtained are 

presented in the next section.

9.7 Results and Discussion of Structural Refinements

The normalised profile data for all temperatures are given in F igures

9.4 to 9.6. The time-of-flight ranges cover a d-spacing of approximately 0.5 
to 2.5A. Also, since time-of-flight is directly proportional to d-space, then the 

weak intensities noted at low times indicate a large amount of atomic 

vibration.



The room temperature spectrum, Figure 9.4, shows evidence of a 

slight second phase (0.49%) as noted by shoulders on certain peaks. The 

contribution of this phase was, however, considered to be negligible and no 

attempt was made to fit it.

The refinements for the 300°C and 350°C runs included small 

excluded regions, where unaccountable sample peaks were attributed to 

either noise or to scattering from the furnace.

Final values for refined parameters giving the lowest R factors are 

presented in Tables 9.1 to 9.3. Refined parameters included a scale 

factor, 5 background parameters, a peak shape function, a zeropoint, the 

lattice parameter and atomic temperature factors. For the higher temperature 

runs at 300°C and 350°C, a number of possible F" interstitial sites were also 

chosen during separate refinements (1/2,1/2,0; 1/4,1/4,1/4 and the 

previously mentioned 'Kilner' site at 1/4,1/2,0), but in every case occupancy 

was forced back onto the host lattice F" site. Also, any attempt to refine 

interstitial temperature factors whether independent of, or correlated with, 

those of the host site met with meaningless results. Refinements for 

temperature factors for the host F- site do, however, give large values. These 

increase with temperature, and show that B22 is significantly greater than 

B ^  at all temperatures. This indicates large thermal motions for lattice 

fluorines. Isotropic thermal parameters for the cations also increase 

significantly above the room temperature study, particularly for caesium.

Such large vibrational amplitudes for mobile anions have been noted 

elsewhere in the RbBiF4 study, described in Chapter 8 and in a study by 

Beech (1988) on isostructural KCaF3. The latter was the subject of a 

detailed single crystal study on D9, ILL and similar results to CsPbF3 were 

obtained, i.e. no evidence for appreciable concentrations of interstitials, but 

large anisotropic thermal motions of F- ions were detected. Large values for



cation temperature factors have also been noted in a structural study of the 

mobile anion sub-lattice of Bi12PbOi9 (Murray, 1985).

The quality of each refinement can be demonstrated pictorially by 

examining fits of the calculated to the observed profiles. Several examples 

are supplied for each temperature in Figures 9.7 to 9.22, where 

observed data are shown as points and calculated data as full curves. Peak 

fitting could be improved and, hence, lower R factors could be achieved, by 

including a Lorenztian contribution to the peak shape function, but as 

already mentioned this was not available at the time of refinement.

A number of observed and difference Fourier maps were also 

obtained, Figures 9.23-9.36. The room temperature maps are given in 

Figures 9.23 - 9.26. The difference Fourier maps show low levels of density 

at various sites around (1/2,1/2,0) and surrounding the central Cs atom at 

z=0.5. The Fourier maps at 300°C, Figures 9.27 - 9.32, show a smearing of 

the Pb density at (0,0,0) and related sites. Extra density is also noted in the 

difference plots around the central (1/2,1/2,0) site and at related sites at 

z=0.5 along the cell edges. Maps at z=0.25 are also included, but difference 

plots show no significant density effects. The plots for 350°C, Figures 9.33 - 

9.36, show similar features to those at 300°C for the plane z=0. At z=0.5, 

however, there is an interesting feature showing a central Cs density with 

lobes along <110>. Also, the smearing of density along the cell edges is 

more prominent. An examination of the contours does, however, reveal that 

these density lobes and most of the edge effects, apart from the feature at 

(1/2,0,1/2) and related sites, are weak and may not be significant. In 

summary, the Fourier maps show some features in interstitial sites, but 

provide no evidence for high levels of interstitials. The possibility of their 

presence at the 2-3 mol % level cannot, however, be ruled out.
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9.8 Conclusions

Large thermal effects appear to be a common feature in certain 

superionic F" ion conductors. These large values may reflect an inadequate 

treatment of thermal vibrations when using harmonic temperature factors. 

Previous structural investigations on fast-ion conductors have found split- 

atom or interstitial sites when using the harmonic description, but this is not 

the case here where, at best, there is a low level interstitial population. 

Bragg diffraction data, however, only provide information on the averaged 

distribution of ions. The large vibrational amplitudes for the mobile fluorines 

may be the closest description an averaged representation can give for the 

diffusive processes occurring.

The vibrational amplitudes noted are larger than the radius of the 

fluorine atom and so the idea of trying to fix an atomic position for it has to be 

treated carefully. In fact, the inference is that fluorine atoms are delocalised. 

If this is so, then the potential along the conduction pathway is quite flat. A 

more informative description of the structure may be gained by using 

anharmonic temperature factors as noted by Schulz (1982) in his work on 

superionics. For other superionics, where harmonic temperature factors 

have led to interstitial sites, these can be interpreted as local potential 
minima along the conduction pathway. For CsPbF3, however, the density of

the mobile ions is perhaps so diffuse that even local minima are difficult to 

observe and, hence, refinements give rise to large vibrational amplitudes 

instead of interstitials.

This work has found some interesting features regarding F- ion 

density distribution. A more detailed description is, however, required and 

future work could perhaps include anharmonic temperature factors in the 

analysis of fluorine thermal motion. The structural study should also be 

extended to other fluoride perovskites, first to establish a consistent view of 

the nature of the F- density and secondly to observe differences between the 

conducting and non-conducting perovskites (e.g. KMgF3 and NaMgF3).



In view of the effect that the cation sub-lattice has on the conducting 

properties of these materials it is a natural extension to examine the 

structurally related elpasolite family of compounds, A2BReX6. Here, the wide

range of substitutional possibilities offered would allow for the creation of a 

cation sub-lattice, which would favour defect formation and, in turn, high 

conductivity.

With regard to CsPbF3 a further structural study could be carried out 

at reduced temperatures to examine the possible phase changes ~-93°C 

and the multi-site behaviour of F* ions. It would also be easier to distinguish 

between the interstitial sites and thermal effects at lower temperatures.



Table 9.1

Experimental details

Sample CsPbF3

Temperature/°C RT 300 350

run time 5 hrs 42 mins 13 hrs 30 mins 4 hrs 13 mins

sample position 1 m 1m 1m

cell height (cm) 3.8 3.0 3.0

cell width (cm) 2.1 2.0 2.0

cell depth(cm) 1.0 1.5 1.5

20 (min) 160° 160° 160°

20 (max) 176° 176° 176°

time 1(ms) 12-15 12-20 12-20

binning 1 (ps) 20 10 10

time 2 (ms) 15-112 20-112 20-112

binning 2 (ms) 0.0002t O.OOOIt O.OOOIt
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Table .5.2

Refined structural parameters for CsPbF3 at room temperature
for the region 20,000 - 100,000 ps.

Atom site X Y Z n B(iso) B(anisotropic) 
B11 B22 

(A2) (A2) (A2)

Cs 1b 1/2 1/2 1/2 1 2.85(3)

Pb 1a 0 0 0 1 1.43(2)

F 3d 1/2 0 0 1 2.64(6) 8.85(6)

Lattice parameter 4.7981 (1) A

R factors: R weighted profile 8.06
R expected 
Chi2

5.71
1.995 for 3550 observations and 
13 basic variables

Other .fitted parameters:

e SD
scale 479.0 3.0

background 1 60.2 0.5
2 9.5 0.8
3 13.0 0.6
4 3.7 0.4
5 1.5 0.3

sig 2 2 367.0 2.0
zero 0.0 0.8
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Table 9.3

Refined structural parameters for CsPbF3 at 300°C
for the region 20,000 - 100,000 ps.

Atom site B(iso) B(anisotropic) 
B11 B22 

(A 2 ) (A 2 ) (A 2)

Cs 1b 1/2 1/2 1/2 1 5.69(3)

Pb 1 a 0 0 0 1 2.82(2)

F 3d 1/2 0 0 1 - 4.91(5) 12.34(5)

Lattice parameter 4.8322 (1 )  A

R factors: R weighted profile 4.66 
R expected 
Chi2

2.58
3.27 for 6546 observations and 
13 basic variables

Excluded regions (ps): 44000-44500
45960-46500
63000-66000

Other fitted parameters:

79000-81000

e SD
scale 3955.0 16

background 1 763.0 2
2 192.0 4
3 124.0 3
4 47.0 2
5 21.0 1

sig 2 2 269.0 1
zero 2.6 0.5



Table .8.4

Refined structural parameters for CsPbF3 at 350°C
for the region 20,000 - 100,000 ps.

Atom site X Y Z n B(iso) B(anisotropic)
B11 B22 

(A )2 (A )2 (A )2

Cs 1b 1/2 1/2 1/2 1 6.23(4)

Pb 1a 0 0 0 1 3.12(2)

F 3d 1/2 0 0 1 5.40(6) 13.13(6)

Lattice parameter 4.8386 (1) A

R factors: R weighted profile 5.37 
R expected 
Chi2

4.54
1.40 for 7207 observations and 
13 basic variables

Excluded regions (us): 44000-44500
45960-46500
63000-66000
79000-81000

Other fitted parameters:

e SD
scale 1347.0 6

background 1 251.8 0.7
2 58.0 1
3 36.0 1
4 13.9 0.6
5 6.5 0.4

sig 2 2 260.0 1
zero 2.8 0.6



Figure 9.1. Views of the perovskite structure ABX3 .
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Figure 9.2. HRPD sample cell.
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Figure 9.23. Fourier map of the observed nuclear density of CsPbF3
at 25°C, (2=0 .0 0 ).
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Figure 9.24. Fourier difference map of CsPbF3  at 25°C, (z=0.00).
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Figure 9.25. Fourier map of the observed nuclear density of CsPbF3
at 25°C, (z=0.50).
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Figure 9.26. Fourier difference map of CsPbF3  at 25°C, (z=0.50).
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Figure 9.27. Fourier map of the observed nuclear density of CsPbF3
at 300°C, (z=0.00).
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Figure 9.28. Fourier difference map of CsPbF3 at 300°C, (z=0.00).
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Figure 9.29. Fourier map of the observed nuclear density of CsPbF3
at 300°C, (z*0.50).
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Figure 9.30. Fourier difference map of CsPbF3 at 300°C, (z=0.50)
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Figure 9.31. Fourier map of the observed nuclear density of CsPbF3
at 300°C, (2=0.25).
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Figure 9.32. Fourier difference map of CsPbF3 at 300°C, (z=0.25).
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Figure 9.33. Fourier map of the observed nuclear density of CsPbF3
at 350°C, (2=0.00).
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Figure 9.34. Fourier difference map of CsPbF3 at 350°C, (z=0.00).
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Figure 9.35. Fourier map of the observed nuclear density of CsPbF3
at 350°C, (z=0.50).
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Figure 9.36. Fourier difference map of CsPbF3 at 350°C, (z=0.50)
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Chapter 10

Summary of Conclusions and Recommendations

In this thesis three superionic fluorides have been examined using a 

mixture of theoretical and experimental techniques. As mentioned in Chapter 2, 

fluoride ion conductors have already played a major role in the understanding of 

superionic behaviour and the aim here was to increase that knowledge by 

examining more complex materials and assessing their contribution to the field 

of solid state ionics.

The feature of added complexity in LaF3  was the inequivalence of fluorine

lattice sites and their effect on ion transport. Furthermore, there are a number of 

experimental controversies concerning the structure of LaF3, and the nature of

intrinsic defects therein. These issues were further complicated by the use of 

inconsistent terminologies in the previous literature. Chapter 4 has played a 

major role in helping to resolve this confusion by establishing, for the first time, 

one consistent terminology, whilst providing a comprehensive review of the 

literature. This work also provided the necessary foundation for the discussion of 

results from the theoretical simulations in Chapters 5 and 6.

Static lattice calculations in Chapter 5 provided evidence for the

formation of anion-Frenkel pairs as the dominant defects responsible for ion 

transport in LaF3 , with charged Schottky clusters playing a minor role.

Confidence may be placed in these findings, given that properties of the real 

system, e.g. dielectric properties, were reproduced closely in the simulations. 

Additionally, the MD work also confirmed the presence of Frenkel disorder and 

high levels of anion diffusion.



Chapter 5 also indicated preferential formation and transport of a type F“

vacancies on the A sub-lattice, predominantly in the a-b plane. This was

confirmed at 1200K from the MD studies, although by 1500K there was little

difference between motions on, or between, the sub-lattices. Also, in Chapter 6

the graphical representations of F" ion trajectories provided the first detailed 

view of microscopic events occurring in superionic LaF3 . The motions ranged

from large-scale vibrations, to isolated migrations and correlated chains, often 

supported simultaneously. Against this background of anion mobility, MSD and 

RDF graphs showed that long-range order was maintained on the cation sub

lattice.

Given the variety and level of migratory activity observed in the 

simulations, it is not surprising that the interpretation of bulk properties of LaF3

has led to controversy. Future experimental work on LaF3  should include the

analysis of high temperature, single crystal, neutron diffraction data and the

development of sample containment facilities to make high temperature studies

more feasible. On the theoretical side, static lattice calculations could further 
explore the properties of LaF3 , by explicitly Including known defects and noting

their effects on calculated elastic constants. The aliovalent doping study could 

also be expanded to include other species e.g. Th4+. For the MD work, efforts 

should be made to introduce 3D dynamical graphics to enhance the 

understanding of detailed mechanistic behaviour. This technique would enable 

a wider sample of cells to be analysed.

For both RbBiF4  and CsPbF3 , the neutron diffraction structural studies

were made more complex because of the presence of large thermal effects. 

Also, although not specifically addressed here, F“ ions could be affected by 

different local environments because of the presence of mixed metal ions. An



averaging technique like Bragg diffraction cannot monitor these effects and a 

more useful technique would be EXAFS.

For RbBiF4 , the results showed high levels of anion disorder and

identified two closely spaced interstitial sites. However, these and the large F" 

thermal vibrations could be the best representation that harmonic temperature 

factors can give for the potential surface across which diffusion is occurring.

Similar thermal effects were noted in CsPbFg, although for this there was

no evidence for appreciable concentrations of interstitials. The inference here 

was that diffusion occurs across a flat potential surface and that even local 

minima, typically representative of interstitials found in harmonic studies, are too 

weak to be noticed.

In future work, the analysis of the diffraction data could be improved by 

incorporating anharmonic temperature factors, which are known to give an 

improved representation of the potential surface. Also, for ToF studies, the 

analysis software should be updated to include a Lorenztian contribution for 

peak shape modelling. For both materials, further studies of the variation of the 

structures with temperature are recommended to resolve the issues relating to 

the temperature factors and to examine the possibility of multi-site behaviour. 

Studies should also be extended to other structurally related fluorides.

This work has, therefore, identified many interesting features regarding 

the structural and transport properties of the superionic fluorides LaF3 , RbBiF4

and CsPbF3 . It is recommended that all three materials merit further

investigation if their defect properties are to be fully understood and utilised in 

solid state devices. This thesis has also shown the benefit of using 

complementary theoretical and experimental techniques in superionic



investigations. Further advances in the understanding of superionic properties 

will only be achieved through extending the range and complexity of materials 

studied and, simultaneously, enhancing current techniques and developing new 

ones. This work has succeeded in making progress in these directions.



Appendix I

Born-Haber Lattice Energy Calculation for LaF?

. 3+La (g) +
U

3 F’(g)

t
I 2+
La (g)

t
La+ (g)

t
L a  (g)

+ 3 E

3F(g)

L - f D

AHo 3 Vlf =L + -D  + 3E + 2 , l n + U
n=1

where,

LaF^(s)

AH

La (s) + 2 '^ (9)

(A.1)

L = enthalpy of sublimation of the metal, 

y , l = sum of first n ionisation energies,
n

E = electron affinity of halogen,
D = dissociation energy of gaseous halogen molecule, 

AHf° = standard enthalpy of formation of the metal halide,

U = lattice energy of LaF3.

The calculation is carried out as follows and uses data from the Handbook of 

Chemistry and Physics, (1983-1984):



Appendix I (contd.)

AH,° = -1699.5 KJmof1

L = 430.952 KJmol-1 

D = 79.14 KJmol-1 
\A = 5.577 eV

12 = 11.06 eV
13 = 19.175 eV

1 eV = 96.486 KJmol-1
Giving:

-1699.5
96.486 eV =

430.952
96.486 e V + |

79.14
96.486 eV +

3  [-3.448] eV + [5.577 + 11.06 + 19.175] eV + U

U = - 48.78 eV



4 J 0

P6 3cm

P3c1

Appendix II

Calculation of Schottky Formation Energies

Es = Via + 3Vf, + e la t  = (46-68) + 3(2.98) - (48.84)

= 6.78 eV

Es = VLa + 3Vf 2 + Ela t  = (48-88) + 3(3.27) - (48.84)

= 7.65 eV

Es = VLa + 3Vf 3 + e la t  = (46-68) + 3(2.60) - (48.84)

= 5.64 eV

Es = VLa + 3Vf 4 + Ela t  = (46-68) + 3(2.60) - (48.84)

= 5.64 eV

E S =  V La + 3 V Fi +  E l a t  =  (4 6 .5 7 )  +  3 (3 .2 5 )  - (4 8 .8 4 )

=  7 .4 8  eV

E s = V La + 3 V f2 + e la t  =  (4 6 -5 7 ) +  3 (3 .0 7 )  - (4 8 .8 4 )

=  6 .9 4  eV

E s =  V La + 3 V f3 +  e l a j  =  (4 6 -5 7 ) +  3 (2 .5 9 )  - (4 8 .8 4 )

=  5 .5 0  eV



/

Appendix III

Calculated Solution Energies at Infinite Dilution of 
Alkaline Earth Fluorides in LaF3

MF2 LaF3

’SOL Mu VF LAT ' LAT

where:

CaF.

SrF-

BaF

CaF2 LaFg
• - Eu t2 + E^t3 = {20.55 - (-27.49) + (-48.84)} eV = -0.8 eV

Cau

SrF o LaF 3 . .
E . - Eiaj + Eyij = {21.55 - (-25.95) + (-48.84)} eV = -1.34 eV

Sr,La

A CaF2

B SrF2

C BaF2

BaF« LaF •> * .
E . - Ewt + Eu t  = {22.91 - (-24.34) + (-48.84)} eV = -1.59 eV

Bala

vacancy site F1: Esol_= (2.98 - 0.80) eV = 2.18 eV

F2: Esol= (3.27 - 0.80) eV = 2.47 eV

F3/F4: ESOl= (2.60 - 0.80) eV = 1.80 eV

vacancy site F1: ES01= (2.98 -1.34) eV = 1.64 eV

F2: ESOl= (3.27 -1.34) eV = 1.93 eV

F3/F4: Esol= (2.60 - 1.34) eV = 1.26 eV

vacancy site F1: ES01= (2.98 -1.59) eV = 1.39 eV

F2: Esou= (3.27 -1.59) eV = 1.68 eV

F3/F4: ESOl= (2.60 - 1.59) eV = 1.01 eV
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